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Abstract

Aims Traditional approaches to designing clinical trials for heart failure (HF) have historically relied on expertise and past
practices. However, the evolving landscape of healthcare, marked by the advent of novel data science applications and in-
creased data availability, offers a compelling opportunity to transition towards a data-driven paradigm in trial design. This re-
search aims to evaluate the scope and determinants of disparities between clinical trials and registries by leveraging natural
language processing for the analysis of trial eligibility criteria. The findings contribute to the establishment of a robust design
framework for guiding future HF trials.

Methods and results Interventional phase Ill trials registered for HF on ClinicalTrials.gov as of the end of 2021 were identi-
fied. Natural language processing was used to extract and structure the eligibility criteria for quantitative analysis. The most
common criteria for HF with reduced ejection fraction (HFrEF) were applied to estimate patient eligibility as a proportion of
registry patients in the ASIAN-HF (N = 4868) and BIOSTAT-CHF registries (N = 2545). Of the 375 phase Ill trials for HF, 163 HFrEF
trials were identified. In these trials, the most frequently encountered inclusion criteria were New York Heart Association
(NYHA) functional class (69%), worsening HF (23%), and natriuretic peptides (18%), whereas the most frequent
comorbidity-based exclusion criteria were acute coronary syndrome (64%), renal disease (55%), and valvular heart disease
(47%). On average, 20% of registry patients were eligible for HFrEF trials. Eligibility distributions did not differ (P = 0.18) be-
tween Asian [median eligibility 0.20, interquartile range (IQR) 0.08—0.43] and European registry populations (median 0.17,
IQR 0.06-0.39). With time, HFrEF trials became more restrictive, where patient eligibility declined from 0.40 in 1985-2005
t0 0.19 in 2016-2022 (P = 0.03). When frequency among trials is taken into consideration, the eligibility criteria that were most
restrictive were prior myocardial infarction, NYHA class, age, and prior HF hospitalization.

Conclusions Based on 14 trial criteria, only one-fifth of registry patients were eligible for phase Il HFrEF trials. Overall eligi-
bility rates did not differ between the Asian and European patient cohorts.
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Introduction

The eligibility criteria of phase Ill randomized controlled trials
in heart failure (HF) define a target population in which an
intervention is most likely efficacious.>? However, restrictive
eligibility criteria are a long-standing concern that can jeopar-
dize trial accrual and lead to overly narrow trial populations.>
In the latter, the generalizability of study results to real-world
patients becomes compromised, causing uncertainties in
treatment decisions for under-represented subgroups of
women, older persons, and multi-comorbid patients. Poten-
tially, is it the patient population with more complex diseases
that would benefit the most from treatment.

HF trials have become larger and take longer to complete
as a series of successful drug therapies have translated to
an initial decline in mortality.* Although this decline in mor-
tality has since plateaued,>® proving the incremental benefit
of new therapy amid existing background treatment becomes
more challenging. In efforts to enrich for outcome events, in-
clusion and/or exclusion criteria can become more complex
and restrictive and thus run the risk of low enrolment, proto-
col amendments, or non-completion.” Of the 644 HF trials on
ClinicalTrials.gov from 2005 to 2015, more than half of study
terminations were due to poor accrual.® Decisions on the in-
clusion and exclusion criteria of a trial clearly affect its length
and cost.? It is thus time to move from carry-forward criteria
selection to one that is data guided.® This approach decreases
reliance on assumed recruitment rates, thereby minimizing
opportunity costs lost from protocol amendments or study
extensions.

Another key change in trials for HF is the rise in globaliza-
tion for reasons such as growing trial sizes, lower research
costs in developing nations, and market expansion.’® With
larger geographical differences also comes greater heteroge-
neity in patient characteristics and outcomes of these
‘megatrials’. In the EVEREST trial for hospitalized HF, re-
gional differences were evident for patient comorbidities,
biomarkers, treatment, and outcomes.** Disparities in patient
characteristics directly impact enrolment at international
sites. In this respect, characterization of regional variation,
for instance, between Western Europeans and Asians with
HF and understanding how these differences impact patient
eligibility, enables early anticipation of differential accrual
across international sites.

Estimating eligibility in real-world data (RWD) before study
commencement facilitates optimization between internal va-
lidity, generalizability, and trial efficiency. In this study, we
aim to compare the influence of the most commonly used el-
igibility criteria for trials in HF with reduced ejection fraction
(HFrEF) on eligibility between two patient populations, a
European and an Asian registry cohort. As a secondary
objective, we assessed the theoretical impact of the gradual
addition of common inclusion and exclusion criteria on
overall trial patient eligibility.

Methods
Selection of heart failure trials

Clinical study registration as of 31 December 2021 was
downloaded from Aggregate Analysis of ClinicalTrials.gov,*?
a daily updated trial registration database.’® Relevant studies
were identified by the ‘condition or disease’ of HF and its
equivalent terms (Supporting Information, Table S1). We
characterized all interventional studies for HF and then fo-
cused our analysis on the eligibility criteria for phase Il trials
for HFrEF, defined as trials that included patients with a left
ventricular ejection fraction (LVEF) of an upper limit of 40%
or below.

The primary variable analysed was the free text trial
eligibility criteria. Other trial-related variables were analysed
as potential predictors of patient eligibility. These were the
study’s start year, anticipated sample size, and intervention
type. In addition, we defined the primary funder as the fol-
lowing: industry-funded if its lead or collaborator is industry;
National Institutes of Health (NIH)/other government agency
if present as lead or collaborator for a non-industry-spon-
sored study; and otherwise, it is a healthcare, academic insti-
tution, or other.

