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ABSTRACT 

Cardiovascular outcome trials (CVOTs) are a type of randomized controlled trial (RCT) 

used to inform decision making regarding the cardiovascular safety of antidiabetic medications for 

type 2 diabetes mellitus (T2DM). These trials have strict inclusion criteria that restrict their 

populations to individuals with established or at high risk of cardiovascular  

(CV) disease, leading to differences between the trial population and the real-world population 

who use the medications. Few studies have compared effect estimates between CVOTs and the 

emulation of RCTs using real-world data (RWD). To our knowledge, there are no studies 

examining potential differences between RCTs and RWD in patient characteristics and treatment 

effects of CV outcomes for long-acting insulin analogues. My thesis had two main objectives. The 

first was to synthesize the existing evidence on the emulation of CVOTs using RWD for newer 

antidiabetic medications.  The second was to emulate the DEVOTE trial using RWD to determine 

the risk of major adverse cardiovascular events (MACE) among patients with T2DM taking one 

of two types of long-acting insulin analogues.  

In the first manuscript, I systematically reviewed observational studies that emulated 

previous CVOTs for dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide 1 (GLP-1) 

receptor agonists, and sodium glucose cotransporter-2 (SGLT-2) inhibitors in patients with T2DM. 

I searched EMBASE, MEDLINE and Cochrane CENTRAL databases from inception to July 2023, 

for observational studies that focused on trial emulation or cross-sectional studies that reported the 

proportion of real-world patients eligible for completed CVOTs. Two independent reviewers 

screened articles, extracted data, and assessed study concordance with RCT results. Nineteen 

studies were included in our systematic review, including four cohort studies that emulated 

previous RCTs and 15 cross-sectional studies that evaluated trial eligibility. Results between RCTs 

and RWD were concordant for all drug classes in finding non-inferiority. The percent eligible 

ranged from 7% to 59% for SGLT-2 inhibitor trials and 6% to 54% for GLP-1 receptor agonist 

trials. These results suggest that, while RCTs and RWD are concordant in their estimates, the trials 

lack representativeness.  

In the second manuscript, I emulated the DEVOTE trial using data from the United 

Kingdom’s Clinical Practice Research Datalink (CPRD). I estimated the risk of MACE, a 

composite of myocardial infarction (MI), ischemic stroke, or CV death, among patients with 
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T2DM who initiated insulin glargine or insulin degludec. Two subpopulations were created based 

on whether patients met the inclusion criteria of the DEVOTE trial. I used Cox proportional 

hazards models with inverse probability of treatment weighting to estimate the hazard ratios (HRs) 

and corresponding bootstrapped 95% confidence intervals (CIs) for MACE, comparing new users 

of insulin degludec to insulin glargine in the overall population and the two subpopulations. There 

were 10,430 patients in the overall population, 5,280 patients in the DEVOTE eligible population, 

and 5,150 patients in the DEVOTE ineligible population. The overall CPRD (HR: 1.36, 95% CI: 

0.83, 1.86) and DEVOTE eligible populations (HR: 1.07, 95% CI: 0.63, 1.58) were compatible 

with findings from the DEVOTE trial (HR: 0.91, 95% CI: 0.78, 1.06) for the risk of MACE.  Due 

to the low number of outcomes, the DEVOTE ineligible population had deviations in point 

estimates and wide CIs (HR: 2.19, 95% CI: 0.30, 3.83).   

My thesis suggests that the risk of MACE among patients with T2DM newly prescribed 

insulin degludec compared to insulin glargine was consistent between the overall population and 

the subpopulation eligible for the DEVOTE trial, while the DEVOTE ineligible population had 

discrepant point estimates. These results suggest further research on the generalizability of results 

from trials to a real-world population. 
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RÉSUMÉ 

Les essais de résultats cardiovasculaires (ECVT) sont un type d'essai contrôlé randomisé 

(ECR) utilisé pour éclairer la prise de décision concernant la sécurité cardiovasculaire des 

médicaments antidiabétiques pour le diabète sucré de type 2 (T2DM). Ces essais ont des critères 

d'inclusion stricts qui limitent leur population à des personnes atteintes d'une maladie 

cardiovasculaire (CV) établie ou présentant un risque élevé, ce qui entraîne des différences entre 

la population de l'essai et la population réelle qui utilise les médicaments. Peu d'études ont comparé 

les estimations de l'effet entre les ECR et l'émulation des ECR à l'aide de données du monde réel 

(DMR) pour les ECVT. À notre connaissance, aucune étude n'a examiné les différences 

potentielles entre les ECR et les DMR en ce qui concerne les caractéristiques des patients et les 

effets du traitement sur les résultats CV pour les analogues de l'insuline à longue durée d'action. 

Ma thèse avait deux objectifs principaux. Le premier était de synthétiser les données existantes sur 

l'émulation des ECVT à l'aide de la DMR pour les nouveaux médicaments antidiabétiques. Le 

second était d'émuler l'essai DEVOTE en utilisant la DMR pour déterminer le risque d'événements 

cardiovasculaires majeurs (ECVM) chez les patients atteints de DT2 prenant l'un des deux types 

d'analogues de l'insuline à longue durée d'action.  

Dans le premier manuscrit, j'ai procédé à un examen systématique des études 

observationnelles et transversales qui émulaient les ECVT antérieures pour les inhibiteurs de la 

dipeptidyl peptidase-4 (DPP-4), les agonistes des récepteurs du glucagon-like peptide 1 (GLP-1) 

et les inhibiteurs du sodium glucose cotransporter-2 (SGLT-2) chez les patients atteints de diabète 

de type 2. J'ai recherché dans trois bases de données, de la création à juillet 2023, des études 

observationnelles axées sur l'émulation d'essais ou des études transversales faisant état de la 

proportion d'éligibilité dans le monde réel pour les ECVT achevées. Deux examinateurs 

indépendants ont sélectionné les articles, extrait les données et évalué la concordance entre la DMR 

et les ECR. Dix-neuf études ont été incluses dans notre examen, dont quatre études de cohortes 

qui ont reproduit des ECR antérieurs et 15 études transversales qui ont évalué l'admissibilité à 

l'essai. En reproduisant les ECVT, les résultats entre les ECR et les DMR  étaient concordants pour 

toutes les classes de médicaments en ce qui concerne la démonstration de la non-infériorité. Le 

pourcentage d'éligibilité pour les essais sur les inhibiteurs du SGLT-2 variait de 7 % à 59 % et pour 

les essais sur les agonistes du récepteur du GLP-1, de 6,2 % à 53,6 %. Ces résultats suggèrent que 

si les ECR et les DMR concordent dans leurs estimations, les essais manquent de représentativité. 
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Dans le deuxième manuscrit, j'ai imité l'essai DEVOTE en utilisant les données du Clinical 

Practice Research Datalink (CPRD) du Royaume-Uni. J'ai estimé le risque de ECVM, un 

composite d'infarctus du myocarde, d'accident vasculaire cérébral ischémique ou de décès CV, 

chez les patients atteints de DT2 qui étaient de nouveaux utilisateurs d'insuline glargine ou 

d'insuline degludec. Deux sous-populations ont été créées sur la base des critères d'inclusion de 

l'essai DEVOTE. J'ai utilisé des modèles de risques proportionnels de Cox avec pondération de la 

probabilité inverse de traitement pour estimer les rapports de risque (HR) et les intervalles de 

confiance à 95 % (IC) bootstrap correspondants pour le ECVM, en comparant les nouveaux 

utilisateurs d'insuline degludec à l'insuline glargine dans la population globale et dans les deux 

sous-populations. La population CPRD comptait au total 10 430 patients (9 618 utilisateurs 

d'insuline glargine contre 812 utilisateurs d'insuline dégludec), la population éligible DEVOTE 

comptait 5 280 patients (4 904 utilisateurs d'insuline glargine contre 376 utilisateurs d'insuline 

dégludec) et la population inéligible DEVOTE comptait 5 150 patients (4 714 utilisateurs 

d'insuline glargine contre 436 utilisateurs d'insuline dégludec). Les populations CPRD (HR : 1,36, 

95% CI : 0,83, 1,86) et DEVOTE éligibles (HR : 1,07, 95% CI : 0,63, 1,58) étaient compatibles 

avec les résultats de l'essai DEVOTE (HR : 0,91, 95% CI : 0,78, 1,06) en ce qui concerne le risque 

de ECVM. La population non éligible de l'essai DEVOTE (HR : 2,19, 95% CI : 0,30, 3,83). 

Dans cette thèse, mes résultats suggèrent que le risque de ECVM chez les patients atteints de DT2 

à qui l'on a nouvellement prescrit de l'insuline degludec par rapport à l'insuline glargine était 

cohérent entre la population globale et la sous-population éligible à l'essai DEVOTE, tandis que 

la population non éligible à l'essai DEVOTE présentait des estimations ponctuelles divergentes. 

Ces résultats suggèrent de poursuivre les recherches sur la généralisation des résultats des essais à 

une population réelle. 
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CHAPTER 1: INTRODUCTION  

1.1 Type 2 Diabetes Mellitus  

1.1.1 Pathophysiology of Type 2 Diabetes Mellitus 

Diabetes mellitus is a set of metabolic disorders categorized by higher-than-normal levels 

of glucose in the blood, also known as hyperglycemia. Although there are different types of 

diabetes, more than 90% of those diagnosed with diabetes have type 2 diabetes mellitus (T2DM)1. 

Generally, T2DM is caused by impaired insulin secretion, insulin resistance, or a combination of 

the two2,3. The relative contribution of insulin deficiency and insulin resistance vary for each 

person1.  

Pancreatic beta-cells are the main component in the maintenance of blood glucose levels 

in the body. They are responsible for the synthesis, storage, and release of insulin4,5. Insulin is the 

hormone that assists with glucose uptake, and it guides the transportation of glucose in the body 

for energy use or to the liver for storage6. When beta cells are dysfunctional, insulin secretion is 

reduced, limiting glucose uptake and resulting in higher than normal levels of glucose in the 

bloodstream5. One cause of beta cell dysfunction is excess nutritional states, such as obesity, 

hyperglycemia, and hyperlipidemia. In these states, beta cells are subject to toxic pressures and 

cellular stress, which ultimately lead to lack of cell integrity and increased cell death7. Outside of 

the pancreas, target tissue, such as skeletal muscle, adipose tissue, and the liver, may have an 

impaired insulin response. Disturbances in cell signaling pathways or receptor functionality reduce 

insulin intake by tissue cells, leading to insulin resistance, excess glucose in the bloodstream, and 

ultimately development of T2DM5.  

1.1.2 Epidemiology of T2DM 

The global prevalence of T2DM is rising rapidly, making it one of the most important 

public health challenges worldwide8. The number of people worldwide with T2DM has more than 

doubled in the past thirty years9. Globally, as of 2017, there is an estimated 462 million individuals 

affected by T2DM, corresponding to 6.3% of the world’s population10. By 2030, it is projected that 

the prevalence of T2DM worldwide will increase to 7.7%, with developed countries seeing a 20% 

increase in adults affected by T2DM11.  In Canada, the prevalence of T2DM among those aged 20-

79 years was estimated to be 7.5% in 201112. In the United Kingdom (UK), the population used 
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for the database study included in this thesis, the prevalence of T2DM increased from 3.1% in 

2004 to 5.3% in 201413.  

1.1.3 Risk Factors of T2DM 

The rise in T2DM parallels the global obesity epidemic and adoption of a more sedentary 

lifestyle14. Risk factors for T2DM include a complex combination of genetic, metabolic, and 

environmental influences5. Obesity is found to be the strongest risk factor for T2DM, with a 

pronounced effect in younger adults15,16. Epidemiological studies have shown that a healthy 

lifestyle involving physical activity, proper diet, and weight loss strongly prevents the development 

of the disease17,18. Physical inactivity has been strongly linked to the incidence of T2DM, 

independent of obesity, hypertension, and parental history of diabetes19,20.   

Predisposition to the disease is also influenced by unmodifiable risk factors such as 

genetics and ethnicity.  Several recent genome-wide association studies of T2DM have shown that 

the disease is polygenic21. In the UK and United States (US), Black, Asian, Latino and Native 

Americans have a far higher incidence and prevalence of T2DM than Caucasians 22,23. Differences 

in risk among ethnicities are postulated to be due to a combination of genetics, socioeconomic, 

and lifestyle factors.  

1.1.4 Diagnosis of T2DM 

The monitoring of prediabetes and the diagnosis of T2DM is determined by sustained 

hyperglycemic states that are measured using laboratory tests. These tests include fasting plasma 

glucose (FPG) tests, oral glucose tolerance test (OGTT) or glycated hemoglobin A1C (A1C) 

measures. FPG measures the blood glucose level after fasting for at least 8 hours. OGTT checks 

the blood glucose levels before and two hours after ingesting a liquid drink containing a number 

of grams of glucose to evaluate one’s ability to process sugar. A1C is an average measure of one’s 

blood glucose level for the past three months2. Table 1.1 describes the typical clinical diagnostic 

thresholds for each test. The decision regarding which test to use for diabetes diagnosis is left to 

clinical judgement1. Each test has advantages and disadvantages as presented on Table 1.2. If a 

patient is not symptomatic and presents a single laboratory result in the diabetes range, a repeat 

confirmatory laboratory test must be done on another day. This is shown to confirm diagnosis of 

diabetes in approximately 40% to 90% of people with an initial positive test24,25.  
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Table 1.1 Diabetes Canada guidelines for T2DM diagnosis.  

 

FPG ≥7.0 mmol/L 

Fasting = no caloric intake for at least 8 hours 

or 

A1C ≥6.5% (in adults) 

Using a standardized, validated assay in the absence of factors that affect the accuracy of the 

A1C  

or 

2hPG in a 75 g OGTT ≥11.1 mmol/L 

or 

Random PG ≥11.1 mmol/L 

Random = any time of the day, without regard to the interval since the last meal   
2hPG, 2-hour plasma glucose; AlC, glycated hemoglobin; FPG, fasting plasma glucose; 

OGTT, oral glucose tolerance test; PG, plasma glucose. 
Adapted from: Diabetes Canada Clinical Practice Guidelines Expert Committee, Punthakee Z, Goldenberg R, Katz 

P. Definition, Classification and Diagnosis of Diabetes, Prediabetes and Metabolic Syndrome. Can J Diabetes. 2018 

Apr;42 Suppl 1:S10–5. Reproduced with permission from Diabetes Canada 
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Table 1.2 Advantages and disadvantages of different T2DM diagnostic tests.  

Parameter           Advantages           Disadvantages 
FPG • Established 

standard 

• Fast and easy 

• Single sample 

• Predicts 

microvascular 

complications 

• Sample not stable 

• High day-to-day variability 

• Inconvenient (fasting) 

• Reflects glucose homeostasis at a single point 

in time 

2hPG in a 

75 g OGTT 

• Established 

standard 

• Predicts 

microvascular 

complications 

• Sample not stable 

• High day-to-day variability 

• Inconvenient 

• Unpalatable 

• Cost 

A1C • Convenient 

(measure any time 

of day) 

• Single sample 

• Predicts 

microvascular 

complications 

• Better predictor of 

CVD than FPG or 

2hPG in a 75 g 

OGTT 

• Low day-to-day 

variability 

• Reflects long-term 

glucose 

concentration 

• Cost 

• Misleading in various medical conditions (e.g. 

hemoglobinopathies, iron deficiency, hemolytic 

anemia, severe hepatic or renal disease) 

• Altered by ethnicity and aging 

• Standardized, validated assay required 

• Not for diagnostic use in children and 

adolescents† (as the sole diagnostic test), 

pregnant women as part of routine screening for 

gestational diabetes‡, those with cystic fibrosis 

or those with suspected type 1 diabetes 

Abbreviations: 2hPG, 2-hour plasma glucose; A1C, glycated hemoglobin; CVD, cardiovascular disease; FPG, 

fasting plasma glucose; OGTT, oral glucose tolerance test. 

Adapted from: Diabetes Canada Clinical Practice Guidelines Expert Committee, Punthakee Z, Goldenberg R, Katz 

P. Definition, Classification and Diagnosis of Diabetes, Prediabetes and Metabolic Syndrome. Can J Diabetes. 2018 

Apr;42 Suppl 1:S10–5. Reproduced with permission from Diabetes Canada. 
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1.1.5 Clinical Complications of T2DM 

There are two main types of clinical complications that manifest from T2DM: 

microvascular and macrovascular complications. Microvascular complications include 

retinopathy, nephropathy, and neuropathy. Macrovascular complications include cardiovascular 

disease (CVD), cerebrovascular disease and peripheral artery disease with  cardiovascular events 

such as, heart failure (HF), ischemic stroke, and sudden cardiac arrest30. These complications are 

common, with 54% of patients presenting with microvascular complications and 27% with 

macrovascular complications in an observational study of 28 countries in Asia, Africa, South 

America, and Europe from 2009 to 201031. The risk of developing these complications increases 

with disease duration and severity32. Diabetic retinopathy is the most common microvascular 

complication in diabetes and is responsible for around 10,000 new cases of blindness every year 

in the US alone32,33. Diabetic nephropathy is the leading cause of renal damage in the US34, while 

diabetic peripheral neuropathy accounted for 80% of major amputations related to foot ulcers in 

the US35.  

Atherosclerosis is a key mechanism behind many of the aforementioned macrovascular 

complications, in which the arterial walls throughout the body narrow due to chronic inflammation 

and injury in the peripheral or coronary vascular systems32. The precise mechanism through which 

diabetes increases atherosclerotic plaque formation is not completely understood, yet the 

association is strong32.  These complications contribute greatly to the morbidity and mortality in 

diabetes, with CVD being the primary cause of death in patients with T2DM36. CVD is also one 

of the largest components of healthcare expenditure in the US among patients with T2DM37.  

The risk of premature death among people with T2DM is almost double that of individuals 

those without T2DM38. In addition to death from CVD, T2DM is associated with premature death 

from several cancers, renal disease, liver disease, infectious diseases, mental disorders, intentional 

self-harm, degenerative disorders, and chronic obstructive pulmonary disorder39–43.  

1.1.6 Clinical Management of T2DM 

According to the American Diabetes Association (ADA) Standards of Care in Diabetes 

2023, management of T2DM  involves adoption of healthy lifestyle behaviors and subsequently 

the initiation of pharmacotherapy which considers each patient’s person-centered treatment44. To 

facilitate positive health behaviors and wellbeing, these lifestyle management techniques are 
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recommended: diabetes self-management education and support, medical nutrition therapy, routine 

physical activity, tobacco cessation counselling when needed, health behavior counseling, and 

psychosocial care45.  

In terms of pharmacotherapy, metformin is the recommended first-line therapy46,47. It is 

effective, safe, inexpensive and has evidence of reducing the risk of death48. Compared with 

sulfonylurea, metformin as a first-line therapy has shown beneficial effects on A1C levels, weight 

loss, and cardiovascular mortality49.  Based on each patient’s comorbidities and treatment goals, 

clinicians should consider metformin, other agent(s), or combination therapy to achieve and 

maintain these goals. In adults with T2DM and established/high risk of atherosclerotic 

cardiovascular disease (ASCVD), HF, and/or chronic kidney disease (CKD), the treatment regimen 

should include agents that reduce cardiorenal risk. These may include sodium-glucose-

cotransporter-2 (SGLT-2) inhibitors or glucagon-like peptide-1 receptor agonists (GLP-1 RA). 

Higher-efficacy approaches have greater likelihood of achieving glycemic goals, with the 

following considered to have very high efficacy for glucose lowering: the GLP-1 RA dulaglutide 

(high dose) and semaglutide, the gastric inhibitory peptide (GIP) agonist and GLP-1 RA 

tirzepatide, insulin, combination oral therapy, and combination injectable therapy50. Dipeptidyl 

peptidase 4 (DPP-4) inhibitors have shown intermediate efficacy. Weight management is also an 

important component to glycemic control in T2DM. Among drugs used to treat T2DM, very high 

efficacy for weight loss has been seen with semaglutide and tirezepatide50. Insulin is often 

recommended to patients later in disease progression who have difficulty controlling their blood 

glucose levels using oral antidiabetic drugs or GLP-1 RAs51 
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1.2 Cardiovascular Safety of Antidiabetic Medications  

In 2008, the US Food and Drug Administration (FDA) issued recommendations for 

cardiovascular (CV) safety trials to be conducted for newly-marketed antidiabetic medications48. 

These recommendations were made in the wake of concerns over increased risk of adverse CV 

events associated with the thiazolidinedione rosiglitazone49. Broadly speaking, the FDA 

recommendations require the conduct of a placebo-controlled non-inferiority trial and set specific 

upper limit confidence interval (CI) thresholds (1.8 for pre-approval and 1.3 for post-approval) for 

the risk ratio in determining the CV risk for the newly marketed drug. The FDA also requires the 

inclusion of patients with advanced T2DM, a minimum of 2 years of CV safety data, and that all 

phase 2 and phase 3 trials examine CV events, one of which must be major adverse cardiovascular 

events (MACE), a composite endpoint that includes CV mortality, nonfatal myocardial infarction 

(MI), and nonfatal ischemic stroke50,51. Similar requirements have also been established by the 

European Medicines Agency (EMA)52.  Since then, more than 13 cardiovascular outcome trials 

have been conducted on antidiabetic drugs for T2DM, including DPP-4 inhibitors, GLP-1 RAs, and 

SGLT-2 inhibitors53. Of note, these regulatory agencies do not require the conduct of CVOTs for 

insulins. 

1.2.1 DPP-4 Inhibitors 

The enzyme DPP-4 indirectly regulates blood glucose levels. It accepts incretin hormones, 

glucagon-like peptide-1 (GLP-1) and GIP, as substrates and degrades them into metabolites54. 

GLP-1 has many glycemic control benefits, including inducing insulin secretion and supressing 

glucagon secretion55. GIP has similar actions in increasing glucose-dependent insulin secretion as 

GLP-155. In addition, GIP enhances glucagon responses to low glucose levels counteracting 

insulin-induced hypoglycemia56. Thus, DPP-4 inhibition decreases the catalytic activity of DPP-4 

on these incretin substrates, allowing for increased concentration of these hormones in the body 

and improved glucose homeostasis54.  

In terms of glycemic control, a meta-analysis of 25 trials showed a reduction in A1C with 

DPP-4 inhibitors compared to placebo57. However, in a meta-analysis of 19 randomized controlled 

trials (RCTs), when compared to other antidiabetic medications such as metformin and second-

line treatments (sulfonylureas and GLP-1 RAs), there was a smaller decline in A1C with DPP-4 

inhibitors58. When added to metformin, DPP-4 inhibitors had greater weight loss than 
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sulfonylureas or pioglitazone alone. In addition, DPP-4 inhibitors resulted in lower discontinuation 

rates and fewer cases of diarrhea, vomiting, or nausea compared to patients receiving metformin 

or GLP-1 RAs58. DPP-4 inhibitors have been shown to be suitable for use in elderly, frail and/or 

vulnerable patients, with longstanding disease and multiple comorbidities54,59.  

1.2.1.1 DPP-4 Inhibitors: Cardiovascular Outcome Trials 

There have been several completed CVOTs for DPP-4 inhibitors to date. These include, 

EXAMINE (alogliptin)60, SAVOR-TIMI 53 (saxagliptin)61, TECOS (sitagliptin)62, CAROLINA 

(linagliptin)63 and CARMELINA (linagliptin)64, which were designed with the primary objective 

of evaluating non-inferiority. Table 1.3 provides a summary of these trials.  

The EXAMINE trial was the only one to enroll patients with T2DM after an acute coronary 

syndrome; all other trials included populations with elevated CVD risk or established CVD. Most 

studies compared the target drug to a placebo except for CAROLINA, which used a sulfonylurea 

as an active comparator63. All trials other than TECOS used a 3-point MACE outcome; TECOS 

used a 4-point MACE composite that included hospitalization for unstable angina. Duration of 

follow-up ranged from 1.5 years (EXAMINE) to 6.3 years (CAROLINA)60,63. All studies had a 

neutral effect, achieving non-inferiority.  

In all but one trial, secondary outcomes of the components of MACE, death from any cause, 

death from cardiovascular causes or hospitalization due to HF did not show differences between 

the two groups60,62–64. Of note in the SAVOR-TIMI-53 trial, more patients randomized to 

saxagliptin were hospitalized for HF than among those randomized to placebo (hazard ratio [HR]: 

1.27, 95% CI:1.07, 1.51)61. This safety signal was not corroborated in a subsequent multi-

jurisdictional nested case-control study by Filion et al65.  

 A meta-analysis that pooled data from SAVOR-TIMI 53, EXAMINE, TECOS, and 

CARMELINA showed no effect of DPP-4 inhibitors on MI (odds ratio [OR]: 1.01, 95% CI: 0.92, 

1.10), stroke (OR: 0.99, 95% CI: 0.87, 1.13), and CV death (OR: 0.99, 95% CI: 0.91, 1.09) 

individually66. Taken together, DPP-4 inhibitors have demonstrated non-inferiority to placebo or 

active comparators for CV safety but have not shown any marked benefits on ‘hard’ clinical events.  
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Table 1.3 Summary of key features of DPP-4 inhibitor cardiovascular outcome trials 

RCT Inclusion Criteria No. of 

patients  

Follow up 

time 

Target drug vs 

comparator 

Primary 

Outcome 

MACE 

HR 

(95% 

CI) 

Secondary Outcomes  

HR (95% CI) 

EXAMINE60 Patients with T2DM after 

an acute coronary 

syndrome event. 

5,380 Median 1.5 

years  

Alogliptin vs 

placebo 

3P MACE 0.96 

(≤1.16) 
• CV death: 0.79 (0.60, 1.04) 

• Death from any cause: 0.88 (0.71, 1.09)  

• Nonfatal MI: 1.08 (0.88, 1.33) 

• Nonfatal stroke: 0.91 (0.55, 1.50) 

SAVOR-TIMI 

5361 

Patients with T2DM who 

had a history of, or were 

at risk for, cardiovascular 

events. 

16,492 Median 2.1 

years 

Saxagliptin vs 

placebo 

3P MACE 1.00 

(0.89, 

1.12) 

• CV death: 1.03 (0.87, 1.22) 

• Death from any cause: 1.11 (0.96, 1.27) 

• HHF: 1.27 (1.07, 1.51) 

• MI*: 0.95 (0.80, 1.12) 

• Ischemic stroke: 1.11 (0.88, 1.39) 

TECOS62 Patients with T2DM who 

had established 

cardiovascular disease or 

were over 50 years of age 

with A1C levels 

controlled by oral 

antihyperglycemic agents 

or insulin. 

