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General Introduction & Outline of this Thesis

The past & present of Heart Failure and Cardiomyopathy
nomenclature

Heart Failure Across the LVEF spectrum

Heart Failure (HF) is a heterogeneous and multifactorial clinical syndrome result-
ing from structural and/or functional cardiac abnormalities caused by primary
cardiomyopathies and/or by secondary aetiologies (e.g. coronary artery disease, val-
vular disease or hypertension). These cardiac abnormalities cause impaired cardiac
output and/or elevated intracardiac pressures, which result in HF symptoms (e.g.
breathlessness) and/or signs (e.g. oedema) during rest or during exercise’.

This debilitating syndrome is associated with a poor quality of life, significant
healthcare resource utilisation and high mortality rates. On average, 80 individuals get
hospitalised, and 20 individuals die due to HF in the Netherlands on a daily basis**.
Around 250.000 individuals are diagnosed with HF in the Netherlands; worldwide,
the prevalence exceeds 38 million**. These numbers are expected to increase even
further during the upcoming years due to the ageing population, the growing oc-
currence of other HF-related risk factors (e.g. diabetes mellitus and obesity), and
improved treatment possibilities"**.

HF symptoms are often non-specific, making the diagnosis - particularly during
early stages — challenging"’. The difficulty of diagnosing HF is reflected by the multi-
tude of clinical and research reference standards, which often include different clinical
variables with varying cut-off values"*!*. The left ventricular ejection fraction (LVEF)
remains the cornerstone within the recently published universal classification of Heart
Failure®. The rationale behind the division of HF based on the LVEF relates back to
the early trials in the 80s and 90s of the previous century. For these trials LVEF was
used as a predominant tool to select patients at increased risk for hard study-end-
points (e.g. cardiovascular-related mortality)'®'”. It should be noted that even for
these trials the LVEF cut-off values used were highly variable (LVEF<25-45%)°. Due
to the success of a substantial amount of these trials, pharmacotherapy is nowadays
the cornerstone of treatment of HF patients with a reduced ejection fraction (HFrEF:
LVEF<40%) to reduce mortality, prevent HF hospitalisation, and/or improve the
Quality of life (QOL) and functional capacity of these patients (Box 1)"".
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BOX 1: Pharmacotherapeutic treatment of HFrEF

Standard pharmacotherapeutic treatment of patients with HFrEF is focused
on the modulation of the sympathetic nervous system and the renin-angioten-
sin-aldosterone system (RAAS) with angiotensin-converting enzyme inhibitors
(ACEi)'*%, angiotensin receptor-neprilysin inhibitors (ARNI)*, Angiotensin-Re-
ceptor blockers (ARBs)****, mineralocorticoid receptor antagonists (MRA)>?,
and beta-blockers”*. More recently, the sodium-glucose co-transporter 2
(SGLT2) inhibitors showed to further reduce the risk of worsening HF and
cardiovascular-related death in patients who already used ACEi/ARNI, MRA,
and beta-blockers, adding a new therapeutic option to the standard treatment
of HFrEF patients™***. A wide range of other pharmacological treatments (e.g.
I.-channel inhibitors, digoxin, isosorbide dinitrate, diuretics, and intravenous iron
suppletion) and interventions/therapies (e.g. Cardiac Resynchronization Therapy,
Pulmonary vein isolation, Implantable Cardioverter-defibrillator implantation)
exist in addition to the standard pharmacotherapeutic HF therapy to improve
the prognosis and/or QOL in patients with HFrEF'.

The introduction of HFpEF

While HF was traditionally believed to be associated with ventricular systolic dysfunc-
tion, more widespread use of non-invasive assessment of ventricular function resulted
since the 1980s in the appreciation that a normal LVEF was often (30-40%) present
in patients presenting with HF'7*¥, This resulted in the introduction of the entity
of diastolic HF during this decade®*-*, While at the end of the 20" century it was
generally accepted that HF not only occurs in individuals with a reduced LVEF, HF
patients with a normal LVEF were excluded from the major therapeutic trials, which
was mainly driven by the lower rate of hard study-endpoints in these patients'”***.
Nonetheless, the recognition of “diastolic HF” formed the basis to further unravel
this syndrome which has received different nomenclatures since then.

At the beginning of the 21* century, population-based studies showed that dias-
tolic dysfunction was highly prevalent in patients with “systolic HF” and that diastolic
dysfunction was even prevalent in individuals without HF***". As a result, a new term
to label HF patients with a normal LVEF was adopted, namely “HF with normal
systolic function” However, later insights revealed that myocardial compromised

systolic function could be present in individuals with overall normal LVEF""*, “Heart
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Failure with normal Ejection Fraction” (HFnEF) was consequently embraced as a new
label****. Within years this latter label was on his turn replaced by “HF with preserved
ejection fraction” (HFpEF), which was mainly due to the discussion of what a truly
age, sex and body size adjusted “normal” LVEF entails"*'"*!. Accordingly, HFpEF was
in 2021 the label given to patients with HF and a LVEF>50% in the universal defi-
nition of HF and is the nomenclature for this syndrome nowadays". Approximately
50% of all HF patients have HFpEF>2.

In contrast to HFrEF, there is a paucity of therapeutic options to treat HFpEF
since major (randomised controlled) trials failed to reach their primary endpoint of
reduction in morbidity and mortality for the known standard pharmacotherapeutic
HF therapies used in HFrEF (including e.g. ACEi**, ARB***, MRA>**). At last, re-
cently, alandmark study (EMPEROR-Preserved*®) was published which showed that
empagliflozin (a SGLT2-inhibitor) significantly reduced the combined endpoint of
heart failure hospitalisation and cardiovascular death in HFpEF patients. Addition-
ally, another landmark study (PARAGON-HF) was recently published, suggesting
that sacubitril/valsartan compared to valsartan alone might reduce the risk of the
combined end-point of heart failure hospitalisation and cardiovascular death in a
subgroup of patients with a LVEF<57%%. These landmark trials potentially open new
treatment options for HFpEF patients. Moreover, the (potential) efficacy across the
LVEF spectrum of both drugs may indicate that HF treatment based on EF should

be reconsidered®!¢",

The introduction of HFmrEF
In 2013 a new group of HF patients was adopted as HFpEF with borderline Ejection

Fraction in the American College of Cardiology Foundation/American Heart Associ-
ation HF-guidelines’. In 2016, HF with mid-range Ejection Fraction (HFmrEF) was
introduced in the European Society of Cardiology (ESC) HF guidelines to describe
this group of patients with HF and a LVEF of 40-49%°. The introduction of this new
subgroup of HF was the result of a grey area caused by insight from population-based
studies, which showed that a LVEF <53% should be classified as abnormal®, while
evidence from previous clinical trials was limited to patients with a LVEF<40-45% and
more recent clinical trials were inconsistent in including HF patient with a LVEF of
40-49%". As such, the aim of the introduction of this group was to stimulate research
to better characterise, better understand the underlying pathophysiological mecha-
nisms, and open new therapeutic options for this “neglected” group of HF patients®".
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The introduction of this subgroup has resulted in numerous publications showing that
HFmrEF patients have intermediate demographics and clinical characteristics com-
pared to HFrEF and HFpEF (more details provided below)>". Moreover, it resulted in
post hoc analyses of therapeutic trials in HF*¢%_ These post-hoc analyses indicate
that patients with HFmrEF may benefit from the same standard pharmacotherapeutic
HF therapy as HFrEF patients'. This suggests that previous trials in HFrEF likely used
too strict inclusion criteria to select patients who potentially could benefit from these
drugs. As a result, the usage of these drugs -including ACEi, ARB, ARNI, MRA, and
Beta-blockers- may be considered based on the latest ESC HF-Guidelines (2021) in
HFmrEF patients'. In the same guidelines this group of HF patients was therefore
renamed as HF with mildly reduced Ejection Fraction (HFmrEF)'. More recently,
HFmrEF patients have also been classified as a distinct group in the universal defi-
nition of heart failure®.

Differences in clinical characteristics across the LVEF spectrum

In-depth characterisation of HF patients is important to potentially open new ther-
apeutic options and to help formulate the selection criteria for future interventional
trials. Since LVEF remains the cornerstone of current HF categorisation in clinics",
a brief overview of the differences in clinical characteristics and prognosis in HFrEF,
HFmrEF and HFpEF patients is presented below.

HFmrEF (LVEF 40-50%) patients have clinical characteristics between HFpEF
(LVEF>50%) and HFrEF (LVEF<40%) patients, and share the positive therapeutic
response (Box 1) with HFrEF patients. When studying the major HF observational
registries (including BIOSTAT-CHF®, CHART-2%, TIME-CHF®*, ADHERE®, OP-
TIMIZE-HF?, GWTG-HF"!, SwedeHF”?, ESC-HF-LT”) in general it can be conclud-
ed that HFpEF patients are more often female (weighted prevalence of previously
mentioned major registries: 64% Female, compared to 48% in HFmrEF and 34%
in HFrEF), have a higher age (weighted mean age 77 years, compared to 74 years in
HFmrEF and 71 HFrEF patients), more often have comorbidities like Atrial Fibrilla-
tion (AF, £35-50%), diabetes mellitus (DM), hypertension (HT), and chronic kidney
disease (CKD), and less often have underlying macrovascular ischemic heart disease
(IHD) compared to HFrEF patients. HFmrEF patients have a comparable prevalence
of underlying THD compared to HFrEF patients and the prevalences of CKD are
comparable to HFrEF and lower than in HFpEE The other before mentioned charac-
teristics are intermediate between HFpEF and HFrEF patients (Figure 1). In HFpEF,

systemic inflammation due to comorbidities that are highly prevalent in HFpEF (e.g.
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HT, COPD and overweight) is suggested to drive cardiac endothelial dysfunction
and oxidative stress which ultimately leads to myocardial dysfunction and cardiac
remodelling, while in HFrEF it is believed that the oxidative stress originates from
the myocardium itself due to e.g. IHD or toxic agents”™.

Natriuretic peptide (NP) levels are generally highest in HFrEF patients, followed
by HFmrEF and HFpEF patients (Figure 1)°. Both cardiac (e.g. AF, ventricular tach-
yarrhythmias, valvular heart disease) and non-cardiac (e.g. advanced age, COPD,
renal dysfunction) comorbidities can result in elevated NP levels'. Obesity, which is
highly prevalent in HFpEF patients, can result in disproportionally low NP levels"”.
Given the high negative predictive value (NPV) and low positive predictive value
(PPV), NPs are recommended to rule out HF and not establish its diagnosis across
the LVEF spectrum’.

Clinical characteristics
Age +
Female oo
AF +
HT +
IHD 44
CKD ++
Natriutic peptides +Ht
Prognosis
Cardiovascular events i+t
Non-Cardiovascular events +

HFrEF characteristics ‘ Intermediate characteristics . HFpEF characteristics

Figure 1. Schematical presentation of clinical characteristics and (non)-cardiovascular
events in HFrEF, HFmrEF and HFpEF patients. The clinical characteristics and (non-) car-
diovascular risk of HFmrEF patients is intermediate between HFrEF and HFpEF patients.
HFmrEF patients have some features more in common with HFrEF patients, e.g. less fre-
quently presence of chronic kidney disease (CKD) and more prevalent ischemic heart dis-
ease (IHD), while other features are more comparable with HFpEF patients, e.g. the higher
prevalence of hypertension (HT) and lower levels of natriuretic peptides. + and - represent
the higher or respectively lower occurrence of the characteristics in these patients compared
to age-matched controls, for “Age” + indicates higher than average in adults. Information
and visualisation ideas were obtained from Savarase et al. (2022)°. AF= Atrial fibrillation;
HT= Hypertension; IHD = ischemic heart disease; CKD= chronic kidney disease.
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Differences in incident (non-)cardiovascular adverse events across the ejection frac-
tion HF spectrum have been observed®. In general, based on data from the observa-
tional registries, cardiovascular adverse events (e.g. Heart Failure Hospitalisation, Car-
diac Death, and Heart Transplantation) more often occur in HFrEF patients compared
to HFmrEF and HFpEF patients, while the contrary is true for non-cardiovascular
adverse events (Figure 1). Though the reported numbers are highly heterogeneous,
which can be partly explained by the divergent study designs (e.g. in RCTs often more
severe HF patients are included for enrichment purposes), and by the patient selection
criteria used for these studies (e.g. only including outpatient or hospitalised patients,
or only including incident HF patients)’.

Cardiomyopathies across the LVEF spectrum

The word “cardiomyopathy” derives from Ancient Greek meaning “suffering of the
heart muscle” or “heart muscle disease”. The definition of the word “cardiomyopa-
thy” used in clinics evolved since its introduction during the late fifties of the 20"
century (Table 1). The most prevalent morpho-functional phenotypes include Dilat-
ed Cardiomyopathy (DCM, estimated prevalence 1:250-1:4007°) and Hypertrophic
Cardiomyopathy (HCM, estimated prevalence 1:350-1:625”7). While the underlying
aetiologies and pathophysiological processes underlying these cardiomyopathies
are highly variable, they have in common that they all frequently present as the
syndrome of HF”®. Since systolic dysfunction is one of the key features of DCM?”,
DCM patients frequently present with HFrEF or HFmrEF. While late-stage HCM
patients can also present as HFmrEF or even HFrEFE, they more often present as
HFpEF at initial diagnosis’. Determining the true incidence of HF and prognosis of
(asymptomatic) cardiomyopathy patients is challenging due to the underreporting of
(specific) HF aetiologies in existing studies, the variation of patient selection criteria
within these studies, and the lack of long-term follow-up data of (asymptomatic/
early) cardiomyopathy patients”.

Cardiomyopathies can be caused by a wide range of underlying aetiologies. They
can be inherited (e.g. gene mutations exist in up to 40% and 60% in respectively DCM
and HCM patients'7*%%2) and/or acquired (e.g. due to auto-immune/-inflammatory
diseases, storage diseases, toxins, arrhythmias, conduction disorders) and triggered
by diseases modifiers (e.g. pregnancy, or cardiovascular diseases like hypertension)'.
It is important to notice that the finding of an underlying acquired cause does not rule
out the presence of an underlying inherited cause of the cardiomyopathy'.
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Chapter 1

The pharmacological treatment of HF in cardiomyopathies, in general, does not differ

from HF-related treatment’, though exceptions exist for specific underlying aetiolo-

gies. These exceptions include both the use of general HF-related therapies beyond

general recommendations in specific cardiomyopathies - e.g. the consideration of

implantation of an implantable cardioverter-defibrillator (ICD) in patients with an

underlying pathogenic genetic mutation which are known for their higher risk of
incident life-threatening arrhythmias (LTA), or in HCM subjects with a high HCM
risk-Sudden Cardiac Death (SCD) score*** — and aetiology driven therapies of which

some examples are provided in Box 2.

BOX 2: Some examples of aetiology driven HF treatment of cardiomyopathies

In DCM with endomyocardial biopsy (EMB) proven virus-negative inflam-
matory cardiomyopathy immunosuppression may be considered based on
multidisciplinary counselling"®>*, as also recommended by previous expert
consensus statement”. The exact role and indication of immunosuppressive
therapy and the preferred immunosuppressive drugs to treat inflammatory
cardiomyopathy still remains to be determined’®®*. The use of immunosup-
pressive therapy should also be considered in eosinophilic myocarditis, cardiac
sarcoidosis, and giant cell myocarditis’”#9%.

While the pathogenic importance of parvo-B19 (B19V) viral persistence in
DCM remains controversial, positive effects on viral load and/or cardiac func-
tion of intravenous immunoglobulin (IVIg) in these patients have been sug-
gested'®'%2, In this thesis, a randomised, double-blind, placebo-controlled, sin-
gle-centre trial is presented in which we prospectively investigated the benefits
of IVIg beyond conventional therapy in idiopathic chronic DCM patients with
B19V persistence.