Trial inclusion and exclusion criteria

The eligibility criteria for trials were extracted into a
structured format from the original free text in the trial
registration data. Natural language processing methods
were used, and further details are found in Supporting In-
formation, Methods SI. To calculate patient eligibility for
trials, binary criteria such as the presence of comorbidities
can be applied as an inclusion or exclusion criterion,
whereas continuous variables, that is, laboratory and phys-
ical examination measurements, are specified as numerical
ranges. Arbitrary limits of 0 and a maximum of 2000 were
used if upper and lower limits were not explicitly
specified.'® The structured dataset on trial inclusion and ex-
clusion criteria is available upon request by contacting the
study authors.

Data sources for target population

A target population or domain refers to patients to whom
trial findings are applicable, whereas a trial population is a
subgroup within the target population. Target population
data were available from two registries: the BIOlogy Study
to TAilored Treatment in Chronic Heart Failure (BIOSTAT-
CHF) and the Asian Sudden Cardiac Death in Heart Failure
(ASIAN-HF) registry.*>*® The former consists of European HF
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patients, while the latter consists of patients from 10 Asian
countries. Both HF registries included physician-diagnosed
HF patients. Only patients with LVEF < 40% were included.

Registry variables were screened. The following variables
were available across registries and applied in the estimation
of eligibility scores: age, anaemia, atrial fibrillation (AF), body
mass index, cancer, chronic kidney disease (CKD), chronic
obstructive pulmonary disease (COPD), serum creatinine, de-
vice therapy, diastolic and systolic blood pressure, estimated
glomerular filtration rate (eGFR) by the CKD-EPI equation,
haemoglobin, heart rate, LVEF, history of myocardial infarc-
tion (MI), serum potassium, QRS duration, revascularization
by percutaneous coronary intervention (PCl) or coronary
artery bypass graft (CABG), stroke, sinus rhythm, use of
angiotensin-converting enzyme inhibitors (ACE-Is) or
angiotensin-Il receptor blockers (ARBs), beta-blockers (BBs),
mineralocorticoid receptor antagonists (MRAs), and history
of worsening HF (HF hospitalization in the past 6 months
for ASIAN-HF or 12 months for BIOSTAT-CHF). Because of
substantial missing rates, natriuretic peptides were not
analysed. Valve disease was not evaluated due to insufficient
depth on severity, and most trials exclude only the severe
forms.

Estimating eligibility in existing trials

We estimated overall and single-criterion eligibility based
on the generalizability index for the study trait, GIST 2.0, in-
troduced by Sen et al.**'” The score represents an esti-
mated proportion of the target population that is trial eligi-
ble, with values between 0 and 1. This eligibility score is
first calculated by treating each criterion independently, be
it the presence or absence of characteristic(s) or the fulfil-
ment of defined thresholds in numeric measurements.
Then, an overall weighted representativeness score is esti-
mated based on the proportion of registry patients who ful-
fil all criteria. Patient weights were estimated as a residual
difference from a non-linear Gaussian kernel-based hyper-
surface plane. The estimation method standardizes numeric
data and accounts for interdependence across criteria in
each trial. To determine the criterion most likely to impact
patient eligibility, eligibility scores were inversely weighted
by the frequency of occurrence in trials, whereby the low-
est weighted scores would reflect the most restrictive
criteria.

Missing data in the registries ranged from 1% to 54%
and were dealt with using multiple imputation by chained
equations.'® The number of imputations was set at 10.%°
Statistical analysis was performed using R statistical soft-
ware 4.1.2 (R Core Team, 2021), STATA SE 15 (StataCorp
LP, College Station, TX, USA), and MATLAB R2021a. Statisti-
cal significance was set at 0.05.

Eligibility in theoretical trials

Lastly, we sought to determine how eligibility changes with
each addition of commonly used eligibility criteria. We
started with a broad set of criteria including (i) age between
18 and 80 years; (ii) LVEF < 40%; (iii) New York Heart Associa-
tion (NYHA) classes II-1V; (iv) double background therapy of
any dose of ACE-I/ARB + BB; (v) no MI/PCI/CABG; (vi) no device
therapy; (vii) no cancer/COPD; (viii) no stroke; (ix) renal func-
tion (eGFR > 30 mlL/min/1.73 m?); (x) haemoglobin >
10 g/dL; and (xi) potassium < 5.5 mmol/L. Alternative scenar-
ios with more restrictive selection, including (i) an LVEF of
35%, (ii) only NYHA classes Il and I, (iii) enrichment with pre-
vious hospitalization for HF, and (iv) triple therapy (including
MRA), were also considered to determine the impact of
stricter cut-offs on eligibility.

Results
Characteristics of heart failure phase lll trials

As of December 2021, 4425 studies for HF were identified on
ClinicalTrials.gov, and 375 were phase Il HF trials. Of these,
163 (44%) were HFrEF trials, 9% were HF with preserved ejec-
tion fraction (HFpEF) trials, 30% were non-selective for LVEF,
and a remaining 17% enrolled hospitalized HF patients (Ta-
ble 1). Within a 37 year observation period, the number of
phase Il trials registered per decade was increasing, with
more than half (55%) initiated within the recent decade.
The size of trials was also increasing with time, specifically
from 2005 onwards (P < 0.001). By subtype, the largest trial
size was in HFpEF trials (median 336) vs. the overall median
HF trial size of 170 patients. Drugs were the most common in-
tervention (68%), and half of the trials (51%) were industry-
funded.