14,671 Median 3.0 

years 

Sitagliptin vs 

placebo 

4P MACE 0.98 

(0.89, 

1.08) 

 

• CV Death: 1.03 (0.89, 1.19) 

• Death from any cause: 1.01 (0.90, 1.14) 

• HHF: 1.00 (0.83, 1.20) 

• MI*: 0.95 (0.81, 1.11) 

• Stroke**: 0.97 (0.79, 1.19) 

CAROLINA63 Patients with T2DM who 

were of elevated 

cardiovascular risk. 

 

6,042 Median 6.3 

years 

Linagliptin vs 

glimepiride 

(sulfonylurea)  

3P MACE 0.98 

(0.84, 

1.14) 

• CV Death: 1.00 (0.81, 1.24) 

• Death from any cause: 0.91 (0.78, 1.06) 

• HHF: 1.21 (0.92, 1.59) 

• MI*: 1.03 (0.82, 1.29) 

• Stroke**: 0.86 (0.66, 1.12)  

CARMELINA64 Patients with T2DM with 

high cardiovascular or 

renal risk were included. 

6,979 Median 2.2 

years 

Linagliptin vs 

placebo 

3P MACE 1.02 

(0.89, 

1.17) 

• CV Death: 0.96 (0.81, 1.14) 

• Death from any cause: 0.98 (0.84, 1.13) 

• HHF: 0.90 (0.74, 1.108) 

• MI*: 1.12 (0.90, 1.40) 

• Stroke**: 0.91 (0.67, 1.23) 
*Fatal or non-fatal MI; ** Fatal or nonfatal stroke. Abbreviations: HR: Hazard ratio; 3P MACE: 3-point major adverse cardiovascular events, composite of 

myocardial infarction, cardiovascular death, or stroke; 4P MACE: 4-point major adverse cardiovascular event, composite of myocardial infarction, 

cardiovascular death, stroke, or hospitalization for unstable angina; CV: Cardiovascular; HHF: Hospitalization due to heart failure; MI: Myocardial infarction 
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1.2.2 GLP-1 Receptor Agonists 

GLP-1 has many physiological and pharmacological actions that enhance the body’s 

natural response to food and reduce glucose levels67,68. Most notably, GLP-1 increases insulin 

release only in the context of hyperglycemia and therefore, does not induce hypoglycemia69. It also 

supresses glucagon release from pancreatic alpha cells, controlling the release of glucose into the 

bloodstream70. In fasting patients with T2DM, the insulin and glucagon activity of GLP-1 

contribute equally to reducing blood glucose levels71. After a meal, glucose control is thought to 

be largely mediated through GLP-1 delaying gastric emptying, which slows the entry of nutrients 

such as glucose into the bloodstream72. GLP-1, with the ability to decrease glucagon secretion, 

decrease hepatic gluconeogenesis, improve insulin sensitivity, and delay gastric emptying, is 

thought to potentially promote central satiety and reduce overall caloric intake73. These 

mechanisms have shown to be effective in reducing blood sugar levels and managing obesity.  

GLP-1 RAs mimic the effect of GLP-1 on the body. There are two types in production, 

short-acting and long-acting. Short-acting GLP-RAs activate the GLP-1 receptor for only 6 hours 

after each injection68. They are recommended before a meal and have a larger effect in slowing 

gastric emptying than reducing fasting glucose levels68. Conversely, long-acting GLP-1 RAs 

remain in the bloodstream between doses. They provide better glycemic control than short-acting 

GLP-1 RAs and rely more on increasing postprandial insulin concentrations than decreasing 

gastric emptying74,75.  

A meta-analysis of 33 studies of GLP-1 RAs demonstrated a decrease in A1C and FPG 

levels, with greater mean reductions in FPGs among long-acting GLP-1 RAs compared to short-

acting ones76. In addition, body weight substantially decreases in a dose-dependent manner with 

all of the long-acting GLP-1 RAs76,77. Results varied from 1.66 kg (liraglutide once daily) to 2.41kg 

(exenatide once a week), decrease in mean weight76. Gastrointestinal effects, including nausea and 

vomiting, are the most frequently reported adverse effects seen with long-acting GLP-1 RAs. Side 

effects occur early during treatment but tend to be transient78–80. 

1.2.2.1 GLP-1 RAs: Cardiovascular Outcome Trials 

To date there have been 7 CVOTs for long-acting GLP-1 RAs. These include LEADER 

(liraglutide)81, ELIXA (lixisenatide)82, SUSTAIN-6 (semaglutide)83, EXSCEL (exenatide)84, 

HARMONY Outcomes (albiglutide)85, REWIND (dulaglutide)86, and PIONEER-6 (oral 
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semaglutide)87. These trials were designed with the primary objective of assessing non-inferiority. 

Table 1.4 provides a summary of the trials.  

The trials varied in patient population with all including older adults with CV risk or 

previous CV events. Each trial compared their drug of interest to placebo with a median follow-

up ranging from 1.3 years (PIONEER-6) to 5.4 years (REWIND)86,87. All studies examined 3-point 

MACE except ELIXA, which included hospitalization for unstable angina in their 4-point MACE 

outcome81–87. All studies demonstrated noninferiority with many also demonstrating superiority. 

For secondary outcomes of the individual components of MACE, hospitalization from heart failure 

and all-cause mortality, results varied across trials.  

A systematic review and meta-analysis of the 7 GLP-1 RA CVOTs demonstrated a 12% 

reduction in MACE with GLP1 RAs versus placebo (HR: 0.88, 95% CI: 0.82, 0.94)88. There were 

reductions in CV death (HR: 0.88, 95% CI: 0.81, 0.96), fatal or non fatal stroke (HR:0.84, 95% 

CI: 0.76, 0.93), fatal or non-fatal MI (HR: 0.91, 95% CI: 0.84, 1.00), all-cause mortality (HR:0.88, 

95% CI: 0.83, 0.95), and hospitalization due to HF (HR: 0.91, 95% CI: 0.83, 0.99)88. There were 

also reductions in composite kidney outcomes (HR:0.83, 95% CI: 0.78, 0.89)88. Taken together, 

GLP-1 RAs have shown strong evidence of cardiovascular and renal safety. 
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Table 1.4 Summary of key features of GLP-1 RA cardiovascular outcome trials 

RCT Inclusion Criteria No of 

patients  

Follow 

up time 

Target drug 

vs 

comparator 

Primary 

Outcome 

MACE HR 

(95%CI) 

Secondary Outcomes  

HR (95% CI) 

LEADER81 Patient with T2DM who 

were aged 50 or over with 

known cardiovascular 

disease or aged 60 years or 

older with multiple 

cardiovascular risk factors 

9,340 Median 

3.8 

years  

Liraglutide 

vs placebo 

3P MACE 0.87 (0.78, 

0.97) 
• CV death: 0.78 (0.66, 0.93) 

• Death from any cause: 0.85 (0.74, 

0.97)  

• HHF: 0.87 (0.73, 1.05) 

• MI*: 0.86 (0.73, 1.00) 

• Stroke**: 0.86 (0.71, 1.06) 

ELIXA82 Patient with T2DM who had 

sustained an acute coronary 

event within 180 days 

before randomization 

6,068 Median 

2.1 

years 

Lixisenatide 

vs placebo 

4P MACE 

 

1.02 (0.89, 

1.17) 
• CV death: 0.98 (0.78, 1.22) 

• Death from any cause: 0.94 (0.78, 

1.13) 

• HHF: 0.96 (0.75, 1.23) 

• MI*: 1.03 (0.87, 1.22) 

• Stroke**: 1.12 (0.79, 1.58) 

SUSTAIN-

683 

Patient with T2DM who 

were at high CV risk 

3,297 Median 

2.1 

years 

Semaglutide 

vs placebo 

3P MACE 0.74 (0.58, 

0.95) 

 

• CV Death: 0.98 (0.65, 1.48) 

• Death from any cause: 1.05 (0.74, 

1.50) 

• HHF: 1.11 (0.77, 1.61) 

• MI*: 0.74 (0.51, 1.08) 

• Nonfatal stroke: 0.61 (0.38, 0.99) 

EXSCEL84 Patient with T2DM with and 

without CV risk factors 

14,752 Median 

3.2 

years 

Exenatide vs 

placebo 

3P MACE 0.91, (0.83, 

1.00) 
• CV Death: 0.88 (0.76, 1.02) 

• Death from any cause: 0.86 (0.77, 

0.97) 

• HHF: 0.94 (0.78, 1.13) 

• MI*: 0.97 (0.85, 1.10) 

• Stroke**: 0.85 (0.70, 1.03)  

HARMONY 

Outcomes85 

Patient with T2DM who 

were 40 years of age and 

had CV disease  

9,643 Median 

1.5 

years 

Albiglutide 

vs placebo 

3P MACE 0.78 (0.68, 

0.90) 
• CV Death: 0.93 (0.73, 1.19) 

• Death from any cause: 0.95 (0.79, 

1.16) 

• MI*: 0.75 (0.61, 0.90) 

• Stroke**: 0.86 (0.66, 1.14) 
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REWIND86 Patient with T2DM who 

were at least 50 years old 

and had either a previous 

CV event or CV risk factors 

were included in the trial 

9,901 Median 

of 5.4 

years 

Dulaglutide 

vs placebo 

3P MACE 0.88 (0.79, 

0.99) 
• CV Death: 0.91 (0.78, 1.06) 

• Death from any cause: 0.90 (0.80, 

1.01) 

• HHF: 0.93 (0.77, 1.12) 

• MI*: 0.96 (0.79, 1.16) 

• Stroke**: 0.76 (0.62, 0.94) 

PIONEER-

687 

Patient with T2DM who 

were at high CV risk 

3,183 Median 

1.3 

years 

Oral 

semaglutide 

vs placebo 

3P MACE 0.79 (0.57, 

1.11) 
• CV Death: 0.49 (0.27, 0.92) 

• Death from any cause: 0.51 (0.31, 

0.84) 

• HHF: 0.86 (0.48, 1.55) 

• Nonfatal MI: 1.18 (0.73, 1.90) 

• Nonfatal stroke: 0.74 (0.35, 1.57) 
*Fatal or non-fatal MI; ** Fatal or nonfatal stroke. Abbreviations: HR: Hazard ratio; 3P MACE: 3-point major adverse cardiovascular events, composite of 

myocardial infarction, cardiovascular death, or stroke; 4P MACE: 4-point major adverse cardiovascular event, composite of myocardial infarction, 

cardiovascular death, stroke, or hospitalization for unstable angina; CV: Cardiovascular; HHF: Hospitalization due to heart failure; MI: Myocardial infarction 
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1.2.3 SGLT-2 inhibitors 

Sodium-glucose co-transporters play a key role in glucose regulation. In the kidney, SGLT-

1 and SGLT-2 actively transport glucose across cells to be reabsorbed by the bloodstream93. SGLT-

2 accounts for approximately 90% of reabsorbed glucose, and when the receptors are saturated, the 

extra glucose is excreted in the urine94. In T2DM, due to the presence of hyperglycemia, SGLT 

receptors are at their limit, resulting in excess glucose in the urine. In addition, SGLT-2 is expressed 

at higher levels in patients with T2DM, leading to increased renal uptake of glucose into the body95. 

The goal of SGLT-2 inhibitors is to supress glucose reabsorption. This attenuation increases glucose 

excretion and reduces blood glucose levels94. As this mode of action behaves independently of 

insulin and pancreatic beta-cell function, there is limited loss of potency in SGLT-2 inhibitors upon 

the deterioration of beta-cells, which is often observed with other types of glucose-lowering 

agents96. Furthermore, since SGLT-2 inhibitors do not directly interfere with glucose production 

nor stimulates insulin release, they do not increase the risk of hypoglycemia96.  

Several meta-analyses have shown the clinical efficacy of SGLT-2 inhibitors for glycemic 

control. In one meta-analysis of 17 double-blind RCTs, patients randomized to SGLT-2 inhibitors 

alone or in combination with other antidiabetic drugs saw substantial reductions in mean changes 

in A1C, FPG, body weight, and blood pressure compared to placebo or placebo with other 

antidiabetic drugs97. Other meta-analyses of placebo and active comparator trials of SGLT-2 drugs 

have shown similar results98,99. SGLT-2 inhibitors were also shown to be associated with an 

increased occurrence of adverse events such as urinary tract and genital tract infections98. In 2015, 

the FDA issued warnings to labels of SGLT-2 inhibitors to include the increased risk of euglycemic 

diabetic ketoacidosis and serious urinary tract infections100. Currently marketed SGLT-2 inhibitors 

are indicated as monotherapy for patients with T2DM and inadequate glycemic control from diet 

and exercise (US and European Union [EU] indications), who are unable to use metformin (EU 

specific), and as an add-on therapy with other glucose-lowering agents, including insulin (EU and 

Canada)96,101,102.  

1.2.3.1 SGLT-2 Inhibitors: Major Cardiovascular Outcome Trials  

There have been several CVOTs evaluating the safety of SGLT-2 inhibitors. These include 

EMPA-REG Outcome (Empagliflozin)103, CANVAS (Canagliflozin) 104, DECLARE 

(Dapagliflozin)105, CREDENCE (Canagliflozin)106, VERTIS-CV (Ertugliflozin)107 which are 
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summarized in Table 1.5. These trials were conducted with the primary objective of evaluating non-

inferiority.   

Each trial had specific inclusion criteria based on cardiovascular disease or risk factors, or 

renal risk factors, and participants were followed up for a median or mean of 2 to 4 years for 3-

point MACE.  All trials demonstrated non-inferiority and were thus considered safe in comparison 

to placebo. For secondary outcomes, many of the trials saw reductions in CV death, hospitalization 

due to HF, and all cause mortality. There has been documented risk of diabetic ketoacidosis and the 

CANVAS study also indicated an increase in amputations104,108.  

In a recent meta-analysis of the six cardiovascular outcome trials for SGLT-2 inhibitors, 

there was a reduction of risk of MACE with SGLT-2 inhibitor use (HR: 0.90, 95% CI: 0.85, 0.95)109. 

In addition, there were consistent benefits for hospitalization due to HF across the trials (HR 0.68; 

95% CI: 0.61, 0.76)109. This evidence suggests that SGLT-2 inhibitors reduce the risk of 

cardiovascular outcomes in patients with T2DM.
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Table 1.5 Summary of key features of SGLT-2 inhibitor cardiovascular outcome trials 

RCT Inclusion Criteria No of 

patients  

Follow 

up time 

Target drug vs 

comparator 

Primary 

Outcome 

MACE 

HR 

(95%CI) 

Secondary Outcomes  

HR (95% CI) 

EMPA-REG 

Outcome99 

Patients with T2DM with 

known cardiovascular 

disease 

7,020 Median 

3.1 

years  

Empagliflozin 

vs placebo 

3P 

MACE 

0.86 

(0.74, 

0.99) 

• CV death: 0.62 (0.49, 0.77) 

• Death from any cause: 0.68 (0.57, 0.82) 

• HHF: 0.65 (0.50, 0.85) 

• MI*: 0.87 (0.70, 1.09) 

• Stroke**: 1.18 (0.89, 1.56) 

CANVAS100 Patients with T2DM with 

symptomatic atherosclerotic 

cardiovascular disease, or 

without known history of 

cardiovascular disease but 

with significant risk factors 

10,142 Median 

2.4 

years 

Canagliflozin 

vs placebo 

3P 

MACE 

0.86 

(0.75, 

0.97) 

• CV death: 0.87 (0.72, 1.06) 

• Death from any cause: 0.87 (0.74, 1.01) 

• HHF: 0.67 (0.52, 0.87) 

• MI*: 0.89 (0.73, 1.09) 

• Stroke**: 0.87 (0.69, 1.09) 

DECLARE101 Patients with T2DM with 

established cardiovascular 

disease or cardiovascular 

risk factors 

17,160 Median 

4.2 

years 

Dapagliflozin 

vs placebo 

3P 

MACE 

0.93 

(0.84, 

1.03) 

• CV Death: 0.98 (0.82, 1.17) 

• Death from any cause: 0.93 (0.82, 1.04) 

• HHF: 0.73 (0.61, 0.88) 

• MI*: 0.89 (0.77, 1.01) 

• Ischemic stroke: 1.01 (0.84, 1.21) 

CREDENCE102 Patients with T2DM with 

chronic kidney disease 

4,401 Median 

2.62 

years 

Canagliflozin 

vs placebo 

3P 

MACE 

0.80, 

(0.67, 

0.95) 

• CV Death: 0.78 (0.61, 1.00) 

• Death from any cause: 0.83 (0.68, 1.02) 

• HHF: 0.61 (0.47, 0.80) 

VERTIS-CV103 Patients with T2DM with 

atherosclerotic 

cardiovascular disease 

involving the coronary, 

cerebrovascular or 

peripheral arterial systems 

8,246 Mean 

3.5 

years 

Ertugliflozin 

vs placebo 

3P 

MACE 

0.97 

(0.85, 

1.11) 

• CV Death: 0.92 (0.77, 1.11) 

• Death from any cause: 0.93 (0.80, 1.08) 

• HHF: 0.70 (0.54, 0.90) 

• MI*: 1.04 (0.86, 1.27) 

• Non-fatal stroke: 1.00 (0.76, 1.32) 

*Fatal or non-fatal MI; ** Fatal or nonfatal stroke. Abbreviations: HR: Hazard ratio; 3P MACE: 3-point major adverse cardiovascular events, composite of 

myocardial infarction, cardiovascular death, or stroke; 4P MACE: 4-point major adverse cardiovascular event, composite of myocardial infarction, 

cardiovascular death, stroke, or hospitalization for unstable angina; CV: Cardiovascular; HHF: Hospitalization due to heart failure; MI: Myocardial infarction 
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1.2.4 Long-acting Insulins 

With prolonged diabetes, the pancreatic cells responsible for producing endogenous insulin 

begin to fail. Exogenous insulin may be administered to achieve and maintain glycemic control106. 

There are two broad classifications of insulin: human insulin and insulin analogues107,108. These 

types of insulin have varying duration of effects on the body. Rapid- and short-acting insulin are 

forms of bolus insulin administered before a meal. They control the increase of glucose with the 

ingestion of a meal and have strong but transient effects on glucose absorption. Whereas 

intermediate and long-acting insulins are absorbed slowly and maintain a constant level of insulin 

in the body109.  Both human and analog insulins bind to insulin receptors on target tissue to 

facilitate glucose absorption47. The following thesis will focus on intermediate-acting insulin 

(human: neutral protamine Hagedorn [NPH]), long-acting insulins (analogue: glargine, detemir) 

and ultra-long-acting insulins (analogue: degludec), which will be combined and termed long-

acting insulins from this point forward. 

Long-acting insulin analogues and NPH insulin have demonstrated comparable A1C 

control110. In a meta-analysis of RCTs comparing glycemic control of insulin glargine to NPH, the 

two treatment groups were similar with respect to the proportion of patients reaching target A1C 

≤ 7.0% (30.8% and 32.1% respectively)111. A Cochrane review further supported these findings112. 

However, a meta-analysis of 14 RCTs by Monami et al. demonstrated that NPH was superior (by 

0.1%) at reducing A1C over insulin detemir, but not over insulin glargine113.  

Hypoglycemia is the most common adverse effect of insulin therapy109. Abnormally low blood 

glucose levels could lead to negative health outcomes progressing from sweating and palpitations 

to cognitive dysfunction, seizures, coma, and death114. Several meta-analyses have compared the 

hypoglycemia risk of various types of insulin analogues111,113,115–118. One meta-analysis of 4 RCTs 

found that insulin glargine resulted in reduced overall symptomatic hypoglycemia, nocturnal 

hypoglycemia, and severe hypoglycemia111. In two meta-analyses of RCTs comparing the risk of 

hypoglycemia in patients using insulin degludec versus insulin glargine, both studies found that 

insulin degludec was associated with a reduction in the risk of all confirmed hypoglycemia 

events117,118. However, compared to oral antidiabetic drugs, NPH and long-acting insulins were 

associated with increased risks of hypoglycemic events119.  
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Insulin is typically prescribed when patients are unable to control their blood glucose level 

using oral antidiabetic medications or GLP-1 RAs. These patients are usually older and are in an 

advanced disease state, with insulin therapy administered 10-15 years after diagnosis47. European, 

American, and Canadian guidelines recommend treating patients needing constant insulin control 

with either NPH insulin or long-acting insulin42,46,120.  

1.2.4.1 Long-Acting Insulins: Cardiovascular Outcome Trials 

There are only two trials designed to evaluate the cardiovascular effects of new long-acting 

insulins, ORIGIN121 and DEVOTE122, as insulin therapy was exempt from the CVOT requirement 

of the FDA123. The ORIGIN trial commenced before the establishment of the FDA guidelines but 

nevertheless provided information on CV risk of insulin glargine. The DEVOTE study was 

conducted as part of the FDA preapproval requirements for insulin degludec based on the results 

of its phase 2 and 3 meta-analysis124,125. Both trials aimed to assess non-inferiority. Table 1.6 

provides a summary of the trials.  

The ORIGIN trial randomized 12,537 participants with elevated cardiovascular risk factors 

and prediabetes or T2DM to receive insulin glargine or standard of care121. The DEVOTE trial 

compared the long-acting insulins degludec and glargine among 7,637 participants122 with T2DM 

and risk factors for  CVD, established CVD or CKD.  Follow up was 6.2 years for the ORIGIN 

trial and 2 years for the DEVOTE trial. In the ORIGIN trial, there was no association between 

insulin glargine and MACE (HR: 1.02. 95% CI: 0.94, 1.11)121. In the DEVOTE trial, a similar risk 

of MACE was observed between the two groups (HR: 0.91, 95% CI: 0.78, 1.06)122. For both trials, 

the individual components of MACE and hospitalization due to HF did not show any difference 

between treatment groups121,122.  

 

 



 

15 

 

Table 1.6 Summary of key features of long-acting insulin cardiovascular outcome trials 

RCT Inclusion Criteria No of 

patients  

Follow 

up time 

Target drug 

vs 

comparator 

Primary 

Outcome 

MACE 

HR 

(95%CI) 

Secondary Outcomes  

HR (95% CI) 

ORIGIN121 Patients with elevated 

cardiovascular risk 

factors and 

prediabetes or T2DM 

12,537 Median 

6.2 

years  

Insulin 

glargine vs 

standard of 

care 

3P MACE 1.02 

(0.94, 

1.11) 

• CV death: 1.00 (0.89, 1.13) 

• Death from any cause: 0.98 

(0.90, 1.08) 

• HHF: 0.90 (0.77, 1.05) 

• MI*: 1.02 (0.88, 1.19) 

• Stroke**: 1.03 (0.89, 1.21) 

DEVOTE122 T2DM patients with 

risk factors for 

cardiovascular 

disease, established 

cardiovascular 

disease or chronic 

kidney disease 

7637 Median 

1.99 

years 

Insulin 

degludec vs 

insulin 

glargine  

3P MACE 0.91 

(0.78, 

1.06) 

• CV death: 0.96 (0.76, 1.21) 

• Death from any cause: 0.91 

(0.76, 1.11) 

• Nonfatal MI: 0.85 (0.68, 1.06) 

• Nonfatal stroke: 0.90 (0.65, 

1.23) 

*Fatal or non-fatal MI; ** Fatal or nonfatal stroke. Abbreviations: HR: Hazard ratio; 3P MACE: 3-point major adverse cardiovascular events, composite of 

myocardial infarction, cardiovascular death, or stroke; CV: Cardiovascular; HHF: Hospitalization due to heart failure; MI: Myocardial infarction 
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1.3 Comparison of Real-World Evidence and RCTs for Cardiovascular Safety of Antidiabetic 

Medications 

1.3.1 RCTs and External Validity  

RCTs are the gold-standard in determining the efficacy of medical interventions. Evidence 

from RCTs is used by regulatory decision-makers for drug approval, by healthcare providers to 

guide clinical decisions, and by policy makers to support recommendations for the adoption of 

new therapies in clinical practice126. RCTs are typically designed to maximize internal validity to 

reduce the potential of bias regarding the effect of an intervention. They are conducted in highly 

controlled settings with rigorous adherence to structured protocols, strict inclusion/exclusion 

criteria and participant randomization127. For the results of the RCTs to be useful to everyday 

clinical practice, external validity (or generalizability) should also be considered to ensure that 

findings from the trial can be applicable to a relevant, definable patient population in a specific 

healthcare setting in routine practice128. However, it is challenging to balance both internal and 

external validity; most current RCTs prioritize the former at the expense of the latter. To address 

external validity, pragmatic trials have emerged to evaluate the effectiveness of a medical 

interventions in a setting more representative of routine clinical practice129.  

Rothwell outlines concerns of generalizability throughout the trial design128. At the trial 

setting level, differences in health-care system may affect the quality and timeliness of care 

delivered to patients, impacting the time of randomization and intervention, especially for 

outcomes that are time sensitive. Even before consideration of eligibility, the setting in which the 

trial is conducted may differ from where typical patients are seen for the disease. For example, 

trials are typically done in large academic centers, whereas care for diseases like hypertension and 

diabetes is usually provided at primary care centers. Those who are seeking care from large 

hospital centers may be different than those who access care from primary care providers128.  When 

selecting patients, concerns also arise as only a small proportion of patients with a specific disease 

participate in a particular trial. Differences may exist beyond the already restrictive nature of 

eligibility criteria. Patients recruited into RCTs differ from those who are eligible but not recruited 

in terms of age, sex, race, severity of disease, educational status, social class, and place of 

residence. Outcomes and follow up time may also impact generalizability128.  
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With these important differences, a literature review of 46 studies from the fields of 

cardiology, oncology, and mental health evaluated the representativeness of RCT populations in 

the real-world127. The review found that 71% of the studies had population differences which may 

have a relevant impact on the external validity of the RCT findings. They identified implicit and 

explicit factors that influenced the external validity of RCTs. Explicit factors were the use of 

restrictive inclusion and exclusion criteria, where high-risk patients were excluded from RCTs. 

Implicit factors were the ability to obtain informed consent, patient-related factors such as study 

participation, beliefs and attitudes regarding the safety of trial medications, cultural factors, level 

of satisfaction with current treatment, and willingness to participate127.  

1.3.2 Current use of Real-World Evidence  

Given the strict nature of RCTs, there is a need to evaluate the safety and effectiveness of 

medical interventions in real-world populations. Large amounts of real-world data (RWD) on drug 

exposure and health outcomes are becoming readily available with the adoption of electronic 

health records and administrative healthcare databases to generate real-world evidence (RWE). 

