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ABSTRACT

Introduction: Cardiovascular disease is a lead-
ing cause of mortality in people with type 2
diabetes mellitus (T2DM). Beginning in 2015,
long-term cardiovascular outcomes trials
(CVOTs) have reported cardioprotective bene-
fits for two classes of diabetes drugs. In addition
to improving the lives of patients, these health
benefits affect relative value (i.e., cost-
effectiveness) of these agents compared with
each other and especially compared with other
agents. While long-term CVOT data on hard
outcomes are a great asset, economic modeling
of the value of this cardioprotection faces many
new empirical challenges. The aim of this study
was to identify different approaches used to
incorporate drug-mediated cardioprotection
into T2DM economic models, to identify pros

and cons of these approaches, and to highlight
additional considerations.
Methods: A review of T2DM modeling applica-
tions (manuscript or conference abstracts) that
included direct cardioprotective effects was
conducted from January 2015 to September
2018. Model applications were classified on the
basis of the mechanism used to model cardio-
protection [i.e., directly via hazard ratios (HRs)
for cardiovascular outcomes or indirectly via
biomarker mediation]. Details were extracted
and the studies were evaluated.
Results: Five full-length articles and 16 confer-
ence abstracts (of which 11 posters were found)
qualified for study inclusion. While the
approaches used were diverse, the five full-
length publications and all but two of the
abstracts modeled cardioprotection used direct
HRs from the relevant CVOT. The remaining
two posters modeled cardioprotection using
CVOT HRs in combination with treatment
effects mediated through known risk factors.
Conclusion: The classification of empirical
methods in cardioprotection was intended to
facilitate a better understanding of the pros and
cons of different methodologies. A substantial
diversity was observed, though most used trial
HRs directly. Given the differences observed, we
believe that diabetes modelers and other stake-
holders can benefit from a formal discussion
and evolving consensus.
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INTRODUCTION

Cardiovascular disease is a common comorbid-
ity and leading cause of mortality in people
with type 2 diabetes mellitus (T2DM) [1, 2].
Following concern about excess cardiovascular
risk associated with rosiglitazone [3, 4], the US
Food and Drug Administration has recom-
mended since 2008 that new anti-
hyperglycemic agents (AHAs) demonstrate that
they are not associated with an unaccept-
able increase in cardiovascular risk [5]. The
design of these cardiovascular outcomes trials
(CVOTs) differs substantially from typical reg-
istration trials. First, CVOTs employ a ‘‘glycemic
equipoise’’ trial design rather than a glucose-
lowering trial design to minimize the risk that
safety results are confounded by the intended
benefits of treatment [i.e., glycated hemoglobin
(HbA1c) lowering], but which in the process
causes background therapy [i.e., standard of
care (SoC)] to differ between arms. Second,
CVOTs capture directly the hard outcomes like
major adverse cardiovascular events (MACE). A
consequence of studying hard outcomes is the
general necessity of larger sample sizes and
longer follow-up than registration trials, which
can reduce uncertainty and present new
opportunities for data analysis. Third, CVOTs
are designed to assess the equivalence of safety
with SoC [5], so the statistical noninferiority
design has been widely employed.

Most AHA CVOTs have successfully demon-
strated statistical noninferiority in cardiovascu-
lar risk compared with placebo. In 2015,
however, the EMPA-REG OUTCOME study of
the sodium glucose co-transporter 2 inhibitor
(SGLT2i) empagliflozin plus SoC versus placebo
plus SoC in patients with T2DM and established
cardiovascular disease unexpectedly demon-
strated a statistically significant reduction in the
risk of MACE (i.e., superiority) [6, 7]. Positive
cardiovascular outcomes have since been
reported for two additional SGLT2i: canagli-
flozin in the CANVAS Program [8] and dapagli-
flozin in DECLARE [9], and for three glucagon-

like peptide 1 (GLP-1) receptor agonists:
liraglutide in the LEADER trial, semaglutide in
the SUSTAIN-6 trial [10, 11], and albiglutide in
the HARMONY trial [12]. The CV benefits
demonstrated in these trials cannot be
explained fully by drug-induced improvements
in known cardiovascular risk factors (e.g., blood
pressure, lipids, weight, and blood glucose).
Indeed, ‘‘many cardiovascular experts appear to
have revised their previous skepticism about the
potential for cardiovascular benefits from
diabetes-specific therapies’’ [13].

These health benefits have the potential to
translate into health economic benefits as well,
including cost offsets and improved quality of
life, so efficient allocation of resources for
treatment requires that cost-effectiveness cal-
culations involving these agents be adjusted to
incorporate these newfound benefits. Tradi-
tionally, economic analysis of chronic and
progressive diseases like T2DM has relied on
economic modeling (typically using risk equa-
tions to extrapolate short-run effectiveness data
from registration trials) to capture the full long-
run health and economic impact of interven-
tion and to facilitate economic evaluation
between competing treatment interventions in
the absence of head-to-head data (a hallmark of
CVOTs) [14, 15].