Cessation of alcohol or drugs in alcoholic cardiomyopathy and toxic cardiomy-
opathy, respectively, improves LV-function and the prognosis in these patients'.
Enzyme replacement therapy with a-glucosidase has shown to result in re-
gression of left ventricular hypertrophy (LVH) when administrated during the
early stages of glycogen storage diseases type II (Pompe disease)'®*'%*, Enzyme
replacement therapy with agalsidase-a/- in patients with HCM due to Fabry
disease also reduces LVH and improves prognosis’®!%>-1%7,

In (restrictive) cardiomyopathy patients with immunoglobulin light chain re-

lated (AL) amyloidosis, chemotherapy in combination with autologous stem
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cell transplantation should be considered to treat underlying haematological
disorder'®. In amyloidosis due to wild-type transthyretin (wt-ATTR), Tafamidis
should be considered since it has shown to reduce cardiovascular hospitalisa-

tions and all-cause mortality1%°,

Reconsidering the LVEF centric view of HF classification
While categorising HF based on LVEF provided us with valuable insights into the
pathophysiology of HF at the outer ends of the spectrum’'"!, and LVEF currently
remains an important and easy to assess clinical marker used for the initiation of
evidence-based HF therapies"?, it results in an enormous oversimplification of a
complex syndrome!**"'%!2, LVEF is a crude measure of LV-volume changes during
systole (ratio of stroke volume to end-diastolic volume, expressed as percentage), it is
insensitive for subtle changes in myocardial contraction which can be indicative for
incident HF''*'%, it has significant intra- and inter-observer variability''?, and it can
be highly variable in the same patient over time and depending on the methodology
used to measure it'"7!"°. As a result, since recently, numerous experts propose that
LVEF based categorisation of HF should not drive the future of HF research but that
the nomenclature of HF and cardiomyopathies should be driven by science's!”!!112,
Large scale registries with real-world data will play a pivotal role to move the
current HF field forward''>'?!. These registries will form the foundation for multi-dis-
ciplinary data and hypothesis-driven (multi-omic) approaches that can challenge
LVEF as the cornerstone of HF classification'!"'*. HF registries including unselected
subjects will provide real-world insights in clinical practice, prognosis, and temporal
trends, and can expose novel therapeutic targets that can be subsequently challenged
in (registry-based) clinical trials. Ideal HF registries should include longitudinal
information obtained as part of routine clinical care (including but not limited to
information on the medical and family history, anamnesis, physical examination,
additional diagnostics, and therapy initiation/cessation), (sequential) biobanking,
longitudinal (>10 years) information on the occurrence of (non-)cardiovascular
events, longitudinal data required for the performance of cost-effectiveness anal-
ysis, and longitudinal QOL data. Moreover, the allowance of flexible baseline date
(T=0) selection within such registries for downstream analysis is highly desired to
ensure reusability and stimulate multidisciplinary efforts to ensure sustainability.
The inclusion of every subject referred to the cardiology department for e.g. cardiac

screening and/or HF-like symptoms and the collection of all the before mentioned
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data however requires tremendous multi-disciplinary efforts. As a result, many HF
registries are known (e.g. BIOSTAT-CHF*, CHART-2%, TIME-CHF®, ADHERE®,
OPTIMIZE-HF”°, GWTG-HF"!, SwedeHF"?, ESC-HF-LT?) but they all lack one or

more of these desired characteristics.

Outline of this thesis

Our Maastricht Cardiomyopathy Registry (mCMP-registry) team created a future
proof foundation for a multidisciplinary (early) cardiomyopathy and HF registry in
the past years. The aim of this registry is to stimulate multi-disciplinary research to
improve (early) diagnosis, risk-stratification, and management of individuals that
are referred to the (outpatient) clinics for screening for the presence of cardiomy-
opathies/HE, known cardiomyopathies/HF or for HF-like symptoms. Establishing
such a large-scale registry is time-consuming and requires in-depth insights into the
local (logistic) hurdles in performing HF research. During the past years we therefore
performed cardiomyopathy and HF-related research across the LVEF spectrum, of
which some examples are provided in this thesis (Chapter 2-8). The (logistic) hurdles
faced during these studies were opportunities to improve the performance of regis-
try-based research at our institution and beyond, ultimately leading to the current
mCMP-registry, founded in 2021 and presented in Chapter 9.

Chapter 2-5 of this thesis focuses on a specific subgroup of HF patients, namely
patients with DCM. Chapter 2-3 zooms in on a particular subtype of DCM, namely
DCM due to truncating variants in the titin gene (TTNtv). TTNtv are the most prev-
alent genetic aetiology of DCM with a reported prevalence of up to 25% in DCM
patients”®'>, Titin is an essential protein of the contractile apparatus of the cardiomyo-
cyte, and heterozygous loss of titin can lead to severe cardiac dysfunction'**!**. At the
ventricular level, TTNtv DCM is in general believed to be a treatable benign genetic
form of DCM, which is based on the frequently observed left ventricular reserve
remodelling (LVRR) after medical HF therapy optimisation in these patients'?. How-
ever, the long-term LVEF trajectory in TTNtv patients remains unknown. The goal of
the study presented in Chapter 2 was to identify the long-term dynamic LVEF-trajec-
tory of DCM patients with and without TTNtv. At the atrial level, TTNtv have been

126" and studies

associated with early onset of AF irrespective of LVEF deterioration
in zebrafish with TTNtv show compromised assembly of the sarcomere in the atria

accompanied by a higher degree of atrial fibrosis'”’. While TTNtv are expected to
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affect both the intrinsic function of the ventricle and the atrium, there are currently no
studies describing in-depth the atrial function of patients with DCM and a TTNtv in
humans. The goal of the study presented in Chapter 3 was to determine and compare
the atrial parameters in DCM patients with and without a TTNtv and to determine
whether the observed LA parameters can be explained solely based on observed
LV-phenotype in these patients using computational modelling.

DCM is accompanied by an increased risk of life-threatening arrhythmias (LTAs)
and SCD'7¢!?%12_ Current guidelines recommend LVEF based algorithms to select
patients that may benefit from an implantable cardioverter-defibrillator (ICD) to
prevent SCD'?*'#_Tt is now known that LVEF based risk-stratification is inadequate
in predicting SCD, resulting in the need for novel prognostic markers in this field'?*'%.
The electrocardiogram is a well-known, inexpensive, and widely available tool. Re-
markably, while an electrocardiographic assessed P-wave duration of >120ms — known
as Inter-Atrial Block (IAB) - has already been associated with supraventricular ar-
rhythmias, cardiovascular and all-cause mortality'**'*, and even with LTA in the
general population'??, the association between IAB and LTA in DCM remains un-
known. The aim of Chapter 4 was to determine the value of IAB to predict LTA in
ambulant DCM patients.

Chapter 5 presents a randomised double-blind, placebo-controlled clinical trial
performed within our centre. In recent decades, parvovirus B19 (B19V) has become
the most frequently found cardiotropic virus in endomyocardial biopsies (EMBs),
with a reported prevalence of up to 80%"*'*. While the causal relationship and path-
ogenic importance of B19V persistence in DCM remains controversial, positive effects
on viral load and/or cardiac function of IVIg therapy have been suggested in DCM
patients with BI9V persistence, and is studied prospectively in the RCT presented
in this chapter'®-1%2,

The studies presented in Chapter 6-8 includes subjects with a normal LVEE Diag-
nosing heart failure in the non-acute setting in subjects with a normal LVEF remains
challenging. Recently, the HFA-PEFF diagnostic algorithm was developed to optimise
diagnosis and aid in the early recognition of HF patients with a normal LVEE, also
known as HFpEF'. However, whether the HFA-PEFF domain scores can identi-
ty “early-HFpEF” phenogroups remains unknown. Recognising early-HFpEF phe-
nogroups is essential to understand the progression towards overt HFpEF better and
pave the way for early treatment. As such, in the pilot study present in Chapter 6 we
aimed to: 1) identify distinct phenogroups by cluster analysis of HFA-PEFF domain
scores in subjects that present with HF-like symptoms; and 2) study whether these
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phenogroups may be associated with distinct blood proteome profiles. The difficul-
ty of diagnosing HFpEF and the concept that circulating biomarkers could help to
diagnose this complex syndrome on a molecular level, has resulted in a multitude of
studies investigating novel diagnostic HFpEF circulation biomarkers'**!**. Remark-
ably, none of the suggested novel circulating biomarkers have been implemented in
the clinical care of HFpEF patients. The heterogeneous and systemic nature of the
syndrome could contribute to their lack of success'®’, but a comprehensive overview
of the literature on this topic was absent. Therefore, we aimed to provide an overview
of studies investigating the diagnostic value of novel biomarkers for non-acute HFpEF
and determine their risk of bias (ROB). The findings are presented in Chapter 7.

Increasing evidence suggests that global longitudinal strain (GLS) is superior to
LVEEF as a predictor of mortality and cardiac events in early cardiomyopathies and/or
HEF">"! However, the clinical utility of GLS is still hampered among others because
of the lack of clear cut-off values for clinical decision making. The aim of the pilot
study presented in Chapter 8 was to determine a cut-off value of GLS that indicates
an increased risk of adverse outcomes in individuals without a medical history of HF
and with a normal LVEE.

In Chapter 9, the mCMP-Registry design paper is presented. This registry is the
result of a multi-disciplinary team effort and years of work to optimise the way reg-
istry-based HF and cardiomyopathy related research is performed at our centre. In
Chapter 10, the design paper of the Netherlands Heart Tissue Bank (NHTB) is pre-
sented. The NHTB aims to boost a wide range of cardiac disease-related fundamental
and translational studies. The NHTB does this by strengthening the cardiovascular
research infrastructure with an open-access non-profit biobank. The NHTB includes
cardiac tissue and related clinical data from donors with and without known cardiac
diseases, which will increase our understanding of cardiac diseases during early and
advanced disease stages. Chapter 11 contains the general discussion of this thesis
and provides an outlook to the future of (early) cardiomyopathy and HF-related
registry-based research.
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The Dynamic ejection fraction trajectory in DCM patients with a truncating titin variant

RESEARCH LETTER

Truncating variants in titin (TTNtv) are found in up to 15% of patients with dilated
cardiomyopathy (DCM)"2. While TTNtv are in general believed to be a treatable
benign genetic form of DCM??, the left ventricular ejection fraction (LVEF) trajectory
in TTNtv patients remains unknown. The goal of this study was to identify the long-
term dynamic LVEF-trajectory of DCM patients with and without TTNtv.

DCM patients prospectively enrolled between 2004 and 2020 in the Maastricht
DCM-registry were included in this study. The inclusion and exclusion criteria of
the registry have been described previously*. For this study, ambulatory probands
with DCM were included if they had: (i) genetic testing with our complete 48-cardi-
omyopathy-associated gene panel'; and (ii) at least two echocardiograms performed.
Subjects were excluded if they had (i) a pathogenic variant in any gene other than
TTN; (ii) a medical history of cardiac resynchronisation therapy (CRT) implanta-
tion or were referred for CRT implantation; or (iii) undergone heart transplantation
before inclusion. The study was performed according to the declaration of Helsinki
and was approved by the insti-tutional Medical Ethics Committee. The data that
support the findings of this study are available from the corresponding author upon
reasonable request.

Only TTNtv in constitutive exons with percentage spliced in (PSI) >99% were clas-
sified as pathogenic, either in the A- or I-band. All echocardiograms were reviewed for
accuracy by expert staff blinded to genotype after retrieval from the hospital system.

To compare LVEF trajectories in patients with and without a TTNtv Linear
Mixed-Effects (LME) Models using the LME4 R-package were fitted using LVEF as
a dependent variable, blinded Patient-ID as random effect, and natural cubic splines
of time after baseline echo as a fixed effect. The optimal spline degrees of freedom
were selected based on the BIC using the likelihood ratio-test. Subsequently, an in-
teraction variable of TTNtv yes/no with the fixed-effect was included in the model
and compared by likelihood-test with the model without interaction.

A p-value <0.05 was considered statically significant. All analyses were carried
out with R (version 4.0.4).

In total, 239 patients were included in this study (N=45 TTNtv, 19%). TTNtv
patients were younger (52+11 versus 56£12 years; p=0.019), had higher median
NT-proBNP (1373[IQR:664;3284] versus 699[259;1877] pg/mL; p=0.025) and lower
LVEF (28+10 versus 33+10%; p=0.004) at baseline. However, they did not have a
significantly different disease duration (TTNtv 82[29;266] days versus no TTNtv
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108[45;238] days since first diagnosis; p=0.52). Other explanatory etiologies of the
observed DCM phenotypes in patients with and without a TTNtv included toxic-trig-
gers (11% vs. 12%, respectively; p=0.816) and auto-immune/-inflammatory related
triggers (9% vs. 12%; p=0.771).

The included patients had a median of 5[4;7] echocardiograms during follow-up,
the number was not significantly different between both groups (5[4;7] in the TTNtv
group and 5[3;6] in the group without a TTNtv, p>0.05).

The long-term LVEF trajectories of patients with a TTNtv showed a concave shape:
a steep increase until an apex at 2 years after baseline, immediately followed by a slow
decline of the LVEF (Figure). Patients without TTNtv had comparable recovery of
LVEF in the first 2 years, but their LVEF remained stable during follow-up (p=0.009
for trajectory difference between groups). Adjustment for baseline age and NT-proB-
NP also showed a significantly different LVEF-trajectory between groups (p=0.029).
The trajectory in the first 2 years was different for TTNtv patients compared to non-
TTNtv patients (p=0.014, Figure); also in the period of 2 to 8 years after baseline
(p=0.002, Figure). No significant differences in left ventricular reverse remodeling
(LVRR) -defined as a LVEF>50% with a >5% improvement or an absolute increase
in LVEF by 210% compared to baseline echocardiography- was observed between
the patient groups (71% without TTNtv, 75% with TTNtv; P=0.586).

LVRR is prevalent in TTNtv patients suggesting a mild and treatable form of
DCM?*. However, LVRR is an arbitrary measure prone to different definitions and
cut-off values. Therefore, subtle changes in LVEF may be missed in such analyses. Our
findings refute the concept that TTNtv cardiomyopathy is a treatable benign genetic
form of DCM. Similarly, a recent study showed that 39% of TTNtv patients had a
reduction in LVEF of 210% post-LVRR®. It is hypothesized that hearts with a TTNtv
may use metabolic and energetic adaptation to meet the increased energy demand of
the heart>*. Such metabolic adaptation may be short-term and become less effective
after two years. This may suggest a target for future therapies.

The main limitation of this study is the retrospective single-center design. More-
over, while a standardized care protocol ensures up-titration of medication during
follow-up at our centre, medication differences between groups after baseline could
not be excluded. Additionally, the spline analysis represents the mean trajectory of
patients with a TTNtv; individual differences may exist. Nonetheless, this study sug-
gests that favorable responses to therapy in TTNtv patients could be restricted to
the early phase, followed by a period for which new treatment strategies may have
to be defined.
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Figure. Left ventricular ejection fraction trajectory of patients with and without a trun-
cating titin variant. Using generalized mixed-effects analysis, a significant difference in the
LVEF trajectory of patients with a TTNtv compared to patients without TTNtv was identified
(p=0.009). Shaded regions represent 95% confidence interval. TTNtv indicates truncating titin
variant. ACEi = Angiotensin-converting enzyme (ACE) inhibitor; ARB = Angiotensin receptor
blocker; CRT = Cardiac Resynchronisation Therapy, DCM = Dilated Cardiomyopathy; MH
HFH = Medical History of Heart Failure Hospitalisation; LPP = Likely Pathogenic/Pathogenic
mutation; LYEDDI = Left Ventricular End-Diastolic Diameter indexed by Body Surface Area
(BSA); LVEF = Left Ventricular Ejection Fraction; MRA = Mineralocorticoid Receptor Antago-
nist; n.s. = not significant (P>0.05); NT-proBNP = N-terminal-pro-B-type natriuretic peptide;
NYHA = New York Heart Association Functional Classification; OMT = Optimal Medical Heart
Failure Therapy.
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Chapter 3

ABSTRACT

Background: Truncating titin variants (TTNtv) are a common genetic etiology of
dilated cardiomyopathy (DCM). While TTNtv has been associated with atrial fibril-
lation, it remains unknown whether and how left atrial (LA) function differs between
DCM patients with and without TTNtv. We aimed to determine and compare LA
function in DCM patients with and without TTNtv and to evaluate whether and how
left ventricular (LV) function affects the LA using computational modeling.

Methods: DCM patients from the Maastricht DCM registry that underwent genetic
testing and cardiovascular magnetic resonance (CMR) imaging were included in
the current study. Subsequent computational modeling (CircAdapt model) was per-

formed to identify potential LV and LA myocardial hemodynamic substrates.