Using RWE eases concerns over external validity with the inclusion of broader patient populations, 

expanded sample sizes, and longer follow-up periods, while providing perspectives from health 

care providers, patients, and caregivers on issues related to drug accessibility, acceptability, and 

preferences130.  However, the causal inference from RWD studies may be impacted as RWD are 

limited by their susceptibility to bias and confounding. Treatment assignment is based upon 

physician judgement rather than random assignment, which may lead to differences in treatment 

assignment based on key risk factors for the targeted outcome. In addition, RWE can vary largely 

in quality. Thus, reaching appropriate conclusions from RWE requires transparent reporting and 

careful interpretation of the RWD source, study design and methods130.  

With these strengths and limitations in mind, regulatory and health technology assessment 

agencies are increasingly using RWE to complement evidence generated by RCTs for the 

evaluation of the effectiveness and safety of medical interventions. Health Canada has launched an 

initiative to integrate RWE throughout the lifecycle of drugs, and the Canada’s Drug and Health 

Technology Agency (CADTH) has recently created guidelines for reporting RWE130,131. In response 

to CADTH’s guidelines, Health Canada stated that they are open to relying on RWD/RWE in certain 

situations such as expanding evidence-based indications for populations often excluded from 
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clinical trials (e.g., children, older adults and expectant mothers), addressing diseases where clinical 

trials are not feasible (e.g., rare diseases) or responding to emergencies where clinical trials are 

unethical132. Given the unique considerations required for regulatory decision-making, the 

usefulness of RWD/RWE in regulatory decision-making will be determined case by case. Decisions 

will be based on the methodologies used to generate evidence, as well as the reliability and 

relevance of the RWE132. Similarly, in the FDA’s August 2023 guidelines on using RWE for drug 

approvals, they encourage sponsors to consult the agency early in the drug development process if 

they are planning to use RWE to evaluate the appropriateness and potential challenges of such an 

approach133. 

Historically, the FDA has used RWE post-market to evaluate safety and on rare occasions, 

to inform decisions about effectiveness. The FDA’s RWE Program, established in December 2018, 

aims to examine the potential use of RWD/RWE to support regulatory decisions about product 

effectiveness134. The program evaluated the potential use of RWE to support changes to labeling 

about drug product effectiveness, including adding or modifying an indication, such as a change 

in dose, dose regiment or route of administration; adding a new population; or adding comparative 

effectiveness or safety information. Some ways that RWD are being evaluated by the FDA is for 

pragmatic trials with broader patient populations based on randomizing individuals from large 

administrative databases, for non-randomized single armed trials using RWD for an external 

control arm, and for observational studies134. They highlight the need to replicate results of RCTs 

using rigorously designed observational studies to provide insight into the opportunities and 

limitations of using these designs in regulatory decisions134. Taken together, RWE is slowly being 

considered as a supplement to RCTs for regulatory approvals and large agencies are currently 

proceeding with caution.  

1.3.3 Generalizability of Cardiovascular Outcome Trials  

The CVOTs described above are prone to concerns of external validity as they all had 

specific inclusion and exclusion criteria to capture individuals at elevated risk of cardiovascular 

events. Although these study design decisions increased the event rate of the trial (and thus 

decreased the required number of participants to reach a given statistical power), they raise concern 

of whether the trial’s results apply to real-world populations135. For example, Black individuals 

and those of lower socioeconomic status are disproportionately burdened by CVD and CKD and 
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are at a higher risk of T2DM136. However, these populations are consistently under-represented in 

trials137. The lack of data for these groups may influence trends in prescribing patterns, which show 

that these populations are less likely to receive SGLT-2 inhibitors or GLP-1 RA in both the US and 

Denmark despite potential benefits 136–138. These prescribing patterns raise concerns of widening 

the future disparities in cardiovascular outcomes.  

Meanwhile, the UK’s National Institute for Health and Care Excellence (NICE) updated 

their T2DM guidance in 2022 to propose offering SGLT-2 inhibitor therapy to people with 

established ASCVD or HF, and considering SGLT-2 inhibitor therapy for those at risk of CVD 

defined as a 10-year cardiovascular risk of >10% using the QRISK2 algorithm (an algorithm used 

to determine the risk of  CVD)139,140. A cross-sectional study evaluating the impact of the new 

guideline found that 93.1% of the UK population currently on antidiabetic treatment in the Clinical 

Practice Research Database (CPRD), a large primary care database, are now recommended or 

considered for SGLT-2 inhibitor therapy, with 60% eligible based on the QRISK2 criteria and 33% 

based on ASCVD or HF141. Under these new guidelines, the majority of those eligible for SGLT-

2 inhibitors goes beyond the population evaluated in the SGLT2 inhibitor trials, where 57-85% of 

the population had ASCVD142.  

Given these concerns, more knowledge is required to understand the overlap between 

patient characteristics and outcomes of those participating in CVOT and patients with T2DM taking 

antidiabetic medication in a real-world setting. To my knowledge, no study has replicated CVOTs 

for long-acting insulin analogues in a real-world population of T2DM patients. In addition, no 

study has assessed the eligibility of the real-world population for long-acting insulin RCTs for 

T2DM. Thus, with this thesis, I aim to explore the generalizability of CVOTs for long-acting 

insulin analogues in a real-world population of individuals with T2DM.  

1.4 Thesis work 

1.4.1 Thesis Objectives 

This thesis contains three primary objectives: 

1. To synthesize the existing evidence regarding the successful replication of CVOTs 

of newer antidiabetic medications using RWD and to examine the proportion of 

patients seen in real-world settings that would have been eligible for these 

cardiovascular outcome trials. 
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2. To compare patient characteristics among patients with T2DM in a real-world 

population to the original DEVOTE trial. 

3. To compare the estimated treatment effect of insulin degludec vs insulin glargine 

on CV outcomes in a real-world population of patients with T2DM and in 

subpopulations eligible and ineligible for the DEVOTE trial. 

1.4.2 Thesis Overview  

Chapter 2 consists of the first manuscript of the thesis which is a systematic review of 

existing observational studies that have assessed the generalizability of previous CVOT among 

patients with T2DM. Chapter 3 is a bridging chapter between the systematic review and my 

database study. Chapter 4 includes a detailed description of the methods used in the database study 

of the thesis. Chapter 5 is the second manuscript of the thesis, describing a retrospective cohort 

study aiming to replicate the DEVOTE trial to compare cardiovascular outcomes in patients with 

T2DM patients receiving insulin degludec to insulin glargine. Chapter 6 provides a discussion on 

the main findings and implications of the thesis as well as directions for future research. Chapter 

7 concludes the thesis.  
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CHAPTER 2: SYSTEMATIC REVIEW 

2.1 Preface to the systematic review 

Given that cardiovascular outcome trials are a crucial component to evaluating the 

cardiovascular effects of newer antidiabetic medications for patients with T2DM, there is a need 

to assess their generalizability to real-world populations. A precursory search suggested limited 

existing literature in the area with substantial heterogeneity in drug classes and methodology. Due 

to the limited literature, we aimed to perform a systematic review rather than a meta-analysis to 

determine the generalizability of previous CVOTs for the newer antidiabetic medications of SGLT-

2 inhibitors, GLP-1 RAs, and DPP-4 inhibitors in real-world populations of patients with T2DM. 

To our knowledge, this is the first systematic review to examine the external validity of studies 

that have replicated previous RCTs using RWD and to assess the proportion of real-world 

populations eligible for previous RCTs for patients with T2DM. The results of the systematic 

review are reported using best practices as described by the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) and Synthesis without meta-analysis (SWiM).  
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2.2.1 Abstract 

Background: Cardiovascular outcome trials (CVOTs) are mandated by the Food and Drug 

Administration to assess the cardiovascular safety of new antidiabetic medications that enter the 

market. However, they are often selective and may not generalize to real-world settings. Our study 

aimed to synthesize observational studies in the area to assess the generalizability of CVOTs to 

real-world settings. 

Methods: We systematically reviewed observational studies that emulated previous CVOTs for 

dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide 1 (GLP-1) receptor agonists, and 

sodium glucose cotransporter-2 (SGLT-2) inhibitors among patients with T2DM. We searched the 

MEDLINE, EMBASE and Cochrane databases for observational studies that focused on trial 

emulation or cross-sectional studies that reported the proportion of real-world patients eligible for 

completed CVOTs. Two independent reviewers screened articles, extracted data, and assessed 

study concordance with RCT results.  

Results: Nineteen studies were included in our systematic review, including four cohort studies 

that emulated previous RCTs and 15 cross-sectional studies that evaluated trial eligibility. Results 

between RCTs and RWD were concordant for all drug classes in finding non-inferiority. The 

median eligibility percentage ranged from 13% to 31% for SGLT-2 inhibitor trials and 12% to 43% 

for GLP-1 receptor agonist trials. No included studies evaluated trial eligibility for DPP-4 

inhibitors. 

Conclusions: These results suggest that, while RCTs and RWD are concordant in their estimates, 

the trials lack representativeness. More research is needed on the replication of CVOTs using RWD 

to understand how different methods may impact findings.  
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2.2.2 INTRODUCTION 

  Randomized controlled trials (RCTs) are the current gold standard for assessing drug 

efficacy and for evidence-based regulatory decision making. However, due to their strict inclusion 

and exclusion criteria, trial populations may differ substantially from the real-world population of 

interest1. RCTs are also resource and time intensive. With the adoption of electronic health records, 

large amounts of real-world data (RWD) on prescription drug use and health outcomes are 

becoming readily available. In situations where it may not be suitable to conduct RCTs such as rare 

diseases or in populations ineligible for RCTs (e.g., children, pregnant women, the elderly), RWD 

play an important role in the generation of evidence to evaluate the effectiveness and safety of 

medical interventions.  

In 2008, the FDA issued recommendations regarding the conduct of cardiovascular outcome 

trials (CVOT) to establish that antidiabetic medications have acceptable cardiovascular risk 

profiles2. These recommendations were made in the wake of concerns over the increased risk of 

myocardial infarction (MI) of rosiglitazone, a thiazolidinedione, among patients with type 2 

diabetes mellitus (T2DM)3. Since then, more than 13 CVOTs have been conducted on antidiabetic 

drugs, including dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide 1 receptor 

agonists (GLP-1 RAs), and sodium glucose cotransporter-2 (SGLT-2) inhibitors. Results from these 

trials demonstrated cardiovascular safety, with many showing superiority4. However, these trials 

were highly selective and may not be generalizable to patients seen in real-world settings. For 

example, many of the trials required the presence of high cardiovascular risk factor levels to 

increase the number of events to achieve greater statistical power.  

With a growing need to better understand the complementary nature of RWD to RCT 

evidence as regulatory agencies increasing consider RWD in its decision-making2,5,6, there is an 

urgent need to examine the generalizability of RCT data.  This is particularly true for antidiabetic 

medications given the preference for large CVOTs with strict inclusion criteria for evidence-based 

decision-making.  Our objective was therefore to synthesize the information in this area to 

understand what proportion of patients treated in real-world setting are eligible for participation in 

CVOTs and compare patient characteristics and estimated treatment effects using RWD and the 

respective CVOTs via systematic review of observational studies. 
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2.2.3 METHODS 

This systematic review was conducted following guidelines described in the Cochrane 

Handbook7 and reported following the Preferred Reporting Items for Systematic Reviews and 

Meta-Analysis (PRISMA)8 and Synthesis Without Meta-analysis (SWiM) guidelines9. The study 

protocol was registered in the Open Science Framework platform (10.17605/OSF.IO/G8ERW). 

2.2.3.1 Search strategy 

We searched MEDLINE, EMBASE, and the Cochrane databases from inception to July 

31st, 2023, to identify studies that used RWD to examine the proportion of patients eligible for 

CVOTs that emulated these trials. Our predefined search strategy utilized Medical Subject 

Headings (MeSH) in OVID MEDLINE, EMTREE terms in EMBASE, and keywords in all 

databases. The search strategy was defined in consultation with a medical librarian and is described 

in detail in Supplementary Tables 2.1-2.3. Briefly, we searched using the following concepts: 

observational study, RCTs, major adverse cardiovascular outcomes (MACE), T2DM, 

emulation/replication/comparability. There were no restrictions on language or geographic 

location. We also conducted a hand search of references included in studies (backward search), 

studies that have referenced identified key studies (forward search) and previous reviews not 

captured by our initial database search. We also hand-searched the grey literature using Google 

Scholar (first 10 pages). 

2.2.3.2 Inclusion and exclusion criteria 

We included published, peer-reviewed observational studies (e.g., cohort or nested-case 

controls studies) that compared the risk of cardiovascular outcomes in real-world patients with 

T2DM aged 18+ years to that observed in CVOTs. To reduce bias, cross-sectional studies were 

only used to examine eligibility and patient characteristics; they were not included in the 

assessment of clinical outcomes. The interventions of interest were DPP-4 inhibitors, GLP-1 

receptor agonists, and SGLT-2 inhibitors. A list of completed CVOTs and their drug class and 

molecule can be found in Supplementary Table 2.4. There were no restrictions on comparators; 

active comparators such as other antidiabetic medications, standard of care, or lifestyle 

interventions were eligible for inclusion.  

We excluded RCTs, meta-analyses, case reports, case series, letters-to-the-editor, 

editorials, and commentaries. In addition, we excluded conference abstracts as they often present 

https://doi.org/10.17605/OSF.IO/G8ERW


 

26 

 

preliminary results and typically do not undergo rigorous peer review. Full texts published in a 

language other than English were also excluded.  

The primary outcome of interest was MACE, which included cardiovascular death, MI, 

and ischemic stroke. Unstable angina was also included if it was reported as part of the MACE 

definition. Secondary outcomes were the individual components of MACE, hospitalization for 

heart failure, and all-cause mortality. We examined the proportion of the study population eligible 

for a referenced CVOT as reported by the authors. We also compared the reported patient 

characteristics of the real-world population and the subpopulation eligible for the CVOTs. 

2.2.3.3 Study selection 

Citations generated from the electronic database search were exported to Covidence and 

duplicate citations were removed. Two independent reviewers (WW and WT) screened each study 

title and abstract for potential inclusion. Any study deemed potentially eligible by either reviewer 

proceeded to full-text review, where the full-text of each study was evaluated independently by 

both reviewers. Disagreements were resolved by consensus or if needed, with input from a third 

author (KBF). 

2.2.3.4 Data extraction 

We extracted data using a Microsoft Excel workbook that had been designed and pilot-

tested using relevant studies from a prior search. The extraction was done by the same two 

independent reviewers (WW and WT), with disagreements resolved via consensus or if needed, 

with the aid of a third author (KBF). 

2.2.3.5 Assessment of agreement between RCTs and RWE 

To assess generalizability in the RWD studies that estimated treatment effects in addition 

to comparing RCT and real-world outcomes, we used agreement statistics as established by the 

DUPLICATE study to compare effect estimates of primary outcomes between the restricted RWD 

population and the referenced CVOT population10,11.   Full statistical significance agreement was 

considered to have occurred when the RWD and RCT estimates and 95% confidence intervals 

(CIs) were on the same side of the null. Partial significance agreement was considered to have 

occurred when the prespecified noninferiority criteria was met, even if the RWD study indicated 

superiority11. It was categorized as yes, no, or partial. Estimate agreement was considered to have 
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occurred when the effect estimate of the RWD study fell within the 95% CI of the RCT effect 

estimate. Standardized difference agreement was defined by standardized differences |Z| < 1.96. 

 Z =
 �̂�𝑅𝑊𝐸−�̂�𝑅𝐶𝑇

√�̂�2
𝑅𝑊𝐸+�̂�2

𝑅𝐶𝑇
 𝜃 are effect estimates and �̂�2 are variances 

As per the FDA, all the major CVOTs were designed for non-inferiority with an upper CI 

limit of 1.312. For our statistical significance agreement analysis, we first assessed whether the trial 

was able to demonstrate non-inferiority.  We then evaluated whether the RWD study was able to 

replicate the non-inferiority finding within the same margin. If both studies demonstrated non-

inferiority, then full statistical significance agreement was established. If the trial achieved non-

inferiority but the RWD study achieved superiority, partial statistical significance agreement was 

established. In addition to non-inferiority, if superiority was established in the trial, we assessed if 

the RWD study also found superiority to achieve full statistical significance agreement. Finally, 

we captured the methods used to adjust the RWE population to emulate the RCTs (i.e., weighting, 

matching, restriction) to examine potential sources of heterogeneity.   

2.2.3.6 Data synthesis  

Due to the high level of clinical heterogeneity among studies and interventions, meta-

analysis was not feasible. Thus, we followed SWiM reporting guidelines9.  The main summary 

measure was the adjusted hazard ratio (HR), as RCTs estimated HRs to assess MACE outcomes. 

Studies were grouped by drug class and further stratified by RCT emulated. Data were synthesized 

based on the treatment groups and are presented in tabular format. Heterogeneity and certainty of 

evidence were assessed by examining the methods in which the study attempted to replicate the 

RCT. We captured the exposure definition (intention-to-treat vs on-treatment), active comparators, 

restriction of the population, follow-up duration, and methods used to reduce confounding. 

We conducted several exploratory, post-hoc analyses to examine the potential association 

of patient characteristics and the proportion of the RWD population eligible for the trial. First, we 

used scatterplots to identify trends between patient characteristics to the percentage of the 

population that would have been eligible for their reference CVOT. Second, we calculated 

standardized mean differences of patient characteristics between the RWD populations and the 

trial population for select studies based on data completeness.  



 

28 

 

2.2.4 RESULTS 

2.2.4.1 Search results 

We identified 5,522 potentially relevant publications (Figure 2.1). After removing 

duplicates, 2,073 articles underwent title and abstract review, and 41 underwent full-text review. 

A total of 19 studies were included in the systematic review13–31. 

2.2.4.2 Study characteristics 

Table 2.1 summarizes the characteristics of the included studies stratified by drug class. 

There were four cohort studies10,20,30,31 that examined ten unique populations for the outcome of 

interest. We identified 15 cross-sectional studies that examined the proportion eligible and patient 

characteristics13,15–19,21–29. All included studies were conducted between 2009 and 2020. Most 

studies were conducted in the US (9) or Europe (7), with three out of 19 studies conducted in Asia. 

A total of ten studies assessed GLP-1 RAs10,15–17,20,22,24,26,29,30, 12 assessed SGLT-2 

inhibitors10,13,17,19–21,23,25–28,31, and two assessed DPP-2 inhibitors10,20. Within the exposure class, 

13 studies evaluated multiple CVOTs (range: 1 to 7 CVOTs; median: 3 per class).  

2.2.4.3 MACE Outcomes in Emulated RCTs 

There were four studies that emulated RCTs using RWD (Table 2.3). Sciannameo et al.20  

used odds weighting based on RCT subgroup-specific HRs to transport results onto their RWD 

population; consequently, there was no real-world exposure or comparator for these analyses. As 

the exposures and outcomes in these analyses were directly from the relevant RCTs, we did not 

calculate the agreement statistics for this study. For the other three studies, exposure definitions of 

intention-to-treat (ITT) or on-treatment were used with an active comparator. These studies also 

imitated the inclusion criteria and exclusion criteria of the emulated RCTs.  They also ensured 

follow-up was the same duration as the RCT and used propensity score matching to reduce 

confounding. MACE was defined as a composite endpoint that included cardiovascular or all-

cause death, stroke and MI; Franklin et al. emulated TECOS by including angina in their MACE 

definition10. 

For studies that investigated SGLT-2 inhibitors, there were three RCTs examined: EMPA-

REG Outcome32, CANVAS33 and DECLARE34. Treatment matched the SGLT-2 inhibitors 

evaluated in the RCTs.  However, while the RCTs used a placebo comparator, active comparators 

(DPP-4 inhibitors) were used in the RWD studies. There was strong agreement between RWD and 
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RCTs, with the three studies achieving full statistical significance agreement and estimate 

agreement, with HRs from the RWD in the same direction as those from the RCTs and within the 

RCT’s 95% CIs.  

There were three analyses of GLP-1 RAs, which examined six RCTs (EXSCEL35, 

LEADER36, PIONEER-637, REWIND38, SUSTAIN-639). The RWD studies used ITT and on-

treatment exposure definitions. For the emulation of the LEADER trial, liraglutide was compared 

with sulfonylureas, second-to-third-line antidiabetic drugs, and DPP-4 inhibitors. Across the three 

different analyses, all showed partial statistical significance agreement. All studies except 

Abrahami et al. evaluating liraglutide compared to sulfonylureas demonstrated estimate 

agreement30.  

There were five analyses of DPP-4 inhibitors, which examined three RCTs 

(CARMELINA40, SAVOR-TIMI-5341, and TECOS42). RCT odds weighting was used in two of 

the five analyses. In the other three analyses, an on-treatment exposure definition was used, and 

second-generation sulfonylureas were used as the comparator. All analyses were able to replicate 

the non-inferiority findings of the RCTs, and all but one demonstrated estimate agreement.  

2.2.4.4 Secondary Clinical Outcomes in Emulated RCTs 

Table 2.4 summarizes the results for secondary clinical outcomes in the RWD studies and 

the emulated RCTs. Jang et al, which emulated the EMPA-REG Outcome trial by comparing 

empagliflozin with sitagliptin, examined select individual components of MACE (MI and stroke), 

all-cause mortality, and hospitalization due to heart failure (HHF)31. All-cause mortality, MI, and 

HHF had either partial or full statistical significance agreement and estimate agreement. 

Empagliflozin was found to be non-inferior for stroke in RWD but not the RCT; thus, statistical 

significance agreement was not met for this outcome.  However, there was estimate agreement31. 

Sciannameo et al. and Franklin et al. examined HHF and/or cardiovascular death when replicating 

the DECLARE trial14,20. Franklin et al. found both regulatory agreement for superiority and estimate 

agreement.  

2.2.4.5 Eligibility  

Table 2.4 summarizes the findings when examining the proportion of RWD population 

eligible (including cross-sectional studies) for CVOTs. In total, there were 59 populations across 

CVOTs evaluating SGLT-2 inhibitors and GLP-1 RAs. Populations varied in composition, with 
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some from the general population, others only from select populations (inpatient vs outpatient), and 

others restricted to users of the drug class of interest.  

For SGLT-2 inhibitors, RWD populations were compared to a total of four RCTs 

(CANVAS33, DECLARE34, EMPA-REG Outcome,32 and VERTIS-CV43). The median percentage 

eligible from the trials ranged between 12.6% to 30.7%. Of note, the Jang et al. study that 

demonstrated full statistical, estimate, and standardized difference agreement with the EMPA-REG 

Outcome trial had an 12.6% eligible for the RCT from a population of patients with T2DM who 

were new-users of empagliflozin or sitagliptin. For GLP-1 RAs, RWD populations were compared 

to eight different RCT (ELIXA44, EXSCEL35, FREEDOM-CVO45, HARMONY46, LEADER36, 

PIONEER-637, REWIND38, SUSTAIN-639). Median percentage eligible from the trials ranged from 

11.8% to 42.6%. No included studies evaluated trial eligibility for DPP-4 inhibitors. 

We conducted post-hoc analyses for patient characteristics which can be found in 

Supplementary Figures 2.1-2.7. There were no association between age or sex in RWD 

populations and percentage of individuals who were eligible for the RCTs. Moreover, there were 

substantial differences in patient characteristics such as age, sex, use of antidiabetic medication 

between the RWD populations compared to the populations examined in the respective RCTs.  

2.2.5 DISCUSSION 

Our study was designed to synthesize observational studies that emulated CVOTs in patients 

with T2DM and summarized cross-sectional studies to assess the proportion of real-world 

populations eligible for previous CVOTs. We found there was relatively strong agreement between 

RWD and RCTs for SGLT-2 inhibitors, GLP-1 RAs, and DPP-4 inhibitors. Individual components 

of MACE, HHF, and cardiovascular death also showed consistency between the RWD studies14,20,31 

and the SGLT-2 inhibitor CVOTs EMPA-REG Outcome32 and DECLARE34. There was 

considerable heterogeneity in the percentage of individuals who would have been eligible for the 

CVOTs of SGLT-2 inhibitors and GLP-1 RAs. Patient characteristics also varied between RWD and 

RCTs, with no association between patient characteristics and real-world proportion eligible for 

RCTs.  

Our systematic review highlighted the heterogeneity of methods used to emulate RCTs 

using RWD. As this is an emerging area of research, the studies included in our study had different 

exposure definitions, active comparators, and methods to reduce confounding. The lack of 
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agreement between Abrahami et al’s study and the LEADER trial highlights how differences in 

comparators from sulfonylureas to broader 2nd or 3rd line antidiabetic drugs influenced the direction 

of the effect estimate30. In addition, some studies utilized an ITT approach where exposure was 

defined at cohort entry until end of follow-up while others used an on-treatment approach which 

censored for treatment discontinuation or switching. As these changes may impact the research 

question and effect estimate, more research is needed to better understand the strengths and 

limitations of using different methods for replicating RCTs with RWD.  

Our study has shown that studies emulating RCTs using RWD to estimate the effects of 

newer antidiabetic medications on MACE generally demonstrated agreement. However, there was 

some heterogeneity in our results, which may be due to the types of methods used for replication 

such as choice of exposure definition (ITT vs on-treatment), choice of active comparator, and 

methods to adjust for confounding.  In addition, there were some differences between RCTs and 

RWD which may be due to inherent differences between the two designs, such as the source 

population, exposure (active comparator vs placebo), follow-up duration, and how events are 

captured and measured. The results may have also differed due to chance. Overall, the studies 

included in our systematic review demonstrated that similar conclusions can be obtained when 

using RWD to emulate RCTs when efforts are made in study design to closely mimic RCTs. While 

RCTs are the gold-standard for the generation of evidence, the regulatory bodies of several regions 

such as Canada, USA and the European Union are evaluating the use of RWD in decision-

making2,6,47. Our results provide reassurance that with the proper methods, RWD can similarly 

generate quality evidence.  

 The proportion of the real-world population that would have been eligible for the RCTs 

varied across studies but was almost always less than 50%. The lack of generalizability of these 

RCT populations is driven in part by their design. These trials predominantly included older 

individuals who possessed one or more cardiovascular disease (CVD) risk factors and generally 

had longer durations of disease. These factors were necessary for event driven CVOTs to ensure 

that that a sufficient number of events could be accrued in a short time frame4. This requirement 

explains in part the observed heterogeneity (and large standardized mean differences for patient 

characteristics) between the RWD and the RCT populations. For example, the RWD populations 

consistently had lower percentages of established CVD. Given these differences, it is important to 
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utilize studies from routine practice settings to complement findings from highly controlled RCTs 

to account for differences in patients and practice for clinical decision making4. There are 

opportunities to use RWD for Phase IV trials and pragmatic trials as highlighted by the FDA2.     