The risk prediction equations used in T2DM
modeling, like the United Kingdom Prospective
Diabetes Study (UKPDS) Outcomes Model,
generally convert demographic (e.g., age and
sex), health history (e.g., prior history of micro-
and macrovascular complications), and clinical
biomarker values (e.g., blood pressure, choles-
terol, body weight, and blood glucose values)
into risks for developing diabetes complications
[16]. Trial-based biomarker changes are then fed
into the model, leading to different event risks
and health and economic outcomes for the
hypothetical patients. Based as they are on
known biomarkers, existing risk prediction
equations may not have good predictive accu-
racy for modeling agents that have shown car-
dioprotection since these benefits cannot be
explained fully by these known risk factors.
Indeed, studies attempting to replicate EMPA-
REG OUTCOME [17, 18], LEADER [18], SUS-
TAIN-6 [19], and the CANVAS Program [20]
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have confirmed that economic modeling with
these risk prediction equations can capture only
part of the cardiovascular benefit, and those
interested in risk prediction and economic
modeling in T2DM have taken notice. For
example, CADTH (Canadian Agency for Drugs
and Technologies in Health) and NICE (Na-
tional Institute for Health and Care Excellence)
have called into question the ability of the risk
prediction equations underlying the UKPDS
Outcomes Model to accurately predict event
risks for cardioprotective agents [21, 22]. In the
context of a 40th anniversary presentation at
the European Association for the Study of Dia-
betes annual meeting in 2018, the UKPDS study
group noted that the trial subjects increasingly
reflect a different ‘‘therapeutic era’’ (prevailing
therapies, management of complications, and
competing-risk profiles have changed) and that
the UKPDS (and the UKPDS Outcomes Model)
match poorly (i.e., are ‘‘out of sample’’) for the
cardiovascular-rich CVOT populations with
long diabetes durations [23].

While CVOTs provide opportunities to work
with hard endpoints and longer time horizons,
they alone do not eliminate the need for eco-
nomic modeling. In particular, they do not
approach the long time horizons generally nee-
ded to capture the full effects of treatments, and
the sets of hard endpoints do not include all of
the benefits and harms of interventions (e.g.,
microvascular complications). In addition, the
treatment protocols employed in the trials limit
generalizability to other settings and compara-
tors (especially given glycemic equipoise design).
Economic modelers have addressed these chal-
lenges in different ways and with different
results. In the current analysis, we catalog these
empirical approaches to modeling cardioprotec-
tion in the treatment of T2DM and suggest
additional considerations and possibilities.

METHODS

Literature Searches

A literature search was conducted on September
20, 2018, to identify publications reporting eco-
nomic models in T2DM that incorporated

cardioprotection. Searches for full-text manu-
scripts and congress abstracts were conducted
using EMBASE and were restricted to publication
years of 2015–2018 on the basis that the first
report of drug-mediated cardioprotection in a
T2DM CVOT was in the EMPA-REG OUTCOME
study in September 2015. Congress abstracts
were included in the search because analyses
incorporating the relatively new evidence for
drug-mediated cardioprotection in T2DM are
likely to be first reported at congresses before full
publication in journals. When the same analysis
was reported as both a congress abstract and a
manuscript, the manuscript was used for data
extraction as described below. Relevant terms
were searched using the title, abstract, or
keyword fields, as follows: (‘(cost’:ti,ab,kw OR
‘economic’:ti,ab,kw OR ‘costs’:ti,ab,kw OR ‘eco-
nomics’:ti,ab,kw OR ‘pharmacoeconomic’:ti,ab,
kw OR ‘pharmacoeconomics’:ti,ab,kw OR ‘cost-
effectiveness)’:ti,ab,kw) AND (‘(diabetes’:ti,ab,
kw OR ‘type 2 diabetes’:ti,ab,kw OR ‘t2dm)’:
ti,ab,kw) AND (‘(canagliflozin’:ti,ab,kw OR ‘em-
pagliflozin’:ti,ab,kw OR ‘semaglutide’:ti,ab,kw
OR ‘liraglutide)’:ti,ab,kw) AND [2015-2018]/py.
Studies known to the study authors that met the
inclusion/exclusion criteria but were otherwise
not identifiable in EMBASE were also included.

All study manuscript and congress abstract
citations identified from the searches were
downloaded, and duplicate citations were
removed. Titles and abstracts were initially
screened, and results were analyzed for rele-
vance by two reviewers. Relevant publications
included manuscripts or congress abstracts that
reported cost-effectiveness, used economic
modeling, were conducted in the setting of
T2DM, and incorporated cardioprotective
effects beyond those mediated by conventional
risk factors for an SGLT2i or GLP-1 receptor
agonist in at least one scenario. Discrepancies
were resolved by discussion. For manuscripts
deemed relevant, the full article was obtained
and reviewed for data extraction. For congress
abstracts deemed relevant, the posters were
obtained from the congress website whenever
available and reviewed for data extraction. For
relevant congress abstracts where the full poster
was not available online, the abstract was used
to extract any data that were reported.
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Data Extraction