Results: In total, 417 DCM patients (N=42 with TTNtv; N=375 without TTNtv)
were included (median age 55 years [45-62], 62%men). TTNtv patients had a larger
LA-volume, and reduced LA-strain compared to patients without TTNtv (LA-volume
index 24mLm™[18;36] vs 31mL[23;64];LA reservoir strain 24%[10;29] vs 28%[19;34];
LA-booster strain 9%(4;14] vs 14%[10;17], respectively; all P<0.01). Moreover, TTNtv
patients had a lower LV mass to LV end-diastolic volume (LVM/LVEDV 0.46gmL
'10.39;0.58] vs 0.52gmL'[0.45;0.60], respectively; P=0.011). Computational mode-
ling suggests that while the observed LV-dysfunction partially explains the observed
LA-dysfunction in the TTNtv patients, both intrinsic LV- and LA-dysfunction are
present in patients with and without a TTNtv.

Conclusions: DCM patients with TTNtv have more severe LA dysfunction com-
pared to patients without TTNtv. Insights from computational modeling suggest
that both intrinsic LV and LA dysfunction are present in DCM patients with and
without TTNtv.
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INTRODUCTION

Truncating variants in titin (TTNtv) are a well-established genetic etiology of dilated
cardiomyopathy (DCM) . Titin is an essential protein of the contractile apparatus
of the cardiomyocyte, and heterozygous loss of titin can lead to severe cardiac dys-
function . At the ventricular level, previous studies revealed that DCM patients
with a TTNtv (TTNtv(+)) have a lower left ventricular (LV) mass to left ventricular
end-diastolic volume ratio (LVM / LVEDV) compared to DCM patients without a
TTNtv (TTNtv(-)). This is likely due to the impaired mechanotransducive hyper-
trophic response and a lower sarcomere density in TTNtv patients®’. At the atrial
level, TTNtv are associated with early onset of atrial fibrillation (AF)*, and studies
in zebrafish with TTNtv show compromised assembly of the sarcomere in the atria
accompanied by a higher degree of atrial fibrosis®. This suggests that, besides the
well-described ventricular myopathy, intrinsic atrial dysfunction might play a role
in titin DCM as well.

Overall, there is increasing interest for left atrial (LA) volumetric, Doppler and
deformational imaging, as it provides incremental prognostic information in patients
with heart failure ®’. The LA has a close dynamic interaction with the LV and is crucial
for LV filling and cardiac performance. Therefore, LA function can reflect LV dysfunc-
tion in an early stage 7*. While the molecular consequences of a TTNtv are expected
to affect both the intrinsic function of the ventricle as well as the atrium, there are
currently no studies describing in-depth atrial function in TTNtv(+) patients.

We analyzed LA function of TTNtv(+) and TTNtv(-) patients by measuring LA
volume and myocardial deformation parameters from cardiac magnetic resonance
(CMR) cine images. The aim of this study was to determine and compare LA function
in TTNtv(+) to TTNtv(-) patients. In addition, model simulations of whole-heart
mechanics and hemodynamics were performed to identify potential LV and LA my-
ocardial hemodynamic substrates likely underlying the clinical imaging observations
in TTNtv(+) and TTNtv(-) patients.

METHODS
In total, 551 ambulant DCM patients from the Maastricht Dilated Cardiomyopathy

Registry underwent CMR imaging at our center between 2004 and 2018; 469 of
these subjects also received genetic testing as described below. The inclusion and
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exclusion criteria of the registry have been described previously 2. In short, DCM
patients were included in the absence (of a medical history) of (i) significant coronary
artery disease; (ii) primary valvular disease; (iii) congenital or hypertensive heart
disease; (iv) acute myocarditis; (v) arrhythmogenic ventricular cardiomyopathy; and
(vi) restrictive, hypertrophic, or peripartum cardiomyopathy, in accordance with the
latest European Society of Cardiology (ESC) proposal °. Additionally, patients with
AF during CMR (N=52) were excluded from current study (this included 6 subjects
with TTNtv(+) and 46 subjects with TTNtv(-); p=0.81). In total, 417 patients were
included of which 42 (10%) had TTNtv(+) (Supplemental figure 1). The study was
performed according to the declaration of Helsinki and was approved by the insti-
tutional Medical Ethics Committee. All patients gave written informed consent. The
data that support the findings of this study are available from the corresponding

author upon reasonable request.

Genetic testing

All included subjects received testing using our 47 cardiomyopathy-associated gene
panel either with single-molecule Molecular Inversion Probes (smMIP) or exome
sequencing (Supplemental table 1). All found variants were validated using Sanger
sequencing and classified into five different classes: benign, likely benign, variant of
unknown clinical significance (VUS), likely pathogenic, pathogenic, according to the
latest criteria of the Association of Molecular Pathology (AMP) and the American
College of Medical Genetics (ACMG) *°. Both pathogenic and likely pathogenic mu-
tations were classified as pathogenic mutations. All others were considered non-path-
ogenic based on the current knowledge . Titin mutations were only regarded as
pathogenic in the case of truncating variants in the late I-band or A-band region with
a percentage spliced in (PSI) >99% '2 Subjects were stratified based on the presence

or absence of a pathogenic TTNtv mutation for down-stream analysis.

CMR acquisition and feature tracking analysis

CMR imaging was performed on a 1.5T MRI system (Intera, Philips Medical Systems,
Best, The Netherlands). The protocol included cine and LGE imaging in the long-
(2- and 4-chamber) and short axis views (covering the entire LV). The cine images
were acquired during end-expiratory breath holds, using a balanced steady-state free
precession sequence (typical parameters: repetition time 3.0-3.5ms, echo time 1.5-
1.8ms, flip angle 60°, temporal resolution <50ms). Offline post-processing feature

tracking strain analyses were performed by two independent investigators [AGR and
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JLV], blinded to outcome, and supervised by a level IIl CMR physician with >15 years
of experience [RN], using Medis Qstrain software (Medis Medical Imaging Systems,
version 2.0.48.8, the Netherlands). Endocardial contours were manually drawn in the
end-diastolic and end-systolic phase (defined as the smallest and largest LV or LA
volume, visually assessed), subsequently the Qstrain software automatically tracks
the contours in the consecutive frames, and strain is calculated. The following strain
parameters were measured: LV global longitudinal strain (GLS), LA reservoir strain
(passive LA expansion with blood from the pulmonary veins, during LV contraction),
conduit strain (passive emptying of the LA responsible for the LV passive filling wave),
and booster strain (atrial kick responsible for the active LV filling wave). LV GLS
and LA-strain were calculated as the average of strain measured on the same 4- and
2-chamber long-axis cines. To evaluate inter- and intraobserver variability, strain
analyses were repeated in 20 CMR scans, at least two weeks after the first measure-
ment. Both inter- and intra-observer variability were good to excellent for all strain
parameters (Supplemental table 2).

Computational modeling

The open-source CircAdapt model of the human heart and circulation '*'* enables
realistic beat-to-beat simulation of cardiovascular mechanics and hemodynamics
under a wide variety of (patho-)physiological circumstances (www.circadapt.org).
Simulated cardiac tissue mechanics and pump function in health and disease have
been extensively validated through direct comparison against experimental and clin-
ical measurements, including myocardial strain from tagged magnetic resonance
data * and echocardiography . A detailed model description is provided in the
Supplemental methods.

The model was initialized by a reference simulation representing the healthy adult
heart and circulation, with normal cardiac function (i.e., LVM, LVEDYV, LVEF and
LAV) similar to peer-reviewed pooled data on typical CMR values *°. For all simu-
lations, circulating blood volume and peripheral vascular resistance of the systemic
circulation were adjusted such that cardiac output and mean arterial pressure equaled
5.6 L/min and 92 mmHg, respectively, representing homeostatic pressure-flow regu-

lation. Heart rate was fixed at 70 bpm.
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Myocardial dysfunction simulations

The substrate underlying LV dilation in DCM can be the result of eccentric hypertro-
phy (dilation due to ventricular remodeling) and/or contractile dysfunction (dilation
due to loss of intrinsic contractile function) "%, These different disease phenotypes
were taken into account when simulating DCM.

Starting from the reference simulation, LVM was increased from 107g to 123g and
125g to represent the LV hypertrophy in TTNtv(+) and TTNtv(-) patients as clinically
observed (Table 1), respectively. Next, various combinations of LV eccentric hypertro-
phy and contractile dysfunction were simulated to represent different hemodynamic
substrates underlying LV dilation. The combined severity of the substrates was set
so that LVEDV and LVEF were similar to the median values of TTNtv(+) (LVEDV
263mL, LVEF 31%) and TTNtv(-) (LVEDV 232mL, LVEF 39%) as clinically observed
in the current study population (Table 1).

Table 1. Clinical characteristics of the dilated cardiomyopathy cohort.

TTNtv(-) TTNtv(+) Total

(N=375) (N=42) (N=417) fiales
Female, n(%) 149 (40%) 1 (26%) 160 (38%) 0.087
Age, years 55 [46;62] 50 [44;57] 55 [45;62] 0.063
Days between CMR and first 37 [18;74] 27 [14;52] 35[18;70] 0.061
hospital visit (days)
Height, cm 175410 175410 175410 0.806
Weight, kg 8118 8113 8118 0.930
BSA, m? 2.0+0.2 2.0+0.2 2.0+0.2 0.879
NYHA-class23, n(%) 54 (14%) 4 (10%) 58 (14%) 0.386
Medical History, n (%)
Hypertension 113 (30%) 13 (31%) 126 (30%) 0.913
Hypercholesterolemia 64 (17%) 4 (10%) 68 (16%) 0.210
Diabetes Mellitus 45 (12%) 3(7%) 48 (12%) 0.350
Atrial Fibrillation 30 (8%) 7 (17%) 37 (9%) 0.061
COPD 31(8%) 4 (10%) 35 (8%) 0.781
HF medication usage, n (%)
Beta-blocker 258 (69%) 34 (81%) 292 (70%) 0.103
ACEi/ARB/ARNI 290 (77%) 33 (79%) 323 (78%) 0.856
MRA 105 (28%) 11 (26%) 116 (28%) 0.804
Diuretics 146 (39%) 21(50%) 167 (40%) 0.165
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Table 1. Clinical characteristics of the dilated cardiomyopathy cohort. (Continued)

TTNtv(-) TTNtv(+) Total P-value

(N=375) (N=42) (N=417)
CMR parameters
LGE, n(%) 144 (38%) 12 (29%) 156 (37%) 0.212
LVEF, % 39 [27;47] 31[21;39] 38 [26;46] 0.003
LV GLS, % 15 [-11;-18] 11 [-9;-15] 14 [-11;-18] 0.001
LVESV, mL 141[107;202] 170 [131;233] 144 [111;205] 0.013
LVEDV, mL 232 [192;292] 263 [215;294] 234 [194;293] 0.074
LVEDVi, mLm- 120 [99;147] 131 [110;154] 120 [100;148] 0.069
LVM, g 125 [101;152] 123 [103;138] 124 [101;151] 0.412
LVMI, gm*2 64 [53;77] 64 [56;70] 64 [53;75] 0.335
LVMi/LVEDVi, gmL" 0.52[0.45;0.60] 0.46[0.39;0.58]  0.52[0.45;0.60]  0.011
RVEF, % 51[44;57] 49 [30;54] 51[44;57] 0.049
RV GLS, % 25 [-20;-28] 22 [-18;-25] 25 [-20;-28] 0.003
RVEDV 161[130;195] 168 [139;214] 161[130;196] 0.274
RVEDVi, mLm- 82 [69;99] 87 [71;104] 83 [69;99] 0.393
LAV, mL 100 [82;129] 121[96;151] 103 [83;131] 0.007
LAVI, mLm- 24 [18;36] 31[23;64] 25 [19;38] <0.001
LA-res strain, % 28 [19;34] 24 [10;29] 27 [18;34] <0.001
LA-cond strain, % 12 [7;18] 9 [5;16] 12 [7;18] 0.063
LA-boost strain, % 14 [10;17] 9 [4;14] 13 [9;17] <0.001

ACEi = angiotensin-converting enzyme inhibitors; ARB = angiotensin Il receptor blockers;
ARNI = angiotensin-receptor neprilysin-inhibitor; BSA = body surface area; COPD = chronic ob-
structive pulmonary disease; HF = heart failure; LA-boost strain = left atrial booster strain; LA-
cond strain = left atrial conduit strain; LA-res strain = left atrial reservoir strain; LAVI = left atrial
volume index by BSA; LGE = late gadolinium enhancement; LVEDVi = left ventricular end-dia-
stolic volume indexed by BSA; LVEF = left ventricular ejection fraction; LV GLS = left ventricular
global longitudinal strain; LYMI = left ventricular mass indexed by BSA; MRA = mineralocorticoid
receptor antagonist; NYHA = New York Heart Association; RVEDVi = right ventricular end-diastol-
ic volume indexed by BSA; RVEF = right ventricular ejection fraction; RV GLS = right ventricular
global longitudinal strain; TTNtv = Titin-truncating variant

To determine whether a LA myocardial substrate is present in the DCM population,
the various LV dilation simulations were repeated with additional LA eccentric hyper-
trophy (dilation due to atrial remodeling). The severity of LA eccentric hypertrophy
was set so that LAV was equal to the median clinical observations (Table 1; 121mL
in the TTNtv(+) and 100mL in the TTNtv(-)).
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In addition to the volumetric measurements, LV GLS, LV end-diastolic pressure
(LVEDP) and LA reservoir, conduit and booster strain were quantified in each sim-
ulation to assess pump function, with zero-strain reference at mitral valve closure.

Hemodynamics were stabilized by homeostatic pressure-flow regulation.

Statistical analysis

Variables are displayed as numbers (percentage), meantstandard deviation or median
[interquartile range (IQR)] as appropriate. Normality was assessed visually using
Q-Q-plots and histograms. Comparisons between groups were performed using x>
tests for categorical variables and independent samples T-test for normally distributed,
or Mann Whitney-U test for not normally distributed continuous variables. Inter-
and intra-observer CMR-analysis variability was assessed using intraclass correla-
tion coefficients (ICC). Univariable and multivariable regression analysis, using left
ventricular end-diastolic volume indexed by BSA (LVEDVi) and TTNtv presence/
absence as predictors and left ventricular mass indexed by BSA (LVMIi) as outcome,
was performed to determine the association between LVEDVi and LVMi in patients
with and without a TTNtw.

Additionally, in TTNtv(+) patients Spearman correlation analysis was performed
between the location of the TTNtv and left ventricular ejection fraction (LVEF), LV
GLS, left atrial volume indexed by BSA (LAVi), and LA reservoir, conduit and booster
strain. The before-mentioned downstream analysis were performed after missing data
(<2% per variable) was imputed using multiple imputations by chained equations with
predictive mean matching (MICE-Package in R). A p-value < 0.05 was considered
statistically significant. All statistical analysis were performed using RStudio V4.0.4.

RESULTS

In total, 417 patients were included in current study of which 42 (10%) were TTNtv(+)
(all observed LPP mutations are provided in Supplemental table 3). Time between
outpatient clinic visit and CMR was 35 days [interquartile range 18-70]. The median
LVEF was 38% [26;46], 38% were female, the median age was 55years [45;62].
Clinical characteristics and CMR parameters for TTNtv(+) and TTNtv(-) patients
are provided in Table 1. In summary, there were no differences in clinical character-
istics, medical history or medication use. TTNtv(+) patients had a significant lower
LVEF at baseline (31%[21;39] versus 39%[27;47]; p=0.003), and a worse LV GLS
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(-11%][-9;-15] versus -15%][-11;-18]; p=0.001). In addition, the RV GLS was signifi-
cantly worse in TTNtv(+) patients (-22%]-18;-25] versus -25%[-20;-28]; p=0.003).

Additionally, LAVi was significantly larger in TTNtv(+) patients (31ml/m?[23;64]
versus 24ml/m?[18;36]; p<0.001), and the LA strain measures were worse (LA res-
ervoir 24%[10;29] versus 28%[19;34], p<0.001; conduit 9%[5;16] versus 12%[7;18],
p=0.063; booster strain 9%[4;14] versus 14%[10;17], p<0.001).

No significant difference in LVEDVi was observed (131mLm™2[110;154] versus
120mLm™2[99;147], respectively; p=0.069), while the regression slope of LVMi~LVED-
Vi (LVMi increase per ImLm™ increase in LVEDVi) in TTNtv(+) (0.16g/m?, 95%-
CI.0.05-0.27) is reduced (p=0.010) compared to TTNtv(-) (0.31g/m?, 95%-CI:0.28-
0.34) (Figure 1).