Inclusion and exclusion criteria in heart failure
with reduced ejection fraction trials

Figure 1 displays the most frequently used eligibility criteria.
HFrEF trials predominantly selected participants by NYHA
class (69%), while almost a quarter included patients based
on previous worsening or hospitalization for HF (23%), and
natriuretic peptide level (18%). A range of patient medical
histories or comorbidities were generally applied as exclusion
criteria, and the most common were acute coronary
syndrome (64%), valvular heart disease (47%), pregnancy or
lactation (44%), previous or planned implantation of cardiac
devices (44%), coronary revascularization (37%), and stroke
(33%). Measures of organ dysfunction and performance
status most often used were renal function (55%), hepatic
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Table 1 Heart failure phase Ill trial characteristics
Outpatient
HFrEF HFpEF Any EF Hospitalized HF Total
N (%) 163 43.5% 33 8.8% 114 30.4% 65 17.3% 375 100%
Start year
1985-2005 42 25.8% 2 6.1% 23 20.2% 13 20.0% 80 21.3%
2006-2010 36 22.1% 7 21.2% 31 27.2% 16 24.6% 90 24.0%
2011-2015 48 29.4% 5 15.2% 27 23.7% 16 24.6% 96 25.6%
2016-2022 37 22.7% 19 57.6% 33 28.9% 20 30.8% 109 29.1%
Trial size
Median (IQR) 160 50,402 336 52,1490 130 51,330 255 112,654 170 54, 505
0-50 41 26.1% 8 24.2% 28 24.8% 11 16.9% 88 23.9%
51-100 26 16.6% 6 18.2% 21 18.6% 3 4.6% 56 15.2%
101-200 19 12.1% 0 0.0% 23 20.4% 13 20.0% 55 14.9%
201-500 36 22.9% 4 12.1% 18 15.9% 18 27.7% 76 20.7%
500+ 35 22.3% 15 45.5% 23 20.4% 20 30.8% 93 25.3%
Missing 6 0 1 0 7
Intervention type
Drug 107 65.6% 32 97.0% 60 52.6% 60 92.3% 240 68.2%
Device 33 20.2% 0 0% 27 23.7% 3 4.6% 60 17.0%
Behavioural 11 6.7% 0 0% 17 14.9% 2 0% 29 8.2%
Procedure/diagnostic 13 8.0% 1 3.0% 6 5.3% 1 3.1% 25 71%
Biological 7 4.3% 0 0% 6 5.3% 0 0% 11 3.1%
Dietary 2 1.2% 0 0% 4 3.5% 1 1.5% 5 1.4%
Primary sponsor
Industry 78 47.9% 19 57.6% 55 48.2% 38 58.5% 190 50.7%
Academic/healthcare institution 53 32.5% 10 30.3% 39 34.2% 20 20.8% 122 32.5%
NIH/other gov agency 26 16.0% 3 9.1% 15 13.2% 7 10.8% 51 13.6%
Others® 6 3.7% 1 3.0% 5 4.4% 0 0% 12 3.2%

EF, ejection fraction; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection frac-

tion; IQR, interquartile range; NIH, National Institutes of Health.

HFpEF trials were those that recruited only patients with left ventricular ejection fraction > 40%; hospitalized HF trials evaluated therapies
in acute decompensation or hospitalized patients; and the remaining are categorized as non-left ventricular ejection fraction selective

trials.

Others include managed care or non-profit organizations, individual investigators, and networks.

function (21%), and anaemia (anaemia status or haemoglobin
cut-off) (17%).

Also gaining importance are concomitant background
treatments. Half (48%) required participants to be on stan-
dard of care medical and/or device therapies, in which a
quarter specified ACE-I/ARB (28%) or BB (25%) background
therapy, and a smaller percentage required participants to
be on MRA (11%). Current use of intravenous therapy, includ-
ing diuretics, inotropes, and vasopressors, was specified in
2% of HFrEF trials, largely as an exclusion criterion.

Eligibility for trial enrolment by Asian and
European populations

To determine the proportion of patients who were trial eligi-
ble, 2545 and 4868 patients from the BIOSTAT-CHF and
ASIAN-HF registries were included for analysis (Figure 2).
Baseline characteristics are presented in Supporting Informa-
tion, Table S2. Compared with the Asian registry, European
patients were older (median age 70 vs. 61 years), more fre-
quently in NYHA classes Il or IV (38% vs. 30%), and had a
lower prevalence of prior HF hospitalization (30% in
12 months vs. 39% in 6 months). The rate of comorbidities

was generally higher in European patients, most notably isch-
aemic heart disease (68% vs. 52%), AF (43% vs. 18%), and
COPD (17% vs 8%), except for chronic renal disease (31%
vs. 47%). The use of HF medications between populations
was similar for ACE-I/ARB, BB, and MRA. Almost all European
registry patients were on diuretics (99.5% vs. 82%), as this
was a requirement for participation in BIOSTAT-CHF.

Between 1 and 14 eligibility criteria were applied in the es-
timation of eligibility. Summarizing across 163 HFrEF trials,
about one-fifth of the combined target population were eligi-
ble [median eligibility score: 0.19 (95% confidence interval:
0.14, 0.24)]. Figure 2 shows that the distribution of eligibility
scores across trials was broadly similar between Asian and
European populations. Median eligibility was marginally
higher in Asian patients (0.20 vs. 0.17) but was not statisti-
cally significant (P = 0.18).

Table 2 displays median eligibility scores by trial character-
istics. Eligibility for trials declined with time by more than
half, from 0.40 to 0.14, between trials initiated in 1985—
2005 and 2006-2015. Interestingly, trials from the recent
7 years show a reversal, increasing to a median eligibility of
0.19 (P = 0.03). By intervention type, drug trials had a larger
representation of the target population (median score 0.25)
compared with device and procedural or diagnostic trials
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Figure 1 Ranked eligibility criteria in heart failure (HF) with reduced ejection fraction trials (n = 163). Values in brackets indicate percentages. Anaemia
includes iron deficiency/anaemia and haemoglobin and ferritin thresholds. Renal disease includes serum creatinine, estimated glomerular filtration
rate, and chronic or end-stage renal disease. Optimal therapy refers to required background therapy, whether medication or devices are considered
standard of care at the time of study. ACE-l, angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome; AF, atrial fibrillation; ARB,
angiotensin-Il receptor blocker; BMI, body mass index; BNP, brain natriuretic peptide; CABG, coronary artery bypass graft; IV, intravenous; LBBB, left

bundle branch block; LVEDD, left ventricular end-diastolic diameter; LVEF,

left ventricular ejection fraction; MRA, mineralocorticoid receptor antago-

nist; NYHA, New York Heart Association; PAH, pulmonary artery hypertension; PCl, percutaneous coronary intervention; RBBB, right bundle branch

block.
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(median scores were both 0.09, P < 0.001). Further, patient
eligibility differed by primary funding source; eligibility was
highest among academic/healthcare institution-funded trials,
followed by NIH-funded trials, and lastly, industry-sponsored
trials. The anticipated size of trials, however, was not predic-
tive of eligibility (P = 0.5).