Key characteristics of the applications were iden-
tified and extracted. Importantly, the cost-effec-
tiveness comparison andperspective (e.g., patient
characteristics, cardiovascular disease cohort or
applied to non-cardiovascular disease patients),
outcomes considered (includingdecision rules for
included outcomes), and methodology for incor-
poratingcardioprotection (e.g., direct vs. indirect)
were identified for each article. Assumptions as
reported by authors, key evidence/arguments
used to support specification, and author-
reported strengths and weaknesses were also
identified. Additional information of interest
extracted from each relevant article included
details about the studyquestion, economicmodel
used, methodology [e.g., data sources for treat-
ment effects, costs, and quality-adjusted life-years
(QALYs);model used; and analysis approach], and
study findings (base case and any sensitivity
analyses). For full-length manuscripts, we addi-
tionally applied the checklist provided by the
International Society for Pharmacoeconomics
and Outcomes Research (ISPOR)–Academy of
Managed Care Pharmacy (AMCP)–National
Pharmaceutical Council (NPC) Modeling Good
Practice Task Force questionnaire for determining
the relevance and credibility of economicmodels
to support decision-making [15]. There was too
little information included in the abstracts and
posters, so the ISPOR–AMCP–NPC analysis was
not performed for them.

Categorization of Methods Used
to Capture Cardioprotection

The authors considered potential methods for
modeling cardioprotection, including both
currently feasible and aspirational methods,
and created a categorization based on direct
treatment effects [i.e., hazard ratios (HRs)] on
hard outcomes and indirect biomarker-medi-
ated treatment effects. We presented an earlier
version of this categorization at the 9th Mount
Hood Diabetes Challenge in Düsseldorf, Ger-
many [24], which was subsequently revised. The
five categories are:

1. Include treatment effects mediated by
known biomarkers only (ignores cardio-
protection).

2. AHA-specific HRs only (no mediated treat-
ment effects via known risk factors).

3. AHA-specific HRs plus treatment effects
mediated through known risk factors.

4. New equations that capture treatment
effects entirely through biomarkers
(aspirational).

5. Hybrid approaches.

Key features of the different approaches
include relative complexity/data requirements,
extrapolatability to other comparators and
treatment settings, degree of accuracy in cap-
turing cardioprotection, and extrapolatability
to longer time horizons.

Analysis

The methods reported for qualifying studies
were reviewed, and studies were classified into
the five categories (note, category 1 was beyond
the scope of this review since cardioprotection
is ignored). Author-reported strengths and lim-
itations were also reviewed.

Potential advantages and disadvantages of
the different approaches were discussed and
proposed on the basis of health-economic
modeling principles, adequacy of data, and
decision-makers’ needs (including relevant
insights from the literature review itself).

Compliance with Ethics Guidelines

This article does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS AND DISCUSSION

Literature Review

A total of 205 publications (100 full-length
articles and 105 abstracts) were identified in
EMBASE, and two duplicates were removed.
Two full-length articles and one conference
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abstract that were not identified in this search
but were known by the authors to meet eligi-
bility criteria for the analysis were included
[25–27]; one article was published in a journal
that is not indexed in EMBASE, and one article
was published after the initial search, while the
conference abstract was not captured in the
search for unknown reasons. A total of 206 full-
length manuscripts and conference abstracts
identified in the searches were manually
reviewed for relevance based on abstracts and
titles. Of these, 175 manuscripts and abstracts
were excluded as they did not report T2DM
modeling applications that included cardiovas-
cular outcomes data. Full texts of the remaining
eight articles and 23 abstracts were further
reviewed to determine relevance; three articles
and seven abstracts were deemed not to meet
the study eligibility criteria. This yielded a final
set of five full-length articles and 16 conference
abstracts, of which 11 had full-length posters
available (Fig. 1). An overview of the included
studies is provided in Table 1, and a complete
summary of extracted data is available in the
Supplementary Excel workbook (with separate
tabs for full-length manuscripts and for confer-
ence abstracts and conference proceedings).

The full-length articles were relatively well
documented, providing confidence that we
understood the methods used to model cardio-
protection. The assessment of study relevance
and credibility using the ISPOR–AMCP–NPC
questionnaire found that the full-length publi-
cations were generally deemed credible (see
Excel workbook in the Supplementary Mate-
rial). Naturally, there was less information
content in the posters and especially the
abstracts, and as such, we have less confidence
that we fully understood the methodologies.

The full-length articles used diverse approa-
ches to model the impact of cardioprotection.
Iannazzo et al. [25] and Gourzoulidis et al. [28]
used a discrete-event simulation (DES) model
driven by risk prediction equations for nonfatal
myocardial infarction, nonfatal stroke, unsta-
ble angina, heart failure, transient ischemic
attack, coronary revascularization, cardiovascu-
lar death, macroalbuminuria, acute kidney
injury, and end-stage kidney disease (ESKD)
estimated from patient-level EMPA-REG

OUTCOME trial data. The cost-effectiveness of
empagliflozin and SoC versus SoC alone was
estimated for adult patients with T2DM and
high cardiovascular risk in Italy and Greece,
respectively. No additional benefit was assigned
to empagliflozin on the basis of a better bio-
marker profile. The simulation model was used
to extrapolate the 3-year EMPA-REG OUTCOME
study (including treatment patterns and event
risks) to lifetime as well as to the characteristics
of the Italian target population (as opposed to
the trial population). We categorized these
studies as ‘‘2. AHA-specific HRs only’’ because
treatment effects are expressed through HRs for
the treatment assignment covariate only, and
differences in surrogate biomarkers are not
used.