175
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25
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Figure 1. Association of LVEDVi and LVMI in TTNtv(+) and TTNtv(-) patients. The regression
slope of LVUMi~LVEDVi (LVMi increase perl mLm-2 increase in LVEDV]) in TTNtv(+) (0.16 gm-2,
95%-Cl: 0.05-0.27) is reduced (P=0.010) compared to TTNtv(-) patients (0.31 gm-2, 95%-ClI:
0.28-0.34) based on the multivariable regression model.
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Positional effects of TTNtv on atrial function

It was previously suggested that the exact location of the truncating variant had an
influence on the systolic cardiac function '2, which could not be replicated in a larger
cohort *. On univariable analysis, no significant correlation between TTNtv loca-
tion and morphology and LA function (i.e., LAVi, LA reservoir, conduit and booster
strain) was observed in the current study. Additionally, no significant correlation
between TTNtv location and LVEF or LV GLS was observed (Figure 2).
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Figure 2. Association of LA and LV function and location of the truncating variant. On uni-
variable analysis of TTNtv and LA conduit, reservoir, booster, LAVi, LVEF, and LV GLS, there
were no significant correlations between location of the truncating variant and the LA and
LV parameters.

Computational modeling

The changes in LA and LV pressure, volume, and strain from the reference simulation
to various LV substrates underlying LV dilation in TTNtv(+) are shown in Figure 3.
In brief, if LV contractile dysfunction underlies LV dilation more than eccentric hy-
pertrophy (shown in yellow in Figure 3), LVEDP increases. This increase in LVEDP
was accompanied by an increase in LAV and a decrease in LA reservoir and booster

strain. Whereas LAV in the simulation (115mL) was comparable to clinically observed
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values (TTNtv(+) 121mL[96;151]), simulated LA reservoir (10%) and booster strain
(5%) were at the lower range of the clinically observed values (24%[10;29], 9%[4;14],
respectively). However, this was accompanied by non-physiologically elevated dias-
tolic pressures (>40mmHg), especially given the ambulant non-acute setting of the
current population. The same was observed in simulations of various LV substrates
underlying LV dilation in TTNtv(-) (Supplemental figure 2).
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Figure 3. Simulations of LV and LA function in TTNtv(+) with varying potential LV substrates
underlying LV dilation. For the reference model (gray lines), normal values were based on
recently published peer-reviewed pooled data . Various LV substrates underlying LV dilation
in TTNtv(+) were simulated with only LV eccentric hypertrophy (blue lines), only LV contractile
dysfunction (yellow lines), and a combination of both (red lines). The severity of the LV sub-
strates was set so that LVEDV and LVEF were equal to the clinically median values observed
in the TTNtv(+) patients (Table 1). Overall, LV contractile dysfunction was accompanied by
an increase in LVEDP, LA dilation, and reduced LA reservoir and booster strain. AV = aortic
valve; C = closure; MV = mitral valve; O = opening; other abbreviations as in Table 1.
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Method
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Figure 4. Comparison between LA and LV function in TTNtv(+) and TTNtv(-) in the absence
and presence of LA eccentric hypertrophy. LA eccentric hypertrophy induced LA dilation and
reduced LA reservoir and booster strain, regardless of LV function. Both LV and LA dysfunc-
tion were required to reproduce the clinical observations in TTNtv(+) and TTNtv(-) patients.
The TTNtv(+) were characterized by a more severe LV and LA substrate as compared to the
TTNtv(-) simulations. AV = aortic valve; C = closure; MV = mitral valve; O = opening; other
abbreviations as in Table 1.

Figure 4 compares LA and LV pressure, volume, and strain between TTNtv(+) and
TTNtv(-) simulations using the combined presence of LV eccentric hypertrophy and
LV contractile dysfunction as reference (red models shown in figure 3 & supplemen-
tal figure 2) in the presence or absence of LA eccentric hypertrophy. In general, LV
and LA dysfunction are more severe in TTNtv(+) as compared to TTNtv(-), regardless
of the substrate (eccentric hypertrophy and/or contractile dysfunction) underlying
LV dilation in DCM (Supplemental Figure 3 & Figure 4).
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DISCUSSION

This is the first study describing CMR-assessed LA function in association with a
TTNtv genotype in DCM patients. We observed in our patient cohort and subsequent
computational modeling that 1) TTNtv(+) patients have more severe LA dysfunction
- reflected by a higher LAVI and worse LA reservoir and booster strain - compared
to TTNtv(-); 2) while the observed LV dysfunction partially explains the observed
LA dysfunction, both intrinsic LV and LA dysfunction are likely present in TTNtv(+)
and TTNtv(-) patients.

Left ventricular function in titin cardiomyopathy

Titin plays a key role in the mechanotransducive response of the cardiomyocyte and
regulation of cardiac hypertrophy. Hypertrophy is an adaptive response to excessive
stress on the heart *°. Signaling via the mammalian target of rapamycin (mTOR)
is an important pathway that can modulate this hypertrophic response. However,
TTNtv(+) rats have already elevated mTOR signaling at baseline which is not further
elevated under stress, implicating a blunted hypertrophy response during disease *.
Additionally, a recent study showed sarcomeric deficiency in TTNtv(+) patients ..
The blunted hypertrophic response, combined with titin haploinsufficiency and sar-
comere deficiency, likely contribute to alower LV mass to LVEDV ratio in TTNtv as
observed in current and previous studies >*.

Computational modeling demonstrates that if LV contractile dysfunction under-
lies LV dilation more than eccentric hypertrophy, LA function decreases (Figure 3).
To compensate for LV contractile dysfunction, LV end-diastolic sarcomere stretch is
increased (Frank-Starling mechanism) at the expense of increased LVEDP, leading
to increased stress on the atrial tissue. While the modeling hypothesizes that the dif-
ference in LA strain and volume between TTNtv(+) and TTNtv(-) potentially arises
from more severe LV contractile dysfunction in TTNtv(+), the clinically observed
LA dilation in both patient groups cannot be solely explained by LV contractile dys-
function (nor by LV eccentric hypertrophy), especially given the observation that
severe contractile dysfunction is accompanied by non-physiologically elevated dias-
tolic pressures (>40mmHg). This suggests the presence of an additional intrinsic LA
substrate in both TTNtv(+) and TTNtv(-) patients.
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Left atrial function in titin cardiomyopathy

Titin is an important structural protein in the cardiomyocyte which determines the
passive stiffness and contractile capacity of the cardiomyocyte. The molecular con-
sequences of a TTNtv not only affect the LV but also the cardiomyocytes of other
compartments of the myocardium such as the LA, as also suggested by the current
study. While computational modeling does not allow to draw definite conclusions on
causality, previous studies have shown a causal relationship between elevated LVEDP,
LA remodeling, and reduced LA strain values ***. Causality and whether LV dys-
function precedes LA dysfunction or vice versa in DCM patients with and without a
TTNtv remains to be determined in prospective multi-center cohort studies.

One of the first TTN cohort studies suggested an association between the exact
location of the truncating variant in TTN and the level of LV myocardial dysfunction
12, Recent reports showed the presence of a truncated TTN protein in the heart tissue,
suggesting that the exact location of truncation will be of importance for the length
of the TTN protein ****. Different pathophysiological effects of specific truncating
variants could suggest that they impact the LV and LA function in a variety of severity.
In our study, we did not find an association between the location of the TTNtv and
LV or LA function.

Clinical implications and future directions

This study provides insights into the LA function in TTNtv(+) compared to TTNtv(-),
highlighting LA myocardial dysfunction as a potential phenotype in DCM. We recent-
ly showed that abnormal LA function is independently associated with prognosis in
symptomatic DCM patients (Raafs et al. 2022, accepted). The prognostic value strat-
ified for the presence or absence of TTNtv requires large-scale multi-center studies
in symptomatic DCM patients.

In asymptomatic TTNtv carriers, periodically screening is recommended by cur-
rent guidelines to assess cardiac function ***¥. In clinical practice, the cardiologist is
mainly guided by LVEF to determine follow-up for asymptomatic carriers. We previ-
ously showed that LV GLS is a more sensitive marker for systolic function in relatives
of patients with DCM 2, which also was an early predictor of LVEF deterioration. It
could be hypothesized that abnormal LA function reveals LV myocardial dysfunction
and could be used as a marker for early disease. Additional markers might potentially
improve risk prediction and the follow-up policy of (asymptomatic) TTNtv carriers.
Whether LA functional indices provide additional prognostic information besides

LV myocardial function in relatives of patients with DCM should be explored further.
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For this purpose, computational modeling can be a viable tool for the identification
of potential functional markers as it enables independent simulation of a wide vari-
ety of LV and LA myocardial dysfunction severities, which is not possible in animal

models or in humans.

Study limitations

The single-center design could induce referral bias. Moreover, due to the cross-sec-
tional design of our study, no conclusions can be drawn on causality. As a result, future
longitudinal studies are needed to replicate and validate our findings. Additionally,
in the computational modeling, titin was not explicitly modeled but the associated
pathophysiological changes associated with TTNtv(+) and TTNtv(-) patients were
simplified to well-known LV- and LA-dysfunction indices. Additionally, no LV di-
astolic pressures were available at the moment of CMR. Nonetheless, to the best
of our knowledge, this is the first study describing CMR assessed LA function in
association with a TTNtv genotype in DCM patients, and the first study that aimed
to demonstrate the mechanisms underlying abnormal LA function in DCM using

computational modeling.

CONCLUSION

DCM patients with a TTNtv are likely to have more severe LA myocardial dysfunction
compared to DCM patients without a TTNtv. Imaging-based computational mod-
eling simulations suggest that while reduced LV systolic function in DCM patients
with a TTNtv contributes to LA myocardial dysfunction, both intrinsic LV and LA
myocardial dysfunction are likely present in DCM patients with and without a TTNtv.
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SUPPLEMTENTARY INFORMATION - Supplemental methods

The content of this section is based on previously published material from Lumens, J.,
Delhaas, T., Kirn, B., & Arts, T. (2009). Three-wall segment (TriSeg) model describing
mechanics and hemodynamics of ventricular interaction. Annals of biomedical engi-
neering, 37(11), 2234-2255 * and Walmsley ], Arts T, Derval N, Bordachar B, Cochet
H, Ploux S, et al (2015) Fast Simulation of Mechanical Heterogeneity in the Electrically
Asynchronous Heart Using the MultiPatch Module. PLoS Comput Biol 11(7):e1004284".

Flow across the systemic- and pulmonary circulation

The CircAdapt model consists of a four-chamber heart connected to a closed-loop
cardiovascular system, with lumped systemic- and pulmonary circulations. The sys-
temic circulation is modeled as a vascular resistance connecting the aorta with the
systemic veins. In CircAdapt, both the arterial and venous pressures vary with time,
and the pressure difference between the arteries and veins determines the flow across
the circulation at any point in time, t. The time-dependent flow across the systemic
circulation g,,() is assumed to relate with time-dependent pressure drop Ap,,(?) as,

Asysref
Qsys @) = < Sl > Apsys ® (1]
Apsys,re f

where g ,.ris the reference circulation blood flow and Agy.rthe corresponding ref-
erence systemic pressure drop. Apy(t) = pysart) = Peysven(t) is the difference between
the pressure in the systemic arterie s(p;.(f)) and the systemic veins (py,..(t)) at each

time point. By Ohm’s law, quyyff is the resistance of the systemic vasculature. In the

CircAdapt model, g ..r is always held constant, but Ap,,.scan be changed between
cardiac cycles in the homeostatic pressure-flow regulation system as described below.
Hence, changing Ap,,,r changes the systemic resistance in CircAdapt. Intuitively,
Apyysrr can be seen as the pressure difference between the systemic arteries and veins
that would be required to generate a constant systemic flow of gy, .;. The relationship

for the pulmonary circulation is similar to Equation 1,

Apuimref
qulm(t) = <A p;t e >Ap12;ulm(t) [2]
ppulm,ref
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where Gpuim s is the reference pulmonary circulating blood flow and Ap,,.r is the
corresponding pulmonary pressure drop. A description of the systemic- and pulmo-
nary circulation models, including the pressure-volume relationship in the major

arteries and veins, is provided by Arts et al ».

Homeostatic pressure-flow regulation

In CircAdapt, homeostatic pressure-flow regulation is used to maintain a target for-
ward systemic arterial flow (g sarger » i-€., cardiac output) and target mean systemic
arterial pressure (py . i.e., mean arterial pressure). Homeostatic pressure-flow reg-
ulation represents two physiological processes. Acutely, it represents the recruitment
of pooled blood in the venous system into the circulating blood volume. In the longer
term, it represents the long-term action of the renin-angiotensin-aldosterone system
(RAAS) on fluid retention to maintain cardiac output.

When pressure-flow regulation is enabled, CircAdapt adapts the ratio between the
current mean systemic arterial pressure (pgs.cur = Pysar(t)) and the target mean arterial
pressure at the end of each cardiac cycle. This ratio is then used to incrementally adapt
the systemic vascular resistance through changes in Ap,,.; (Equation 1) after each

cardiac cycle, until the ratio has converged to one, using:

a
psys,target) < qsys,cur

Psys,cur

a
Apsys,ref = < ) Apsys,ref (3]

QSys,target

where g, is the current mean systemic arterial flow and o the damping factor which
prevent oscillatory behaviour during convergence. As observed from Equation 3,
systemic vascular resistance will increase when current mean systemic arterial pres-
sure is too low and decrease when current mean systemic flow is too low. Note that
pulmonary vascular resistance is unaffected by homeostatic pressure-flow regulation.

To represent RAAS and/or recruitment of pooled venous blood, the circulating
blood volume alters with the systemic vascular resistance. These processes are im-
plemented by incremental adaptation of volume from the systemic vascular bed per
cardiac cycle, i.e., altering the flow over the systolic vascular resistance. The flow across
the systemic circulation gy .(f) is calculated at each time point ¢ in the cardiac cycle
using Equation 1. The flow entering the systemic veins gy,..(f) at each time point
is then adapted, so that
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a

DPsys,t t

QSys,ven(t) = <—;ys e ) Qsys,art ). (4]
sys,cur

As observed from Equation 4, circulating blood volume will increase when the cur-
rent mean systemic arterial pressure is too low and decrease when too high, repre-

senting the process of fluid retention and excretion through RAAS, respectively.

Sarcomere contraction model

In CircAdapt, a simplified ventricular geometry is used, where cardiac walls are rep-
resented by thick-walled spherical shells consisting of myofibers. The TriSeg module
allows for interventricular interaction by coupling the left (LV) and right ventricular
(RV) walls through the interventricular septum. Walls can be subdivided into patch-
es using the MultiPatch module, which enables heterogeneity of myocardial tissue
properties within the walls. The contraction model implemented in CircAdapt is a
three-element Hill muscle model dividing active- and passive fibre stress components.
The active fibre stress arises from myofibre contraction, whereas the passive fibre stress
arises from soft tissue deformation of the myocardium. This fibre description aims
to reproduce basic properties of the length-dependent activation in cardiac tissue.

The current myofibre strain is used to compute the sarcomere length in the model. In
CircAdapt, natural myofibre strain (¢/(¢)) in a patch at each time point ¢ is defined as,

Ls(t)
Ls,re f

&(t) =In

where L(t) is the time-dependent total sarcomere length, and L, is the reference
sarcomere length of 2.0 ym. From the strain we can therefore calculate the sarcomere

length as,

Lg(t) = Lgyer €Xp (sf (t)). (6]
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Active fibre stress is described by a modified Hill muscle model controlled by two
state-variables, the time-dependent intrinsic sarcomere length L(¢) and the contrac-
tility C(¢). The governing equation for L(t) is

dLg; Lg(t) — Lg; (t
si :Umax( s() SL( )_1>’ 7]

dt

Lse,iso

where Ly, — Lg(t) is the time-dependent length of the series elastic element in the
Hill muscle model, and L, is the length of the series element during isovolumic
contraction. The length of the series elastic element represents the deformation of the
sarcomere due to stretch of cross bridges under mechanical load during contraction.

Contractility is a phenomenological state-variable representing the density of
cross-bridge formation within the fibres in the current patch. The contractility is

determined by the following differential equation,

ac _
dt Tris

CL (LSl (t))Frlse t) ——— C(t) g(X) [8]

where 7, and Ty as time-constants at which cross-bridges are being formed and
decayed, C;(L(t)) the increase in cross-bridge affinity with intrinsic sarcomere length
due to an increase in available binding sites, F,;.(f) a phenomenological representation
of the rate of cross-bridge formation, and g(X) approximates the tanh(X) using a sine
curve to describe the exponential decay of contractility depending on the sarcomere
extension.