Comparing impact of individual criterion by target
population

Patient eligibility can be limited when one or more excep-
tionally restrictive criteria are present. Of the criteria
assessed, prior HF hospitalization, MRA background treat-
ment, and anaemia were the most restrictive, with eligibility

scores of 0.38, 0.56, and 0.61, respectively (Figure 3). Eligi-
bility based on a single criterion was comparable between
Asian and European patient populations, with a few excep-
tions. Prior HF hospitalization, history of MI, normal sinus
rhythm, and cardiac devices were more restrictive among
European patients, resulting in 26%, 20%, 20%, and 13%
lower eligibility compared with Asian patients. On the other
hand, for trials that focused on devices or iron supplementa-
tion, QRS duration and anaemia status or serum
haemoglobin were comparatively more restrictive in Asian
patients, with relative differences of 33% and 14% lower el-
igibility. Upon inverse-frequency weighting of each criterion,
the most restrictive were prior MI, NYHA functional class,
age, and prior HF hospitalization (Supporting Information,
Figure S1I).
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Figure 2 Distribution of the proportion of patients eligible for phase Ill trials by registry population and eligibility criteria ranked by restrictiveness in
patient selection. ACE, angiotensin-converting enzyme; CABG, coronary artery bypass graft; HF, heart failure; HFrEF, heart failure with reduced ejection
fraction; IQR, interquartile range; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association; PCI, percuta-

neous coronary intervention.

Eligibility of Asian and European registry populations for phase Ill randomized trials in

heart failure with reduced ejection fraction

Population
ASIAN-HF & BIOSTAT-CHF registries

Inclusion and exclusion criteria
from phase IIl HFrEF trials (n = 163)

Eligibility estimated based on
Age

Anaemia

Atrial fibrillation

Body mass index

Cancer

Device therapy

Diastolic and systolic blood pressure
Estimated glomerular filtration rate /creatinine
Serum haemoglobin

Heart rate

LVEF

Myocardial infarction

Serum potassium

QRS complex duration

Revascularization (PCI/CABG)

Stroke

Sinus rhythm

ACE-inhibitor or angiotensin-2 receptor blocker
Beta blocker

Mineralocorticoid receptor antagonist
Worsening HF or hospitalization for HF

=163)

Percent of trials (N:

10.0%-

5.0%-

0.0%-

ASIAN-HF

n = 4868

Median eligibility
0.20 (IQR, 0.08, 0.43)

BIOSTAT-CHF
n =2545

Most restrictive
criteria
weighted by frequency in trials

Prior MI
Median eligibility

0.17 (IQR, 0.06, 0.39) Nl dlass

Age

Prior HF
hospitalization
Prior
revascularization
Renal function
History of device
therapy

Stroke

1.00 000 025 050 075 1.00
Proportion eligible

Distribution of proportion eligible for trials by registry populations. Dashed lines
indicate median score. p-value = 0.18 (Wilcoxon rank sum test between populations)

One-fifth of registry patients were on average eligible for enrolment in phase 11l HFrEF trials, with

comparable eligibilities between Asian and European populations.

Table 2 Median eligibility by heart failure with reduced ejection

fraction trial characteristic

Median score P-value®

Eligibility using multiple criteria in a theoretical
trial design

n

Start year 0.03 For a theoretical design, the strongest determinants of eligi-
1985-2005 42 0.40 bility were background therapy of ACE-I/ARB and BB and his-
2006-2010 36 0.15 tory of Ml or coronary revascularization by PCl or CABG, in
2011-2015 48 0.14 ’ ! . e ’
2016-2022 37 0.19 which half and a third of patients remain eligible, respec-

Intervention type <0.001 tjvely, when these are considered in addition to liberal ranges
g;l:/?ce ;(3)2 863 for age, LVEF <40%, and NYHA functional classes Il-IV (Figure
Procedural/diagnostic 10 0.09 4A). Factoring a further exclusion of patients with implanted
Bel}avioulral/dietary 13 0.40 devices, COPD, cancer, stroke, eGFR < 30 mL/min/1.73 m?,
Biologica 5 0.05 : -

Primary funder 0.01 haemogloblh < 10 g/dL,.a_nd pot_ass_lurr? > 5.5 mmol/L leaves
Industry 78 0.13 about one-fifth (18%) eligible. Eliminating NYHA class IV led
Academic/healthcare institution 53 0.27 to only a marginal decrease in total eligible participants
glﬂg‘;’g’emment agency (256 83; (17%) (Figure 4B). Similarly, a stricter upper limit for LVEF at

Trial size <35% resulted in eligibility that is not different from
<50 41 0.23 0.5 LVEF < 40% (Figure 4C,D), indicating that eligibility was more
51-150 36 0.13 .

151-400 20 016 strongly driven by background HF therapy than LVEF or NYHA
401-8500 40 0.19 functional class.
Missing 6 In an alternative design with prior HF hospitalization as

NIH, National Institutes of Health.

Bold P-values indicate statistical significance.

#Kruskal-Wallis rank sum test.