Iannazzo et al. [25] note that the target Ital-
ian patient population includes many sicker
patients who would have been excluded from
EMPA-REG OUTCOME, and that extrapolation
of trial findings to a lifetime horizon introduces
uncertainty. Gourzoulidis et al. [28] point out
that treatment sequences and pharmacy cost
offsets were not captured in the model, and that
‘‘the model does not capture rare, but severe,
T2DM-related complications, such as blindness
and amputation, nor the more frequent, but less
costly, urinary or genital tract infections.’’ To
these, we would add additional concerns,
including (1) the model design extends the
treatment effects indefinitely without adjust-
ment for treatment durability, (2) the need for
treatment intensification is not considered, (3)
microvascular endpoints typically included in
health-economic models are not captured (e.g.,
retinopathy and neuropathy), (4) some well-
established cardiovascular risk factors (e.g.,
blood pressure, lipids) are absent, and (5) lack of
external validation increases decision-making
uncertainty. It should also be pointed out that
the application was limited to a within-trial
comparison of empagliflozin plus SoC versus
SoC, so it does not consider relevant glycemic-
lowering comparators.

Arbel et al. [29] performed a cost-effective-
ness analysis (author-described as cost mini-
mization analysis) of empagliflozin versus
liraglutide to inform the choice of optimal
strategy for reducing cardiovascular deaths in
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patients with T2DM and established
atherosclerotic disease in the USA using the
results of EMPA-REG OUTCOME and LEADER.
The cost per one cardiovascular death averted
was obtained by dividing the total drug acqui-
sition costs (estimated if the placebo arms in the
CVOTs had received the empagliflozin or
liraglutide, respectively) by the absolute num-
ber of cardiovascular deaths averted (adjusted
for a 2:1 randomization for EMPA-REG OUT-
COME). Results were presented separately for
the EMPA-REG OUTCOME and LEADER patient
populations, for both study drugs. We catego-
rized this study in ‘‘2. AHA-specific HRs only’’
because treatment effects on cardiovascular
death are included directly through observed
events avoided in the studies, and biomarkers
were not considered.

Arbel et al. [29] acknowledged the absence of
head-to-head trial evidence and mismatch
between the EMPA-REG and LEADER popula-
tions, as well as that the focus on just the car-
diovascular death endpoint ignores other

relevant MACE outcomes. We would addition-
ally highlight that (1) the absence of even non-
MACE outcomes ignores many potential clini-
cal and economic impacts, (2) limitation to
drug acquisition costs overlooks a large number
of economic impacts (e.g., cost offsets) of
interest to decision-makers, (3) the absence of
both explicit time in the model and extrapo-
lating beyond absolute number of cardiovascu-
lar events avoided during the trial (effectively
ignoring differences in population characteris-
tics, competing risks, and treatment intensifi-
cation) limits generalizability, and (4) lack of
external validation increases decision-making
uncertainty.

Kamstra et al. [26] model the direct medical
costs associated with reductions in cardiovas-
cular events in patients with T2DM reported in
the CANVAS Program and EMPA-REG OUT-
COME trials from a US managed care organiza-
tion perspective. Applying study inclusion and
exclusion criteria to National Health and
Nutrition Examination Survey (NHANES)

Fig. 1 PRISMA diagram. T2DM type 2 diabetes mellitus
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Table 1 Overview of the included studies

First author Year Type of analysis Treatment comparison Clinical endpoints that have
treatment effects

Time
horizon

Full-length manuscripts

Iannazzo

et al. [25]

2017 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

CV: NF MI, NF stroke, HF, TIA,

coronary revasc, CV death.

Non-CV: macroalbuminuria,

kidney injury, kidney failure

Lifetime

Nguyen et al.

[30]

2018 Cost-effectiveness Empagliflozin (10 or

25 mg) compared to

SoC

CV: HF NYHA 1–2, HF NYHA

3–4, HHF, death from HF, MI

(fatal and NF, silent MI), vascular

disease, stroke (fatal, major NF,

minor NF, RIND), UA

hospitalization. Non-CV: ESKD,

death from ESKD, all-cause death

40 years

Gourzoulidis

et al. [28]

2018 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

NF MI, NF stroke, UA, HF,

TIA, revasc, CV death,

macroalbuminuria, AKI, ESKD

Lifetime

Arbel et al.

[29]

2018 Cost-effectivenessa Empagliflozin ? SoC

compared to

liraglutide ? SoC

CV death Trial

follow-up

Kamstra et al.

[26]

2018 Cost offsets Empagliflozin ? SoC

compared to SoC and

canagliflozin ? SoC

compared to SoC

Three-point MACE, CV death,

NF MI, NF stroke, HHF

1 year

Abstracts and posters

Mettam et al.

[41]

2016 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

NF MI, NF stroke, UA, HF, TIA,

revasc, CV death, all renal events

Lifetime

Daacke et al.