We use the following equations to convert contractility and sarcomere length into

actively generated fibre stress oy,.(t) within a patch,

9 act(t) = SfAct (C(t) (Lsz (t) — L ref) Lse(t)) [9]

Lse Lso

where SFAct is the active stress scaling parameter and Ly, (t)/L;, is the extension of
the series elastic element. Hence, the actively generated fibre stress is determined by

the stretching of the myosin heads in response to sarcomere shortening multiplied
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by the number of cross bridges formed, which is the contractility multiplied by the
sarcomere extension from reference (i.e., C(Li(t) — L))

Passive deformation of the soft tissue making up the myocardium will also generate
stress within the walls, 0,,,(¢). In CircAdapt, this is considered to be a passive stress
in the fibres in each patch. This contains two components, the stress arising from the
extracellular matrix surrounding the myocytes (0;zcu(t)), and the stress arising from
the myocytes themselves due to internal structures such as titin anchoring to the Z

disc (o;rrn(t)). Hence,

0f pas(t) = 05 gcm (t) + 05 rrn (T)- (10]

Extracellular matrix stress ozgcy(t) is modelled as being stiffer than the contribution

due to cellular structures such as titin,

kgcm
o gcm(t) = SfPas ((Ls—(t)> - 1), (11]

Lso,pas

where SfPas is the scaling parameter for passive stress development, Ly, the ze-
ro-passive stress sarcomere length, and kgcy the degree of non-linearity of the passive
fibre stress-strain relationship of the extracellular matrix. Passive fibre stress in the
patch due to cellular structures such as titin is modelled as being softer than the ex-

tracellular matrix, and is governed by the following equation

krTn
Uf,TTN(t) = SfAct ((LS—(t)> - 1), [12]

Lso,pas ®)

where k;pyis the degree of non-linearity of the passive fibre stress-strain relationship
of the cellular structures. Using Equations 9 and 10 we then arrive at the following

expression for fibre stress within a patch,
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Of ) = Of act () + Of pas (t)- (13]

Conservation of energy

In CircAdapt, total fibre stress oy(t) and fibre strain oy(¢) are related to wall tension
T(t) and wall area A, ,(t) through the conservation of energy law. Due to the trans-
mural averaging assumption in CircAdapt, changes in fibre stress and strain within
a patch must correspond to changes in wall tension and area throughout the volume
of that patch,

d&‘f
dAway’

T(t) = Vwauoy(t)

where V., is the myocardial wall volume of the patch. From the relation between

fibre stress and wall area, it follows that

g (t) = %ln (AL”(O) [15]

Awall,ref

where A, is the wall area at zero-strain (i.e., when sarcomere length is 2.0 um).

Tension in a patch is a function of its volume, fibre stress and area by

_ Vwau 95
T(t) T2 Awau(t)’ el

Simulating eccentric hypertrophy

In this study, eccentric hypertrophy represents cavity dilation that is not due to loss of
contractile function, but rather due to adaptation of the myocardium. In CircAdapt,
eccentric hypertrophy is simulated by simultaneously increasing patch wall volume
V.wan (Equation 14) and patch reference wall area A,.;,.,(Equation 15). Since LV wall
mass was measured in the patient population, V. can be directly estimated by assum-

ing a myocardial density of 1.055 g/mL*. Hence, A,..fis the only degree of freedom
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in simulating eccentric hypertrophy. The LV pressure-volume loops in Supplemental
methods supporting Figure 1A demonstrate LV dilation by gradual increase of LV
eccentric hypertrophy (i.e., increasing A,..; while keeping V. fixed). For the ref-
erence model, normal values were based on recently published peer-reviewed pooled
data '. Note that increasing A, .; relative to V.. reduces LV end-diastolic pressure

(LVEDP) as sarcomere strain is decreased (Equation 15).

(A) LV eccentric hypertrophy (B) LV contractile function
140 140
== 100% == 100%
5 120 = 115% 120 = 90%
I % %
= 100 — 130% 100 — 80%
E
o 80 80
2 60 60
[}
(S
o 40 40 "
> V EDP
- 20 . 20 .
o SCS v . LV EDP
0 50 100 150 200 250 0 50 100 150 200 250
LV volume (mL) LV volume (mL)

Supplemental methods supporting Figure 1. LV pressure-volume relations demonstrating
LV dilation by (A) LV eccentric hypertrophy and by (B) LV contractile dysfunction. For the
reference model, normal values were based on recently published peer-reviewed pooled
data . LV = left ventricle/ventricular; EDP = end-diastolic pressure. Note that, if homeostatic
pressure-flow regulation is enabled, increasing LV eccentric hypertrophy decreases LVEDP,
whereas decreasing LV contractile function increases LVEDP. Hemodynamics were stabilized
by homeostatic pressure-flow regulation.

Simulating contractile dysfunction

Contractile dysfunction represents cavity dilation that is due to intrinsic failure of
the contractile apparatus, rather than adaptation of the myocardium. In CircAdapt,
the MultiPatch module allows for myocardial walls subdivision and assignment of
different tissue behaviour under the assumption that tension is the same for both
patches (2). To simulate contractile dysfunction, the active stress scaling parameters
SFAct (Equations 9 and 12) is set to 0, resulting in the fibre stress of that patch to be
fully described by Equation 10. As previously published *!, the degree of contractile
dysfunction can be simulated by increasing the volume fraction of the non-contrac-
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tile compartment relative to the total patch wall volume. The LV pressure-volume
loops in Supplemental methods supporting Figure 1B demonstrate LV dilation by
gradual decrease of LV contractile function (i.e., increasing non-contractile volume
fraction in the LV free wall and interventricular septum). Note that, if homeostatic
pressure-flow regulation is enabled, increasing the non-contractile volume fraction
drastically increases LVEDP as sarcomere strain is increased to compensate for the

loss of intrinsic contractile function (i.e., Frank-Starling mechanism).
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Supplemental Tables

Table S1. Overview of all 47 genes used in the Maastricht Cardiomyopathy gene-panel

HGNC.ID REFSEQ.transcript HGNC.symbol HGNC.Name
1 HGNC:143 NM_005159.4 ACTC1 Actin, alpha, cardiac muscle 1
2 HGNC:164 NM_001103.2 ACTN2 Actinin alpha 2
3 HGNC:15819 NM_014391.2 ANKRD1 Ankyrin repeat domain 1
4 HGNC:939 NM_004281.3 BAG3 BCL2 associated athanogene 3
5 HGNC:20407 NM_145046.4 CALR3 Calreticulin 3
6 HGNC:1529 NM_033337.2 CAV3 Caveolin 3
7 HGNC:2389 NM_001885.1 CRYAB Crystallin alpha B
8 HGNC:2472 NM_003476.2 CSRP3 Cysteine and glycine rich protein 3
9 HGNC:25M NM_001127384.1 CTNNA3 Catenin alpha 3
10 HGNC:2770 NM_001927.3 DES Desmin
1 HGNC:3036 NM_004949.3 DSC2 Desmocollin 2
12 HGNC:3049 NM_001943.3 DSG2 Desmoglein 2
13 HGNC:3052 NM_004415.2 DSP Desmoplakin
14 HGNC:3331 NM_000117.2 EMD Emerin
15 HGNC:3702 NM_001159702.2 FHL1 Four and a half LIM domains 1
16 HGNC:4296 NM_000169.2 GLA Galactosidase alpha
17 HGNC:14202 NM_020433.4 JPH2 Junctophilin 2
18  HGNC:6207 NM_021991.2 JUP Junction plakoglobin
19 HGNC:6484 NM_002290.3 LAMA4 Laminin subunit alpha 4
20 HGNC:6501 NM_001122606.1 LAMP2 Lysosomal associated membrane protein 2
21 HGNC:15710 NM_007078.2 LDB3 LIM domain binding 3
22 HGNC:6636 NM_170707.2 LMNA Lamin A/C
23 HGNC:21086 NM_020774.3 MIB1 Mindbomb E3 ubiquitin protein ligase 1
24 HGNC:7551 NM_000256.3 MYBPC3 Myosin binding protein C, cardiac
25 HGNC:7576 NM_002471.3 MYH6 Myosin heavy chain 6
26 HGNC:7577 NM_000257.2 MYH7 Myosin heavy chain 7
27 HGNC:7583 NM_000432.3 MYL2 Myosin light chain 2
28 HGNC:7584 NM_000258.2 MYL3 Myosin light chain 3
29 HGNC:1330 NM_016599.4 MYOZ2 Myozenin 2
30 HGNC:23246 NM_032578.3 MYPN Myopalladin
31 HGNC:29557 NM_144573.3 NEXN Nexilin F-actin binding protein
32 HGNC:9024 NM_004572.3 PKP2 Plakophilin 2
33 HGNC:9080 NM_002667.3 PLN Phospholamban
34 HGNC:14000 NM_022114.2 PRDM16 PR/SET domain 16
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Table S1. Overview of all 47 genes used in the Maastricht Cardiomyopathy gene-panel

(Continued)
HGNC.ID REFSEQ.transcript HGNC.symbol HGNC.Name

35 HGNC:9386 NM_016203.3 PRKAG2 Protein kinase AMP-activated non-
catalytic subunit gamma 2

36 HGNC:27424 NM_0011343.1 RBM20 RNA binding motif protein 20

37 HGNC:10593 NM_001099404.1 SCN5A Sodium voltage-gated channel alpha
subunit 5

38 HGNC:11577 NM_000116.3 TAZ Tafazzin

39 HGNC:11610 NM_003673.3 TCAP Titin-cap

40 HGNC:28472 NM_024334.2 TMEM43 Transmembrane protein 43

41 HGNC:11943 NM_003280.2 TNNC1 Troponin C1, slow skeletal and cardiac
type

42  HGNC:11947 NM_000363.4 TNNI3 Troponin I3, cardiac type

43  HGNC:11949 NM_001001430.1 TNNT2 Troponin T2, cardiac type

44 HGNC:12010 NM_000366.5 TPM1 Tropomyosin 1

45 HGNC:12403 NM_001267550.1 TN Titin

46  HGNC:12405 NM_000371.3 TTR Transthyretin

47  HGNC:12665 NM_014000.2 VCL Vinculin

Supplemental table 2. Inter- and intra-observer variability of strain parameters

Interobserver variability

Intraobserver variability

ICC (95% ClI) p-value ICC (95% CI) p-value
Left ventricular GLS (%)  0.94 (0.86-0.98) <0.001 0.92 (0.82-0.97) <0.001
Left atrial reservoir (%) 0.97 (0.92-0.98) <0.001 0.90 (0.76-0.96) <0.001
Left atrial conduit (%) 0.96 (0.89-0.98) <0.001 0.96 (0.89-0.98) <0.001
Left atrial booster (%) 0.89 (0.75-0.96) <0.001 0.88(0.73-0.95) <0.001

ICC= intraclass correlation coefficients; Cl=confidence interval, GLS=global longitudinal strain

Supplemental table 3. Overview of (likely) pathogenic genetic mutations in study
population. Subjects included in the TTNtv group are shown in bold.

Gene mutation Number
BAG Cochaperone 3 (BAG3) 1
Desmoplakin (DSP) 3
Filamin-C (FLNC) 2

Lamin A/C (LMNA) 10
Myosin binding protein C (MYBPC3) 3
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Supplemental table 3. Overview of (likely) pathogenic genetic mutations in study
population. Subjects included in the TTNtv group are shown in bold. (Continued)

Gene mutation Number
Myosin heavy chain 7 (MYH7) 5
Nexilin F-actin-binding protein (NEXN) 1
Phospholamban (PLN) 3
RNA-binding motif protein 20 (RBM20) 4
Sodium voltage-gated channel, alpha subunit 5 (SCN5A) 1
Troponin C1(TNNC1) 1
Troponin T2 (TNNT2) 3
Tropomyosin 1 (TPM1) 2
Titin (TTN) 41
Titin + Lamin A/C (TTN + LMNA) 1
Transthyretin (TTR) 1
Total 82
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Supplemental Figures

DCM patients with CMR available for offline analysis

N= 551
Exclusion:
n = 82 no genetic testing
A 4
DCM patients with CMR and genetic testing
N =469
Exclusion:
n = 52 atrial fibrillation
A 4

Final study population
N =417

Supplemental Figure 1. Flowchart of the study population. DCM = dilated cardiomyopathy;
CMR = cardiac magnetic resonance. N=52 subjects with AF were excluded from the final
analysis (This included 6 subjects with a TTNtv and 46 subjects without a TTNtv; p=0.81).
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Method
Potential LV substrates underlying LV dilation in TTNtv(-)
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Supplemental Figure 2. Simulations of LV and LA function in TTNtv(-) with varying po-
tential LV substrates underlying LV dilation. For the reference model (gray lines), normal
values were based on recently published peer-reviewed pooled data ™. Various LV substrates
underlying LV dilation in TTNtv(+) were simulated with only LV eccentric hypertrophy (blue
lines), only LV contractile dysfunction (yellow lines), and a combination of both (red lines).
The severity of the LV substrates was set so that LVEDV and LVEF were equal to the clinically
median values observed in the TTNtv(-) patients (Table 1). As compared to the TTNtv(+) sim-
ulations (Figure 3), the underlying LV substrates are less severe, which results in less LVEDP
increase and better LVGLS, LA reservoir, and booster strain.
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Supplemental Figure 3. Comparison between LA and LV function in TTNtv(+) and TTNtv(-)

as simulated by LV eccentric hypertrophy only (blue model shown in Figure 3 & Supplemen-

tal Figure 2) and in the absence and presence of LA eccentric hypertrophy. As compared

to the simulation with both LV eccentric hypertrophy and LV contractile dysfunction (Figure

4), simulations of only LV eccentric hypertrophy (current figure) did not lead to increased

LVEDP and did not result in similar LA strain values as observed in Figure 4, while LAV was

equally increased. AV = aortic valve; C = closure; MV = mitral valve; O = opening; other ab-

breviations as in Table 1.

75



Chapter 3

Method
4 N/ )
LV eccentric hypertrophy  100% 100% 100% 100%
LV contractile function  60% 60% 70% 70%
\I.A eccentric hypertrophy  100% 105% / \ 100% 102% )
Results: LV and LA pressure-volume relationship
?D T T T T T
Taor ' 1 40f
£
L20r 1 20f
3
a
[
F i 1 i . i 0
50 100 150 200 250 300 0 50 100
LV volume (mL) LA volume (mL)
Results: LA and LV strain
AVO AVC MVO MvC AVO AVC MVO mMvc AVO AVC MVO MvC AVO AVC MVO Mvc
T 40 40 40 40
£
c 20 20 20 20
i —
< o0 m 0 — o =N o Yy
g ox 0k 0k 0
c
£ 40 \\f 10 / 10 / 10 /
L. . _ .
n -
3 o o - /
20 i 20 20 20
0 300 600 900 0 300 600 900 0 300 600 900 0 300 600 900
time (ms) time (ms) time (ms) time (ms)

Supplemental Figure 4. Comparison between LA and LV function in TTNtv(+) and TTNtv(-

) as simulated by LV contractile dysfunction only (yellow model shown in Figure 3 for

TTNtv(+) & Supplemental Figure 2 for TTN) and in the absence and presence of LA eccen-

tric hypertrophy. As compared to the simulation with both LV eccentric hypertrophy and

LV contractile dysfunction (Figure 4), simulations of only LV contractile dysfunction (current

figure) drastically increased LVEDP and resulted in worse LA strain values, while LAV was

equally increased. AV = qortic valve; C = closure; MV = mitral valve; O = opening; other ab-

breviations as in Table 1.
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Chapter 4

ABSTRACT

Aims: Inter-atrial block (IAB) has been associated with supraventricular arrhythmias
and stroke, and even with sudden cardiac death (SCD) in the general population.
Whether IAB is associated with life-threatening arrhythmias (LTA) and SCD in di-
lated cardiomyopathy (DCM) remains unknown. This study aimed to determine the
association between IAB and LTA in ambulant DCM patients.