 Previous reviews in the area of RCT emulation using RWD examined the reporting of RWD 

studies that aimed to replicate RCTs48,49. They found inconsistencies in the reporting of key 

elements in these studies. For example, in a systematic review of 200 studies aiming to emulate 

RCTs using observational data, Hansford et al. reported that 43% did not describe all key elements 

of how the target trial was emulated48. In addition, only 37% of studies reported potential 

unmeasured confounders. A scoping review of 96 studies aiming to emulate a target trial across 

medical fields also identified unmeasured confounding as the most commonly stated limitation49. 

We found that the cohort studies included in our systematic review all reported the key elements of 

eligibility criteria, treatment strategy, assignment procedures, outcome, follow-up, causal contrast, 

analyses plan and specification of time-zero.  However, they did not comment on potential 

unmeasured confounders. Our study builds upon these previous studies by examining agreement 

statistics between RWD and RCTs, the proportion of RWD patients who would have been eligible 

for RCTs, and differences in patient characteristics. The recent availability of guidelines for the 

reporting of target trial emulation may improve reporting in this area50. 

Our study has many strengths. It included a comprehensive, systematic search that was 

constructed with the assistance of an experienced librarian. To our knowledge, this is the first 

systematic review to examine the emulation of CVOTs for newer antidiabetic drugs using RWD. 

In addition, we assessed the agreement between the RWD studies and RCTs based on regulatory 

standards. Furthermore, our study is the first to synthesize the generalizability of CVOTs in the 

real-world by examining the proportion eligible of real-world populations for these CVOTs. We 

also compared patient characteristics between the CVOTs and RWD to better understand 

differences in study populations.  

 Our study has several limitations. First, there was a limited number of studies emulating 

RCTs using RWD among patients with T2DM.  These studies also had important heterogeneity in 

study design, drug class, and analytical approach.  Consequently, we conducted a systematic review 

without formal meta-analysis.   Second, as an emerging area of research, there are currently no 

established guidelines on how to assess the quality of these studies for external validity. While we 
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used the DUPLICATE Team’s agreement statistics11,14 to assess the estimates achieved from the 

emulation in comparison to the RCT that was being emulated, these statistics have their own 

limitations. For example, it is difficult to replicate studies that have shown a null effect, as 

observational studies often have more precision. This issue is well illustrated by our results for DPP-

4 inhibitors where RWD studies achieved superiority while the RCTs reported a null effect14,20. 

Moreover, the estimate agreement is contingent on the precision of the RCT. If the RCT has a wider 

CI, there is a higher probability that the RWD estimate will fall within this interval. Third, to our 

knowledge, there are no guidelines or standards on reporting or assessing external validity of RCT. 

Finally, we chose to include cross-sectional studies for our secondary objectives examining the 

proportion eligible of real-world populations for RCTs and their characteristics, however, these 

studies had considerable missing data and are at an inherently higher risk of bias. 

2.2.6 CONCLUSION 

In this systematic review of studies using real-world populations to emulate CVOTs, we 

found that all studies included were able to replicate either superiority or non-inferiority findings 

for MACE with SGLT-2 inhibitors, GLP-1 receptor agonists, and DPP-4 inhibitors among patients 

with T2DM. The proportion of real-world patients eligible for the CVOTs was small and had high 

degrees of variability across studies. These results complement existing RCTs and RWDs to assist 

with regulatory decision-making for cardiovascular safety in antidiabetic drugs and highlight the 

lack of generalizability of current CVOTs.  
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Table 2.1 Summary of study characteristics for systematic review of observational studies replicating cardiovascular outcome trials among 

patients with type 2 diabetes 

Study Study design Data 

origin  

Study 

Period 

Exposure class RCT 

referenced 

Number of 

particpants 

in study 

Patient population 

Abrahami, 202030 Cohort Study UK 2009-2013 GLP-1 Receptor 

Agonists 

LEADER36 63 297a Clinical Practice Research Datalink 

(CPRD) 

Franklin, 202014 Cohort study USA 2004-2019 GLP-1 Receptor 

Agonists 

LEADER36 168 690 US Healthcare Claims: OPTUM, IBM, 

Medicare 

Sciannameo, 202120 Reanalyses of 

RCTb 

Italy 2015-2016 GLP-1 Receptor 

Agonist 

PIONEER 637, 

REWIND38, 

SUSTAIN-639, 

EXSCEL35, 

LEADER36 

139 700 DARWIN- T2DM database 

Franklin, 202014 Cohort study USA 2004-2019 SGLT-2 inhibitors DECLARE34, 

EMPA-REG32, 

CANVAS33 

305 744c US Healthcare Claims: OPTUM, IBM, 

Medicare 

Jang, 202231 Cohort Study South 

Korea 

2011-2020 SGLT-2 inhibitors EMPA-REG32  23 126 Korean Health Insurance Review and 

Assessment Service 

Sciannameo, 202120 Reanalyses of 

RCTb 

Italy 2015-2016 SGLT-2 inhibitors DECLARE34, 

EMPA-REG32  

139 700 DARWIN- T2DM database 

Franklin, 202014 Cohort study USA 2004-2019 DPP-4 inhibitors CARMELINA40, 

TECOS42, 

SAVOR-TIMI41 

633 432d US Healthcare Claims: OPTUM, IBM, 

Medicare 

Sciannameo, 202120 Reanalyses of 

RCTb 

Italy 2015-2016 DPP-4 Inhibitors SAVOR-TIMI41, 

TECOS42 

139 700 DARWIN- T2DM database 

Arnold, 201726 Cross-sectional USA 2017 GLP-1 Receptor 

Agonists 

LEADER36 87 601 Diabetes Collective Registry (DCR) 

Boye, 201822 Cross-sectional USA 2012-2017 GLP-1 Receptor 

Agonists  

EXSCEL35, 

LEADER36, 

REWIND38, 

SUSTAIN-639 

26 110 573  IQIVIA Real World Data Adjudicated 

Claims linked with EMR and US 

National Health and Nutrition 

Examination Surveys (NHANES) 

Fan, 202024 

 

Cross-sectional USA 2007- 2016 GLP-1 Receptor 

Agonists 

LEADER36 29 629 NHANES 

Romera, 202215 Cross-sectional Spain 2013- 2019 GLP-1 Receptor 

Agonists 

LEADER36, 

REWIND38, 

SUSTAIN-639 

24 268 IQIVIA EMR database in Spain  

Sciannameo, 202020 Cross-sectional Italy 2015- 2016 GLP-1 Receptor 

Agonists 

LEADER36, 

SUSTAIN-639, 

EXSCEL35, 

REWIND38, 

PIONEER-637, 

HARMONY46 

130 380 DARWIN-T2DM database 
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T2DM: Type 2 Diabetes Mellitus; EMR: Electronic Medical Records; CPRD: Clinical Practice Research Datalink; DCR: Diabetes Collective Registry;  NHANES: National Health and Nutrition 

Examination Surveys; RCGP: Royal College of General Practitioners; RSC: Research and Surveillance Centre; AMD: Italian Association of Diabetologists; RCT: Randomized Controlled Trial; aTotal 

including liraglutide, sulfonylureas and second-to-third line antidiabetic medications populations; bWeighting RCT stratum-specific treatment effects according to proportions of a given characteristics in 

the target population; cTotal from DECLARE, EMPA-REG Outcome and CANVAS RWE populations; dTotal from CAREMLINA, TECOS and SAVOR-TIMI RWE population ; eTaken from 

DISCOVER stud

Webb, 202116 Cross-sectional UK 2018 GLP-1 Receptor 

Agonists  

REWIND38, 

LEADER36, 

SUSTAIN-639 

33 118 CPRD GOLD 

Wittbrodt, 201817 Cross-sectional USA 2009-2012 GLP-1 Receptor 

Agonist 

EXSCEL35, 

REWIND38, 

FREEDOM-

CVO45, 

LEADER36, 

SUSTAIN-639, 

HARMONY46, 

ELIXA44 

20 142 NHANES 

Arnold, 201726 Cross-sectional USA 2017 SGLT-2 inhibitors EMPA-REG32  47 872 Diabetes Collective Registry (DCR) 

Birkeland, 201823 Cross-sectional Norway, 

Sweden, 

Germany, 

Netherlan

ds 

2014-2015 SGLT-2 inhibitors CANVAS33, 

EMPA-REG32, 

VERTIS-CV43 

803 836 Germany: Health Insurance funds 

database 

Netherlands: Electronic health database 

Norway and Sweden: National Public 

Health System 

Hinton, 202028 Cross-sectional England 2016 SGLT-2 inhibitors CANVAS33, 

DECLARE34, 

EMPA-REG32, 

VERTIS-CV43 

1 595 445  Royal College of General Practitioners 

(RCGP) Research and Surveillance 

Centre (RSC) 

McGovern, 201713 Cross-sectional England 2016 SGLT-2 inhibitors EMPA-REG32  60 327 RCGP RSC 

Nicolucci, 201921 Cross-sectional Italy 2016 SLGT-2 inhibitors EMPA-REG32, 

CANVAS33, 

DECLARE34, 

VERTIS-CV43 

455 622 Italian Association of Diabetologists 

(AMD) database 

Pintat, 201919 Cross-sectional 38 

Countries 

in 

Discover 

study 

2017e SGLT-2 inhibitors CANVAS33, 

DECLARE34, 

EMPA-REG32 

VERTIS- CV43 

11 385 DISCOVER prospective observational 

study 

Shao, 201927 Cross-sectional Taiwan 2018-2019 SGLT-2 inhibitors CANVAS33, 

DECLARE34, 

EMPA-REG32, 

VERTIS CV43 

 11 650 Chang Gung Research Database 

Wittbrodt, 201917 Cross-sectional USA 2013- 2016 SGLT-2 inhibitors EMPA-REG32, 

CANVAS33, 

DECLARE34, 

VERTIS-CV43 

172 643 DCR 

Zhou, 202025 Cross-sectional China 2011-2019 SGLT-2 inhibitors EMPA-REG32 214 963 EMR from West China Hospital 
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 Table 2.2 Summary of MACE outcomes for RWD and RCT studies grouped by exposure class 

Abbreviations: HR: Hazard Ratio; CI: Confidence Interval; ITT: intention-to-treat, DPP-4i: Dipeptidyl peptidase 4 inhibitors; SU: sulfonylureas; 2nd – gen SU: 

Second generation sulfonylureas; RCT: Randomized Controlled Trial; 
aSA: Full statistical significance agreement (Y/N/P) – determines if the RWD and RCT have estimates and CIs on the same side of the null; P: partial significance 

agreement- met the prespecified noninferiority criteria even though the database study may have indicated superiority, EA: Estimate agreement (Y/N) – determines 

if the effect estimate of the RWD falls within the 95% confidence interval of the RCT effect estimate. SD: Standardized difference agreement is defined by 

standardized differences |Z| < 1.96 (Y = yes, N = no).  

 b Weighting RCT stratum-specific treatment effects according to proportions of a given characteristics in the target population;  csecond to third line antidiabetic 

drugs; d Calculated by hand;  eMACE including angina;  
 

Study RCT Exposure 

definition 

Exposure Comparator Exposure 

N 

Comparat

or N 

HR  95% CI RCT 

HR 

95% CI Observed 

Agreementa  

          S
A 

EA SD 

SGLT-2 inhibitors              

Jang, 2022 EMPA-REG32  ITT Empagliflozin Sitagliptin 11 563 11 563 0.87 0.79, 0.96 0.86 0.74, 0.99 Y Y Y 

Franklin, 2020 EMPA-REG32  ITT Empagliflozin DPP-4i 4 687 2 333 0.83 0.73, 0.94 0.86 0.74, 0.99 Y Y Y 

Franklin, 2020 CANVAS33 On treatment Canagliflozin DPP-4i 5 795 4 347 0.77 0.70, 0.85 0.86 0.75, 0.97 Y Y Y 

              

Sciannameo, 2021b DECLARE34 N/A N/A N/A N/A N/A 0.94 0.84, 1.04 0.93 0.84, 1.03 - - - 

Sciannameo, 2021b EMPA-REG32  N/A N/A N/A N/A N/A 0.88 0.74, 1.03 0.86 0.74, 0.99 - - - 

 

GLP-1 Receptor Agonists 

       

Abrahami, 2020 LEADER36  ITT Liraglutide SU 1 868 25 895 1.03 0.82, 1.30 0.87 0.78, 0.97 N N Yd 

Abrahami, 2020 LEADER36  ITT Liraglutide 2nd – 3rd linec 1 864 32 899 0.97 0.78, 1.22 0.87 0.78, 0.97 N Y Yd 

Franklin, 2020 LEADER36 On treatment Liraglutide DPP-4i 4 668 4 672 0.82 0.76, 0.87 0.87 0.78, 0.97 Y Y Y 

              

Sciannameo, 2021b EXSCEL35 N/A N/A N/A N/A N/A 0.92 0.82, 1.02 0.91 0.83, 1.00 - - - 

Sciannameo, 2021b LEADER36 N/A N/A N/A N/A N/A 0.88 0.77, 0.99 0.87 0.78, 0.97 - - - 

Sciannameo, 2021b PIONEER-637 N/A N/A N/A N/A N/A 0.76 0.41, 1.10 0.79 0.57, 1.11 - - - 

Sciannameo, 2021b REWIND38 N/A N/A N/A N/A N/A 0.87 0.76, 0.98 0.88 0.79, 0.99 - - - 

Sciannameo, 2021b SUSTAIN-639 N/A N/A N/A N/A N/A 0.73 0.47, 0.99 0.74 0.58, 0.95 - - - 

              

DPP-4 Inhibitors            

Franklin, 2020 CARMELIN40 On treatment Linagliptin 2nd – gen SU 3 494 3 485 0.90 0.84, 0.96 1.02 0.89, 1.17 P Y Y 

Franklin, 2020 SAVOR-TIMI41 On treatment Saxagliptin 2nd – gen SU 8 280 8 212 0.81 0.76, 0.86 1.00 0.89, 1.12 P N Y 

Franklin, 2020e TECOS42 On treatment Sitagliptin 2nd – gen SU 7 257 7 266 0.89 0.86, 0.91 0.98 0.88, 1.09 P Y Y 

              

Sciannameo, 2021b SAVOR-TIMI41 N/A N/A N/A N/A N/A 0.99 0.87, 1.10 1.00 0.89, 1.12 - - - 

Sciannameo, 2021b TECOS42 N/A N/A N/A N/A N/A 0.97 0.87, 1.06 0.98 0.88, 1.09 - - - 
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Table 2.3 Summary of secondary outcomes of all-cause mortality, MI, Stroke, HHF and CV death for RWD and RCT studies for SGLT-2  

Inhibitors 

 

Abbreviations: HR: Hazard Ratio; CI: Confidence Interval; ITT: intention-to-treat; HHF: hospitalization due to heart failure; CV: cardiovascular; RCT: Randomized 

Controlled Trial; DPP-4i: Dipeptidyl peptidase 4 inhibitors 
a SA: Full statistical significance agreement (Y/N/P) – determines if the RWD and RCT have estimates and CIs on the same side of the null; P: partial significance 

agreement- met the prespecified noninferiority criteria even though the database study may have indicated superiority, EA: Estimate agreement (Y/N) – determines 

if the effect estimate of the RWD falls within the 95% confidence interval of the RCT effect estimate. SD: Standardized difference agreement is defined by 

standardized differences |Z| < 1.96 (Y = yes, N = no). 
b Calculated by hand; cWeighting RCT stratum-specific treatment effects according to proportions of a given characteristics in the target population 

Study RCT Exposure 

definition 

Exposure Comparator Exposure 

N 

Compar

ator N 

Outcome HR 95% CI RCT 

HR 

RCT 
95% CI 

Observed 

Agreement a   

            SA E

A 

SD 

Jang, 2022 EMPA-REG32  ITT Empagliflozin Sitagliptin 11 563 11 563 All cause 

death 

0.78 0.67, 0.91 0.68 0.57, 0.82 Y Y Y 

Jang, 2022 EMPA-REG32  ITT Empagliflozin Sitagliptin 11 563 11 563 MI 0.91 0.76, 1.08 0.87 0.70, 1.09 Y Y Y 

Jang, 2022 EMPA-REG32  ITT Empagliflozin Sitagliptin 11 563 11 563 Stroke 0.89  0.75, 1.05 1.18 0.89, 1.56 N Y Y 

Jang, 2022 EMPA-REG32  ITT Empagliflozin Sitagliptin 11 563 11 563 HHF 0.85 0.75, 0.95 0.65 0.50, 0.85 Y Y Y 

               

Franklin, 

2020 

DECLARE34 ITT Dapagliflozin DPP-4i 

 

8 582 8 578 HHF and 

CV death 

0.70  0.59, 0.82 0.83 0.73, 0.95 Y Y Yb 

               

Sciannameo, 

2021c 

DECLARE34 N/A  N/A N/A N/A N/A HHF 

and/or 

CV death 

0.86 0.73, 0.99 0.83 0.73, 0.95 - - - 
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Table 2.4 Summary of proportion of real-world patients eligible for cardiovascular outcome trials 

examining newer antidiabetic drugs. 

Study RCT Population Name Population 

Size 

Eligible for 

RCT (%) 

Median (25th, 

75th percentile) 

SGLT-2 Inhibitors      

Birkeland, 2018 CANVAS33 Total population with T2DM 803,836 34.0  

Hinton, 2020 CANVAS33 Total population with T2DM 84,394 17.0  

Nicolucci, 2019 CANVAS33 Total population with T2DM 45,566 29.4  

Pintat, 2019 CANVAS33 Total population with T2DM 11,385 19.9  

Shao, 2019 CANVAS33 Canagliflozin new users 1,091 57.3  

Wittbrodt, 2019 CANVAS33 Total population with T2DM 172,643 32.0  

Summary CANVAS33    30.7 (22.3, 33.5) 

      

Birkeland, 2018 DECLARE34 Total population with T2DM 803,836 59.0  

Hinton, 2020 DECLARE34 Total population with T2DM 84,394 27.0  

Nicolucci, 2019 DECLARE34 Total population with T2DM 45,566 55.9  

Pintat, 2019 DECLARE34 Total population with T2DM 11,385 40.5  

Shao, 2019 DECLARE34 Dapagliflozin new users 4,748 50.4  

Wittbrodt, 2019 DECLARE34 Total population with T2DM 172,643 44.0  

Summary DECLARE34    47.2 (41.4, 54.5) 

      

Arnold, 2017 EMPA-REG32 SGLT-2 inhibitor users 2,497 5.2  

Arnold, 2017 EMPA-REG32  Total population with T2DM 182,525 26.2   

Birkeland, 2018 EMPA-REG32  Total population with T2DM 803,836 21.0  

Hinton, 2020 EMPA-REG32  Total population with T2DM 84,394 7.0  

Jang, 2022 EMPA-REG32 Empagliflozin, sitagliptin new 

uesers 

384,579 12.6  

McGovern, 2017 EMPA-REG32  RCGP RSC Total T2DM 60,327 15.7  

McGovern, 2017 EMPA-REG32  RCGP RSC SGLT2-users 1,642 11.1  

Nicolucci, 2019 EMPA-REG32 Total population with T2DM 45,566 11.7  

Pintat, 2019 EMPA-REG32 Total population with T2DM 11,385 7.1  

Shao, 2019 EMPA-REG32  Empagliflozin new users 11,650 18.7  

Wittbrodt, 2019 EMPA-REG32  Total population with T2DM 172,643 26.0  

Zhou, 2020 EMPA-REG32  Inpatients 48,257 17.4  

Zhou, 2020 EMPA-REG32  Outpatients 36,857 7.2  

Summary EMPA-REG32    12.6 (7.2, 18.7) 

      

Birkeland, 2018 VERTIS-CV43 Total population with T2DM 803,836 17.0  

Hinton, 2020 VERTIS-CV43 Total population with T2DM 84,394 7.0  

Nicolucci, 2019 VERTIS-CV43 Total population with T2DM 45,566 12.8  

Pintat, 2019 VERTIS CV43 Total population with T2DM 11,385 7.2  

Shao, 2019 VERTIS-CV43 Total population with T2DM 33,118 19.2  

Wittbrodt, 2019 VERTIS CV43 Total population with T2DM 172,643 27.0  

Summary VERTIS CV43    14.9 (8.6, 18.7) 

  

GLP-1 Receptor Agonists  

Wittbrodt, 2018 ELIXA44 Adults likely to have T2DM 23,941,512 6.4 

 

 

Boye, 2018 EXSCEL35 Total population with T2DM 26,110,573 15.9  

Sciannameo, 2020 EXSCEL35 Total population with T2DM 16,544 13.4  

Wittbrodt, 2018 EXSCEL35 Adults likely to have T2DM 24,062,453 47.2  

Summary 

 

EXSCEL35    15.9 (14.7, 31.6) 

Wittbrodt, 2018 FREEDOM-

CVO45 

Adults likely to have T2DM 23,941,512 15.5 
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Sciannameo, 2020 HARMONY46 Total population with T2DM 10,208 9.5  

Wittbrodt, 2018 HARMONY46  Adults likely to have T2DM 24,062,453 8.0 

 

 

Abrahami, 2020 LEADER36 New users of liraglutide 159,660 1.2  

Arnold, 2017 LEADER36 GLP-1 RA users 5,249 6.0  

Arnold, 2017 LEADER36 Total population with T2DM 182,525 48.0  

Boye, 2018 LEADER36 Total population with T2DM 26,110,573 12.9  

Fan, 2020 LEADER36 Total population with T2DM 800 15.4  

Romera, 2022 LEADER36 Total population with T2DM 24,268 10.1  

Sciannameo, 2020 LEADER36 Total population with T2DM 10,061 9.4  

Webb, 2021 LEADER36 Total population with T2DM 33,118 13.3  

Wittbrodt, 2018 LEADER36 Adults likely to have T2DM 23,941,512 12.8  

Summary LEADER36    12.8 (9.4, 13.3) 

      

Sciannameo, 2020 PIONEER-637 Total population with T2DM 39,726 34.1 

 

 

Boye, 2018 REWIND38 Total population with T2DM 26,110,573 42.6  

Romera, 2022 REWIND38 Total population with T2DM 24,268 53.6  

Sciannameo, 2020 REWIND38 Total population with T2DM 37,574 35.8  

Webb, 2021 REWIND38 Total population with T2DM 33,118 44.4  

Wittbrodt, 2018 REWIND38 Adults likely to have T2DM 23,941,512 22.4  

Summary REWIND38    42.6 (35.8, 44.4) 

      

Boye, 2018 SUSTAIN-639 Total population with T2DM 26,110,573 13.0  

Romera, 2022 SUSTAIN-639 Total population with T2DM 24,268 10.4  

Sciannameo, 2020 SUSTAIN-639 Total population with T2DM 9,942 10.1  

Webb, 2021 SUSTAIN-639 Total population with T2DM 33,118 13.5  

Wittbrodt, 2018 SUSTAIN-639 Adults likely to have T2DM 23,941,512 11.8  

Summary SUSTAIN-639    11.8 (10.4, 13.0) 

Abbreviations: RCT: Randomized Controlled trial T2DM: Type 2 Diabetes Mellitus; SGLT-2: Sodium-Glucose 

Transport Protein 2; 

GLP-1 RA: Glucagon-Like Peptide-1 Receptor Agonist 
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2.2.11 Figure Legend 

Figure 2.1 PRISMA flow diagram of study inclusion for systematic review of replication of 

CVOTs using RWD in patients with T2DM 
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Figure 2.1  
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Supplementary Table 2.1 Search strategy for systematic review of observational studies assessing 

generalizability of CVOTS using OVID MEDLINE database 

 Search Entry 

1. Observational study.pt. or cohort studies/ or case-control studies/ or cross-sectional 

studies/ or (real-world or observation* or nonrandomi#ed or non randomi#ed or case 

control or cohort stud* or cross sectional or (emulat* adj3 trial?)).mp. 

 

 

2. Randomized Controlled Trial/ or Randomized Controlled Trials as Topic/ or Clinical Trial/ 

or Clinical Trials as Topic/ or trial?.mp. 

3. (major adverse cardiovascular event* or (cardiovascular adj3 outcome*) or all cause 

mortality).mp.  
 

 

4. Diabetes Mellitus/ or Diabetes Mellitus, Type 2/ or (antidiabet* or diabet* or t2d or 

t2dm).mp. 
 

5. (emul* or compar* or applicab* or generali#ab* or transportability).mp. 

6. 1 AND 2 AND 3 AND 4 AND 5 

 

Supplementary Table 2.2 Search strategy for systematic review of observational studies assessing 

generalizability of CVOTS using OVID EMBASE + EMBASE CLASSIC database 

 Search Strategy 

1. Observational study.pt. or cohort analysis/ or case control study/ or cross-sectional study/ 

or (real-world or observation* or nonrandomi#ed or non randomi#ed or case control or 

cohort stud* or cross sectional or (emulat* adj3 trial?)).mp. 
 

2.  Randomized Controlled Trial/ or Clinical Trial/ or trial?.mp. 

3.  (major adverse cardiovascular event* or (cardiovascular adj3 outcome*) or all cause 

mortality).mp.  
 

4. Diabetes Mellitus/ or non insulin dependent diabetes mellitus/ or (antidiabet* or diabet* 

or t2d or t2dm).mp. 
 

5. (emul* or compar* or applicab* or generali#ab* or transportability).mp. 

6. 1 AND 2 AND 3 AND 4 AND 5 

 

Supplementary Table 2.3 Search strategy for systematic review of observational studies assessing 

generalizability of CVOTS using Cochrane CENTRAL database 

 Search Strategy 

1. "observational study":pt OR [mh ^"cohort studies"] OR [mh ^"case-control studies"] OR 

[mh ^"cross-sectional studies"] OR (real-world OR observation* OR nonrandomi#ed OR 

"non randomi") 
 

2.  [mh ^"Randomized Controlled Trial"] OR [mh ^"Randomized Controlled Trials as 

Topic"] OR [mh ^"Clinical Trial"] OR [mh ^"Clinical Trials as Topic"] OR trial?:ti,ab,kw 

3. (("major adverse cardiovascular" NEAR/2 event*) OR (cardiovascular NEAR/3 

outcome*) OR "all cause mortality"):ti,ab,kw 

4. [mh ^"Diabetes Mellitus"] OR [mh ^"Diabetes Mellitus, Type 2"] OR (antidiabet* OR 

diabet* OR t2d OR t2dm ):ti,ab,kw 
 

5. (emul* OR compar* OR applicab* OR generali#ab* OR transportability):ti,ab,kw 

6. 1 AND 2 AND 3 AND 4 AND 5 
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Supplementary Table 2.4 A list of completed cardiovascular outcome trials and their drug class and 

molecule. 