POthers include managed care or non-profit organizations, individ-

ual investigators, and networks.

cardiovascular risk enrichment, overall eligibility became sub-
stantially restricted from 18% to 5% remaining eligible
(Supporting Information, Figure S2). For a trial design that
considers a triple HF background therapy (add-on MRA),
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Figure 3 Ranked unweighted eligibility scores per criterion by target populations (from most to least restrictive). Values in brackets represent the per-
centage of heart failure (HF) with reduced ejection fraction trials (n = 163). ACE-l, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB,
angiotensin-Il receptor blocker; BB, beta-blocker; BMI, body mass index; BP, blood pressure; CABG, coronary artery bypass graft; COPD, chronic ob-
structive pulmonary disease; eGFR, estimated glomerular filtration rate; HR, heart rate; LVEF, left ventricular ejection fraction; MI, myocardial infarc-
tion; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PCl, percutaneous coronary intervention. aTypit:ally, exclusion
criterion.

QRS Prior HF MRA Anemia  Sinus rhythm M2 PCl/ AF? ACEIl / BB Device®
Population duration hospitalization (11%) (15%) (8%) (55%) CABG®* (18%) ARB (28%) (24%) (33%)
(6%) (23%) : (B7%)

All 0.64 0.64 0.69 0.72 0.77 0.81 0.81
Asian 0.70 0.70 0.71 0.82 0.78 0.79 0.86
European 0.56 0.67 0.75 083 075
NYHA COPD? eGFR®/  Stroke® Systolic + Potassium Cancer® BMI HR Age LVEF
Population (69%) (11%) creatinin (33%) diastolic BP (10%) (25%) (9%) (9%) (76%) (100%)
e (55%) (29%)
All 0.84 0.88 0.90 0.91 0.93 0.96 0.97 0.97 0.98 0.99 1
Asian 0.82 0.92 0.90 0.93 0.93 0.96 0.97 0.97 0.99 0.99 1
European 0.87 0.83 0.91 0.89 0.93 0.96 0.96 0.97 0.98 0.99 1
| .
Most restrictive Least restrictive

Figure 4 Cumulative eligibility for theoretical heart failure trials per addition of eligibility criteria stratified by (A) left ventricular ejection fraction
(LVEF) < 40% and New York Heart Association (NYHA) II-IV; (B) LVEF < 40% and NYHA Il and Ill; (C) LVEF < 35% and NYHA II-IV; and (D)
LVEF <35% and NYHA Il and Ill. ACE-l, angiotensin-converting enzyme inhibitor; ARB, angiotensin-Il receptor blocker; BB, beta-blocker; CABG, coronary
artery bypass graft; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; Hb, haemoglobin; MI, myocardial infarc-
tion; PCI, percutaneous coronary intervention.

LVEF <40% LVEF < 35% Eligibility criteria

0.80 Age 18- 80 years
0.71 + NYHAIL &IV
0.46 + ACEl/ ARB + BB
030 026 +  No MI/PCI/CABG
025 0.22 + No device
0.22 0.20 + No COPD /cancer
0.21 0.19 + No stroke
0.20 0.18 + eGFR>30mL/min/1.73m2
0.19 017 + Hb >10g/dL

(A) 0.18 0.16 (C) + K <5.5mmol/L

0.91
0.80
0.52

NYHAII Il & IV

0.91 0.80 Age 18- 80 years
0.76 0.67 + NYHA Il &Il
0.50 0.44 ACEl/ ARB + BB
0.29 0.26 No M/ PCI/CABG
0.24 0.21 No device
0.21 0.19 No COPD /cancer
0.20 0.18 + No stroke
0.19 0.17 eGFR>30mL/min/1.73m2
(B) 0.19 017 (D) + Hb >10g/dL
0.17 0.15 + K <5.5mmol/L

)

NYHA Il &1l

+

1.0 0.8 0.6 0.4 0.2 0.0 ' 0.0 0.2 0.4 0.6 0.8 1.0
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overall eligibility was halved in comparison with a broader
double therapy of ACE-I/ARB + BB (Supporting Information,
Figure S3).

Discussion

In this study, we characterized all registered phase Il HF trials
by their subtype and eligibility criteria, specifically for HFrEF.
There are four key findings. First, the patient characteristics
most frequently used for selection in HFrEF trials were indica-
tors of HF severity, namely, LVEF, NYHA class, prior worsening
of HF, natriuretic peptides, followed by cardiovascular comor-
bidities and events/procedures, that is, history of M, cardiac
devices, revascularization, and optimized background HF
treatment. Second, the eligibility of two distinct HF patient
populations for existing HFrEF trials did not significantly dif-
fer; they were both low in that only 20% of patients, on aver-
age, were eligible. Third, accordingly, we identified the most
restrictive individual criteria, and these were prior HF hospi-
talization, MRA background treatment, and anaemia. When
frequency in trials is taken into consideration, prior MI, NYHA
functional class, age, and prior HF hospitalization had the
highest impact on restrictiveness. Fourth, as eligibility criteria
work collectively rather than independently in patient selec-
tion, we have evaluated available RWD against eligibilities
for trials and showed that we can test assumptions on the im-
pact of combinations of eligibility criteria on trial accrual.

It is reassuring to note that patients from the Asian registry
population have equal, if not slightly higher, eligibility for
phase Il HFrEF trials compared with European patients, al-
though most clinical trials are designed and weighted to-
wards Western Europe and North American populations.?%%
This is especially important as clinical trials increasingly gear
towards cross-continent sites, including those in Asia, for
both scientific and ethical reasons. Although large pharma-
ceutical markets in Asia, such as China and Japan, no longer
require local data for market authorization, foreign clinical
trial data will nevertheless be scrutinized for ethnic and other
inconsistencies, and if present, add-on local bridging studies
will incur costs.?? On this note, incorporating global sites,
for instance, in Asia at the planning stage, is cost-efficient
given its high disease burden.?