Methods and results: A derivation cohort (Maastricht Dilated Cardiomyopathy
registry;N=469) and an external validation cohort (Utrecht Cardiomyopathy Co-
hort;N=321) were used for this study. The presence of IAB (P-wave duration>120ms)
or atrial fibrillation (AF) was determined using digital calipers by physicians blinded
to the study data. In the derivation cohort, IAB and AF were present in 291 (62%),
and 70 (15%) DCM patients, respectively. LTA (defined as SCD, justified ICD-shock
or anti-tachypacing, or hemodynamic unstable ventricular fibrillation/tachycardia)
occurred in 49 patients (3 No IAB, 35 IAB, and 11 AF patients, respectively; median
follow-up 4.4years [2.1;7.4]). The LTA-free survival distribution significantly differed
between IAB or AF vs No IAB (both P<0.01), but not between IAB vs AF (P=0.999).
This association remained statistically significant in the multivariable model (IAB:
HR4.8 (1.4-16.1), P=0.013; AF: HR6.4 (1.7-24.0), P=0.007). In the external validation
cohort, the survival distribution was also significantly worse for IAB or AF vs No IAB
(P=0.037; P=0.005), but not for IAB vs AF (P=0.836).

Conclusion: IAB is an easy to assess, widely applicable marker associated with LTA

in DCM. IAB and AF seem to confer similar risk of LTA. Further research on IAB in
DCM, and on the management of IAB in DCM is warranted.
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INTRODUCTION

Dilated cardiomyopathy (DCM) is a heart disease characterized by systolic dysfunc-
tion which cannot be explained by coronary artery disease or abnormal loading con-
ditions'. The disease is present in up to 1:250 - mainly young - individuals and is
accompanied by an increased risk of life-threatening arrhythmias (LTAs) and sudden
cardiac death (SCD)**. Current guidelines recommend left ventricular ejection frac-
tion (LVEF) based algorithms to select patients that may benefit from an implantable
cardioverter-defibrillator (ICD) to prevent SCD>**. Unfortunately, it's now known
that LVEF based risk-stratification is inadequate in predicting SCD, resulting in the
need for novel prognostic markers in this field *.

Previous studies related to this topic often include promising, though not widely
available markers, including CMR-derived indexes*®. While such studies will likely
help to unravel underlying pathophysiological mechanisms and optimize risk-strat-
ification in these patients, an ideal prognostic marker should also be easy to assess,
widely available and preferably inexpensive to ensure clinical utility”.

The electrocardiogram is a well-known, inexpensive, and widely available tool.
Remarkably, while an electrocardiographic assessed P-wave duration of >120ms —
known as Inter-Atrial Block (IAB) - has already been associated with supraventricular

arrhythmias, cardiovascular and all-cause mortality *'°

,and even LTA in the general
population', the association between IAB and LTA in DCM remains unknown. Here,
we aimed to determine the value of IAB to predict LTA in ambulant DCM patients

using two independent cardiomyopathy cohorts.

METHODS

A total of 469 ambulant DCM patients prospectively enrolled in the Maastricht Di-
lated Cardiomyopathy Registry between 01-2004 and 07-2017 were included in the
derivation cohort (Figure.1), and 321 patients in the Utrecht cardiomyopathy registry
(UNRAVEL)™,

All patients underwent a physical examination, echocardiogram, and a 12-lead
electrocardiogram at baseline at the outpatient clinic as part of routine clinical care.
Inclusion criteria for this study were: (i) DCM defined as a LVEF <50% with an
indexed left ventricular end-diastolic diameter (LVEDDI) >33 mm/m2 (males) or

>32mm/m?2 (females) measured by echocardiography; or a hypokinetic non-dilat-
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ed cardiomyopathy (HNDC) defined as LVEF <50% with an LVEDDI < 33 mm/m2
(males) or<32mm/m?2 (females) measured by echocardiography, as previously de-
scribed'?;(ii) 218 years of age; and (iii) written informed consent. Exclusion criteria
for this study were: (i) a medical history of myocardial infarction or significant cor-
onary artery disease; (ii) primary valvular, hypertensive or congenital heart disease;
(iii) concentric hypertrophic (relative wall thickness >0.42 and LVMI>115 in males
or LVMI>95 in females), restrictive, or peripartum cardiomyopathy or arrhythmo-
genic right ventricular dysplasia; (iv) no retrospectively available ambulant ECG - of
sufficient quality to assess rhythm and/or perform ECG-analysis as described below
- within one month of the first outpatient clinic visit (baseline); (v) Paced-rhythm on
baseline ECG; and (vi) no follow-up data available (vii) (on a waiting list for) a left
ventricular assistant device (LVAD) or for heart transplantation (HTx) at baseline.
This study complies with the Declaration of Helsinki, the study protocol was approved
by the local ethics committees. Each participant of the Maastricht cohort signed
informed consent at enrolment; the participants from the UNRAVEL cohort were
included using the opt-out procedure. The UNRAVEL cohort was exempt from the
Medical Research Involving Human Subjects Act (WMO) as per judgement of the
Medical Ethics Committee (18/446 and 19/222 UMCU, the Netherlands), including
the requirement for informed consent. The data that support the findings of this study
are available from the corresponding author upon reasonable request.

l = |

A 4

Eligible for this study
N=469
No IAB I1AB
N=108 N=291

Figure 1. Patient selection for this retrospective analysis performed within the Maastricht

Excluded

No Baseline ECG available* 110
Poor ECG quality 18
Paced rhythm 35
No follow-up data available 8

Dilated Cardiomyopathy Registry. All patients presented between 2004 and 2017 at the
DCM outpatient clinic (OC) in the Maastricht University Medical Center. *Baseline ECG: ECG
closest to OC (at the latest one month before or after OC).
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ECG analysis

ECG recordings (10-second, speed 25mm/s, 12-leads, one running lead) closest to
the first DCM outpatient clinic visit were obtained retrospectively from our electronic
ECG reading systems (MUSE, GE Healthcare, Chicago, IL, USA) for this study. All
recordings were stored as PDF-files and subsequently analysed for the presence of
IAB and atrial fibrillation (AF) using digital calipers with Autocad by a physician
(H.L.M) blinded to the study data and under supervision of A.B.G. The digital cali-
pers were used across all leads of the ECGs to define the limits of the P-wave interval
(More details are provided in Figure S1). Partial IAB was defined as P-wave duration
>120ms, and advanced IAB as P-wave duration >120ms and biphasic morphology
of P-wave in leads II, IIT and aVE, as previously described'. The defined groups (No
IAB, Partial/Advanced IAB, and AF) used for the analysis were mutually exclusive.

Follow-up

Patients were included from 01-2004 until 07-2017. Information regarding the occur-
rence of study endpoints (LTA) at follow-up was retrieved from the electronic medical
records, municipal population register and/or telephone contact with general prac-
titioners. From the municipal population register information is obtained whether
a patient died (for routine clinical care purposes). If a patient died, and the cause of
death was unclear based on the information available in the electronic medical record
of our hospital, the general practitioner (or another treating physician if required)
was contacted. The primary composite endpoint was the occurrence of LTA, defined
as SCD", nonfatal ventricular fibrillation (VF), hemodynamic unstable ventricular
tachycardia (VT), or VT/VF with a justified implantable cardioverter-defibrillator
shock or anti-tachypacing (ATP). Sudden cardiac death was diagnosed if a patient
died suddenly and a potentially fatal cardiac condition was known to be present
during life and/or no obvious extra-cardiac causes have been identified by post-mor-
tem examination after sudden death and therefore an arrhythmic event is a likely
cause of death *. Time to first event was defined as the days difference between the
inclusion (first DCM outpatient clinic visit in our hospital) and the first occurrence
of the primary composite study endpoint (LTA). Follow-up information was obtained
from inclusion until January 2021. If no study-endpoint occurred until January 2021
the subjects was censored at 01-01-2021. If the subject had a follow-up of 210 years
and no event occurred during this period (and the subject was not loss to follow up),
the subject was censored 10 years after inclusion. Additionally, patients were cen-

sored if they were referred back to the general practitioner (or to another hospital)
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and no reliable information about events after referral could be obtained, when a
heart-transplantation (HTx) was performed, or when the patients received a left-ven-
tricular assist device (LVAD; N=0 LVAD/HTX in Maastricht Dilated cardiomyopathy
cohort; N=34/18 LVAD/HTx in the Utrecht Cardiomyopathy Cohort, UNRAVEL).

Statistical analysis

Normality was assessed visually using Q-Q-plots and histograms. Variables are dis-
played as mean + standard deviation, median [interquartile range] or absolute fre-
quencies (percentage) as appropriate. Comparisons between groups were performed
using chi-square tests, Fisher exact, ANOVA or Kruskal-Wallis test, as appropriate.
Correlations between P-wave duration versus left atrial enlargement and PR-length
were analysed using Spearman correlation. Time adjusted analysis was performed
using Kaplan-Meier survival analysis with log-rank test, followed by a post-hoc log-
rank test with Bonferroni correction to determine the significance of the pairwise
differences between the groups (No IAB, partial and/or advanced IAB, AF). Subse-
quently, Cox proportional hazards analysis was performed in the derivation cohort.
For the analysis in the main results, age, NT-proBNP, body mass index (BMI), heart
rate (HR), Systolic/Diastolic Blood pressure (SBP/DBP), LVEDDI, and LAVI were
dichotomized on the median value. LVEF was dichotomized on LVEF<35%, LVH was
defined as a LVMI>115 in males or >95 in females °>. QRS- and QTc-duration were
dichotomized on 120ms, and 500ms, respectively. The analyses using the continu-
ous variables instead of the dichotomized variables are shown in the supplemental
material (Figure S2 & Figure $3). All significant univariable factors associated with
the outcome were added in a model on which backward selection was performed
until all variables had a p-value of <0.05. Given the absence of a univariable signifi-
cant difference between partial IAB vs advanced IAB in the derivation cohort, these
groups were merged (defined as IAB) for downstream analysis. The above-mentioned
analyses were performed after imputation of missing data (Total 2% missing in the
Maastricht Dilated Cardiomyopathy Registry, with the most missing values for left
atrial volume index (LAVI, 19%) and NT-proBNP (14%), all other variables had less
than 7% missingness). Missing data were imputed using multiple imputations by
chained equations with predictive mean matching (MICE-Package) creating 10 im-
puted datasets; the pooling of these datasets for downstream analysis was performed
by applying Ruben’s rule. The univariable and multivariable cox proportional hazards
analysis was repeated without performing imputation (only including subjects that

had no missing data to perform the univariable or multivariable analysis) to assess
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the consistency of the findings. A p-value < 0.05 was considered statistically signifi-
cant. Subsequently, to determine whether the univariable association between IAB
and LTA could also be observed in an external ambulant DCM cohort, the before
mentioned Kaplan-Meier survival analysis was performed in the Utrecht Cardiomy-
opathy Registry (UNRAVEL)'. Additionally, to visualize the association between
P-wave duration as continuous variable and the 10-year risk of life-threatening ar-
rhythmias, P-Splines were constructed within the derivation cohort and external vali-

dation cohort separately. All statistical analyses were performed using RStudio V4.0.4.

RESULTS

In total, 469 patients were included in the derivation cohort (Figure.1), 108 (23%)
without IAB, 291 patients (62%) with IAB, and 70 patients (15%) with AE All included
subjects showed sinus rhythm (No IAB or IAB) or AF at baseline ECG. Patients with
IAB compared to patients without IAB had a significantly higher age, body mass index
(BMI), LAVI, and more often had LVH. Moreover, patients with IAB were less often
female, had a longer QRS-, QTc- and PR-duration, and had a significantly lower LVEF
compared to patients without IAB (Table 1). Patients with [AB compared to patients
with AF were significantly younger, more often female, and had a smaller LAVI (more
details are provided in Table 1). While more patients in the IAB compared to the No
IAB group received 250% of the optimal beta-blocker dosage (based on the latest
European Society of Cardioloy guidelines®; 27% and 18%, respectively) the difference
in 250% optimal beta-blocker therapy dosage was only significantly different for AF
(48%) versus IAB and No IAB after Bonferroni correction.

In total, 26 patients had an ICD at baseline without a significant difference between
the groups (6 (6%) No IAB, 15 (5%) IAB, 5 (7%) AF; P=0.808). In the No IAB and
IAB patients, the P-wave duration was moderately, though significantly, correlated
with LAVI (rho 0.23, P<0.001).

After a median follow-up of 4 [2;7] years, incident LTA (the composite primary
study-endpoint) occurred in 49 patients (N=6 SCD, N=16 Hemodynamic unstable VT/
VE N=12 justified ICD shock, N=15 justified ATP therapy; Table 2) in the derivation
cohort (3 without IAB; 35 with IAB; 11 with AE, Table 2). The clinical characteristics of
the patients that did and did not reach the primary endpoint are provided in Table 3.
Patients with incident LTA had a significantly lower LVEE, more often LVH, longer
QRS-duration, and more often a self-reported family history of DCM at baseline.
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Table 1. Baseline characteristics stratified by No interatrial block (IAB), IAB and Atrial
Fibrillation (AF) at baseline electrocardiogram.

Total No IAB IAB AF
N=469 N=108 N=291 N=70 p-value
Age, years 57 [48;64] 51[40;60]" 57 [49;63]" 63 [57;69]" < 0.001
Female, n% 165 (35%) 56 (52%)" 98 (34%)" 1(16%)" < 0.001
NYHAZIII, n (%) 53 (11%) 12 (11%) 30 (10%) 11 (16%) 0.438
Family History DCM, 61(13%) 12 (11%) 37 (13%) 12 (17%) 0.491
n (%)
NT-proBNP, pmolL” 106 [39;285] 66 [18;191] 105 [42;284]F 168 [82;375]1 < 0.001
Medical history, n (%)
HF hospitalisation 92 (20%) 20 (19%) 51(18%) 21(30%) 0.059
AF 109 (23.2%) 13 (12.0%)¢ 31(10.7%) 65(92.9%)t  <0.001
Diabetes mellitus 63 (13%) 11 (10%) 44 (15%) 8 (11%) 0.380
(near) Syncope 109 (23%) 22 (20%) 69 (24%) 18 (26%) 0.679
Cardiac Arrest 10 (2%) 4 (4%) 5(2%) 1(1%) 0.420
Medication, n (%)
B-blocker 329 (70%) 71(66%) 204 (70%) 54 (77%) 0.267
>50%0OMT 131 (28%) 19 (18%) 78 (27%) 34 (49%) <0.001
ACEi/ARB 363 (77%) 83 (77%) 222 (76%) 58 (83%) 0.493
>50%0MT 166 (35%) 35 (32%) 108 (37%) 23 (33%) 0.608
MRA 140 (30%) 22 (20%) 94 (32%) 24 (34%) 0.047
>50%0OMT 119 (25%) 20 (19%) 81(28%) 18 (26%) 0.164
Physical Examination
BMI, kgm™ 26 [24;30] 24 [22;28] 27 [24;31] 26 [24;30]" <0.001
HR, bpm 75 [67;87] 76 [67;86] 73 [66;83] 89[78;98]"  <0.001
SBP, mmHg 132 [120;146]  131[120;142] 134 [122;148]F 130 [118;140]'  0.010
DBP, mmHg 78 [70;86] 74 [69;84]' 80 [72;88]" 80 [72;88]" 0.011
Echocardiography
LVEF, % 31£10 34111 30+10° 309 0.007
<35% 304 (65%) 56 (52%)™ 197 (68%)" 51(73%) 0.004
LVEDDI, mmm?=2 30 [28;33] 31[29;35] 30 [28;34]* 28 [26;31]" < 0.001
LAVI, mLm 39[33;53] 35[30;42]" 38 [32;52]* 54 [42;68]" < 0.001
LVMI, gm-2 108 [91;127] 100 [81;120]* 110 [96;131]* 103 [87;120]* < 0.001
LVH 230 (49%) 48 (44%) 159 (565%)* 23 (33%)! 0.003
Electrocardiography
P-wave, ms 132 [120;144] 112 [108;116] 140 [132;148] - -
PR-length, ms 168 [148;184] 144 [132;157] 175 [160;188]" - -
QRS, ms 124 [112;148] 116 [104;133]* 128 [116;164]* 18 [112;132] < 0.001
QRS >120ms 140 (30%) 21 (19%)! 109 (38%)" 10 (14%)t <0.001




Interatrial block predicts Life-Threatening Arrhythmias in Dilated Cardiomyopathy

Table 1. Baseline characteristics stratified by No interatrial block (IAB), IAB and Atrial
Fibrillation (AF) at baseline electrocardiogram. (Continued)

Total No IAB IAB AF value
N=469 N=108 N=291 N=70 P
QTe, ms 447 [422;476] 433 [416;459]! 454 [427;481] 441[422;468] < 0.001
QTc, >500ms 47 (10.0%) 8 (7.4%) 34 (11.7%) 5 (7.1%) 0.308

ACEi=Angiotensin-converting enzyme inhibitor; ARB=Angiotensin receptor blocker; BMI=Body
Mass Index; bpm=beats per minute; DBP=diastolic blood pressure; DCM=dilated cardiomyop-
athy; HF=heart failure; HR= heart-rate; LAVI=left atrial volume indexed by body surface area ;
LVEDDI=left ventricular end diastolic diameter indexed by body surface area; LVEF=left ventric-
ular ejection fraction; LVH=left ventricular hypertrophy (LVMI=95 in women or LVMI=115 in men);
LVMI=left ventricular mass indexed by body surface area; MRA=mineralocorticoid receptor an-
tagonist; NYHA=New York Heart Association classification; OMT=percentage of optimal medical
heart failure therapy; SBP=systolic blood pressure. *=significantly different from No IAB; t=sig-

nificantly different from IAB; $=significantly different from AF (Bonferroni corrected).