Drug Class Trial Name Drug Molecule 

DPP-4 Inhibitor SAVOR-TIMI41 Saxaglibptin 

EXAMINE Alogliptin 

TECOS42 Sitagliptin 

CAROLINA51 Lingaliptin 

CARMELINA40 Linagliptin 

MK-310252 Omarigliptin 

GLP-1 receptor agonist ELIXA44 Lixisenatide 

LEADER36 Liraglutide 

SUSTAIN-639 Semaglutide 

PIONEER-637 Semaglutide 

EXSCEL35 Exenatide-pragmatic trial 

REWIND38 Dulaglutide 

FREEDOM-CVO45 Exenatide in DUROS 

HARMONY46  Albiglutide 

SGLT-2 inhibitor EMPA-REG32 Empagliflozin 

 CANVAS33 Canagliflozin 

 DECLARE34 Dapagliflozin 

 VERTIS-CV43 Ertugliflozin 
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Supplementary Table 2.5 Standardized differences computed for observational study compared to RCT 

hazard ratios 

 

Abbreviations: RCT: Randomized Controlled Trials; HR: Hazard Ratio; CI: Confidence Interval; SD: Standardized 

Difference; HHF: Hospitalization due to heart failure; CV: Cardiovascular 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study RCT Sample Size   RCT  

Exposure Comparator HR  95% CI HR 95% CI SD 

Sciannameo, 2021 EMPA-REG32  N/A N/A 0.88 0.74, 1.03 0.86 0.74, 0.99 0.20 

Sciannameo, 2021 DECLARE34 N/A N/A 0.94 0.84, 1.04 0.93 0.84, 1.03 0.14 

Sciannameo, 2021 EXSCEL35 N/A N/A 0.92 0.82, 1.02 0.91 0.83, 1.00 0.15 

Abrahami, 2020 LEADER36  1 868 25 895 1.03 0.82, 1.30 0.87 0.78, 0.97 1.09 

Abrahami, 2020 LEADER36  1 864 32 899 0.97 0.78, 1.22 0.87 0.78, 0.97 0.73 

Franklin, 2020 LEADER36 4 668 4 672 0.82 0.76, 0.87 0.87 0.78, 0.97 -0.88 

Sciannameo, 2021 LEADER36 N/A N/A 0.88 0.77, 0.99 0.87 0.78, 0.97 0.13 

Sciannameo, 2021 PIONEER-637 N/A N/A 0.76 0.41, 1.10 0.79 0.57, 1.11 -0.13 

Sciannameo, 2021 REWIND38 N/A N/A 0.87 0.76, 0.98 0.88 0.79, 0.99 -0.12 

Sciannameo, 2021 SUSTAIN-639 N/A N/A 0.73 0.47, 0.99 0.74 0.58, 0.95 -0.06 

Sciannameo, 2021 SAVOR-

TIMI41 

N/A N/A 0.99 0.87, 1.10 1.00 0.89, 1.12 -0.12 

Sciannameo, 2021 DECLARE34-

HHF/CV 

Death 

N/A N/A 0.86 0.73, 0.99 0.83 0.73, 0.95 0.30 
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Supplementary Figure 2.1 Distribution of percent eligible for inclusion in CVOT of SGLT-2 

inhibitors in real-world populations by mean age (i) and by sex (ii) 

 

 

i. 

 

 

ii. 
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Supplementary Figure 2.2 Distribution of percent eligible for inclusion in CVOT of GLP-1 

Receptor Agonists in real-world populations by mean age (i) and by sex (ii) 

 

 

i. 

 

 

 

ii. 
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Supplementary Figure 2.3 Standardized Mean Differences of patient characteristics between GLP-1 Receptor Agonist CVOTs and 

the study population from the RWD study from Sciannameo, 2020. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations:  CVD: cardiovascular disease, CVOT: cardiovascular outcome trial, Prop: Proportion; RCT: randomized controlled trial, RWE: real-world 

evidence, SD: standard deviation, SMD: standardized mean difference, T2D: Type 2 diabetes, 

Study      Characteristics                     RWD                       RCT    

               Mean/prop     SD        Mean/Prop    SD

     SD          

Mean/%      SD 

                                 

SMD [95% CI] 
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Supplementary Figure 2.4 Select standardized mean difference of patient characteristics for CVOT and RWD for the DECLARE 

trial 

 

 

Abbreviations: CAD: coronary artery disease, CVD: cardiovascular disease, CVOT: cardiovascular outcome trial, Prop: Proportion, RCT: randomized controlled, 

RWE: real-world evidence, RWD: real-world data, SD: standard deviation, trial, SMD: standardized mean difference, T2D: Type 2 diabetes 

Study         Characteristics                     RWD                       RCT    

                       Mean/prop     SD        Mean/Prop    SD

     SD          

Mean/%      SD 

                                 

SMD [95% CI] 
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Supplementary Figure 2.5 Select standardized mean difference of patient characteristics for CVOT and RWD for CANVAS trial 

 

Abbreviations: CAD: coronary artery disease, CVD: cardiovascular disease, CVOT: cardiovascular outcome trial, HF: heart failure, RCT: randomized controlled, 

RWE: real-world evidence, RWD: real-world data, SD: standard deviation, trial, SMD: standardized mean difference, T2D: Type 2 diabetes

Study         Characteristics                     RWD                       RCT    

                       Mean/Prop     SD        Mean/Prop    SD

     SD          

Mean/%      SD 

                                 

SMD [95% CI] 
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CHAPTER 3: TRANSITION 

                 Our systematic review identified 15 observational studies examining the 

generalizability of RCTs of antidiabetic medications and their cardiovascular treatment effects 

among individuals with T2DM using RWD. We found that effect estimates were mostly concordant 

between observational studies and the trials, with many coming to the same regulatory conclusion 

as the trials they were emulating. We also found that the proportion of real-world patients that 

would have been eligible for the trials varied dramatically. Our systematic review examined the 

new antidiabetic medications of SGLT-2 inhibitors, GLP-1 receptor agonists, and DPP-4 

inhibitors. Although insulins are exempt from the FDA’s CVOT requirement, the cardiovascular 

effects of insulin analogues were compared in the DEVOTE trial122.  However, to our knowledge, 

there has been no study that has emulated this trial. Given that patients using insulin often have 

longer duration and severity of disease, it is important to know how the trial results may generalize 

the to real-world population taking the drugs. To address this knowledge gap, I conducted a 

database study emulating the DEVOTE trial. I used the Clinical Practice Research Database 

(CPRD) linked to Hospital Episode Statistics Admitted Patient Care (HES) and Office for National 

Statistics Vital Statistics (ONS) databases to define my population of new users of insulin degludec 

and insulin glargine who have T2DM. Using the DEVOTE trial inclusion criteria, I created two 

subpopulations from the CPRD of DEVOTE eligible and DEVOTE ineligible patients, chapter 5 

contains the corresponding manuscript. 
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4.1 ABSTRACT 

Introduction: Randomized controlled trials (RCTs) have high internal validity but often have 

limited generalizability. To our knowledge, there are no studies examining potential differences 

between RCTs and real-world data (RWD) in patient characteristics and risk of cardiovascular 

outcomes among patients with type 2 diabetes (T2DM) treated with long-acting insulin analogues.  

Methods: We emulated the DEVOTE trial of insulin degludec vs glargine among patients with 

T2DM using data from the UK’s Clinical Practice Research Datalink. Two subpopulations were 

created based on DEVOTE eligibility. Cox proportional hazards models with inverse probability 

of treatment weighting were used to estimate hazard ratios (HRs) and corresponding confidence 

intervals (CIs) for major adverse cardiovascular events (MACE) comparing new users of insulin 

degludec to new users of insulin glargine overall and in the two subpopulations.  

Results: There were 10,430 patients in the overall population, 5,280 in the DEVOTE eligible 

population, and 5,150 in the DEVOTE ineligible population. The overall (HR: 1.36, 95% CI: 0.83, 

1.86) and DEVOTE eligible populations (HR: 1.07, 95% CI: 0.63, 1.58) were compatible with 

findings from the DEVOTE trial (HR: 0.91, 95% CI: 0.78, 1.06) for the risk of MACE. Due to a 

low number of outcomes, the DEVOTE ineligible population had deviations in point estimates and 

wider CIs (HR: 2.19, 95% CI: 0.30, 3.83).   

Conclusion: The risk of MACE among patients with T2DM newly prescribed insulin degludec 

compared to insulin glargine was consistent between the overall population and the subpopulation 

eligible for the DEVOTE trial, while the DEVOTE ineligible population had discrepant point 

estimates.  
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4.2 INTRODUCTION 

Insulin is prescribed to patients with type 2 diabetes mellitus (T2DM) when other 

antidiabetic drugs have failed to achieve or maintain glycemic control and to prevent micro- 

(retinopathy, neuropathy and nephropathy) and macrovascular (cardiovascular) complications1,2. 

There are two main types of insulin, human insulin (often neutral protamine hagedorn [NPH]) and 

long-acting insulin analogues (glargine, degludec, detemir)3. The efficacy of long-acting insulin 

analogues for the prevention of adverse cardiovascular events has been examined in two large 

randomized controlled trials (RCTs). However, the inclusion criteria of these trials were highly 

selective and may have resulted in trial populations that do not represent the characteristics of 

patients using long-acting insulin analogues in everyday clinical practice. For example, the 

ORIGIN trial selected individuals with pre-diabetes only4. In the DEVOTE trial5, which compared 

cardiovascular safety of  insulin degludec and insulin glargine, the inclusion criteria were based 

on blood glucose levels and the presence of elevated cardiovascular risk factors; while this 

increased the number of events (and thus reduced the sample size required to achieve adequate 

statistical precision), it also makes the generalizability of its findings to patients without elevated 

cardiovascular risk unclear.  

As real-world data (RWD) generated from electronic health records, claims data, and 

registries are becoming readily available, there has been a push by regulatory and health 

technology assessment agencies to utilize real-world evidence (RWE) in conjunction with RCTs 

to evaluate the effectiveness and safety of medical interventions6–8. Some studies examining the 

safety and efficacy of treatments of T2DM have produced concordant findings between RCTs and 

observational studies9. However, there is currently no literature comparing differences in patient 

characteristics and outcomes between RCTs and real-world populations among patients with 

T2DM using long-acting insulin analogues. The objective of this study was to assess the 

generalizability and representativeness of DEVOTE by examining the effect of long-acting insulin 

analogues on cardiovascular outcomes among patients with T2DM using RWD overall and in 

subpopulations defined by DEVOTE trial eligibility.  

4.3 METHODS 

4.3.1 Data Source 

We conducted an observational study emulating a RCT using population-based data from 

the United Kingdom’s Clinical Practice Research Database (CPRD) Aurum.  CPRD Aurum 
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consists of primary care provider records of over 41 million patients in the UK, accounting for 

~20% of the population10. It contains longitudinal routinely collected electronic health records, 

with information on demographic characteristics, diagnoses and symptoms, drug exposures, 

vaccination history, laboratory tests, and referrals to hospital and specialist care. The CPRD is 

representative of the English population regarding geographical spread, socioeconomic 

deprivation, age, and gender11. Given the rich primary care data, CPRD Aurum is well suited for 

studies of people with T2DM since in the UK, T2DM is predominantly treated by general 

practitioners12. CPRD diagnoses and non-prescription information are coded using SNOMED CT 

(UK Edition), Read Version 2, and local EMIS Web ® codes. Drug and device prescriptions are 

coded using the Dictionary of Medicines and Devices and stored in the EMIS Web ® electronic 

medical record11. CPRD Aurum data were linked to Hospital Episode Statistics (HES) Admitted 

Patient Care (APC) and Office of National Statistics (ONS) death registration data. HES APC 

provides hospitalization data in the UK, including date of admission, date of discharge and 

diagnoses made during hospital stay13. ONS death registration data contain records of all deaths in 

the UK, with the deceased’s age, sex, and cause of death. HES APC and ONS diagnoses and causes 

of death are coded using the International Classification of Disease and Related Health Problems 

(ICD) 10th revision. Linkage of HES APC and ONS is available for 93% of the patients in the 

CPRD Aurum and has been previously validated14.  

The protocol of this study (19_217) was approved by the CPRD’s Independent Scientific 

Advisory Committee (ISAC) and by the CIUSSS West-Central Montreal Research Ethics Board 

(Montréal, Canada). 

4.3.2 Study population 

The study population included patients diagnosed with T2DM who were prescribed insulin 

degludec or insulin  glargine between March 1st, 2013 (when degludec became available in the 

UK) and November 31st, 2018 (end of data availability). The cohort was restricted to patients 

newly treated with insulin glargine or degludec, including those who switched from an oral 

antidiabetic medication or from another basal insulin to one of the treatments of interest. The date 

of the first prescription of insulin glargine or degludec defined study cohort entry. We excluded 

patients that had 1) < 1 year of recorded medical history (to capture comorbidities); 2) age <18 

years; 3) previous diagnosis of type 1 diabetes (to ensure we capture only patients with T2DM); 

4) diagnosis of gestational diabetes in the previous year (to ensure we captured only patients with 
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T2DM); 5) zero days of follow-up (to capture outcomes); and 6) patients prescribed both long-

acting insulin analogues on the day of cohort entry (to prevent mixing effects). Patients were 

followed until they experienced an outcome of interest (described below), censoring due to death 

of any cause, end of registration with CPRD, or the end of study period (November 31st, 2018), 

whichever occurred first. The population was limited to those with linkage between CPRD, HES, 

and ONS.  

Using the cohort described above, we created two sub-populations according to the 

inclusion criteria of the DEVOTE trial. Those who do not meet the inclusion criteria composed 

our DEVOTE ineligible subpopulation. Supplementary Table 4.1 outlines the operationalization 

of the RCT inclusion criteria for the CPRD and the number of patients that met each criterion.   

4.3.4 Exposure 

In the DEVOTE trial, participants were randomized to insulin degludec or insulin glargine. 

We replicated this comparison, using glargine as an active comparator. In addition, we used an 

intention-to-treat (ITT) approach to define exposure in our study to reflect the study design and 

analysis used in the DEVOTE trial. An ITT approach is the suggested framework for studies that 

emulate RCT with observational data to ensure a useful treatment effect to compare to RCTs15,16. 

To mimic the ITT analyses of a trial, we used a time-fixed exposure definition where patients were 

classified into one of two mutually-exclusive categories (new user of insulin degludec or new user 

of insulin glargine) from study entry until the end of follow-up regardless of treatment switching 

or discontinuation. For all exposure categories, use of other antidiabetic drugs including other 

insulins were permitted.  

4.3.5 Outcome 

Our primary outcome was the occurrence of major adverse cardiovascular events (MACE), 

a composite endpoint of myocardial infarction (MI), ischemic stroke, or cardiovascular death. For 

our secondary outcomes, we examined the individual components of MACE, all-cause mortality, 

hospitalization for heart failure, and hospitalization for hypoglycemia. Hospitalizations due to 

heart failure and hypoglycemia were not reported in the DEVOTE trial but were included as they 

were important safety signals from previous CVOTs of other antidiabetic medications20. We used 

the following ICD-10 codes in HES and ONS to define the outcomes of interest: MI (ICD-10: 

I21.x), ischemic stroke (ICD-10: I63.x-I64.x), and hospitalization for heart failure (ICD-10: I11.0, 
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I13.0, I13.2, I50.x). The event date was defined by the date of admission for HES-defined events 

and date of death for ONS-defined events. Death from cardiovascular disease was defined using 

the underlying cause of death in ONS (ICD-10: I00.x-I78.x [except 146.9]).  All-cause mortality 

was defined using CPRD, HES, and ONS, with the earliest recorded date of death defining the 

event date. Hypoglycemia was defined by a relevant ICD-10 code in HES (E16.0, E16.1, E16.2).  

4.3.6 Covariates 

We included three types of baseline covariates in our propensity score (PS) model: 

demographics, comorbidities, and medications used at cohort entry. Covariates measured at 

baseline include year of cohort entry, age, sex, race, Index of Multiple Deprivation deciles, 

duration of treated diabetes (time since first prescription for an antidiabetic drug and cohort entry 

date), smoking status, previous history of alcohol related disorders, atrial fibrillation, previous 

diagnosis of cancer (not including non-melanoma skin cancer), chronic obstructive pulmonary 

disease, acute kidney injury, chronic kidney disease, retinopathy, neuropathy, dialysis, 

cerebrovascular disease, body mass index (BMI)(last measurement before cohort entry), A1C (last 

measured before cohort entry), and estimated glomerular filtration rate (eGFR). The medications 

assessed at baseline were ACE inhibitors, angiotensin II receptor blockers, beta blockers, diuretics, 

statins, acetylsalicylic acid, non-steroidal anti-inflammatory drugs, fibrates, and use of other 

diabetic medications (metformin, sulfonylureas, thiazolidinediones, DPP-4 inhibitors, GLP-1 

receptor agonists, alpha-glucosidase inhibitors, meglitinides, SGLT-2 inhibitors, and other types 

of insulin). For our MACE models, we further adjusted for coronary artery disease, 

hyperlipidemia, hypertension, peripheral vascular disease, stroke, MI, coronary revascularization, 

systolic blood pressure (latest measure before cohort entry), diastolic blood pressure (latest 

measure before cohort entry), total cholesterol, and use of calcium channel blockers, oral 

anticoagulants, and antiplatelets. For the hypoglycemia models, we also included history of 

hypoglycemia in the year prior to cohort entry, thyroid disease (including hypothyroidism and 

hyperthyroidism), liver cirrhosis, previous medication usages of acetaminophen, opioids, and 

glucagon.  

We used multiple imputation by chained equations (MICE) to impute missing values for 

the variables of race, Index of Multiple Deprivation decile, smoking status, A1C, eGFR, BMI, and 

systolic and diastolic blood pressure.  
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4.3.7 Statistical Analyses: 

We compared the patient characteristics between those eligible and ineligible for the 

DEVOTE trial and our overall population to the DEVOTE trial using absolute values of the 

standardized difference with standardized differences greater than 0.1 considered important17. We 

used proportions with 95% confidence intervals (CIs) to calculate the real-world populations who 

would have been eligible for the trial. 

We used PS to account for differential baseline covariates between study groups. We 

included all covariates mentioned above in our model using multivariable logistic regression, with 

the inverse of the computed PS subsequently used to weigh exposure groups via inverse probability 

of treatment weights (IPTW). We estimated absolute values of standardized differences to compare 

the characteristics of each exposure group before and after weighting. After stabilized IPTW, we 

truncated weights at 10 to minimize the impact of extreme weights18. We used Poisson regression 

to calculate crude incidence rates and 95% CIs for each subpopulation for the primary and 

secondary outcomes. Using the exposure groups created after IPTW, time-fixed Cox proportional 

hazards models were used to estimate hazard ratios (HRs) and bootstrapped 95% CIs for MACE 

in our three study populations.  

We performed two secondary analyses. First, we repeated our analysis for individual 

components of MACE as well as all-cause mortality, hospitalization due to heart failure, and 

hospitalization due to hypoglycemia. Second, similar to the DUPLICATE studies9,19, we estimated 

three agreement statistics (statistical agreement, estimate agreement and standardized difference 

agreement) to compare our RWD to RCTs for all three of our populations. The definitions for these 

agreement statistics can be found in the Supplementary Methods. We conducted six sensitivity 

analyses to examine the robustness of our results; these analyses are described in the 

Supplementary Methods. 

4.4 RESULTS 

Figure 4.1 describes our study cohort composition. Our CPRD cohort consisted of 10,430 

patients with T2DM, of which 812 initiated insulin degludec and 9,618 initiated insulin glargine. 

From our CPRD cohort, 5,280 patients were eligible for the DEVOTE trial (51% [95% CI: 49%, 

52%] of the total population). The mean follow-up time was 1.5 years among insulin degludec 

initiators  and 2.1 years among insulin glargine initiators. Table 4.1 and Supplementary Table 
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4.2 describe baseline patient characteristics for each exposure group. Across all subpopulations, 

degludec users were younger, had higher BMI, and greater use of other anti-diabetic medications. 

Table 4.2 and Supplementary Table 4.3 describe absolute standardized mean differences between 

populations after multiple imputation and weighting. After imputation and weighting, most 

characteristics had a standardized difference of <0.1. Supplementary Figure 4.1 and 

Supplementary Figure 4.2 illustrate the absolute standardized mean differences between the 

DEVOTE eligible and DEVOTE ineligible subpopulations and between the trial population and 

the RWD populations, respectively, demonstrating large degrees of heterogeneity in patient 

characteristics.  

The results of our primary analyses are reported in Table 4.3. In the overall CPRD 

population, the incidence rate of MACE was 39.4 events per 1000 person-years (95% CI: 29.6, 

52.4) in the insulin degludec group and 45.5 events per 1000 person-years (95% CI: 42.6, 48.6) in 

the insulin glargine group. The incident rates for the DEVOTE eligible population were 71.4 events 

per 1000 person-years (95% CI: 52.2, 97.8) and 79.7 events per 1000 person-years (95% CI: 74.2, 

85.6), respectively. The DEVOTE ineligible patients had lower incidence rates for both exposure 

groups (insulin degludec: 12.3 events per 1000 person-years, 95% CI: 6.2, 24.7; insulin glargine: 

15.3 events per 1000 person-years, 95% CI: 13.1, 17.8). In the overall CPRD population, the 

adjusted HR for MACE with degludec versus glargine was 1.36 (95% CI 0.83, 1.86). The adjusted 

HR was 1.07 (95% CI: 0.63, 1.58) for the DEVOTE eligible population and 2.19 (95% CI: 0.30, 

3.83) for DEVOTE ineligible population. The DEVOTE trial had a HR of 0.91 (95% CI: 0.78, 

1.06).  

All the primary analyses failed to reject the null at a p-value of 0.05, which is consistent 

with the results of the DEVOTE trial. However, due to our wide CIs, we were unable to achieve 

the FDA non-inferiority upper limit of 1.3 and thus did not achieve statistical agreement with the 

DEVOTE trial. Estimate agreement was unable to be met as our effect estimates fell outside the 

CI of the DEVOTE trial. Only the DEVOTE eligible population was able to achieve standardized 

difference agreement with the trial results.  

 Table 4.4 presents the results of our secondary analyses of the individual components of 

MACE, hospitalization due to heart failure, all-cause mortality, and hospitalization due to 

hypoglycemia. For MI, HR estimates were compatible with the findings of the trial across all three 

observational populations. For stroke, due to low sample size, HR estimates varied greatly. For 
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CV death, HR estimates were compatible among the RWD populations; however, they were on the 

opposite side of the null compared to the DEVOTE trial. For hospitalization due to heart failure, 

HR estimates were compatible among the three populations. Hospitalization due to hypoglycemia 

saw differences between the three populations, with the DEVOTE ineligible sub-population effect 

estimate below the null.  For all-cause mortality, the CIs overlapped for the three populations, with 

all of them achieving standardized difference agreement with the original trial. The overall CPRD 

population achieved estimate agreement and the DEVOTE eligible achieved full significance 

agreement with the DEVOTE trial.   

Supplementary Table 4.4 reports the results from our sensitivity analyses including using 

inverse odds weighting (IOW) to examine transportability. These results from our sensitivity 

analyses were consistent with those from our primary analysis. Supplementary Table 4.5 

describes reasons for censoring, of note, adherence was low in our study, with 80% of our study 

population discontinuing their treatment before the end of follow-up.  

4.5 DISCUSSION 

Our study demonstrated that there is a lack of generalizability of the DEVOTE trial to 

patients with T2DM treated in a real-world setting. Only half of the real-world population would 

have been eligible for the DEVOTE trial, with notable differences in patient characteristics such 

as age, use of comedications, and comorbidities between the DEVOTE eligible and ineligible 

populations. There were also large differences in patient characteristics such as duration of 

diabetes, comedication use, and comorbidities between the trial and the real-world population in 

our study. Our findings for the risk of MACE among patients prescribed insulin degludec 

compared to insulin glargine were consistent across the three populations examined. The DEVOTE 

eligible subpopulation had an estimate compatible with the original DEVOTE trial, with both 

suggesting no clinically important difference in risk of MACE between degludec and glargine. In 

the DEVOTE ineligible population, on the other hand, the low number of events resulted in 

extremely imprecise estimates. For individual components of MACE, the treatment estimates for 

MI had the highest degree of agreement with the original DEVOTE trial for all three populations. 

The other components of MACE, all-cause mortality, hospitalization due to heart failure, 

hospitalization due to hypoglycemia had varying levels of compatibility among the three 

populations in the study and, when reported, with the DEVOTE trial. Sensitivity analyses revealed 

that results were robust to study assumptions.  
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 Trials are known to have limited generalizability to real-world populations, which is 

evident from our findings. This is, in part, by design. The FDA guidelines for cardiovascular 

outcome trials target older individuals with T2DM who are at elevated cardiovascular risk which 

is beneficial in increasing the number of events and reducing the required sample size21. Although 

insulins are exempt from the FDA CVOT requirement21, a similar approach was used in DEVOTE.  

Due to this trial eligibility criteria, the incidence rate was higher in the DEVOTE eligible 

population compared to the DEVOTE ineligible or the overall CPRD population in our study. 

While this selection process resulted in the inclusion of higher-risk patients and a more precise 

estimate, half of the real-world population was excluded.  The increasing use of pragmatic trial 

designs will hopefully increase the generalizability of future trials in this area.  

 We found that the DEVOTE eligible population often had the highest level of agreement 

with the DEVOTE trial. This finding provides important reassurance that RWD can be used to 

complement existing RCT evidence when rigorous methods are used, and attempts are made to 

emulate RCTs as close as possible. This is especially pertinent as there has been an effort made by 

regulators in the US, Canada, and European Union to incorporate the use of RWD in their decision 

making6,7,22. 

We conducted sensitivity analyses to assess transportability such as using IOW to transport 

our observational study to the trial population based on the distribution of MI in the DEVOTE 

trial. However, we were limited to aggregate trial-level data. Future research using more granular 

data will allow for more robust comparisons between patient characteristics of trial and RWD 

populations using PS and probability distributions23. Utilizing patient level trial data for IOW 

would allow for the inclusion of additional covariates to account for potential effect modifiers and 

to see how effect estimates may differ based on distribution of covariates that more accurately 

reflect the trial population24.  