On overall eligibility, having only one-fifth of the target
population that is eligible reveals a sizeable gap in represen-
tation of real-world patients. This average is comparable with
eligibility estimates of single contemporary HFrEF drug trials,
which ranged between 11% and 35%.2>72° Although esti-
mates found for HFrEF trials are higher than the other
large-scale eligibility criteria analyses of cancer (2-5%) and di-
abetes trials (5%), there remains much room for
improvement.>** Variation in eligibility between trials could
be explained in part by the trial intervention type. Those that

evaluated drugs make up the majority of explanatory trials in
HFrEF and are, as expected, more representative than device
or procedure trials with a 25% average eligibility. Trials for
cardiac devices and procedures are more restrictive as these
target small subsets of patients with arrhythmia or conduc-
tion problems, advanced HF, or require device optimization.
Next, it is important to recognize that eligibility for HFrEF tri-
als has been declining since the early 2000s, with a slight in-
crease in more recent years as a consequence of improved
trial registration with time®® and growing lists of eligibility
criteria, including those for prognostic enrichment.” The
availability of numerous guideline-directed drug therapies
[guideline-directed medical therapies (GDMTs)] has to an ex-
tent decreased mortality in HFrEF, making present-day HF tri-
als increasingly difficult, complex, and costly to conduct.**%’

While maintaining as broad a population as possible, ex-
cluding patients at either end of the disease severity spec-
trum (LVEF 36-40%) or NYHA class IV did not influence the
overall proportion of eligible patients. Conversely, adding a
history of HF hospitalization substantially reduced the pro-
portion of eligible participants, suggesting that use of this cri-
terion should be approached with care, particularly for HFrEF,
although it is deemed useful to drive event rates in HFpEF
trials.?>*® Rather than restricting a trial sample to only pa-
tients who meet cardiovascular enrichment criteria, newer
adaptive trial designs have been proposed to allow for data
from both target and non-target subpopulations, particularly
if the sensitivity of a prognostic marker is not fully
understood.?®3°

Although the exclusion of patients with recent cardiovas-
cular instability can be explained from a safety perspective,
it is harder to justify the comorbidity-based exclusion of pa-
tients with iron deficiency/anaemia, COPD, chronic renal dis-
ease, and cancer, which are present in up to more than half of
people with HF.3¥™33 Rather than solely presenting with com-
peting risks, co-existing chronic renal disease and iron defi-
ciency/anaemia contribute independently to subsequent car-
diovascular events.>*3> Therefore, phase Ill HF trials should
generally be inclusive of these comorbidities unless explicitly
justified by unacceptable safety risks such as advanced dis-
ease, contraindication, involvement with drug metabolism
or excretion, or interference with primary endpoint
assessment.

Considering difficulties in defining a single optimal GDMT,
the Heart Failure Collaboratory agrees that a gradient of op-
tions, from (i) no background therapy to (ii) any dose of ACE-
I/ARB/angiotensin receptor-neprilysin inhibitor plus BB ther-
apy, and then (iii) adding an MRA to finally meet the strictest
requirement of (iv) 100% target doses of all GDMT with
sodium-glucose  cotransporter-2 inhibitors, could be
considered.®® In the present study, we assessed the impact
of including any dose background therapy of ACE-I/ARB and
BB and found between 10% and 30% absolute decrease in el-
igibility, which seem:s like a fair trade-off, particularly for eval-
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uating the incremental benefit of add-on therapies. However,
stepping up required background therapy to include MRA
substantially lowers eligibility by two-thirds, highlighting the
need to base decisions for selection criteria not only on
guideline recommendations but also on the actual use of
these GDMTs. Instead of mandating specific drug classes, this
alternative enables a common score to summarize the type
and intensity of background treatment as the basis for com-
parison within and between trials.3®

Among the strengths of this study is the extensive analysis
of eligibility criteria for trials on ClinicalTrials.gov, which is
among the most complete trial registers on drugs and devices
by major pharmaceutical companies.’* As therapeutics are
eventually aimed at global markets, assessing eligibility using
multinational registries from Asia and Europe enables testing
the hypothesis of equal eligibility across patient profiles. There
are also several limitations to this study. Information on the
trial phase was not available for 54% of studies labelled as in-
terventional. Natriuretic peptide levels as a criterion could not
be compared here due to incomplete data from the ASIAN-HF
registry. That said, this diagnostic and prognostic criterion is in-
frequently measured in limited resource settings, and
selecting natriuretic peptides is known to affect the distribu-
tion of trial patient characteristics, raising further questions
on generalizability. Also, current registry data do not provide
sufficient granularity to assess the use of intravenous diuretics
as a ‘stabilization’ criterion for patient eligibility. Next, the eli-
gibility criteria recorded on ClinicalTrials.gov represent only
part of the full list. Thus, the proportion of eligibility criteria
here is likely underestimated. Similarly, because only a subset
of criteria could be accounted for when calculating eligibility
scores, these would be overestimated compared with actual
eligibility. As the definitions for HF subtypes by LVEF evolve
with time, the HF with mildly reduced ejection fraction sub-
type is more likely covered within the HFrEF trials, with some
minimal overlap with the HFpEF trials.

It is necessary to acknowledge that both ASIAN-HF and
BIOSTAT-CHF cohorts each apply selection criteria and there-
fore have a narrower spectrum of real-world patients than
those within electronic medical records (EMRs). Nonetheless,
present challenges such as an inherent lack of clarity in ana-
logue clinical text, unstructured data formats, and restrictions
on single centres or payers®’ preclude the use of EMRs for
large-scale comparisons. For these reasons, HF registries
represent the next best data source, given that they are
specifically designed for the disease and have the benefits
of rigorous data quality controls, completeness, and multina-
tional patients. Lastly, temporal characteristics for event- or
procedure-based criteria such as time from revascularization
could not be determined in the patient data and, as they
were commonly a basis for exclusion, could result in an
underestimation of eligibility.

In the present study, we have shown the merits of
characterizing eligibility in two distinct target populations.