[32]

2016 Budget impact Empagliflozin ? SoC

compared to SoC

Diabetes-related clinical events

resulting in hospitalizations for

HF and death

3 years

Kansal et al.

[39]

2016 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

All-cause mortality, CV mortality,

HF hospitalization, ‘‘other CV

events’’ (at least including MI and

stroke), renal outcomes (not

defined)

Lifetime

Kansal et al.

[38]

2016 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

Renal failure, renal injury,

macroalbuminuria, CV death,

revasc, TIA, HF, angina, NF

stroke, NF MI

Lifetime
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Table 1 continued

First author Year Type of analysis Treatment comparison Clinical endpoints that have
treatment effects

Time
horizon

Gibbons et al.

[34]

2016 Cost-effectiveness Empagliflozin ? SoC

compared to SoC

10 CV and renal outcomes,

including MI, stroke, UA, HF,

TIA, revasc, CV death,

development of macro-

albuminuria, renal injury,

renal failure

Lifetime

Wilson et al.

[27]

2017 Cost offsets Empagliflozin ? SoC

compared to SoC

MI, stroke, hospitalization for UA,

HHF, TIA, revasc, CV death,

non-CV death, continuous RRT,

acute renal failure

5 years

Kragh et al.

[43]

2017 Cost-effectiveness Liraglutide ? SoC

compared to SoC

IHD, MI, stroke, CHF, retinopathy,

nephropathy

25 years

Carapinha

et al. [31]

2017 Budget impact Empagliflozin ? SoC

compared to SoC

NF MI, NF stroke, UA, HF,

TIA, revasc, CV death,

macroalbuminuria, CKD,

renal failure

3 years

Gourzoulidis

et al. [35]

2017 Budget impact Empagliflozin ? SoC

compared to SoC

Diabetes-related clinical events

resulting in hospitalizations for

HF and death

3 years

Iannazzo

et al. [36]

2017 Cost-effectiveness Empagliflozin 10 or

25 mg ? SoC

compared to SoC

NF MI, NF stroke, HF, TIA,

coronary revasc, new-onset

macroalbuminuria, kidney injury,

kidney failure, CV death

Lifetime

Oksuz et al.

[42]

2017 Cost-effectiveness Empagliflozin 10 or

25 mg ? SoC

compared to SoC

CV events and overall survival

(details not provided)

Lifetime

Pawlik et al.

[37]

2017 Cost-effectiveness Empagliflozin

10 mg ? SoC

compared to SoC

NF MI, NF stroke, UA, HHF,

TIA, revasc, CV death,

macroalbuminuria, renal injury,

renal failure

Lifetime

Men et al.

[40]

2018 Cost-effectiveness Empagliflozin 10 or

25 mg ? SoC

compared to SoC

NF MI, NF stroke, UA, HF, TIA,

revasc, development of

macroalbuminuria, renal injury, renal

failure, CV death, non-CV death

Lifetime

Willis et al.

[20]

2018 Cost-effectiveness Canagliflozin 100 or

300 mg compared to

sitagliptin 100 mg as

add-on to MET

MI, stroke, HF, CV death, other

IHD, DKD

30 years
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survey data, the authors estimated that 50.5%
and 15.4% of a typical managed care organiza-
tion’s T2DM patient population would be eli-
gible for the CANVAS Program (primary and
secondary cardiovascular disease prevention)
and EMPA-REG OUTCOME (secondary cardio-
vascular disease prevention), respectively. Cost
savings associated with the numbers of averted
MACE (including cardiovascular death, nonfa-
tal myocardial infarction, and nonfatal stroke)
and hospitalization for heart failure events were
calculated by multiplying the differences in
event rates per patient-years by the unit costs
for each event. Scaling up to the eligible pro-
portions of the managed care organization
population, results were presented as cost sav-
ings per member per month. This study
includes cardioprotection through direct inputs
of event rate differences, and biomarkers were
not considered, so we categorized it as ‘‘2. AHA-
specific HRs only.’’

Kamstra et al. [26] note that their analysis
was restricted to the first events of each type
only, as second and later events were not
reported in the main clinical publications. They
also point out differences between the CANVAS
Program and EMPA-REG OUTCOME in terms of
methods and measurement of outcomes. We
would additionally point out that (1) the 1-year

time horizon may be considered too short to
inform some decisions, (2) the model was not
designed to provide information on other cost
components (such as treatment costs, costs of
microvascular endpoints, and adverse events),
and (3) lack of external validation increases
decision-making uncertainty.

Nguyen et al. [30] used a Markov model to
estimate the cost-effectiveness of empagliflozin
versus standard treatment for the prevention of
cardiovascular morbidity and mortality in
patients with T2DM and high cardiovascular
risk from a US payer perspective. They con-
structed a lifetime Markov model with constant
3-month cycle length and 10 health states.
Event rates for myocardial infarction (including
fatal, nonfatal, and silent myocardial infarc-
tion), heart failure (including heart failure
severity and hospitalization for heart failure, as
well as death from heart failure), transient
ischemic attack, stroke (including fatal and
nonfatal events classed as major, minor, or
reversible ischemic neurological deficit), severe
hypoglycemia, ESKD (including death from
ESKD), and all-cause mortality were obtained
for the empagliflozin and placebo study arms
from EMPA-REG OUTCOME and assumed con-
stant. Additionally, constant event rates for
unstable angina hospitalization, vascular

Table 1 continued

First author Year Type of analysis Treatment comparison Clinical endpoints that have
treatment effects

Time
horizon

Kansal

et al. [44]

2018 Cost-effectiveness Empagliflozin ? SoC

compared to

canagliflozin ? SoC

CV death, NF MI, NF stroke,

HHF, albuminuria progression,

composite renal outcome,

hospitalization for UA, TIA,

revasc

Lifetime

Evans et al.