To our knowledge, there have been no previous studies that emulated the DEVOTE trial 

with RWD. Previous studies have emulated other cardiovascular outcome trials for antidiabetic 

medications19,25–27. For example, the DUPLICATE Team emulated 32 RCTs using non-randomized 

data from US health care claims data with eight trials evaluating cardiovascular outcomes of 

antidiabetic medication19. All eight emulations achieved either full or partial statistical significance 

agreement, two did not achieve estimate agreement, and one did not have standardized difference 
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agreement19. In a meta-analysis of their 32 trial emulations, they found that the heterogeneity 

between RCT and RWD effect estimates was mainly attributed to three emulation differences: 

treatment started in hospital, discontinuation of some baseline treatment at randomization, and 

delayed onset of drug effects28. While our data availability did not include in-hospital drug data 

and may miss treatments that started in hospital, diabetes treatment often is monitored by the 

general practitioner in the UK, and we therefore expect subsequent prescriptions to be captured 

within the CPRD. In terms of discontinuation of some baseline treatment at randomization, the 

DEVOTE trial allowed for concomitant use of other antidiabetic medications. Our study may be 

prone to delayed onset of drug effects due to the short duration of medication persistence in clinical 

practice. Our study adds to this existing body of work as it evaluates an RCT that was not 

previously studied. It used a primary care database with richer clinical data than administrative 

claims data.  

Our study has many strengths. First, we used a large primary care database that is 

representative of the real-world population. The CPRD provides clinical laboratory measures such 

as BMI and A1C to account for clinically relevant covariates. Second, we are the first study to 

replicate the DEVOTE trial to evaluate the risk of MACE for patients with T2DM prescribed 

insulin degludec and glargine. Compared to ORIGIN4, the other cardiovascular outcome trial in 

the area, the DEVOTE trial allowed for a stronger emulation. DEVOTE selected for patients who 

were more likely to receive the treatment in a real-world setting and included an active comparator, 

reducing time-lag bias and potential confounding by indication. ORIGIN included patients with 

prediabetes and used standard of care, which is difficult to replicate and may introduce residual 

confounding. Third, we used IPTW to balance our population and then stabilized and truncated the 

weights to reduce the influence of extreme weights. Fourth, to our knowledge, we are also the first 

study emulating CVOTs to compare the patient characteristics and risk of cardiovascular outcomes 

of the eligible vs non-eligible populations to ascertain differences between those who were and 

were not eligible to enroll in a trial.  

There are several potential limitations to our study. First, due to the small sample size, our 

study had a low number of events, leading to a lack of precision in our estimates. Second, even 

after stabilized IPTW weighting, there were some differences in covariate distributions between 

exposure groups. Residual confounding is thus possible. We did not further adjust for these 

differences, as we used bootstrapping to adjust our variance, and the current literature recommends 
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against doing so in this setting29. Double adjustment only leads to doubly robust estimates if both 

models are known to be accurate, which we cannot guarantee for our outcome model29. Third, 

given the amount of treatment discontinuation present in our cohort and our use of an ITT 

approach, exposure misclassification may have biased our results towards the null. Our on-

treatment sensitivity analysis saw a shift of our effect estimate towards that reported in the 

DEVOTE trial. 

4.6 CONCLUSIONS 

Our study demonstrated that the DEVOTE trial lacked generalizability to a real-world 

population of patients with T2DM taking long-acting insulin analogues. Only half of the real-world 

population would be eligible for the DEVOTE trial, with notable differences in patient 

characteristics between those eligible and ineligible for the trial. The risk of MACE among patients 

with T2DM prescribed insulin degludec compared to insulin glargine was consistent for the overall 

CPRD, DEVOTE eligible, and DEVOTE ineligible populations. The DEVOTE eligible population 

had effect estimates most compatible with the original DEVOTE trial. However, risks of individual 

components of MACE, heart failure, and hospitalization due to hypoglycemia varied across the 

three populations. Additional research is required to further understand the complementary nature 

of RCTs and RWD when assessing the safety and effectiveness of long-acting insulin analogues 

among patients with T2DM.  
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Table 4.1 Baseline characteristics of CPRD, DEVOTE eligible and DEVOTE ineligible populations of patients with type 2 diabetes who initiated 

insulin degludec or insulin glargine before inverse probability of treatment weighting and multiple imputation. 

 

CPRD DEVOTE eligible DEVOTE ineligible 

Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD 

N/mean  

(%/SD) 

N/mean 

(%/SD) 
 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 

Number of patients 9,618 812   4,904 376  4,714 436  

Age (years) Mean (SD) 63.9 (14.1) 60.5 (12.9) 0.25 71.8 (10.3) 68.1 (10.0) 0.38 55.6 (12.9) 54.1 (11.6) 0.13 

Males, n (%)  5,381 (55.9) 443 (54.6) 0.03 2,724 (55.5) 210 (55.9) 0.01 2,657 (56.4) 233 (53.4) 0.06 

Ethnicity, n (%)             

Caucasian  7,440 (77.4) 664 (81.8) 0.19 4,103 (83.7) 332 (88.3) 0.18 3,337 (70.8) 332 (76.1) 0.21 

Non-Caucasian 1,403 (14.6) 70 (8.6) 
 

628 (12.8) 28 (7.4)  775 (16.4) 42 (9.6)  

Year of Cohort Entry, n (%)             

2013 1,024 (10.6) 19 (2.3) 0.34 532 (10.6) 10 (2.7) 0.33 492 (10.4) 9 (2.1) 0.35 

2014 1,298 (13.5) 32 (3.9) 0.34 658 (13.4) 12 (3.2) 0.38 640 (13.6) 20 (4.6) 0.32 

2015 1,561 (16.2) 78 (9.6) 0.20 749 (15.3) 37 (9.8) 0.16 812 (17.2) 41 (9.4) 0.24 

2016 1,783 (18.5) 149 (18.3) 0.01 907 (18.5) 74 (19.7) 0.03 876 (18.6) 75 (17.2) 0.04 

2017 2,008 (20.9) 256 (31.5) 0.23 1,029 (21.0) 120 (31.9) 0.25 979 (20.8) 136 (31.2) 0.24 

2018 1,944 (20.2) 278 (7.6) 0.32 1,029 (21.0) 123 (32.7) 0.27 915 (19.4) 155 (35.6) 0.37 

Diabetes duration (years)             

Mean (SD)a 10.8 (7.0) 11.6 (6.1) 0.12 13.2 (6.9) 13.6 (6.1) 0.06 8.4 (6.2) 9.9 (5.5) 0.25 

Lifestyle and other covariates           

BMI, Mean (SD)b 31.0 (7.0) 33.5 (7.5) 0.35 30.8 (6.7) 33.3 (7.1) 0.37 31.2 (7.3) 33.6 (7.8) 0.32 

Smoking, n (%)             

Current 3,588 (37.3) 292 (36.0) 0.03 1,830 (37.3) 128 (34.0) 0.07 1,758 (37.3) 164 (37.8) 0.00 

Former 3,174 (33.0) 300 (36.9) 0.08 1,735 (35.4) 151 (40.2) 0.10 1,439 (30.5) 149 (34.2) 0.07 

Never 2,699 (28.1) 213 (26.2) 0.05 1,282 (26.1) 94 (25.0) 0.03 1,417 (30.1) 119 (27.2) 0.07 
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Systolic Blood Pressure Level, 

Mean (SD)b 131.1 (15.8) 131.1 (14.2) 0.00 131.7 (16.4) 131.0 (14.9) 0.04 130.5 (15.1) 131.2 (13.5) 0.04 

Diastolic Blood Pressure 

Level, Mean (SD)b 75.2 (10.0) 75.4 (9.4) 0.02 73.1 (9.9) 73.2 (9.5) 0.01 77.5 (9.5) 77.3 (8.9) 0.02 

A1C, Mean (SD) 9.8 (2.2) 9.9 (2.0) 0.01 9.7 (2.2) 9.9 (2.0) 0.08 10.0 (2.2) 9.9 (2.0) 0.06 

eGFR, Mean (SD) 66.5 (21.3) 70.9 (19.0) 0.22 57.2 (21.6) 62.5 (19.9) 0.26 76.6 (15.7) 78.2 (14.7) 0.11 

Comorbidities, n (%)             

Acute kidney injury 1,612 (16.8) 93 (11.5) 0.15 1,263 (25.8) 79 (21.0) 0.11 349 (7.4) 14 (3.2) 0.19 

Alcohol related disorders 1,937 (20.1) 140 (17.2) 0.07 988 (20.1) 63 (16.8) 0.09 949 (20.1) 77 (17.7) 0.06 

Atrial fibrillation 782 (8.1) 59 (7.3) 0.03 687 (14.0) 50 (13.3) 0.02 95 (2.0) 9 (2.1) 0.00 

Cancerc 2,340 (24.3) 147 (18.1) 0.15 1,444 (29.4) 91 (24.2) 0.12 896 (19.0) 56 (12.8) 0.17 

Cerebrovascular disease 1,303 (13.5) 79 (9.7) 0.12 1,146 (23.4) 72 (19.1) 0.10 157 (3.3) 7 (1.6) 0.11 

Chronic kidney disease 2,683 (27.9) 155 (19.1) 0.21 2,480 (50.6) 141 (37.5) 0.27 203 (4.3) 14 (3.2) 0.06 

COPD 1,102 (11.5) 72 (8.9) 0.09 811 (16.5) 54 (14.4) 0.06 291 (6.2) 18 (4.1) 0.09 

Coronary artery disease 2,853 (29.7) 216 (26.6) 0.07 2,606 (53.1) 204 (54.3) 0.02 247 (5.2) 12 (2.8) 0.13 

Coronary revascularization  781 (8.1) 55 (6.8) 0.05 716 (14.6) 53 (14.1) 0.01 65 (1.4) S*  - 

Dialysis 152 (1.6) 15 (1.8) 0.02 96 (2.0) 12 (3.2) 0.08 56 (1.2) S*  - 

Hyperlipidemia 4,184 (43.5) 347 (42.7) 0.02 2,757 (56.2) 214 (56.9) 0.01 1,427 (30.3) 133 (30.5) 0.01 

Hypertension 7,069 (73.5) 607 (74.8) 0.03 4,370 (89.1) 342 (91.0) 0.06 2,699 (57.3) 265 (60.8) 0.07 

Hypoglycemia 1,011 (10.5) 89 (11.0) 0.01 624 (12.7) 51 (13.6) 0.02 387 (8.2) 38 (8.7) 0.02 

Myocardial Infarction 2,228 (23.2) 165 (20.3) 0.07 2,031 (41.4) 157 (41.8) 0.01 197 (4.2) 8 (1.8) 0.14 

Neuropathy 2,588 (26.9) 206 (25.4) 0.04 1,585 (32.3) 112 (29.8) 0.05 1,003 (21.3) 94 (21.6) 0.01 

Peripheral vascular disease 1,174 (12.2) 92 (11.3) 0.03 1,020 (20.8) 82 (21.8) 0.02 154 (3.3) 10 (2.3) 0.06 

Retinopathy 4,454 (46.3) 409 (50.4) 0.08 2,676 (54.6) 224 (59.6) 0.10 1,778 (37.7) 185 (42.4) 0.10 

Stroke 988 (10.3) 71 (8.7) 0.05 896 (18.3) 70 (18.6) 0.01 92 (2.0) S*  - 

Cirrhosis 168 (1.7) 7 (0.9) 0.08 90 (1.8) 6 (1.6) 0.02 78 (1.7) S*  - 

Antidiabetic medications, n 

(%) 

            

Metformin 7,427 (77.2) 646 (79.6) 0.06 3,617 (73.8) 279 (74.2) 0.01 3,810 (80.8) 367 (84.2) 0.09 

Sulfonylureas 5,889 (61.2) 388 (47.8) 0.27 3,199 (65.2) 185 (49.2) 0.33 2,690 (57.1) 203 (46.6) 0.21 

Thiazolidinediones 626 (6.5) 45 (5.5) 0.04 338 (6.9) 18 (4.8) 0.09 288 (6.1) 27 (6.2) 0.00 

DPP-4 inhibitors 3,996 (41.5) 259 (31.9) 0.20 2,291 (46.7) 127 (33.8) 0.27 1,705 (36.2) 132 (30.3) 0.13 
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GLP-1 receptor agonists 1,571 (16.3) 414 (51.0) 0.79 653 (13.3) 169 (44.9) 0.74 918 (19.5) 245 (56.2) 0.82 

Alpha-glucosidase inhibitors 37 (0.4) S*  - 23 (0.5) S* - 14 (0.3) S*  - 

Meglitinides 102 (1.1) 7 (0.9) 0.02 54 (1.1) 6 (1.6) 0.04 48 (1.0) S*  - 

SGLT-2 inhibitors 1,212 (12.6) 217 (26.7) 0.36 438 (8.9) 83 (22.1) 0.37 774 (16.4) 134 (30.7) 0.34 

Insulin (bolus or long-acting 

not including insulin glargine 

and degludec) 

3,451 (35.9) 429 (52.8) 0.35 1,668 (34.0) 219 (58.2) 0.50 1,783 (37.8) 210 (48.2) 0.21 

a Duration of type 2 diabetes, defined as time since first diagnostic A1C, diagnostic code, or initiation of antihyperglycemic medication. 
b Percentage of missing data presented in supplementary material, along with categorical presentation of the data. 
c Not including non-melanoma skin cancer 

S* supressed small cells with N <5 

Abbreviations: A1C: glycated hemoglobin, BMI: body mass index, COPD: chronic obstructive pulmonary disorder, CPRD: Clinical Practice 

Research Datalink, DPP-4 inhibitors: dipeptidyl peptidase-4 inhibitors, eGFR: estimated glomerular filtration rate, GLP-1 receptor agonists: 

glucagon-like peptide-1 receptor agonists, SD: standard deviation, SGLT-2 inhibitors: sodium-glucose cotransporter-2 inhibitors, SMD: 

standardized mean difference 
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Table 4.2 Baseline characteristics of CPRD, DEVOTE eligible and DEVOTE ineligible populations of patients with type 2 diabetes who initiated 

insulin degludec or insulin glargine after inverse probability of treatment weighting and multiple imputation. 

 

CPRD DEVOTE eligible DEVOTE ineligible 

Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD Insulin 

glargine 

users 

Insulin 

degludec 

users 

SMD 

N/mean  

(%/SD) 

N/mean 

(%/SD) 
 

N/mean  

(%/SD) 

N/mean 

(%/SD) 

 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 

Number of patients 9,637 769   4,916 320  4,722 414  

Age (years) Mean (SD) 63.6 (14.1) 63.2 (12.7) 0.03 71.5 (10.2) 70.6 (9.4) 0.09 55.5 (12.8) 56.4 (12.2) 0.03 

Males, n (%)  5,380 (55.8) 453 (58.9) 0.06 2,732 (55.6) 183 (57.0) 0.03 2,650 (56.1) 247 (59.6) 0.07 

Ethnicity b, n (%)             

Caucasian  8,139 (84.5) 665 (86.4) 0.06 4,287 (87.2) 294 (91.7) 0.15 3,851 (81.6) 346 (83.5) 0.05 

Non-Caucasian 1,498 (15.5) 104 (13.6)  629 (12.8) 27 (8.3)  871 (18.4) 68 (16.5)  

Year of Cohort Entry, n (%)             

2013 962 (10.0) 112 (14.6) 0.14 504 (10.2) 35 (11.1) 0.03 459 (9.7) 61 (14.6) 0.15 

2014 1,227 (12.7) 103 (13.4) 0.02 622 (12.7) 33 (10.2) 0.08 604 (12.8) 61 (14.8) 0.06 

2015 1,509 (15.7) 83 (10.8) 0.14 729 (14.8) 34 (10.5) 0.13 779 (16.5) 40 (9.6) 0.20 

2016 1,780 (18.5) 126 (16.4) 0.05 913 (18.6) 65 (20.2) 0.04 868 (18.4) 57 (13.8) 0.12 

2017 2,090 (21.7) 172 (22.3) 0.01 1,069 (21.7) 75 (23.4) 0.04 1,022 (21.6) 97 (23.4) 0.04 

2018 2,069 (21.5) 173 (22.5) 0.03 1,079 (22.0) 79 (24.6) 0.06 989 (21.0) 98 (23.7) 0.07 

Diabetes duration (years)             

Mean (SD)a 10.9 (7.0) 10.8 (6.0) 0.01 13.2 (6.9) 13.5 (6.2) 0.05 8.5 (6.2) 9.1 (5.5) 0.09 

Lifestyle and other covariates           

BMI, Mean (SD)b 31.2 (7.2) 31.6 (6.7) 0.07 31.0 (6.8) 31.8 (5.9) 0.14 31.3 (7.3) 31.4 (7.0) 0.01 

Smoking b, n (%)             

Current 3,640 (37.8) 290 (37.6) 0.00 1,843 (37.5) 121 (37.9) 0.01 1,801 (38.1) 152 (36.8) 0.03 

Former 3,249 (33.7) 290 (37.6) 0.00 1,767 (35.9) 111 (34.6) 0.03 1,478 (31.3) 130 (31.3) 0.00 

Never 2,748 (28.5) 254 (33.1) 0.01 1,306 (26.6) 88 (27.5) 0.02 1,444 (30.6) 132 (31.9) 0.03 
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Systolic Blood Pressure Level, 

Mean (SD)b 131.1 (15.8) 132.8 (14.1) 0.11 131.7 (16.3) 132.1 (14.1) 0.03 130.6 (15.1) 132.6 (13.6) 0.14 

Diastolic Blood Pressure 

Level, Mean (SD)b 75.2 (9.9) 75.7 (9.4) 0.05 73.1 (9.9) 72.7 (9.0) 0.04 77.5 (9.5) 78.0 (9.4) 0.06 

A1C, Mean (SD) b 9.9 (2.2) 10.0 (2.0) 0.07 9.7 (2.2) 9.8 (1.9) 0.02 10.0 (2.2) 10.2 (2.0) 0.10 

eGFR, Mean (SD) b 67.0 (21.1) 67.2 (19.6) 0.01 57.7 (21.6) 58.8 (19.0) 0.05 76.7 (15.6) 76.6 (15.3) 0.01 

Comorbidities, n (%)             

Acute kidney injury 1,573 (16.3) 124 (16.2) 0.00 1,248 (25.4) 85 (26.6) 0.03 333 (7.0) 32 (7.8) 0.03 

Alcohol related disorders 1,915 (19.9) 164 (21.3) 0.04 976 (19.8) 66 (20.6) 0.02 939 (19.9) 92 (22.1) 0.05 

Atrial fibrillation 776 (8.1) 58 (7.5) 0.02 685 (13.9) 44 (13.6) 0.01 95 (2.0) 8 (2.0) 0.00 

Cancerc 2,299 (23.9) 206 (26.7) 0.07 1,428 (29.0) 105 (32.6) 0.08 875 (18.5) 86 (20.7) 0.05 

Cerebrovascular disease 1,276 (13.2) 112 (14.6) 0.04 1,134 (23.1) 86 (26.9) 0.09 150 (3.2) 7 (1.6) 0.10 

Chronic kidney disease 2,619 (27.2) 185 (24.0) 0.07 2,437 (49.6) 150 (46.8) 0.05 200 (4.2) 13 (3.1) 0.06 

COPD 1,085 (11.3) 95 (12.4) 0.03 806 (16.4) 54 (16.8) 0.01 283 (6.0) 24 (5.7) 0.01 

Coronary artery disease 2,836 (29.4) 222 (28.9) 0.01 2,616 (53.2) 178 (55.6) 0.05 237 (5.0) 13 (3.2) 0.09 

Coronary revascularization  770 (8.0) 51 (6.6) 0.05 713 (14.5) 43 (13.5) 0.03 61 (1.3) S*  - 

Dialysis 154 (1.6) 11 (1.5) 0.01 101 (2.0) 6 (1.7) 0.02 54 (1.1) S* - 

Hyperlipidemia 4,189 (43.5) 321 (41.7) 0.04 2,765 (56.3) 182 (56.8) 0.01 1,434 (30.4) 130 (31.4) 0.02 

Hypertension 7,092 (73.6) 545 (70.8) 0.06 4,388 (89.3) 292 (91.0) 0.06 2,718 (57.6) 221 (53.4) 0.08 

Hypoglycemia 1,019 (10.6) 82 (10.6) 0.00 626 (12.7) 42 (13.2) 0.02 396 (8.4) 42 (10.1) 0.06 

Myocardial Infarction 2,210 (22.9) 169 (22.0) 0.02 2,036 (41.4) 134 (41.9) 0.01 187 (4.0) 7 (1.7) 0.14 

Neuropathy 2,583 (26.8) 234 (30.4) 0.08 1,579 (32.1) 105 (32.7) 0.01 1,011 (21.4) 107 (25.9) 0.11 

Peripheral vascular disease 1,167 (12.1) 107 (13.9) 0.05 1,023 (20.8) 75 (23.4) 0.06 151 (3.2) 24 (5.8) 0.13 

Retinopathy 4,499 (46.7) 356 (46.3) 0.01 2,704 (55.0) 197 (61.3) 0.13 1,805 (38.2) 142 (34.2) 0.08 

Stroke 979 (10.2) 100 (13.1) 0.09 901 (18.3) 83 (25.8) 0.18 85 (1.8) S* - 

Cirrhosis 162 (1.7) 29 (3.8) 0.13 90 (1.8) 16 (5.1) 0.18 72 (1.5) S* - 

Antidiabetic medications, n 

(%) 

            

Metformin 7,461 (77.4) 600 (78.0) 0.01 3,627 (73.8) 233 (72.8) 0.02 3,833 (81.2) 349 (84.2) 0.08 

Sulfonylureas 5,786 (60.0) 435 (56.6) 0.07 3,141 (63.9) 175 (54.6) 0.19 2,645 (56.0) 236 (57.0) 0.02 

Thiazolidinediones 620 (6.4) 45 (5.8) 0.03 330 (6.7) 15 (4.6) 0.09 289 (6.1) 26 (6.4) 0.01 

DPP-4 inhibitors 3,920 (40.7) 296 (38.5) 0.04 2,243 (45.6) 124 (38.7) 0.14 1,680 (35.6) 152 (36.7) 0.02 
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GLP-1 receptor agonists 1,851 (19.2) 149 (19.4) 0.00 775 (15.8) 55 (17.3) 0.04 1,074 (22.7) 94 (22.8) 0.00 

Alpha-glucosidase inhibitors 35 (0.4) S* - 22 (0.5) S* - 13 (0.3) S* - 

Meglitinides 100 (1.0) S* - 55 (1.1) S* - 45 (0.9) S* - 

SGLT-2 inhibitors 1,332 (13.8) 116 (15.0) 0.03 492 (10.0) 35 (11.0) 0.03 838 (17.8) 82 (19.8) 0.05 

Insulin 3,609 (37.5) 377 (49.0) 0.24 1,771 (36.0) 174 (54.4) 0.38 1,840 (39.0) 173 (41.7) 0.06 
a Duration of type 2 diabetes, defined as time since first diagnostic A1C, diagnostic code, or initiation of antihyperglycemic medication. 
b Percentage of missing data presented in supplementary material, along with categorical presentation of the data. 
c Not including non-melanoma skin cancer 

S* supressed small cells with N <5 

Abbreviations: A1C: glycated hemoglobin, BMI: body mass index, COPD: chronic obstructive pulmonary disorder, CPRD: Clinical Practice 

Research Datalink, DPP-4 inhibitors: dipeptidyl peptidase-4 inhibitors, eGFR: estimated glomerular filtration rate, GLP-1 receptor agonists: 

glucagon-like peptide-1 receptor agonists, SD: standard deviation, SGLT-2 inhibitors: sodium-glucose cotransporter-2 inhibitors, SMD: 

standardized mean difference 
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Table 4.3 The association between use of insulin degludec compared to insulin glargine and the risk of MACE among patients with type 2 diabetes 

in the CPRD, DEVOTE eligible and DEVOTE ineligible populations 

 No. of 

patients 

No. of 

events 

Person-

years 

Incidence rate* 

(95% CI)  

Unadjusted Adjusted** Observed 

Agreement****   

HR (95% CI) HR (95% CI***) SA EA SD 

CPRD population          

Insulin degludec 812 47 1,194 39.4 (29.6, 52.4) 0.82 (0.61, 1.10) 1.36 (0.83, 1.86) N N N 

Insulin glargine 9,618 910 20,001 45.5 (42.6, 48.6) 1.00 (Reference) 1.00 (Reference)    

DEVOTE eligible          

Insulin degludec 376 39 546 71.4 (52.2, 97.8) 0.86 (0.62, 1.19) 1.07 (0.63, 1.58) N N Y 

Insulin glargine 4,904 748 9,389 79.7 (74.2, 85.6) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 8 648 12.3 (6.2, 24.7) 0.77 (0.38, 1.57) 2.19 (0.30, 3.83)    

Insulin glargine 4,714 162 10,612 15.3 (13.1, 17.8) 1.00 (Reference) 1.00 (Reference) 

 

N N N 

DEVOTE Trial     

Insulin degludec 3,818 325 N/A 42.9  0.91 (0.78, 1.06) N/A    

Insulin glargine 3,819 356 N/A 51.0 1.00 (Reference) N/A    

*Incidence rates are expressed as events per 1,000 person-year. Confidence interval estimated using poisson model. 

** The following baseline characteristics were included in the propensity score model used for inverse probability of treatment weighting: age, 

sex, ethnic origin, year of cohort entry, duration of diabetes, BMI, smoking status, A1C level, blood pressure level, eGFR category, comorbidities, 

antidiabetic drugs, comedications. Multiple imputation was applied for race, Index of Multiple Deprivation decile, smoking status, A1C, eGFR, 

body mass index, systolic blood pressure, diastolic blood pressure. 