For instance, the exclusion of patients with AF or a history
of MI will lead to comparatively slower accrual in European
sites. Conversely, cardiovascular enrichment with previous
HF hospitalization potentially leads to quicker enrolment
rates in the Asian population, given that the proportion with
prior hospitalization is already a third higher than the Euro-
pean cohort in its shorter observation period of 6 months.
Second, we demonstrate the feasibility of simulating combi-
nations of eligibility criteria using cohort data before design-
ing a new trial. This step can easily be added at pre-design
stages to confirm assumptions and anticipate potential chal-
lenges to recruitment.® To improve the generalizability of fu-
ture HF trials, patient exclusion based on non-cardiovascular
comorbidities such as renal disease, anaemia, and chronic
pulmonary conditions should be adequately justified. Lastly,
instead of obligatory quadruple background HFrEF treatment,
trial designers can opt for less strict criteria on background
treatment and subsequently characterize them as subgroups
by dose and therapeutic class using a GDMT score.®® A future
research direction is to model the impact of each eligibility
criteria scenario on the accrual of endpoints or hazard ratios.
Existing challenges related to unstructured data formats, data
sharing restrictions, and data quality of electronic health
records can be overcome to simulate trial inclusion in real
time and incorporate new disease markers or treatments as
disease knowledge advances.

Conclusions

Based on an analysis of 163 trials over 37 years, we show that
one-fifth of registry patients were, on average, eligible for
enrolment in phase [l HFrEF trials, with comparable
eligibilities between Asian and European populations. On a
broad perspective for HFrEF therapeutics, criteria that had
the largest impact on both patient selectivity and frequency
in trials were prior MI, NYHA class, age, and previous HF
hospitalization.
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Appendix A.
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Research Institute, National University of Singapore,
Singapore. Email: mdcarthu@nus.edu.sg

e Professor Inder Anand (as Director, Publications Commit-
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Center Minneapolis and San Diego, USA. Email:
anand001@umn.edu

e Dr Chung-Lieh Hung, Mackay Memorial Hospital, Taipei,
Taiwan. Email: jotaro3791@gmail.com

e Professor Lieng Hsi Ling (as Director, Echo Core Labora-
tory), Cardiovascular Research Institute, National Univer-
sity of Singapore, Singapore. Email: lieng_hsi_ling@nuhs.
edu.sg

e Dr Houng Bang Liew, Queen Elizabeth Il Hospital, Clinical
Research Center, Sabah, Malaysia. Email:
hbliew22@gmail.com

e Dr Calambur Narasimhan, Care Hospital, Hyderabad, India.
Email: calambur@hotmail.com

e Dr Tachapong Ngarmukos, Ramathibodi Hospital, Mahidol
University, Bangkok, Thailand. Email: tachaponis.
nga@mahidol.ac.th

e Dr Sang Weon Park, Selong General Hospital, Seoul, South
Korea. Email: swparkmd@gmail.com

e Dr Eugenio Reyes, Manila Doctors Hospital, Manila,
Philippines. Email: eugenereyes@yahoo.com

e Professor Bambang B. Siswanto, National Cardiovascular
Center Universitas Indonesia, Jakarta, Indonesia. Email:
bambbs@gmail.com

e Professor Wataru Shimizu, Department of Cardiovascular
Medicine, Nippon Medical School, Tokyo, Japan. Email:
wshimizu@nms.ac.jp

e Professor Shu Zhang, Fuwai Cardiovascular Hospital,
Beijing, People’s Republic  of  China. Email:
zsfuwai@vip.163.com

Country and site investigators
China

Fuwai Hospital: Shu Zhang (Country Pl), Xiaohan Fan, Keping
Chen. Ruijin Hospital, Shanghai Jiaotong University: Liqun
Wou, Yucai Xie, Qi Jin, Tianyou Ling. The First Affiliated Hospital
With Nanjing Medical University: Xinli Li, Fang Zhou, Yanli
Zhou, Dongjie Xu, Haifeng Zhang. Zhongshan Hospital Fudan

University: Yangang Su, Xueying Chen, Shengmei Qin,
Jingfeng Wang, Xue Gong, Zhaodi Wu.

Hong Kong

The Chinese University of Hong Kong: Cheuk Man Yu
(Country PI).

India

CARE Hospital: Calambur Narasimhan (Country PI), B. K. S.
Sastry, Arun Gopi, K. Raghu, C. Sridevi, Daljeet Kaur. Care In-
stitute of Medical Sciences: Ajay Naik, Keyur Parikh, Anish
Chandarana, Urmil Shah, Milan Chag, Hemang Baxi, Satya
Gupta, Jyoti Bhatia, Vaishali Khakhkhar, Vineet Sankhla, Tejas
Patel, Vipul Kapoor. Hero Dayanand Medical College Heart In-
stitute: Gurpreet Singh Wander, Rohit Tandon. Medanta-The
Medicity: Vijay Chopra, Manoj Kumar, Hatinder Jeet Singh
Sethi, Rashmi Verma, Sanjay Mittal. Sir Ganga Ram Hospital:
Jitendra Sawhney, Manish Kr. Sharma. Westfort Hi-Tech Hos-
pital Ltd: Mohanan Padinhare Purayil.

Indonesia

Rumah Sakit Jantung dan Pembuluh Darah Harapan Kita:
Bambang Budi Siswanto (Country PI). RS Dr Hasan Sadikin:
Pintoko Tedjokusumo, Erwan Martanto, Erwinanto. RS
Khusus Jantung Binawaluya: Muhammad Munawar, Jimmy
Agung Pambudi. RS Siloam Karawaci: Antonia Lukito, Ingrid
Pardede, Alvin Thengker, Vito Damay, Siska Suridanda Danny,
Rarsari Surarso.