[19]

2018 Clinical effectiveness Once-weekly

semaglutide ? SoC

compared to SoC

Fatal and NF stroke 50 years

AKI acute kidney injury, CHF congestive heart failure, CKD chronic kidney disease, CV cardiovascular, DKD diabetic
kidney disease, ESKD end-stage kidney disease, HF heart failure, HHF hospitalization for heart failure, IHD ischemic heart
disease, MACE major adverse cardiac events, MET metformin, MI myocardial infarction, NF nonfatal, NYHA New York
Heart Association, revasc revascularization, RIND reversible ischemic neurological deficit, RRT renal replacement therapy,
SoC standard of care, TIA transient ischemic attack, UA unstable angina
a The authors described this as a cost-minimization analysis
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disease, and death from vascular disease taken
from the literature were assumed to be common
to both study arms. Unit costs and QALY inputs
were sourced from the literature. Because
biomarkers were not included and cardiopro-
tection was captured by direct inputs on event
rates, we categorized this study as ‘‘2. AHA-
specific HRs only.’’

Nguyen et al. [30] note that their analysis
was limited by the lack of reporting on heart
failure in the EMPA-REG OUTCOME study
(initiation of loop diuretics was used as a proxy
for heart failure), that extrapolation from the
median 3.1 years of observation in EMPA-REG
OUTCOME to lifetime is problematic, and that
the analysis could be improved by inclusion of
further microvascular endpoints. The authors
chose not to directly compare empagliflozin to
other AHAs because of differences in method-
ologies, populations, and study designs in the
clinical trials of these agents. To these limita-
tions we would add that, for an assessment of
cost-effectiveness over a lifetime horizon,
treatment intensification over time should have
been considered, and that lack of external vali-
dation increases decision-making uncertainty.

Most of the conference abstracts compared
empagliflozin plus SoC to SoC alone
[27, 31–42], and the same EMPA-REG OUT-
COME DES cost-effectiveness model reviewed
earlier was often used. One study [32] employed
an EMPA-REG OUTCOME budget impact
model, with largely similar characteristics to the
cost-effectiveness model. This same budget
impact model was probably used in two other
abstracts [31, 35]. Wilson et al. [27] estimated
the cost offsets to a health plan’s budget for
patients with T2DM and established cardiovas-
cular disease using empagliflozin plus SoC ver-
sus SoC alone and, while details of its methods
remained opaque, cardioprotection was cap-
tured by direct inputs of annualized event rates
obtained from the EMPA-REG OUTCOME
study. Kragh et al. [43] estimated the effects on
clinical and economic outcomes in Canada
when adding liraglutide or placebo to SoC over
a range of up to 25 years. They used a state-
transition model and employed multivariate
causal relationships to capture event risks and
treatment effects observed in the LEADER trial

on the endpoints myocardial infarction, stroke,
hospitalization for heart failure, ischemic heart
disease, retinopathy, nephropathy, and severe
hypoglycemia. We were unable to evaluate
details of their model, but given that biomark-
ers were not included, this model captures car-
dioprotection through direct HRs only. Because
cardioprotection is captured in all of these
studies without the use of treatment effects on
surrogate biomarkers, we categorized these
abstracts and posters as ‘‘2. AHA-specific HRs
only.’’

Two conference abstracts used economic
models commonly seen in economic analyses of
T2DM: Willis et al. [20] used ECHO-T2DM to
evaluate results from the CANVAS Program on
canagliflozin, and Evans et al. [19] used the
IQVIA Core Diabetes Model to evaluate results
from the SUSTAIN-6 study on semaglutide.
Both studies aimed to evaluate the extent to
which these models could capture cardiopro-
tection through treatment effects on surrogate
biomarkers (e.g., HbA1c, systolic blood pressure,
and lipids) and whether the full magnitudes of
cardioprotective effects could be modeled by
using HRs to include the remaining effect not
mediated through these traditional biomarkers.
We classified these studies as ‘‘3. AHA-specific
HRs plus treatment effects mediated through
known risk factors.’’