*** 95% CI were bootstrapped using 1000 simulations  

S* supressed small cells with N <5 

Abbreviations: CI: confidence interval, CPRD: Clinical Practice Research Datalink, HR: hazard ratio, MACE: major adverse cardiovascular event- 

composite of myocardial infarction, stroke or cardiovascular death,  

****SA: Full statistical significance agreement (Y/N/P) - is said to occur if the RWD and RCT have estimates and CIs on the same side of the 

null; P: partial significance agreement- met the prespecified noninferiority criteria even though the database study may have indicated superiority, 

EA: Estimate agreement (Y/N) - is said to occur if the effect estimate of the RWD falls within the 95% confidence interval of the RCT effect 

estimate. SD: Standardized difference agreement is defined by standardized differences |Z| < 1.96 (Y = yes, N = no) 
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Table 4.4 The association between use of insulin degludec compared to insulin glargine for the risk of secondary outcomes including individual 

components of MACE, heart failure, all-cause mortality and hospitalization due to hypoglycemia, among patients with type 2 diabetes 

 No. of 

patients 

No. of 

events 

Person-

years 

Incidence rate* 

(95% CI) 

Unadjusted Adjusted** Observed 

Agreement****   

HR (95% CI) HR (95% CI***) SA EA SD 

MI 

CPRD population   

       

Insulin degludec 812 17 1,203 14.1 (8.8, 22.7) 1.04 (0.63, 1.69) 0.84 (0.41, 1.41) Y Y Y 

Insulin glargine 9,618 266 20,157 13.2 (11.7, 14.9) 1.00 (Reference) 1.00 (Reference)    

DEVOTE eligible          

Insulin degludec 376 15 551 27.2 (16.4, 45.1) 1.27 (0.75, 2.15) 0.90 (0.40, 1.56) Y Y Y 

Insulin glargine 4,904 198 9,517 20.8 (18.1, 23.9) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 S* S* 2.0 (0.5, 7.9) 0.38 (0.00, 1.06) 0.29 (0.00, 0.83) P N N 

Insulin glargine 4,714 68 10,640 4.9 (3.9, 6.3) 1.00 (Reference) 1.00 (Reference)    

DEVOTE Trial N/A N/A N/A N/A 0.85 (0.68, 1.06) N/A    

Stroke 

CPRD population   

        

Insulin degludec 812 11 1,203 9.1 (5.1, 16.5) 0.80 (0.43, 1.46) 1.55 (0.42, 3.22) N N Y 

Insulin glargine 9,618 218 20,264 10.8 (9.4, 12.3) 1.00 (Reference) 1.00 (Reference)    

DEVOTE eligible          

Insulin degludec 376 6 555 10.8 (4.9, 24.1) 0.52 (0.23, 1.19) 0.53 (0.12, 1.23) Y N Y 

Insulin glargine 4,904 188 9,573 19.6 (17.0, 22.7) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 5 648 7.7 (3.2, 18.5) 2.57 (0.99, 6.69) 7.34 (0.66, 20.43) N N N 

Insulin glargine 4,714 30 10,691 2.8 (2.0, 4.0) 1.00 (Reference) 1.00 (Reference)    

DEVOTE Trial N/A N/A N/A N/A 0.90 (0.65, 1.23) N/A    

CV Death 

CPRD population   

        

Insulin degludec 812 29 1,212 23.9 (16.6, 34.4) 0.74 (0.51, 1.07) 1.33 (0.67, 2.13) N N Y 

Insulin glargine 9,618 631 20,426 30.9 (28.6, 33.4) 1.00 (Reference) 1.00 (Reference)    
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DEVOTE eligible          

Insulin degludec 376 26 560 46.4 (31.6, 68.2) 0.81 (0.55, 1.20) 1.21 (0.60, 1.84) N Y Y 

Insulin glargine 4,904 543 9,706 55.9 (51.4, 60.9) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 S* S* 4.6 (1.9, 14.3) 0.51 (0.16, 1.61) 1.77 (0.00, 4.97) N N N 

Insulin glargine 4,714 88 10,720 8.2 (6.7, 10.1) 1.00 (Reference) 1.00 (Reference)    

DEVOTE Trial N/A N/A N/A N/A 0.96 (0.76, 1.21) N/A    

Heart Failureǂ 

CPRD population   

        

Insulin degludec 812 44 1,183 37.2 (27,7, 50.0) 0.63 (0.47, 0.85) 0.79 (0.47, 1.18) - - - 

Insulin glargine 9,618 1,020 19,353 52.7 (49.6, 56.0) 1.00 (Reference) 1.00 (Reference)    

DEVOTE eligible          

Insulin degludec 376 41 532 77.0 (56.7, 104.6) 0.70 (0.51, 0.96) 0.84 (0.51, 1.26) - - - 

Insulin glargine 4,904 886 8,783 100.9 (94.5, 107.7) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 S* S* 4.6 (1.5, 14.3) 0.35 (0.11, 1.09) 0.44 (0.00, 1.21) - - - 

Insulin glargine 4,714 134 10,571 12.7 (10.7, 15.0) 1.00 (Reference) 1.00 (Reference)    

All-cause Mortality 

CPRD population   

        

Insulin degludec 812 42 1,212 34.7 (25.6, 46.9) 0.54 (0.39, 0.73) 1.09 (0.66, 1.59) N Y Y 

Insulin glargine 9,618 1,217 20,426 59.6 (56.3, 63.0) 1.00 (Reference) 1.00 (Reference)    

DEVOTE eligible          

Insulin degludec 376 34 560 60.7 (43.4, 84.9) 0.61 (0.43, 0.86) 1.16 (0.70, 1.63) N N Y 

Insulin glargine 4,904 915 9,706 94.3 (88.6, 100.6) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 8 652 12.3 (6.1, 24.6) 0.38 (0.19, 0.77) 0.72 (0.13, 1.69) Y N Y 

Insulin glargine 4,714 302 10,720 28.2 (25.2, 31.5) 1.00 (Reference) 1.00 (Reference)    

DEVOTE Trial N/A N/A N/A N/A 0.91 (0.76, 1.11) N/A    

Hospitalization due to Hypoglycemiaǂ 

CPRD population   

       

Insulin degludec 812 34 1,184 28.7 (20.5, 40.2) 0.96 (0.68, 1.35) 1.26 (0.72, 1.89) - - - 

Insulin glargine 9,618 573 19,860 28.9 (26.6, 31.3) 1.00 (Reference) 1.00 (Reference)    
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DEVOTE eligible          

Insulin degludec 376 27 536 50.4 (34.5, 73.4) 1.08 (0.73, 1.59) 1.67 (0.85, 2.65) - - - 

Insulin glargine 4,904 424 9,309 45.5 (41.4, 50.1) 1.00 (Reference) 1.00 (Reference)    

DEVOTE ineligible           

Insulin degludec 436 7 648 10.8 (5.2, 22.7) 0.74 (0.35, 1.58) 0.52 (0.10, 1.19) - - - 

Insulin glargine 4,714 149 10,551 14.1 (12.0, 16.6) 1.00 (Reference) 1.00 (Reference)    

*Incidence rates are expressed as events per 1,000 person-year. Confidence interval estimated using poisson model. 

** The following baseline characteristics were included in the propensity score model used for inverse probability of treatment weighting: age, 

sex, ethnic origin, year of cohort entry, duration of diabetes, BMI, smoking status, A1C level, blood pressure level, eGFR category, comorbidities, 

antidiabetic drugs, comedications. Multiple imputation was applied for race, Index of Multiple Deprivation decile, smoking status, A1C, eGFR, 

body mass index, systolic blood pressure, diastolic blood pressure. Hospitalization due to hypoglycemia had additional covariates of history of 

hypoglycemia in the year prior to cohort entry (yes/no), thyroid disease, liver cirrhosis, previous medication usages of acetaminophen, opioids, and 

glucagon.  

*** 95% CIs were bootstrapped using 1000 simulations  

S* supressed small cells with N <5 

ǂ Heart failure and hospitalization due to hypoglycemia were not evaluated in the original DEVOTE trial and agreement statistics could not be 

calculated.  

CI: confidence interval, CPRD: Clinical Practice Research Datalink, CV Death: cardiovascular death, HR: hazard ratio, MI: myocardial infarction, 
****SA: Full statistical significance agreement (Y/N/P) - Is said to occur if the RWD and RCT have estimates and CIs on the same side of the null; 

P: partial significance agreement- met the prespecified noninferiority criteria even though the database study may have indicated superiority, EA: 

Estimate agreement (Y/N) - is said to occur if the effect estimate of the RWD falls within the 95% confidence interval of the RCT effect estimate. 

SD: Standardized difference agreement is defined by standardized differences |Z| < 1.96 (Y = yes, N = no) 
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4.11 Figure Legend 

Figure 4.1  Flowchart of cohort to define sub-populations and exposures group of insulin glargine and 

insulin degludec initiators to examine risk of MACE in patients with type 2 diabetes. 
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S* supressed small cells with N <5 

Number of patients linkable to HES and ONS with a T2DM 

diagnosis and first insulin analogue prescription (glargine or 

degludec) between March 2013 and November 2018 

18,211 

 

Full CPRD study cohort: 10,430 

 

Insulin glargine initiators: 9,618 

Insulin degludec initiators: 812 

 

 

DEVOTE eligible population: 5,280 

 

Insulin glargine initiators: 4,904 

Insulin degludec initiators: 376 

 

All exclusions: 7,781 

- Excluded patients aged less than 18: 67 

- Excluded patients without 1 year of medical history 

and with date inconsistencies: 4,016 

- Excluded patients prescribed both insulin glargine 

and insulin degludec at cohort entry: S* 

- Excluded patients with a type 1 diabetes diagnosis 

on or before cohort entry: 3,507 

- Excluded patients with gestational diabetes in the 

year before or on cohort entry: 176 

- Excluded patients with no follow up: 14 

DEVOTE ineligible population: 5,150 

 

Insulin glargine initiators: 4,714 

Insulin degludec initiators: 436 

 

Figure 4.1   
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4.12 Supplementary Methods 

4.12.1 Definition of agreement statistics: 

Full statistical significance agreement is said to have occurred if the RWD and RCT have 

estimates and CIs on the same side of the null. Partial significance agreement is defined as RCT 

meeting the prespecified noninferiority criteria even though the CPRD study may have indicated 

superiority1. Estimate agreement is said to occur if the effect estimate of the RWD falls within the 

95% CI of the RCT effect estimate Standardized difference agreement is defined by standardized 

differences |Z| < 1.96. 

 Z =
 θ̂RWE-θ̂RCT

√σ̂2
RWE+σ̂2

RCT
 θ̂ are effect estimates and σ̂2 are variances.  

As per the FDA, all the major CVOTs were designed for non-inferiority with an upper CI limit of 

1.312. For our statistical significance agreement statistic, we first assessed whether the trial was 

able to demonstrate non-inferiority and then evaluated whether the RWD study was able to 

replicate the non-inferiority finding within the same margin. If the trial achieved non-inferiority 

but the RWD study achieved superiority, partial statistical significance agreement was established. 

In addition to non-inferiority, if superiority was established in the trial, we assessed if the RWD 

study also found superiority to achieve full statistical significance agreement.  

4.12.2 Sensitivity analyses: 

We conducted 6 different sensitivity analyses. First, to compare our subpopulations to the 

trial ones, we combined inverse odds weights (IOW) targeting the distribution of prior MI in 

DEVOTE trial with our stabilized IPTW2. In this analysis, we reweighed our three study 

populations to mirror the distribution of MI in the DEVOTE trial (34%)3. Second, we explored the 

use of applying IOW to the DEVOTE eligible population to target the DEVOTE ineligible 

population rather than the DEVOTE trial. These IOW included all the covariates initially used in 

our IPTW model rather than only MI. Third, as trials usually are shorter in duration compared to 

observational studies, we repeated our primary analysis with follow-up time restricted to a 

maximum of 2 years to replicate the follow-up duration of the DEVOTE trial. Fourth, to examine 

the impact of exposure discontinuation and switching, we described the rate and timing of exposure 

discontinuation and switching. Fifth, we repeated our primary analysis using an ‘on treatment’ 

exposure definition in which we censored patients who discontinued or switched treatments. Sixth, 
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we matched our exposure groups based on age, year of cohort entry, and the logit of the PS with a 

caliper at 0.05 and re-ran our primary analysis. 

4.12.3 Supplementary References: 

1.  Wang SV, Schneeweiss S, RCT-DUPLICATE Initiative. Emulation of Randomized Clinical 

Trials With Nonrandomized Database Analyses: Results of 32 Clinical Trials. JAMA. 2023 Apr 

25;329(16):1376–85.  

2.  Westreich D, Edwards JK, Lesko CR, Stuart E, Cole SR. Transportability of Trial Results Using 

Inverse Odds of Sampling Weights. Am J Epidemiol. 2017 Oct 15;186(8):1010–4.  

3.  Marso SP, McGuire DK, Zinman B, Poulter NR, Emerson SS, Pieber TR, et al. Design of 

DEVOTE (Trial Comparing Cardiovascular Safety of Insulin Degludec vs Insulin Glargine in 

Patients With Type 2 Diabetes at High Risk of Cardiovascular Events) – DEVOTE 1. American 

Heart Journal. 2016 Sep 1;179:175–83.  
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Supplementary Table 4.1 Operationalization of DEVOTE trial inclusion criteria for observational study and number of patients for each 

corresponding criteria 

RCT inclusion Criteria  

Observational Study Operationalization of Inclusion 

Criteria 

Number of patients  

Criteria 1: Age ≥ 50 years old at cohort entry 

and at least 1 of the following conditions: 

 4,826 

1. Prior myocardial infarction 1. Code for MI in CPRD or HES before cohort entry 2,280 

2. Prior stroke or prior Transient Ischemic 

Attack (TIA) 

2. Codes for stroke or TIA in CPRD or HES before 

cohort entry 

1,188 

3. Prior coronary, carotid, or peripheral arterial 

revascularization 

 

3. Coronary, carotid or peripheral arterial 

revascularization code in CPRD or HES before cohort 

entry 

938 

4. >50% stenosis on angiography or other 

imaging of coronary, carotid or lower-

extremity artery 

4. Stenosis of coronary, carotid or lower-extremity artery 

codes in CPRD or HES before cohort entry 

118 

5. History of symptomatic coronary heart 

disease documented by positive exercise stress 

test of any cardiac imaging, or unstable angina 

pectoris with ECG changes 

5. Coronary artery disease codes in CPRD or HES before 

cohort entry  

2,917 

6. Chronic heart failure NYHA class II-III 

 

6. Heart failure codes in CPRD or HES before cohort 

entry  

1,523 

7. Chronic kidney disease corresponding to 

estimated glomerular filtration rate (eGFR) of 

30-59 mL/min per 1.73m^2 per CKD-EPI 

7. Codes for eGFR 30-59 mL/min per 1.73m^2 or codes 

for stage 3 CKD in CPRD or HES before cohort entry  

2,441 

Criteria 2: Age ≥ 60 years old at cohort entry 

and at least 1 of the following risk factors: 

 

 2,922 

1. Microalbuminuria or proteinuria 

 

1. Codes for microalbuminuria or proteinuria in CPRD or 

HES before cohort entry  

2,102 

2. Hypertension and left ventricular 

hypertrophy by ECG or imaging 

2. Codes for hypertension or left ventricular hypertrophy 

in CPRD or HES before cohort entry 

489 

3. Left ventricular systolic and diastolic 

dysfunction by imaging 

 

3. Codes for left ventricular systolic and diastolic 

dysfunction in CPRD or HES before cohort entry  

19 
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4. Ankle/brachial index <0.9 

 

4. Codes for peripheral vascular disease in CPRD or HES 

before cohort entry  

1,023 

Total participants that match Criteria 1 or 2  5,470 

Include patients with A1C ≥ 7.0% or current 

insulin treatment corresponding to ≥ 20 U/d of 

basal insulin 

A1C ≥ 7.0% or prescription of basal insulin (NPH insulin or 

insulin detemir) before cohort entry 

5,338 (132 excluded from 

above) 

One or more oral or injectable antidiabetic 

agent(s) 

Prescription of metformin, sulfonylureas, thiazolidinediones, 

DPP-4 inhibitor, GLP-1 RA, alpha-glucosidase inhibitors, 

meglitinides, SGLT-2 inhibitors, insulin (except insulin 

glargine or insulin degludec) before cohort entry 

5,280 (58 excluded from 

above) 

Total DEVOTE eligible population  5,280 
Abbreviations: A1C: glycated hemoglobin, CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration, CPRD: Clinical Practice Research Datalink, DPP-4 

inhibitors: dipeptidyl peptidase-4 inhibitors, ECG: electrocardiogram, eGFR: estimated glomerular filtration rate, GLP-1 RA: Glucagon-like peptide-1 receptor 

agonists, HES: Hospital Episode Statistics, U/d: units per day, MI: myocardial infarction, NYHA: New York Heart Association, SGLT-2 inhibitors: sodium-

glucose cotransporter-2 inhibitors, TIA: transient ischemic stroke
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Supplementary Table 4.2  Baseline characteristics of CPRD, DEVOTE eligible and DEVOTE ineligible populations of patients with type 2 

diabetes who initiated insulin degludec or insulin glargine before inverse probability of treatment weighting and multiple imputation. 

 

CPRD DEVOTE eligible DEVOTE ineligible 

Insulin 

glargine users 

Insulin 

degludec users 

SMD Insulin 

glargine users 

Insulin 

degludec users 

SMD Insulin 

glargine users 

Insulin 

degludec users 

SMD 

N/mean  

(%/SD) 

N/mean 

(%/SD) 
 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 

Number of patients 9,618 812   4,904 376  4,714 436  

Ethnicity- Missing  775 (8.1) 78 (9.6) 0.05 173 (3.5) 16 (4.3) 0.04 602 (12.8) 62 (14.2) 0.04 

Age group, n (%)             

<49.9 1,562 (16.2) 145 (17.9) 0.04 0 (0.0) 0 (0.0) --- 1,562 (33.1) 145 (33.3) 0.00 

50-59.9 2,166 (22.5) 247 (30.4) 0.18 632 (12.9) 78 (20.7) 0.21 1,534 (32.5) 169 (38.8) 0.13 

60-69.9 2,299 (23.9) 222 (27.3) 0.08 1,414 (28.8) 144 (38.3) 0.20 885 (18.8) 78 (17.9) 0.02 

70-79.9 2,126 (22.1) 135 (16.6) 0.14 1,593 (32.5) 99 (26.3) 0.14 533 (11.3) 36 (8.3) 0.10 

80+ 1,465 (15.2) 63 (7.8) 0.24 1,265 (25.8) 55 (14.6) 0.28 200 (4.2) 8 (1.8) 0.14 

Index of Multiple Deprivation, 

n(%) 

      
   

   

1 1,612 (16.8) 178 (21.9) 0.13 869 (17.7) 90 (23.9) 0.15 743 (15.8) 88 (20.2) 0.12 

2 1,797 (18.7) 159 (19.6) 0.02 947 (19.3) 68 (18.1) 0.03 850 (18.0) 91 (20.9) 0.07 

3 1,867 (19.4) 149 (18.3) 0.03 958 (19.5) 75 (19.9) 0.01 909 (19.3) 74 (17.0) 0.06 

4 2,065 (21.5) 163 (20.1) 0.03 1,014 (20.7) 72 (19.1) 0.04 1,051 (22.3) 91 (20.9) 0.03 

5 2,271 (23.6) 163 (20.1) 0.09 1,112 (22.7) 71 (18.9) 0.09 1,159 (24.6) 92 (21.1) 0.08 

Missing 6 (0.1) S* - 4 (0.1) S* - S* S* - 

Lifestyle and other covariates             

BMI          

< 25 1,756 (18.3) 92 (11.3) 0.20 890 (18.1) 48 (12.8) 0.15 866 (18.4) 44 (10.1) 0.25 

25-29.9 2,843 (29.6) 183 (22.5) 0.17 1,526 (31.1) 76 (20.2) 0.26 1,317 (27.9) 107 (24.5) 0.09 

30.0-34.9  2,500 (26.0) 217 (26.7) 0.01 1,286 (26.2) 97 (25.8) 0.01 1,214 (25.8) 120 (27.5) 0.03 

35-39.9 1,338 (13.9) 169 (20.8) 0.18 689 (14.0) 86 (22.9) 0.23 649 (13.8) 83 (19.0) 0.13 

40+ 935 (9.7) 143 (17.6) 0.23 427 (8.7) 65 (17.3) 0.26 508 (10.8) 78 (17.9) 0.20 

Missing  246 (2.6) 8 (1.0) 0.12 86 (1.8) S* - 160 (3.4) S* - 

Smoking- Missing 157 (1.6) 7 (0.9) 0.07 57 (1.2) 3 (0.8) 0.04 100 (2.1) S* - 
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SBP- Missing  43 (0.4) S* - S* S* - 42 (0.9) S* - 

DBP- Missing 43 (0.4) S* - S* S* - 42 (0.9) S* - 

eGFR, ml/min/1.73m2          

<60 2,897 (30.1) 166 (20.4) 0.24 2,510 (51.2) 140 (37.2) 0.28 387 (8.2) 26 (6.0) 0.10 

60+ 6,491 (67.5) 638 (78.6)  2,366 (48.2) 233 (62.0)  4,125 (87.5) 405 (92.9)  

Missing 230 (2.4) 8 (1.0) 0.11 28 (0.6) S* - 202 (4.3) 5 (1.1) 0.19 

A1C          

≤ 7 % 765 (8.0) 43 (5.3) 0.11 421 (8.6) 15 (4.0) 0.19 344 (7.3) 28 (6.4) 0.04 

7.1-8.0% 1,186 (12.3) 96 (11.8) 0.02 706 (14.4) 46 (12.2) 0.06 480 (10.2) 50 (11.5) 0.03 

> 8.0% 7,477 (77.7) 670 (82.5) 0.09 3,774 (77.0) 315 (83.8) 0.17 3,703 (78.6) 355 (81.4) 0.00 

Missing  190 (2.0) S* - S* S* - 187 (4.0) S* - 

Comedications, n (%)             

ACE inhibitors 4,375 (45.5) 400 (49.3) 0.08 2,594 (52.9) 205 (54.5) 0.03 1,781 (37.8) 195 (44.7) 0.14 

Acetylsalicylic acid 2,982 (31.0) 225 (27.7) 0.07 2,196 (44.8) 154 (41.0) 0.08 786 (16.7) 71 (16.3) 0.01 

Antiplatelets 3,522 (36.6) 269 (33.1) 0.07 2,666 (54.4) 194 (51.6) 0.06 856 (18.2) 75 (17.2) 0.03 

Angiotensin II receptor blockers 1,773 (18.4) 159 (19.6) 0.03 1,190 (24.3) 98 (26.1) 0.04 583 (12.4) 61 (14.0) 0.05 

Beta-blockers 3,029 (31.5) 227 (28.0) 0.08 2,348 (47.9) 168 (44.7) 0.06 681 (14.4) 59 (13.5) 0.03 

Calcium-channel blockers 3,005 (31.2) 245 (30.2) 0.02 1,953 (39.8) 147 (39.1) 0.01 1,052 (22.3) 98 (22.5) 0.00 

Diuretics 3,260 (33.9) 247 (30.4) 0.07 2,389 (48.7) 178 (47.3) 0.03 871 (18.5) 69 (15.8) 0.07 

Fibrates 286 (3.0) 23 (2.8) 0.01 173 (3.5) 7 (1.9) 0.10 113 (2.4) 16 (3.7) 0.07 

Oral anticoagulants 1,029 (10.7) 72 (8.9) 0.06 885 (18.0) 60 (16.0) 0.06 144 (3.1) 12 (2.8) 0.02 

Nonsteroidal anti-inflammatory 

drugs 
2,421 (25.2) 222 (27.3) 0.05 1,238 (25.2) 111 (29.5) 0.10 1,183 (25.1) 111 (25.5) 0.01 

Statins 7,309 (76.0) 642 (79.1) 0.07 4,109 (83.8) 326 (86.7) 0.08 3,200 (67.9) 316 (72.5) 0.10 

Hypoglycemia specific 

covariates 

            

Thyroid disease 1,357 (14.1) 115 (14.2) 0.00 836 (17.0) 66 (17.6) 0.01 521 (11.1) 49 (11.2) 0.01 

Acetaminophen 4,177 (43.4) 328 (40.4) 0.06 2,536 (51.7) 189 (50.3) 0.03 1,641 (34.8) 139 (31.9) 0.06 

Opioids 3,962 (41.2) 344 (42.4) 0.02 2,228 (45.4) 181 (48.1) 0.05 1,734 (36.8) 163 (37.4) 0.01 

Glucagon 78 (0.8) 7 (0.9) 0.01 32 (0.7) 5 (1.3) 0.07 46 (1.0) S* - 

S* supressed small cells with N <5  Abbreviations: A1C: glycated hemoglobin, ACE inhibitors: angiotensin-converting enzyme inhibitors, BMI: body mass index, DBP: diastolic 

blood pressure, CPRD: Clinical Practice Research Datalink, eGFR: estimated glomerular filtration rate, SBP: systolic blood pressure, SD: standard deviation, SMD: standardized 

mean difference 



 

89 

 

Supplementary Table 4.3 Baseline characteristics of CPRD, DEVOTE eligible and DEVOTE ineligible populations of patients with type 2 

diabetes who initiated insulin degludec or insulin glargine after inverse probability of treatment weighting and multiple imputation. 