Table 2. Study endpoints stratified by No interatrial block (IAB), IAB and Atrial Fibrillation
(AF) at baseline electrocardiogram.

Total No IAB IAB AF

N=469 N=108 N=291 N=70
Sudden cardiac death 6 1 4 1
VF/Hemodynamic unstable VT 16 2 M 3
Justified ICD Shock* 12 0 10 2
Justified ATP therapy 15 0 10 5
Combined end-point 49 3 35 1

ATP=anti-tachypacing; ICD=Implantable cardioverter-defibrillator; VT=Ventricular Tachycardia;

VF= ventricular fibrillation. *including 8 events for VF and 4 for VT

Table 3. Baseline characteristics stratified by patients that did and did not reach the
study endpoint.

Total No LTA LTA

N=469 N=420 N=49 p-value
Age, years 57 [48;64] 57 [48;64] 53 [46;60] 0.080
Female, n% 165 (35%) 148 (35%) 17 (35%) 0.940
NYHAZIII, n (%) 53 (11%) 45 (11%) 8 (16%) 0.240
Family History DCM, n (%)  61(13%) 46 (11%) 15 (31%) < 0.001
NT-proBNP, pmolL” 106 [39;285] 106 [39;283] 106 [46;320] 0.695
Medical history, n (%)
HF hospitalisation 92 (20%) 83 (20%) 9 (18%) 0.816
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Table 3. Baseline characteristics stratified by patients that did and did not reach the
study endpoint. (Continued)

Total No LTA LTA
N=469 N=420 N=49 p-value
Diabetes mellitus 63 (13%) 60 (14%) 3(6%) 0.113
(near) syncope 109 (23%) 98 (23%) 11(22%) 0.890
Cardiac Arrest 10 (2%) 8 (2%) 2 (4%) 0.318
Medication, n (%)
B-blocker 329 (70%) 291 (69%) 38 (78%) 0.232
>50%0OMT 131(28%) 12 (27%) 19 (39%) 0.074
ACEi/ARB 363 (77%) 327 (78%) 36 (73%) 0.487
>50%0OMT 166 (35%) 151 (36%) 15 (31%) 0.459
MRA 140 (30%) 122 (29%) 18 (37%) 0.266
250%0OMT 19 (25%) 104 (25%) 15 (31%) 0.373
Physical Examination
BMI, kgm-2 26 [24;30] 26 [23;30] 26 [25;32] 0.208
Heart rate, bpm 75 [67;87] 76 [67;87] 74 [66;81] 0.159
SBP, mmHg 132 [120;146] 132 [120 145] 132 [118 147] 0.542
DBP, mmHg 78 [70;86] 80 [70;86] 75 [69;84] 0.254
Echocardiography
LVEF, % 3110 31+10 28+9 0.049
<35% 304 (65%) 267 (64%) 37 (76%) 0.098
LVEDDI, mmm-? 30 [28;33] 30 [28;33] 31[29;34] 0.031
LAVI, mLm- 39[33;53] 39 [32;52] 40 [34;58] 0.222
LVMI, gm= 108 [91;127] 107 [90;125] 120 [101;141] 0.003
LVH 230 (49%) 195 (46%) 35 (71%) <0.001
Electrocardiography
P-morphology 0.008
No IAB 108 (23%) 105 (25%) 3(6%)
IAB 291(62%) 256 (61%) 35 (71%)
AF 70 (15%) 59 (14%) 1 (22%)
PR-length, ms* 168 [148;184] 168 [148;184] 172 [156;183] 0.405
QRS, ms 124 [112;148] 124 [112;148] 132 [116;168] 0.048
>120ms 140 (30%) 119 (28%) 21 (43%) 0.036
QTc, ms 447 [422;476) 447 [422;476] 450 [420;474] 0.906
>500ms 47 (10%) 42 (10%) 5 (10%) 0.964

ACEi=Angiotensin-converting enzyme inhibitor; ARB=Angiotensin receptor blocker; BMI=Body
Mass Index; bpm=beats per minute; DBP=diastolic blood pressure; DCM=dilated cardiomy-
opathy; HF=heart failure; IAB= interatrial block; LA= left atrial volume indexed by body surface
areq; LTA=life-threatening arrhythmia; LVEDDI=left ventricular end diastolic diameter indexed
by body surface area; LVEF=left ventricular ejection fraction; LVH=left ventricular hypertrophy
(LVMI=95 in women or LVMI=115 in men); LVMI=left ventricular mass indexed by body surface
area; MRA=mineralocorticoid receptor antagonist; NYHA=New York Heart Association classifi-
cation; OMT=percentage of optimal medical heart failure therapy; SBP=systolic blood pressure.

*Patients with AF not included in this comparison
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Figure 2. Kaplan—Meier curves of Survival free of life-threatening arrhythmias performed
within the Maastricht Dilated Cardiomyopathy cohort. a) stratified by No interatrial block
(IAB), IAB, and Atrial Fibrillation (AF). The survival distribution between the groups was sig-
nificantly different (P=0.003, x2=11.5). This difference was significantly different for both
IAB or AF vs No IAB (P=0.006 and P=0.001, respectively), but not for IAB vs AF (P=0.999)
after applying Bonferroni correction. b) stratified by No interatrial block (IAB), Partial IAB,
Advanced IAB, and Atrial Fibrillation (AF). The survival distribution between the groups was
significantly different (P=0.006). This difference was significantly different for Partial IAB,
Advanced IAB or AF vs No IAB (P=0.032 and P=0.005, 0.003, respectively), but not for Partial
IAB vs Advanced IAB (P=0.999) after applying Bonferroni correction.

The univariable survival distribution was significantly different between the three
study groups (X*=11.5, P=0.003, Figure.2a); no significant difference between partial
IAB and advanced IAB was observed (Figure 2b).

The survival distribution was significantly different for IAB or AF vs No IAB (P=0.006
and P=0.001, respectively), but not for IAB vs AF (P=0.999) after applying Bonferroni
correction. IAB and AF were significantly associated with the combined endpoint
(HR=5.2 (1.6-17.6), P=0.009 and HR=7.1 (1.9-26.2), P=0.004, respectively; Figure 3).
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univariable unadjusted N HR [95%-Cl] __P-value
Age=57years 228 v 0.76[0.42- 1.37] 0.358
Female 165  ra— 0.92[0.50- 1.68] 0.781
NYHA=3 53 —— 1.67[0.77- 3.63] 0.192
FH CMP 61 — 3.10[1.66- 5.79] <0.001
NTproBNP=105pmolL”! 227  va— 1.05[0.58- 1.90] 0.876
Medical history
HFH 92  rm— 0.91[0.43- 1.92] 0.807
DM 63 H— 0.48[0.14- 1.59] 0.224
(near) Syncope 109 re— 0.96[048- 1.92] 0.913
Cardiac arrest 10 263[0.61-11.31] 0.188
Medication
BB 329 —— 1.67[0.84- 3.34] 0.139
250%0MT 131 —— 1.79[0.99 - 3.23] 0.054
ARB/ACEi 363 rm— 0.86[0.45- 1.65] 0.648
250%0MT 166  +e— 0.95[0.51- 1.77] 0.862
MRA 140  —a— 1.89[1.03- 3.44] 0.039
250%0MT 119 —— 1.74[0.93- 3.25] 0.083
Physical examination
BMI=26kgm * 240  rm— 1.14[064- 2.04] 0.644
HR=75bpm 242 v 0.72[0.40- 1.29] 0.262
SBP=132mmHg 247  va— 091[0.50- 1.65] 0.748
DBP=79mmHg 238 0.69[0.37- 1.27] 0.223
Echocardiography
LVEF<35% 304 —— 1.69[0.86- 3.29] 0.123
LVEDDIz?,Om_r;m'2 254 —— 1.40[0.77 - 257] 0.266
LAVI=39mLm 228 ra— 1.08[0.56- 2.06] 0.818
LVH 227 —— 237[1.27- 442] 0.008

Electrocardiography
P morphology

No IAB (ref) 108 =

IAB 291 5.23[1.56-17.57] 0.009
AF 70 —————————=—— 7.05[1.90- 26.18] 0.004
QRS=120ms 247  —a— 1.90[1.06- 3.39] 0.031
QTc=500ms 47  -— 1.08[0.42- 2.80] 0.869

01 3 5 7 9
HR [95%CI]

Figure 3. Univariable overview of Hazard Ratios (HR) for the study endpoint (life-threat-
ening arrhythmias). ACEi=Angiotensin-converting enzyme inhibitor; AF= atrial fibrillation;
ARB=Angiotensin receptor blocker; BMI=Body Mass Index; bom=beats per minute; Cl= con-
fidence interval; DBP=dliastolic blood pressure; DCM=dilated cardiomyopathy, DM=diabetes
mellitus; FH CMP=self-reported family history of cardiomyopathy, HFH=heart failure hospi-
talization; HR= heart rate; IAB= inter-atrial block; LAVI=left atrial volume index; LVEDDI=left
ventricular end-diastolic diameter indexed by body surface area; LVEF=left ventricular ejec-
tion fraction; LVH=left ventricular hypertrophy (LVYMI295 in females or LVMI=115 in males);
LVMlI=left ventricular mass indexed by body surface area; MRA=mineralocorticoid recep-
tor antagonist; NT-proBNP= N-terminal-pro hormone Brain Natriuretic Peptide; NYHA=New
York Heart Association classification; OMT=percentage of optimal medical heart failure
therapy in line with the ESC 2016 guidelines(5); ref=reference; SBP=systolic blood pressure.
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This association remained statistically significant (IAB HR=4.8 (1.4-16.1), P=0.013;
AF HR=6.4 (1.7-24.0), P=0.007) in the multivariable-adjusted model (Figure 4a),
which additionally included a positive self-reported family history of DCM (HR=3.2
(1.7-6.0), P<0.001), and LVH (HR=2.7 (1.4-5.0), P=0.003). The multivariable-adjust-
ed model with partial and advanced IAB subcategories showed comparable results
(Figure 4b).

a) multivariable adjusted N HR [95%-CI]  P-value
FH CMP 61 —.— 3.19[1.69- 6.03] <0.001
LVH 227 —— 2.65[1.41- 498] 0.003
P morphology
No IAB (ref) 108 =
IAB 291 L L 477[1.42-16.09] 0.013
AF 70 L 6.40[1.70-24.00] 0.007

(. T T 1
01 3 5 7 9

HR [95%Cl]
b) multivariable adjusted N HR [95%-CI]  P-value

FH CMP 61 —— 3.26[1.72- 6.17] <0.001
LVH 227 —— 270[1.44- 5.09] 0.003
P morphology

No IAB (ref) 108 =

Partial IAB 225 = 4.23[1.22-1459] 0.024

Advanced IAB 66 L = 6.56[1.76 - 24.42] 0.006

AF 70 L L > 6.37[1.70-23.93] 0.007

T T ) T 1

01 3 5 7 9
HR [95%Cl]

Figure 4. Multivariable overview (applying backward selection) of Hazard Ratios (HR) for
the study endpoint (life-threatening arrhythmias). a) P-morphology stratified as No IAB
(PWD<120mes), IAB (PWD>120ms), or AF. b) P morphology stratified as No IAB (PWD<120ms),
Partial IAB (PWD>120ms), Advanced IAB (PWD>120ms AND biphasic morphology of P-wave
in leads I, Ill and aVF as previously describedl4; patients with biphasic morphology of
P-wave in at least Il and aVF were also included in this group) or AF. AF= atrial fibrillation;
Cl= confidence interval, FH CMP=self-reported family history of dilated cardiomyopathy;
IAB= inter-atrial block; LVH=left ventricular hypertrophy (LVMI=95 in females or LVYMI=115 in
men); PWD= P-wave duration; ref= reference.
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The univariable and multivariable cox proportional hazards analysis performed on
the dataset without performing imputation resulted in the same univariable associ-
ated parameters with LTA (Figure S4) compared to the imputed dataset (Figure 3).
Additionally, the association between IAB/AF and LTA (HR 4.6[1.4-15.0] and HR
5.9[1.6-21.5], respectively) remained significantly (P=0.012 and P=0.008, respectively)
associated in the multivariable analysis (Figure S5). This latter analysis only included
subjects that had no missing data on the significantly univariable associated param-
eters (N=438 in which N=46 LTA events occurred).

Given higher LAVI in patients with IAB compared to No IAB a sensitivity analy-
sis (Figure S6) stratified by enlarged LA-volume (defined as LAVI>40, which was
the median value of the included subjects) was performed. The survival distribu-
tion between IAB and enlarged LA-volume (IAB, LAVI>40) was significantly worse
compared to the group with No IAB and enlarged LA-volume (No IAB, LAVI>40)
(P=0.035). No significant difference in the survival distribution between the other
groups was observed after applying Bonferroni correction (all P>0.05).

In total, 61 patients (13%) in the derivation cohort reported a positive family history
of DCM. Patients with incident LTA more often had a positive family history of DCM
(15 (31%) versus 46 (11%) with no LTA, respectively; P<0.001). Genetic screening was
performed in 245 (52%) patients as part of routine clinical care (No IAB 48%, IAB
54%, AF 51%; P=0.581). A (likely) pathogenic mutation (LPP; using our previously
described cardiomyopathy-associated gene panel including 47 genes'®) was found in
47 patients (10%), with no difference between the groups studied (Table S1). Addi-
tionally, no difference in the occurrence of LTA was observed in patients with and
without a known LPP (P=0.868; Table S2).

Exploratory analysis showed that PR-length was significantly correlated with
P-wave duration in the No IAB and IAB group (rho 0.64, P<0.001) but was univaria-
ble not associated with the occurrence of LTA during follow-up (HR=1.01 [1.00;1.02],
P=0.16). Additionally, P-wave duration and LTA P-splines were constructed which
revealed an HR=1.0 at a P-wave duration of 128ms and 124ms in the Maastricht and
Utrecht Cohort, respectively (Figure S7).

To determine whether the univariable association between IAB and LTA could
also be observed in an external DCM cohort, the before mentioned Kaplan-Meier
survival analysis was performed in the Utrecht Cardiomyopathy Registry (UNRAV-
EL), including 321 ambulant DCM patients (104 No IAB (32%), 179 IAB (56%), 38
AF (12%)). The median age was 55[46;65], 45% were female, and the median LVEF
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was 30% [23;40]. The primary endpoint (LTA) occurred in 70 patients (13 No IAB
(13%), 44 TAB (25%), 13 AF (34%)). The median follow-up duration was 3 [1;6]
years. The survival distribution between the three groups was significantly different
(P=0.008, x2=9.7; Figure 5a), and - in line with the results of the derivation cohort -
no significant difference between partial and advanced IAB was observed (Figure 5b).
Moreover, the difference in survival distribution was in this cohort also significantly
different for IAB or AF vs No IAB (P=0.037 and P=0.005, respectively), but not for
IAB vs AF (P=0.836) after applying Bonferroni correction.