Model Types

Table 2 provides an overview of advantages and
disadvantages for the possible categories to
capture cardioprotection in economic model-
ing. The qualifying studies fell into just two of
these categories. All five of the manuscripts and
15 of the 17 conference abstracts and posters
incorporated cardioprotection with treatment
effects constrained to HRs from a CVOT (in
some cases, equivalently specified using study
arm-specific event rates) [25–44]. Many of these
applications appear to use the same model. The
remaining two posters incorporated cardiopro-
tection using HRs from a CVOT plus treatment
effects mediated through known risk factors
[19, 20].
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Table 2 Overview of key approaches to modeling cardioprotection

Methods Identified studies, by type Advantages Disadvantages

1. Include treatment

effects mediated by

known biomarkers

only

Beyond scope of the literature

search, but wide range of

models and approaches have

been used (e.g., the Mount

Hood Diabetes Challenge

Networks [48])

Status quo prior to release of

EMPA-REG OUTCOME

results

Does not require modification of

well-established methods (e.g.,

extrapolate biomarker changes

from head-to-head trials or

NMAs)

High level of generalizability to

different treatment settings and

comparisons

Fails to capture health

benefits not mediated

through modeled

biomarkers

2. AHA-specific HRs

only (no mediated

effects via known risk

factors)

Minimal modeling (incremental

drug cost per CV event

avoided [29])

Cost-effectiveness

[25, 28, 33, 34, 36–44]

Cost offsets [26, 27]

Budget impact [31, 32, 35]

Conceptually simple

HRs match trial-observed HRs

(no risk of double-counting)

Linked to CVOT design

(e.g., limited set of

endpoints, comparison

to placebo, HRs biased

by treatment

intensification)

Head-to-head

comparisons difficult to

inform with

heterogeneous CVOTs

Uncertain extrapolation

of HRs over time

(treatment durability

and intensification)

3. AHA-specific HRs

plus treatment effects

mediated through

known risk factors

Cost-effectiveness [19, 20] High level of generalizability to

different treatment settings

and comparisons

HRs match trial-observed HRs

Requires minimal adjustments to

existing models

Risk of double-counting,

can be mitigated by

using adjusted HRs

Head-to-head

comparisons difficult to

inform with

heterogeneous CVOTs

(both HRs and

biomarkers)

Uncertain extrapolation

of HRs over time

(treatment durability

and intensification)

Complexity and

uncertainty
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While not picked up by design in the litera-
ture search, limiting cardioprotection to treat-
ment effects mediated by known biomarkers
only (category 1) was the status quo until at
least the publication of EMPA-REG OUTCOME
results [6]. There is broad experience with this
approach in the modeling community, as well
as with health care decision-makers. Moreover,
a wealth of evidence on head-to-head differ-
ences in biomarker changes to inform economic
analysis exists. This approach has been shown
to capture only part of the cardiovascular ben-
efit [17, 19, 20] using well-established cardio-
vascular risk prediction equations such as those
from UKPDS. When this approach is used to
perform economic assessments comparing
agents with and without demonstrated cardio-
vascular benefits, results will be biased.

The most common empirical approach to
modeling cardioprotection is with treatment
effects constrained to HRs from a CVOT (cate-
gory 2), with empirical examples identified in
the literature review ranging in scope from
limited (e.g., cost per cardiovascular death
averted [29]) to broad (e.g., cost-effectiveness

modeling including many endpoints over a
lifetime horizon [25, 28]). This approach is
commonly used in other disease areas (e.g.,
cancer) and is conceptually simple. Moreover,
using HRs obtained from CVOTs directly
(without resorting to indirect differences in
surrogate biomarkers run through external risk
prediction equations) can match trial results
(internal validity).

While relatively easy to communicate, using
CVOT results directly has several major limita-
tions: an incomplete set of endpoints (especially
microvascular complications), between-arm
differences in background SoC associated with
glycemic equipoise, and restriction to compar-
isons with placebo. Unlike indirect comparison
of biomarkers, the opportunities to populate
indirect comparisons for HRs are limited by the
small number of CVOTs and substantial
heterogeneity. In particular, CVOTs differ by
study population (e.g., primary vs. secondary
cardiovascular prevention), set of endpoints
included and study definitions, and study fol-
low-up. Comparing HRs across trials without
adjustment can be misleading. For example,

Table 2 continued

Methods Identified studies, by type Advantages Disadvantages

4. New equations that

capture treatment

effects entirely

through biomarkers

(aspirational)

No current examples HRs match trial-observed HRs

Minimal modification of

well-established methods

(e.g., extrapolate biomarker

changes from head-to-head

trials or NMAs)

High level of generalizability to

different treatment settings and

comparisons

CVOT challenging for

fitting valid and

generalizable risk

prediction equations

(e.g., duration of follow-

up, set of endpoints,

confounding related to

treatment

intensification)

Requires causal

interpretation of

covariates that mediate

cardioprotection

5. Hybrid approaches No current examples Can potentially combine

advantages from different

approaches

Can potentially inherit

disadvantages from

different approaches

AHA anti-hyperglycemic agent, CV cardiovascular, CVOT cardiovascular outcome trial, HR hazard ratio, NMA network
meta-analysis
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EMPA-REG OUTCOME recruited patients with
T2DM and established cardiovascular disease,
whereas the CANVAS Program recruited
patients with T2DM not only with established
cardiovascular disease (secondary cardiovascu-
lar prevention) but also high cardiovascular risk
(primary cardiovascular prevention). Compar-
ing HRs directly (like Kansal et al. [44]) thus
risks an apples-to-oranges comparison. While
patient-level data could be used to make a bal-
anced comparison, simultaneous access to
CVOTs of competing agents is extremely lim-
ited. With access to patient-level data from one
study, however, matching-adjusted indirect
comparison can improve the comparison by
matching to the other study’s summary patient
population characteristics (for methodological
details, see the description by NICE in the UK
[45]). There are, as of yet, nopublishedmatching-
adjusted indirect comparisons in this space. In
addition, extrapolation of CVOT results to long
(lifetime) horizons can be hampered by concerns
of the durability of treatment and assumptions
regarding cardiovascular risk post CVOT dura-
tion (including treatment intensification).