 

CPRD DEVOTE eligible DEVOTE ineligible 

Insulin 

glargine users 

Insulin 

degludec users 

SMD Insulin 

glargine users 

Insulin 

degludec users 

SMD Insulin 

glargine users 

Insulin 

degludec users 

SMD 

N/mean  

(%/SD) 

N/mean 

(%/SD) 
 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 N/mean  

(%/SD) 

N/mean 

(%/SD) 

 

Number of patients 9,637 769   4,916 320  4,722 414  

Ethnicity- Missing  0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

Age group, n (%)             

<49.9 1,576 (16.4) 110 (14.3) 0.06 0 (0.0) 0 (0.0) --- 1,565 (33.1) 118 (28.5) 0.10 

50-59.9 2,234 (23.2) 216 (28.1) 0.11 662 (13.5) 48 (14.9) 0.04 1,562 (33.1) 160 (38.6) 0.12 

60-69.9 2,333 (24.2) 173 (22.5) 0.04 1,458 (29.7) 95 (29.5) 0.00 883 (18.7) 69 (16.7) 0.05 

70-79.9 2,085 (21.6) 188 (24.4) 0.07 1,571 (31.9) 120 (37.5) 0.12 521 (11.0) 46 (11.1) 0.00 

80+ 1,408 (14.6) 82 (10.6) 0.12 1,225 (24.9) 58 (18.1) 0.17 191 (4.0) 21 (5.1) 0.05 

Index of Multiple Deprivation, 

n(%) 

      
   

   

1 1,661 (17.2) 155 (20.2) 0.08 898 (18.3) 72 (22.6) 0.11 764 (16.2) 81 (19.5) 0.09 

2 1,808 (18.8) 143 (18.6) 0.00 945 (19.2) 55 (17.1) 0.06 865 (18.3) 87 (20.9) 0.07 

3 1,863 (19.3) 147 (19.1) 0.01 960 (19.5) 69 (21.6) 0.05 901 (19.1) 65 (15.7) 0.09 

4 2,060 (21.4) 176 (22.9) 0.04 1,013 (20.6) 62 (19.5) 0.03 1,047 (22.2) 100 (24.1) 0.04 

5 2,244 (23.3) 147 (19.1) 0.10 1,099 (22.4) 62 (19.3) 0.08 1,146 (24.3) 82 (19.8) 0.11 

Missing 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

Lifestyle and other covariates             

BMI          

< 25 1,753 (18.2) 113 (14.8) 0.09 887 (18.0) 45 (14.0) 0.11 858 (18.2) 63 (15.3) 0.08 

25-29.9 2,855 (29.6) 235 (30.6) 0.02 1,515 (30.8) 88 (27.4) 0.08 1,366 (28.9) 138 (33.2) 0.09 

30.0-34.9  2,580 (26.8) 222 (28.8) 0.05 1,314 (26.7) 102 (32.0) 0.12 1,260 (26.7) 111 (26.8) 0.00 

35-39.9 1,431 (14.8) 113 (14.6) 0.01 740 (15.1) 52 (16.2) 0.03 692 (14.7) 52 (12.5) 0.06 

40+ 1,018 (10.6) 86 (11.2) 0.02 460 (9.4) 34 (10.5) 0.04 547 (11.6) 51 (12.2) 0.02 

Missing  0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

Smoking- Missing 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 
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SBP- Missing  0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

DBP- Missing 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

eGFR, ml/min/1.73m2          

<60 2,859 (29.7) 217 (28.2) 0.03 2,468 (50.2) 158 (49.3) 0.02 395 (8.4) 29 (7.0) 0.05 

60+ 6,778 (70.3) 552 (71.8)  2,448 (49.8) 163 (50.7)  4,327 (91.6) 385 (93.0) 0.00 

Missing 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

HbA1c          

≤ 7 % 758 (7.9) 40 (5.2) 0.11 404 (8.2) 17 (5.4) 0.11 361 (7.6) 22 (5.3) 0.10 

7.1-8.0% 1,197 (12.4) 82 (10.7) 0.05 700 (14.2) 52 (16.3) 0.06 500 (10.6) 29 (7.1) 0.12 

> 8.0% 7,681 (79.7) 647 (84.1) 0.12 3,811 (77.5) 251 (78.2) 0.02 3,861 (81.8) 363 (87.7) 0.16 

Missing  0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 0 (0.0) 0 (0.0) --- 

Comedications, n (%)             

ACE inhibitors 4,411 (45.8) 364 (47.4) 0.03 2,608 (53.1) 172 (53.6) 0.01 1,809 (38.3) 168 (40.4) 0.04 

Acetylsalicylic acid 2,961 (30.7) 257 (33.3) 0.06 2,186 (44.5) 149 (46.3) 0.04 785 (16.6) 80 (19.3) 0.07 

Antiplatelets 3,500 (36.3) 305 (39.7) 0.07 2,661 (54.1) 183 (57.2) 0.06 854 (18.1) 95 (22.8) 0.12 

Angiotensin II receptor blockers 1,788 (18.6) 133 (17.3) 0.03 1,197 (24.4) 69 (21.6) 0.07 595 (12.6) 53 (12.8) 0.01 

Beta-blockers 3,007 (31.2) 227 (29.5) 0.04 2,342 (47.6) 147 (46.0) 0.03 677 (14.3) 47 (11.4) 0.09 

Calcium-channel blockers 2,999 (31.1) 216 (28.0) 0.07 1,953 (39.7) 123 (38.4) 0.03 1,054 (22.3) 76 (18.5) 0.10 

Diuretics 3,239 (33.6) 254 (33.0) 0.01 2,388 (48.6) 161 (50.2) 0.03 864 (18.3) 69 (16.8) 0.04 

Fibrates 285 (3.0) 26 (3.3) 0.02 168 (3.4) 17 (5.4) 0.10 117 (2.5) 11 (2.6) 0.01 

Oral anticoagulants 1,016 (10.5) 84 (10.9) 0.01 878 (17.9) 57 (17.8) 0.00 143 (3.0) 16 (4.0) 0.05 

Nonsteroidal anti-inflammatory 

drugs 
2,442 (25.3) 186 (24.2) 0.03 1,254 (25.5) 78 (24.4) 0.03 1,189 (25.2) 100 (24.2) 0.02 

Statins 7,348 (76.2) 583 (75.8) 0.01 4,129 (84.0) 267 (83.3) 0.02 3,226 (68.3) 279 (67.3) 0.02 

Hypoglycemia specific covariates             

Thyroid disease 1,359 (14.1) 123 (16.0) 0.05 839 (17.1) 70 (22.0) 0.12 524 (11.1) 49 (11.9) 0.03 

Acetaminophen 4,167 (43.2) 315 (41.0) 0.05 2,536 (51.6) 172 (53.6) 0.04 1,638 (34.7) 121 (29.1) 0.12 

Opioids 3,977 (41.3) 336 (43.7) 0.05 2,242 (45.6) 166 (51.7) 0.12 1,739 (36.8) 152 (36.8) 0.00 

Glucagon 76 (0.8) 15 (2.0) 0.10 32 (0.6) 14 (4.2) 0.23 45 (0.9) S* - 

Abbreviations: A1C: glycated hemoglobin, ACE inhibitors: angiotensin-converting enzyme inhibitors, BMI: body mass index, DBP: diastolic blood pressure, CPRD: Clinical 

Practice Research Datalink, eGFR: estimated glomerular filtration rate, SBP: systolic blood pressure, SD: standard deviation, SMD: standardized mean difference 
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Supplementary Table 4.4 Sensitivity analyses for the association of insulin degludec compared to insulin glargine and risk of MACE among 

patients with type 2 diabetes 

 No. of 

patients 

No. of 

events 

Person-

years 

Incidence rate* 

(95% CI)  

Unadjusted Adjusted** 

HR (95% CI) HR (95% CI***) 

2 Year Follow-up 

CPRD population   

    

Insulin degludec 812 38 965 39.4 (28.6, 54.1) 0.77 (0.56, 1.07) 1.36 (0.82, 2.27) 

Insulin glargine 9,618 672 13,336 50.4 (46.7, 54.3) 1.00 (Reference) 1.00 (Reference) 

DEVOTE eligible       

Insulin degludec 376 32 446 71.7 (50.7, 101.4) 0.83 (0.58, 1.18) 0.91 (0.57, 1.47) 

Insulin glargine 4,904 557 6,468 86.1 (79.3, 93.6) 1.00 (Reference) 1.00 (Reference) 

DEVOTE ineligible        

Insulin degludec 436 6 519 11.6 (5.2, 25.7) 0.68 (0.30, 1.54) 2.67 (0.90, 7.91) 

Insulin glargine 4,714 115 6,868 16.7 (13.9, 20.1) 1.00 (Reference) 1.00 (Reference) 

‘On-treatment’a 

CPRD population   

     

Insulin degludec 812 14 462 30.3 (18.0, 51.2) 0.62 (0.36, 1.07) 1.41 (0.60, 3.29) 

Insulin glargine 9,618 229 4,490 51.0 (44.8, 58.1) 1.00 (Reference) 1.00 (Reference) 

DEVOTE eligible       

Insulin degludec 376 12 227 52.9 (30.0, 93.2) 0.68 (0.38, 1.22) 0.87 (0.43, 1.74) 

Insulin glargine 4,904 190 2,237 84.9 (73.7, 97.9) 1.00 (Reference) 1.00 (Reference) 

DEVOTE ineligible        

Insulin degludec 436 S* S* 8.5 (2.1, 34.1) 0.48 (0.12, 1.99) 3.23 (1.65, 6.31) 

Insulin glargine 4,714 39 2,253 17.3 (12.6, 23.7) 1.00 (Reference) 1.00 (Reference) 

Propensity Score Matchingb 

CPRD population   

     

Insulin degludec 769 35 1,102 31.8 (22.8, 44.2) 1.46 (0.90, 2.38) 1.18 (0.63, 2.20) 

Insulin glargine 769 47 1,110 42.3 (31.8, 56.3) 1.00 (Reference) 1.00 (Reference) 

DEVOTE eligible       

Insulin degludec 332 36 454 79.3 (57.2, 109.9) 1.14 (0.63, 2.05) 1.10 (0.50, 2.38) 

Insulin glargine 332 37 456 81.1 (58.8, 112.0) 1.00 (Reference) 1.00 (Reference) 
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*Incidence rates are expressed as events per 1,000 person-year. Confidence interval estimated using Poisson model. 

** The following baseline characteristics were included in the propensity score model used for inverse probability of treatment weighting: age, sex, ethnic origin, 

year of cohort entry, duration of diabetes, BMI, smoking status, A1C level, blood pressure level, eGFR category, comorbidities, antidiabetic drugs, 

comedications. Multiple imputation was applied for race, Index of Multiple Deprivation decile, smoking status, A1C, eGFR, body mass index, systolic blood 

pressure, diastolic blood pressure. 

*** 95% CIs were estimated using robust sandwich variance estimator. 

**** Estimate was unable to converge 

S* supressed small cells with N <5  
aOn-treatment analysis where patients were censored for treatment discontinuation or switching  
bMatching analysis where we matched our exposure groups based on age, year of cohort entry and the logit of the PS with a caliper at 0.05 
cInverse odds weighting analysis where we inverse odds weights targeting the distribution of prior MI in DEVOTE trial participants (34%) with our stabilized 

and truncated IPTW 
dInverse odds weighting to the DEVOTE eligible population to target the DEVOTE ineligible. These IOW included al the covariates initially used in our IPTW 

model 

Abbreviations: CI: confidence interval, CPRD: Clinical Practice Research Datalink, IOW: inverse odds weights, IPTW: inverse probability of treatment 

weighting, MI: myocardial infarction

DEVOTE ineligible        

Insulin degludec 402 6 589 10.2 (4.6, 22.7) 1.05 (0.30, 3.61) ---**** 

Insulin glargine 402 6 612 9.8 (4.4, 22.7) 1.00 (Reference) 1.00 (Reference) 

IOW with MIc 

Overall CPRD population   

     

Insulin degludec 812 47 1,194 39.4 (29.6, 52.4) 0.82 (0.61, 1.10) 1.35 (0.87, 2.08) 

Insulin glargine 9,618 910 20,001 45.5 (42.6, 48.6) 1.00 (Reference) 1.00 (Reference) 

DEVOTE eligible       

Insulin degludec 376 39 546 71.4 (52.2, 97.8) 0.86 (0.62, 1.19) 1.07 (0.69, 1.67) 

Insulin glargine 4,904 748 9,389 79.7 (74.2, 85.6) 1.00 (Reference) 1.00 (Reference) 

DEVOTE ineligible        

Insulin degludec 436 8 648 12.3 (6.2, 24.7) 0.77 (0.38, 1.57) 0.78 (0.28, 2.20) 

Insulin glargine 4,714 162 10,612 15.3 (13.1, 17.8) 1.00 (Reference) 1.00 (Reference) 

IOW with DEVOTE ineligibled      

DEVOTE eligible       

Insulin degludec 376 39 546 71.4 (52.2, 97.8) 0.86 (0.62, 1.19) 1.07 (0.57, 2.01) 

Insulin glargine 4,904 748 9,389 79.7 (74.2, 85.6) 1.00 (Reference) 1.00 (Reference) 
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Supplementary Table 4.5 Censoring reasons among CPRD, DEVOTE eligible and DEVOTE ineligible 

populations 

Events No. events (N%) Person-

years 

Incidence rate* 

(95% CI)  

CPRD population    

Outcomea 243 (2.3%) 123 1.98 (1.74-2.24) 

Switched 56 (0.5%) 41 1.37 (1.05-1.78) 

Discontinuation 8281 (79.4%) 3,211 2.58 (2.52-2.63) 

End of study period 1445 (13.8%) 1,385 1.04 (0.9-1.10) 

Death 166 (1.6%) 43 3.82 (3.28-4.44) 

End of practice 196 (1.9%) 116 1.69 (1.47-1.94) 

Last data collection 43 (0.4%) 32 1.34 (0.99-1.80) 

DEVOTE eligible    

Outcomea 202 (3.8%) 103 1.96 (1.71-2.25) 

Switched 21 (0.4%) 11 1.87 (1.22-2.87) 

Discontinuation 4,101 (77.7%) 1,591 2.58 (2.50-2.66) 

End of study period 738 (14.0%) 662 1.11 (1.04-1.20) 

Death 103 (2.0%) 31 3.28 (2.70-3.98) 

End of practice 95 (1.8%) 48 1.99 (1.62-2.43) 

Last data collection 20 (0.4%) 16 1.21 (0.78-1.88) 

DEVOTE ineligible    

Outcomea 41 (0.8%) 20 2.07 (1.53-2.82) 

Switched 35 (0.7%) 30 1.18 (0.84-1.64) 

Discontinuation 4,180 (81.2%) 1,620 2.58 (2.50-2.66) 

End of study period 707 (13.7%) 722 0.98 (0.91-1.05) 

Death 63 (2.0%) 12 5.21 (4.07-6.67) 

End of practice 101 (2.0%) 68 1.48 (1.22-1.80) 

Last data collection 23 (0.5%) 16 1.47 (0.98-2.21) 

*Incidence rates are expressed as events per 1 person-year. Interval of confidence estimated using Poisson model. 
aPatient had a major adverse cardiovascular event of myocardial infarction, stroke or cardiovascular death  

CPRD: Clinical Practice Research Datalink  
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Supplementary Figure 4.1  

 
Footnote: Graph depicts absolute standardized mean differences between DEVOTE eligible and DEVOTE ineligible total populations before weighting or imputation. 

Vertical line at 0.1 delineates clinically important differences  

Abbreviations: A1C: glycated hemoglobin, ACE inhibitors: angiotensin-converting enzyme inhibitors, AKI: acute kidney injury, BMI: body mass index, CAD: coronary 

artery disease, CKD: chronic kidney disease, COPD: chronic obstructive pulmonary disease, DBP: diastolic blood pressure, DPP-4i: dipeptidyl peptidase-4 inhibitors, 

eGFR: estimated glomerular filtration rate, GLP-1 RA: Glucagon-like peptide-1 receptor agonists, IPTW: inverse probability of treatment weighting, MI: myocardial 

infarction, NSAIDs: Non-steroidal anti-inflammatory drugs, PVD: peripheral vascular disease, SBP: systolic blood pressure, SGLT-2i: sodium-glucose cotransporter-2 

inhibitors, SMD: standardized mean difference 
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Supplementary Figure 4.2  

 

Footnote: Graph depicts absolute standardized mean differences between DEVOTE trial and CPRD, DEVOTE eligible and DEVOTE ineligible total populations 

before weighting or imputation in purple, blue and red respectively. Vertical line at 0.1 delineates clinically important differences. 

Abbreviations: A1C: glycated hemoglobin, BMI: body mass index, CPRD: Clinical Practice Research Datalink, eGFR: estimated glomerular filtration rate, GLP-

1 RA: Glucagon-like peptide-1 receptor agonists, IPTW: inverse probability of treatment weighting, MI: myocardial infarction, SMD: standardized mean 

differences 
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CHAPTER 5: DISCUSSION 

5.1 Summary 

My thesis explored the emulation of CVOTs using RWD among patients with T2DM. First, 

we conducted a systematic review of 19 observational studies examining the generalizability of 

newer antidiabetic medications (GLP-1 RAs, SGLT-2 inhibitors, and DPP-4 inhibitors). We 

reviewed 15 cross-sectional studies which evaluated the proportion of the real-world population 

eligible for seminal RCTs in the area and found that eligibility percentage ranged from 7% to 59% 

for GLP-1 RAs and 6% to 48% for SGLT-2 inhibitor use. In addition, four cohort studies that 

replicated RCTs using RWD showed high levels of agreement for all drug classes we examined. 

However, none of these studies examined long-acting insulin analogues, which are often given 

later in diabetes management, especially among patients with longer duration of disease and 

increased disease severity.  

Therefore, for my pharmacoepidemiologic database study, I emulated the DEVOTE trial 

by examining the risk of MACE among patients with T2DM prescribed insulin degludec compared 

to insulin glargine. We found that half of our CPRD population would have been eligible for the 

DEVOTE trial with notable differences in age, comorbidity, and comedications between the 

eligible and ineligible populations. In addition, HRs for MACE in our DEVOTE eligible 

population achieved standardized difference agreement with the original DEVOTE trial, both not 

indicating a clinically significant difference. The overall CPRD population and DEVOTE 

ineligible populations suggested consistent results for risk of MACE but were not able to achieve 

any level of agreement with the DEVOTE trial. For the secondary outcomes of individual 

components of MACE, hospitalization for heart failure, all-cause mortality, and hospitalization 

due to hypoglycemia, there were some variabilities in outcome rates across our overall CPRD, 

DEVOTE eligible and DEVOTE ineligible populations. Agreement statistics between our 

observational study and the original DEVOTE trial varied with the outcome and population. 

Sensitivity analyses addressing potential sources of bias and examining external validity for our 

study demonstrated consistent results. Overall, several of the studies in our systematic review 

found that, despite differences in population, results were generalizable. Our database study adds 

to the growing body of evidence that RWD and RCT can provide complementary results and 

emphasizes the lack of generalizability of RCTs in this area.   



 

97 

 

5.2 Emulation differences between RCTs and RWD 

My thesis examines potential areas for emulation differences for RCTs using RWD, which 

may lead to differences in results not attributable to bias or chance. From our systematic review 

on the emulation of CVOTs in patients with T2DM, we found that previous studies used data 

sources from healthcare claims, previous cohort studies and electronic medical records. For our 

database study, we used CPRD data, which is a primary care database from the UK. As expected 

from the use of secondary data, the RWD studies’ ability to replicate variable definitions for 

treatment, covariates, and outcomes varied from RCTs. For example, many of the studies from our 

systematic review did not have access to cause-of death records, and thus used all-cause mortality 

instead of cardiovascular death in the MACE outcome definition143,144. In our database study, to 

operationalize the inclusion criteria from the DEVOTE trial, we substituted clinical markers such 

as ECG measurements with diagnostic codes for diseases. These substitutions may lead to 

differences in the sensitivity of outcomes and inclusion criteria, leading to differences in the 

population, and treatment effects.  

Moreover, we found that studies in this area utilized two main types of exposure 

definitions: ITT and on-treatment. We chose to use an ITT approach to replicate an RCT more 

closely and previous literature supported its use in replicating RCTs using observational data145. 

However, adherence was low in our study, with 80% of our study population discontinuing their 

treatment before the end of follow-up. When we conducted an ‘on-treatment’ analysis and censored 

patients who switched or discontinued their treatment, we found that our point estimate more 

closely resembled that of the DEVOTE trial (DEVOTE trial HR 0.91, 95% CI: 0.78, 1.06; 

DEVOTE eligible HR: 1.07, 95% CI: 0.63, 1.58; DEVOTE eligible censored HR: 0.87, 95% CI 

0.43, 1.74). While the purpose of an ITT approach is to estimate the effect of treatment assignment, 

low levels of adherence can cause the effect of treatment assignment to vary substantially between 

trial and real-world populations. 

Many of the seminal cardiovascular outcome trials used a placebo control group. To 

replicate these trials, studies identified in our systematic review used an active comparator of either 

DPP-4 inhibitors, sulfonylureas, or other second or third line antidiabetic drugs. Since diabetes 

medications recommends the prescription of second or third line diabetic drug classes based on 

individual patient goals (i.e. GLP-1 RA prescribed for those with weight loss goals), these 

comparisons across drug classes may be prone to confounding by indication42. Abrahami et al. 
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emulated the LEADER trial, which examined the risk of MACE for liraglutide and reported 

discrepant point estimates when using sulfonylureas as a control compared to second-to-third line 

antidiabetic drugs more broadly146. To mitigate the potential biases, we chose to replicate the 

DEVOTE trial, which used an active comparator of insulin glargine147. As the trial compared two 

different types of long-acting insulin analogues, the risk of confounding by indication and 

differences in patient populations between the trial and real-world control populations were 

reduced.  

 RCTs are considered the gold-standard for clinical evidence due to the randomization 

process, which eliminates the potential for confounding148. However, confounding remains an 

underlying bias in observational studies. Studies in our systematic review adjusted for potential 

confounders by using PS matching143,144. Abrahami et al. compared different types of PS 

adjustment and found heterogeneity in point estimates146. For our database study, we used 

stabilized and truncated IPTW weighting due to our imbalance in sample populations between 

treatment groups. Previous research has shown that in healthcare databases with small sample sizes 

and rare binary outcomes, some propensity score methods are more prone to bias than others149. 

When we conducted a sensitivity analysis with matching based on age, cohort entry and PS, results 

were consistent between IPTW and matching analyses for the CPRD overall and DEVOTE eligible 

populations as point estimates were on the same side of the null but varied in magnitude. However, 

due to the low number of events for the DEVOTE ineligible population, our results for the 

matching analysis were unable to converge. Given our sample population, the IPTW method 

allowed us to preserve more of our sample size and account for confounding in our analysis. 

However, it may be a source of differences in effect estimates.  

 Agreement statistics of statistical significance agreement, estimate agreement, and 

standardized difference agreement were coined by the DUPLICATE team150. Of the studies we 

evaluated in the systematic review, across the three drug classes of SGLT-2 inhibitors, GLP-1 RA 

and DPP-4 inhibitors, all emulation studies were able to replicate either non-inferiority findings or 

superiority findings from the original RCT for the risk of MACE. Seven of the nine studies were 

able to achieve estimate agreement where the RWD estimate was within the CI of the RCT, and 

all achieved standardized difference agreement. Our database study examining long-acting insulin 

analogues, failed to reject the null similar to the DEVOTE trial but did not achieve significance 

agreement with a non-inferiority upper limit threshold of 1.3 per the FDA guidelines for CVOTs123. 
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Estimate agreement could not be met in any of our populations with the DEVOTE trial for 

estimates of MACE. Only the DEVOTE eligible population achieved standardized difference 

agreement with the DEVOTE trial. These discrepancies may be due to our low number of events, 

leading to wide CIs and low statistical power to detect differences. The emulation differences and 

areas of bias outlined above may have also influenced our results.  

5.3 Implication of Findings 

 My thesis highlights the potential differences between RWD and RCTs in generating 

evidence on the safety and effectiveness of long-acting insulin analogues for patients with T2DM. 

We found that the study population is often different between the two types of evidence, with RCTs 

are composed of a selective population that meets specific inclusion criteria whereas RWD is more 

representative of the general population. Results from our database study showed that there were 

variations in point estimates and the width of the CI based on DEVOTE eligibility. The DEVOTE 

eligible population had a more precise CI with higher incidence rates for both exposure groups due 

to capturing older individuals with elevated CV risk. As there has been a recent push to utilize 

RWD in decision-making from regulatory agencies, understanding reasons for potential 

heterogeneity between RCT and RWD and disentangling differences in study population, 

emulation, and potential for biases are crucial for critically judging the quality of evidence. By 

using rigorous methods to analyze RWD, we can complement existing RCTs. 

5.4 Limitations 

The thesis has several limitations. For our systematic review, due to the limited number of 

studies emulating RCTs using RWD among patients with T2DM, there was heterogeneity in study 

design. The small number of studies with high variability in methodology and differences in 

exposure drug class prevented us from conducting a meta-analysis. Second, as an emerging area of 

research, there are currently no established guidelines on how to assess the quality of these studies 

for external validity. Third, the agreement statistics are only assessing the effect estimate; to our 

knowledge, there are no guidelines or standards on reporting or assessing methods of RCT 

replication studies for external validity.  

For our database study, due to the small sample size, our study had a low number of events, 

leading to a lack of precision in our estimates. Second, even after IPTW weighting, stabilization 

and truncation of the weights, there were differences in covariates between exposure groups. This 
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may be cause for potential residual confounding. We chose to bootstrap our estimates for 

robustness but did not further adjust due to current literature in the area recommending against 

doing so in this setting151. Third, treatment discontinuation largely impacted our trial, and using an 

ITT approach may have biased our results towards the null. Our sensitivity analysis saw a shift of 

our effect estimate towards the DEVOTE trial.  

5.5 Future Directions 

 Based on our literature review, there are few studies that have replicated RCTs using RWD 

for cardiovascular outcomes in patients with T2DM taking anti-diabetic medications. The thesis 

highlights how there is considerable heterogeneity in study design among current studies in the 

area and how these differences can influence the effect estimate. While we used the DUPLICATE 

team’s agreement statistics170 to assess the estimates achieved from the emulation in comparison to 

the RCT that was being emulated, to our knowledge, there are no guidelines or standards on 

reporting or assessing methodology of RCT replication studies for external validity. More research 

is needed to understand the best practices and reporting guideline standard for full transparency.  

Additional areas of future research include repeating our emulation of the DEVOTE trial using 

RWD with a larger sample population using different sources of data and different methodologies 

to examine the reproducibility and robustness of our findings. In addition, performing additional 

transportability analyses using patient-level trial data to better compare the impact of patient 

selection and effect modification on effect estimates in different study populations.  
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CHAPTER 6: CONCLUSION 

Decisions on the safety and effectiveness of diabetic medications in patients with T2DM 

have been informed by cardiovascular outcome trials. However, these trials have their own 

shortcomings such as strict inclusion criteria that restrict the study population. Due to the lack of 

generalizability, there has been a recent push to assess the complementary nature of RWD and 

RCTs for clinical decision-making. To better understand the evidence generated by RCTs and 

RWD for antidiabetic medication in patients with T2DM, I first synthesized existing knowledge 

in the area. Our systematic review suggests that seminal cardiovascular outcome trials for the drug 

classes of SGLT-2 inhibitors, GLP-1 RAs, and DPP-4 inhibitors were not representative of the 

general population. When replicating seminal cardiovascular outcome trials using RWD, we found 

that the agreement between these two types of evidence were high. However, there has been no 

studies replicating previous cardiovascular outcome trials for long-acting insulin analogues using 

RWD in patients with T2DM. We conducted a cohort study emulating the DEVOTE trial to 

evaluate the risk of MACE in patients with T2DM taking insulin degludec compared to insulin 

glargine. We established a cohort of patients from the CPRD, and two subpopulations based on the 

eligibility criteria of the DEVOTE trial. In this study, there was no clinically relevant difference in 

risk across the populations for the risk of MACE, and our DEVOTE eligible subpopulation risks 

were compatible with the original DEVOTE trial. My thesis contributes to the growing body of 

evidence comparing RCTs to RWD in CVOTs among patients with T2DM. Future research should 

aim to replicate these findings in a highly powered population and alternative study designs. 

Understanding how emulation differences may correspond to differences in effect estimates allows 

us to better understand the complementary nature of RCTs and RWD in decision-making.  
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