Japan

Nippon Medical School: Wataru Shimizu (Country PI), Takashi
Noda, Ikutaro Nakajima, Mitsuru Wada, Kohei Ishibashi. Kinki
University Hospital Cardiovascular Center: Takashi Kurita,
Ryoubun Yasuoka. Nippon Medical School Hospital: Kuniya
Asai, Kohji Murai, Yoshiaki Kubota, Yuki Izumi. Toho University
Omori Medical Center: Takanori lkeda, Shinji Hisatake,
Takayuki Kabuki, Shunsuke Kiuchi, Tokyo Women’s Medical
University: Nobuhisa Hagiwara, Atsushi Suzuki, Dr Tsuyoshi
Suzuki.

Korea

SeJong General Hospital: Sang-Weon Park (Country Pl), Suk
Keun Hong, Sooklin Lee, Lim Dal Soo, Dong-Hyeok Kim. Korea
University Anam Hospital: Jaemin Shim, Seong-Mi Park,
Seung-Young Roh, Young Hoon Kim, Mina Kim, Jong-Il Choi.
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Korea University Guro Hospital: Jin Oh Na, Seung Woon Rha,
Hong Seog Seo, Dong Joo Oh, Chang Gyu Park, Eung Ju Kim,
Sunki Lee. Severance Hospital, Yonsei University Health Sys-
tem: Boyoung Joung, Jae-Sun Uhm, Moon Hyoung Lee,
In-Jeong Cho, Hui-Nam Park. Chonnam National University
Hospital: Hyung-Wook Park, Jeong-Gwan Cho, Namsik Yoon,
KiHong Lee, Kye Hun Kim. Korea University Ansan Hospital:
Seong Hwan Kim.

Malaysia

Hospital Queen Elizabeth II: Houng Bang Liew (Country PI),
Sahrin Saharudin, Boon Cong Beh, Yu Wei Lee, Chia How
Yen, Mohd Khairi Othman, Amie-Anne Augustine, Mohd Hariz
Mohd Asnawi, Roberto Angelo Mojolou, You Zhuan Tan, Aida
Nurbaini Arbain, Chii Koh Wong. Institut Jantung Negara:
Razali Omar, Azmee Mohd Ghazi, Surinder Kaur Khelae, David
S. P. Chew, Lok Bin Yap, Azlan Hussin, Zulkeflee Muhammad,
Mohd. Ghazi Azmee. University Malaya Medical Centre:
Imran Zainal Abidin, Ahmad Syadi Bin Mahmood Zhudi, Nor
Ashikin Md Sari, Ganiga Srinivasaiah Sridhar, Ahmad Syadi
Mahmood Zuhdi, Muhammad Dzafir Ismail. Sarawak General
Hospital Heart Centre: Tiong Kiam Ong, Yee Ling Cham, Ning
Zan Khiew, Asri Bin Said, Alan Yean Yip Fong, Nor Hanim
Mohd Amin, Keong Chua Seng, Sian Kong Tan, Kuan Leong
Yew.

Philippines
Manila Doctors Hospital: Eugenio Reyes (Country Pl), Jones

Santos, Allan Lim. Makati Medical Center: Raul Lapitan, Ryan
Andal. Philippine Heart Center: Eleanor Lopez.

Singapore

National Heart Centre Singapore: Carolyn S. P. Lam (Country
PI), Kheng Leng David Sim, Boon Yew Tan, Choon Pin Lim,

Louis L. Y. Teo, Laura L. H. Chan. National University Heart
Centre: Lieng His Ling, Ping Chai, Ching Chiew Raymond
Wong, Keong Poh Kian. Tan Tock Seng Hospital: Poh Shuan
Daniel Yeo, Evelyn M. Lee, Seet Yong Loh, Min Er Ching,
Deanna Z. L. Khoo, Min Sen Yew, Wenjie Huang. Changi Gen-
eral Hospital-Parent: Kui Toh Gerard Leong, Jia Hao Jason See,
Yaozong Benji Lim, Svenszeat Tan, Colin Yeo, Siang Chew
Chai. Singapore General Hospital-Parent: Fazlur Rehman
Jaufeerally, Haresh Tulsidas, Than Aung. Khoo Teck Puat
Hospital: Hean Yee Ong, Lee Fong Ling, Dinna Kar Nee Soon.

Taiwan

Mackay Memorial Hospital, Taipei, Taiwan: Chung-Lieh Hung
(Country PI), Hung-l Yeh, Jen-Yuan Kuo, Chih-Hsuan Yen.
National Taiwan University Hospital: Juey-Jen Hwang,
Kuo-Liong Chien, Ta-Chen Su, Lian-Yu Lin, Jyh-Ming Juang,
Yen-Hung Lin, Fu-Tien Chiang, Jiunn-Lee Lin, Yi-Lwun Ho,
Chii-Ming Lee, Po-Chih Lin, Chi-Sheng Hung, Sheng-Nan
Chang, Jou-Wei Lin, Chih-Neng Hsu. Taipei Veterans General
Hospital: Wen-Chung Yu, Tze-Fan Chao, Shih-Hsien Sung,
Kang-Ling Wang, Hsin-Bang Leu, Yenn-liang Lin, Shih-Lin
Chang, Po-Hsun Huang, Li-Wei Lo, Cheng-Hsueh Wu. China
Medical University Hospital: Hsin-Yueh Liang, Shih-Sheng
Chang, Lien-Cheng Hsiao, Yu-Chen Wang, Chiung-Ray Lu,
Hung-Pin Wu, Yen-Nien Lin, Ke-Wei Chen, Ping-Han Lo,
Chung-Ho Hsu, Li-Chuan Hsieh.

Thailand

Ramathibodi Hospital: Tachapong Ngarmukos (Country Pl),
Mann Chandavimol, Teerapat Yingchoncharoen, Prasart
Laothavorn. Phramongkutklao Hospital: Waraporn Tiyanon.
Maharaj Nakorn Chiang Mai Hospital: Wanwarang
Wongcharoen, Arintaya Phrommintikul.
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