A less common empirical approach [19, 20]
involves modeling cardioprotection using both
HRs and changes in known cardiovascular risk
factors simultaneously (category 3), potentially
combining the advantages of categories 1 and 2.
Like category 1, including differences in car-
diovascular risk factors potentially enables more
accurate extrapolation of biomarker-mediated
cardioprotection over long time horizons, par-
ticularly when treatment intensification is
important and when comparisons are per-
formed versus active comparators (which may
have different biomarker profiles). Like cate-
gory 2, cardioprotection can be replicated
accurately. This approach can be implemented
in many existing economic models with mini-
mal modification.

Naively using theHRs togetherwith effects on
biomarkers can lead to a double-counting of
benefits, however. Using HRs that have been
adjusted to remove cardiovascular benefits
mediated through improvements in other car-
diovascular risk factors can be generated in aux-
iliary modeling simulations [19, 20]. These
adjustments naturally depend on the risk

prediction equations in the economic model,
and ideally one would use regression techniques
on the patient-level data to obtain the adjusted
HRs. Moreover, indirect comparison is required
both for biomarker differences (category 1) and
HRs (category 2) to support non-placebo com-
parisons. Additionally, performing an indirect
comparison for these adjustedHRs involves even
more complexity (and sources of uncertainty)
than indirect comparison for HRs (see above).

While the literature review did not identify
any category 4 studies, the benefits of estimat-
ing new risk prediction equations using CVOT
or other recent data including AHAs with car-
dioprotection are obvious. Like category 1, risk
prediction equations that capture cardiopro-
tection via cardiovascular risk factors (both
known and potentially novel) would improve
the modeling of diabetes, its treatment and
complications, and facilitate head-to-head com-
parisons using registration trial data. Using
CVOT data poses some important challenges to
the estimation of such risk prediction equa-
tions, including follow-up limited to years
rather than decades (like the UKPDS), focus on
primary composite outcomes (potentially too
few events for individual complications and
lack of power), and potential confounding
related to treatment intensification (glycemic
equipoise). Economic modeling of mediated
cardioprotection requires that covariates inclu-
ded in the risk prediction equations have a
causal interpretation, so care must be taken
with covariate selection (especially when novel
risk factors are considered).

The literature review did not identify any
studies that used a hybrid approach (cate-
gory 5). Hybrid approaches can combine the
advantages of other approaches in novel ways,
potentially avoiding some of the disadvantages
in the process. An example not including car-
dioprotection is the UKPDS approach to esti-
mating the cost-effectiveness of intensive versus
conventional diabetes management [46], in
which a trial-based analysis was supplemented
with a model-based analysis of post-trial bene-
fits and costs to approximate a lifetime horizon.

In summary, the modeling efforts to date
have largely been limited to direct application
of HRs, which have the potential to double
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count benefits when biomarker improvements
are also simulated. The two applications that
considered both HRs and biomarkers used a
simple calibration approach to mitigate double-
counting. Future work leveraging individual
level data is needed to assess the validity of this
approach. In addition, per good modeling
guidance, models should be validated. Cur-
rently, validating the predictive accuracy of
models in this area (like other disease areas
where a sufficient number of events for analysis
only occurs over relatively long time periods) is
challenging owing to novelty of agents offering
direct cardioprotection.

Taking into consideration the emerging evi-
dence from renal outcomes trials [47], similar
modeling considerations for including both
glucose-lowering effects and potential mecha-
nistic pathways of SGLT2 inhibition for direct
effects may become applicable for the modeling
of renoprotection.

Some limitations of this analysis should be
acknowledged. First, the scope of this study
considered only how cardioprotection has been
simulated using diabetes models; other model
features (e.g., absolute risks and disease scope)
were excluded from analysis. Second, the cate-
gories we created may have been too broad; in
particular, there was considerable diversity in
the methods used in studies classified in cate-
gory 2. Third, given the relatively short time
period in which cardioprotection modeling in
T2DM has had to evolve, much of the literature
thus far is limited to harder-to-find conference
proceedings, so there may be more types of
methods in use than we were able to identify.
Similarly, our search of just the EMBASE data-
base may not have captured studies that may
have offered additional methodologies.

CONCLUSION

In light of CVOT evidence, we present the first
review of the economic literature of cardiopro-
tection (noting where feasible, details in confer-
ence abstracts and posters) and propose a general
classification of empirical methods. CVOTs pro-
vide interesting new data, but each of the
approaches for leveraging them in economic

modeling is associated with advantages and dis-
advantages. There was a substantial diversity of
methods used, and we believe that diabetes
modelers and other stakeholders can benefit from
a formal discussion and evolving consensus.
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