Event Free survival Event Free survival

100 100
£ g 75
= 8 =
g s
:
G 50 o 50
2 ®
w P=0.008 [ P=0.004
g £ + No IAB
S 25T p° 2 25{= Partial IAB
L + AF w Advanced IAB

+ AF
0o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

Number at risk Number at risk
NolAB104 85 72 60 48 38 32 25 20 19 17 NolAB104 85 72 60 48 38 32 25 20 19 17

Partial IAB 156 123 95 82 60 49 35 30 26 20 15
1AB 179 40 2 67 54 39 34 29 22 17

AF38 33 25 2 13 8 3 3 3 3 3 AF38 33 25 22 13 8 3 3 3 3 3

Figure 5. Kaplan—Meier curves of survival free of life-threatening arrhythmias performed
within the Utrecht Cardiomyopathy cohort (UNRAVEL) a) stratified by No interatrial block
(IAB), IAB, and Atrial Fibrillation (AF). The survival distribution between the groups was sig-
nificantly different (P=0.008, X2=9.7). This difference was significantly different for both IAB
or AF vs No IAB (P=0.037 and P=0.005, respectively), but not for IAB vs AF (P=0.836) after ap-
plying Bonferroni correction. b) stratified by No interatrial block (IAB), Partial IAB, Advanced
IAB and Atrial Fibrillation (AF). The survival distribution between the groups was significantly
different (P=0.004). This difference was significantly different for Advanced IAB or AF vs No
IAB (P=0.009 and P=0.010, respectively), but not for Partial IAB vs No IAB (P=0.211) and Partial
vs Advanced IAB (P=0.473), after applying Bonferroni correction.

In line with the results described above, the pooled data of the Maastricht and Utrecht
cohorts showed that IAB and AF are univariable associated with LTA (HR 5.1[1.5-16.5]
and HR 6.2[1.7-22.4], respectively; pooled survival distributions are shown in Figure S8).
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DISCUSSION

This is the first study that provides insights into the prognostic association between
IAB (PWD >120ms) and LTAs in DCM patients. In both the derivation and external
validation cohort, the presence of IAB at baseline was significantly associated with
incident LTAs (Figure 6).
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Figure 6. Inter-atrial block (IAB) and Atrial fibrillation (AF) assessed at baseline ECG
confer similar increased risk of life-threatening arrhythmias (LTAs) in ambulant dilated
cardiomyopathy (DCM) patients in two independent cohorts (The Maastricht DCM Cohort
and The Utrecht Cardiomyopathy Cohort, UNRAVEL). The survival distribution was signifi-
cantly different for the three groups in both cohorts (P=0.003 Maastricht; P=0.008 Utrecht).
This difference was significantly different for both IAB and AF vs No IAB, but not for IAB vs AF.
*=monophasic P-wave;**=bi-phasic P-wave. PWD=P-wave duration.
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Emerging evidence suggests that AF is independently associated with LTA and SCD'”
0 In line with these studies, we found an independent association between AF and
LTA. Mechanisms that might explain the association between AF and LTA include: i)
cellular and ion-channel abnormalities involved in both AF and VF?};ii) AF-related
myocardial remodelling, which includes the formation of fibrosis both at the atrial as
the ventricular level that could result in reentry circuits'”* iii) autonomic disturbance
due to irregular ventricular beats and loss of the atrial kick resulting in increased
sympathetic activity; iv) pro-arrhythmogenic ventricular short-long-short sequences;
and v) reduced coronary perfusion due to poor rate control or due to myocardial
infarction as the result of an increased prothrombotic state observed in AF-patients".
IAB and AF are known to be closely intertwined by underlying atrial myopathy>.
Atrial dyssynchrony, fibrosis, and dilatation are processes believed to play a key role
in the development and progression of atrial myopathy and could result in IAB and
eventually AF. Moreover, IAB and AF likely form a vicious circle in which IAB and
AF promote atrial remodelling resulting in more severe IAB (prolongation of P-wave
duration) and AF progression *. Given the known close association between IAB and
AF, the above-mentioned mechanisms might also (partially) explain the observed
association between IAB and LTA.

Whether partial IAB, advanced IAB and AF confer a similar independent risk of LTAs
as suggested by current findings requires further validation in large scale multi-centre
prospective cohorts. Validation of current findings in such cohorts potentially can
result in the detection of individuals with a lower risk of SCD, since based on current
findings the absence of IAB may offer a good negative predictive value. Moreover,
such studies will give more insights on how many patients diagnosed with IAB have
pre-existing sub-clinical AF. Validation of current findings and incorporation in mul-
tivariable predictive models ** in such cohorts potentially could improve decision
making in the primary prevention of SCD in DCM.

Limitations

Certain study limitations must be taken into account while interpreting the results
of current study, namely the retrospective study design, the absence of inter- and
intra-observer variability data, the absence of follow-up information regarding
new-onset atrial fibrillation, and the absence of LA-strain and other CMR assessed
parameters (including midwall and left atrial Late Gandoliunium Enhancement) in
current dataset. Additionally, while in current study no significant difference in the

association between partial and advanced and LTA was observed, this could be due
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to a power problem given the limited of subjects diagnosed with advanced IAB in
current study. Moreover, due to this limited power, sub-analysis (including the strat-
ification of the No IAB and IAB group by enlarged LA) should be interpreted with
caution. This study does, however, give the first insights into a promising novel easy
to assess and widely available marker within this field.

CONCLUSION

IAB is an easy to assess, widely applicable and highly prevalent marker for the pre-
diction of LTA in ambulant DCM patients. IAB and AF seem to confer similar risk
of LTA. External validation of current data and further research on the management
of DCM patients with IAB is required.
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SUPPLEMENTARY MATERIAL

Table S1. Family history of DCM and overview of genetic screening performed within the
Maastricht Dilated Cardiomyopathy cohort, stratified by No Inter-atrial block (IAB), IAB
and AF.

Total No IAB IAB AF

N=469 N=108 N=291 N=70 p-value
Family History DCM, n (%) 61(13%) 12 (11%) 37 (13%) 12 (17%) 0.491
Genetic sreening, n(%) 245 (52%) 52 (48%) 157 (54%) 36 (51%) 0.581
Known LPP mutation, n(%) 47 (10%) 7 (6%) 31 (11%) 9 (13%) 0.384
Known LPP TTN mutation, n(%) 23 (5%) 3(3%) 17 (6%) 3 (4%) 0.541
Known LPP PLN mutation, n(%) 1(0.2%) - 1(0.3%) - 0.999
Known LPP LMNA mutation, n(%) 2 (0.4%) - 2(0.7%) - 0.999

Known LPP FLNC mutation, n(%) - - - - _

For genetic screening our previously described cardiomyopathy-associated gene panel was
used (including 47 genes)™®. Found variants were validated with Sangeq sequencing and labeled
as Likely Pathogenic/Pathogenic (LPP) based on the latest criteria of the American College of
Medical Genetics and the association of molecular pathology?. DCM= dilated cardiomyopathy;
FLNC= Filamin C; LMNA= Lamin A/C mutation ; PLN= phospholamban mutation;

Table S2. Family history of DCM and overview of genetic screening performed within
the Maastricht Dilated Cardiomyopathy cohort, stratified by the occurrence of Life-
Threathening Arrhythmias (LTA) and No LTA.

Total No LTA LTA

N=469 N=420 N=49 p-value
Family History DCM, n (%) 61(13%) 46 (11%) 15 (31%) < 0.001
Genetic sreening, n(%) 245 (52%) 218 (52%) 27 (55%) 0.784
Known LPP mutation, n(%) 47 (10%) 41(10%) 6 (12%) 0.868
Known LPP TTN mutation, n(%) 23 (5%) 20 (5%) 3(6%) 0.946
Known LPP PLN mutation, n(%) 1(0.2%) 1(0.2%) - 0.999
Known LPP LMNA mutation, n(%) 2 (0.4%) 2 (0.4%) - 0.999

Known LPP FLNC mutation, n(%) - - - -

For genetic screening our previously described cardiomyopathy-associated gene panel was
used (including 47 genes)’®. Found variants were validated with Sangeq sequencing and labeled
as Likely Pathogenic/Pathogenic (LPP) based on the latest criteria of the American College of
Medical Genetics and the association of molecular pathology?. DCM= dilated cardiomyopathy;
FLNC= Filamin C; LMNA= Lamin A/C mutation ; PLN= phospholamban mutation;
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Figure S1. Screenshot of Interatrial block (IAB) measurement using digital calipers in Au-

tocad. The digital calipers were used across all leads of the ECGs to define the limits of the
P-wave interval. All intervals were then measured in ms: Partial IAB was defined as P-wave
duration > 120 ms, and advanced IAB as P-wave duration > 120 ms and biphasic morphol-
ogy (firstly positive and negative afterwards) of P-wave in leads Il, Ill and aVF. In-between
cases where a biphasic morphology was observed in leads Ill and aVF but not in lead Il
were interpreted as advanced IAB.
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univariable unadjusted HR [95%-Cl] __P-value
Age, years 0.99[0.97- 1.01] 0.252
Female 0.92[0.50- 1.68] 0.781
NYHA=3 1.67[0.77- 3.63] 0.192
FH CMP 3.10[1.66- 5.79] <0.001

NTproBNP, pmolL™
Medical history
HFH

DM

(near) Syncope
Cardiac arrest

1.00[1.00- 1.00] 0.704

0.91[0.43- 1.92] 0.807
0.48[0.14- 1.59] 0.224
0.96[0.48- 1.92] 0.913
2.63[0.61-11.31] 0.188

Medication
BB 1.67[0.84- 3.34] 0.139
=50%0MT 1.79[0.99- 3.23] 0.054
ARB/ACEi 0.86[0.45- 1.65] 0.648
=50%O0OMT 0.95[0.51- 1.77] 0.862
MRA 1.89[1.03- 3.44] 0.039
=50%0MT 1.74[0.93- 3.25] 0.083
Physical examination
BMI, kgm 1.04[0.99- 1.10] 0.096
HR, bpm 0.98[0.96- 1.00] 0.056
SBP, mmHg 1.00[0.98- 1.01] 0.610
DBP, mmHg 1.00[0.97- 1.02] 0.832
Echocardiography
LVEF, % 0.98[0.95- 1.00] 0.085
LVEDDI, mmm?2 1.05[0.99- 1.10] 0.104
LAVI, mLm™ 1.01[0.99- 1.03] 0.203
LVMI, gm? 1.01[1.00- 1.02] 0.007

Electrocardiography
P morphology

A —— itTTl{ TTT .ilf.

No IAB (ref)

IAB - 5.23[1.56-17.57] 0.009

AF ————#—— 7.05[1.90-26.18] 0.004
QRS, ms 1.01[1.00- 1.02] 0.046
QTC, ms 1.00[0.99- 1.01] 0.743

T T T

3 5 7 9
HR [95%CI]

- —{mm

Figure S2. Univariable overview of Hazard Ratios (HR) for the study endpoint (life-threat-
ening arrhythmias), all dichotomized variables variable in the main article are here shown
as continuous variables. ACEi=Angiotensin-converting enzyme inhibitor; AF= atrial fibril-
lation; ARB=Angiotensin receptor blocker; BMI=Body Mass Index; bom=beats per minute;
Cl= confidence interval; DBP=diastolic blood pressure; DCM=dilated cardiomyopathy; DM=-
diabetes mellitus; FH CMP=self-reported family history of cardiomyopathy; HFH=heart fail-
ure hospitalization; HR= heart rate; IAB= inter-atrial block; LAVI=left atrial volume index;
LVEDDI=left ventricular end diastolic diameter indexed by body surface area; LVEF=left
ventricular ejection fraction; LVH=left ventricular hypertrophy (LVMI=295 in women or LVYMI=115
in men); LVMI=left ventricular mass indexed by body surface area; MRA=mineralocorticoid
receptor antagonist; NT-proBNP= N-terminal-pro hormone Brain Natriuretic Peptid; NY-
HA=New York Heart Association classification; OMT=percentage of optimal medical heart
failure therapy in line with the ESC 2016 guidelines(5); ref=reference; SBP=systolic blood
pressure.
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multivariable adjusted HR [95%-CIl] P-value
FH CMP —— 2.88[1.47- 5.65] 0.003
LVMI, gm™ [ ] 1.01[1.00- 1.02] 0.013
P morphology

No IAB (ref) ]

IAB ————8——> 4.10[ 1.20- 14.06] 0.026

AF —8&—> 497[1.30-19.03] 0.020

T T T T 1

01 3 5 7 9
HR [95%Cl]

Figure S3. Multivariable overview (applying backward selection on the variables shown
in Supplemental figure 2) of Hazard Ratios (HR) for the study endpoint (life-threatening
arrhythmias). AF= atrial fibrillation; FH CMP=self-reported family history of cardiomyopa-
thy; IAB= inter-atrial block.
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univariable unadjusted N HR [95%-Cl] __P-value
Age=57years 228 v~ 0.76[0.42- 1.37] 0.358
Female 165 ra— 0.92[0.50- 1.68] 0.781
NYHA=3 58 +—— 1.67[0.77- 3.63] 0.192
FH CMP 61 — 3.10[1.66- 5.79] <0.001
NTproBNP=105pmolL 193 v+~ 0.97[0.54- 1.76] 0.930
Medical history
HFH 92 re— 0.91[0.43- 1.92] 0.807
DM 63 H— 0.48[0.14- 1.59] 0.224
(near) Syncope 109 re— 0.96[0.48- 1.92] 0.913
Cardiac arrest 10 2.63[0.61-11.31] 0.188
Medication
BB 329  —a— 1.67[0.84- 3.34] 0.139
=50%0MT 131 —— 1.79[099- 3.23] 0.054
ARB/ACEi 363 rm— 0.86[0.45- 1.65] 0.648
250%0MT 166 re— 0.95[0.51-1.77] 0.862
MRA 140 r—a—— 1.89[1.03- 3.44] 0.039
250%0MT 119 e 1.74[093- 3.25] 0.083
Physical examination
BMI=26kgm 240 vrm— 1.14[0.64- 2.04] 0.644
VentRate_HE75 242 v 0.72[0.40- 1.29] 0.262
SBP=132mmHg 233 ra— 0.91[0.49- 1.66] 0.765
DBP=79mmHg 222 0.71[0.39- 1.29] 0.257
Echocardiography
LVEF<35% 304 +—u— 1.69[0.86- 3.29] 0.123
LVEDDI=30 244 ra— 1.44[0.80- 261] 0.223
LAVI=39mLm 210 = 0.85[0.46- 1.58] 0.614
LVH 227  —a— 2.67[1.38- 5.16] 0.003
Electrocardiography
P morphology
No IAB (ref) 108 =
IAB 291 ————a—— 523[1.56-17.57] 0.009
AF 70 —=a—— 7.05[1.90-26.18] 0.004
QRS=120ms 247 —— 1.90[1.06- 3.39] 0.031
QTc=500ms 47 a— : 1.08[0.42- 2.80] 0.869

HR [95%Cl]

Figure S4. Univariable overview of Hazard Ratios (HR) for the study endpoint (life-threat-
ening arrhythmias) performed on the not imputed dataset of the Maastricht Dilated Car-
diomyopathy Registry. ACEi=Angiotensin-converting enzyme inhibitor; AF= atrial fibrillation;
ARB=Angiotensin receptor blocker; BMI=Body Mass Index; bpom=beats per minute; Cl= con-
fidence interval; DBP=diastolic blood pressure; DCM=dilated cardiomyopathy; DM=diabetes
mellitus; FH CMP=self-reported family history of cardiomyopathy; HFH=heart failure hospi-
talization; HR= heart rate; IAB= inter-atrial block; LAVI=left atrial volume index; LVEDDI=left
ventricular end-diastolic diameter indexed by body surface area; LVEF=left ventricular ejec-
tion fraction; LVH=left ventricular hypertrophy (LVMI=95 in females or LVMI=115 in males);
LVMI=left ventricular mass indexed by body surface area; MRA=mineralocorticoid recep-
tor antagonist; NT-proBNP= N-terminal-pro hormone Brain Natriuretic Peptide; NYHA=New
York Heart Association classification; OMT=percentage of optimal medical heart failure
therapy in line with the ESC 2021 guidelines®; ref=reference; SBP=systolic blood pressure.
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multivariable adjusted N HR [95%-CI]  P-value
FH CMP 52 —— 297[1.55- 571] 0.001
LVH 227 ——— 2.95[1.52- 573] 0.001
P morphology

No IAB (ref) 101 =

IAB 269 ———8——> 460[1.41-15.03] 0.012

AF 68 ————8—>586[1.60-21.50] 0.008

I | T T T 1

01 3 5 7 9
HR [95%Cl]

Figure S5. Multivariable overview (applying backward selection on the dataset of subjects
that had no missing data on the univariable associated variables with the study endpoint:
N=438 in which N=46 LTA events occurred) of Hazard Ratios (HR) for the study endpoint
(life-threatening arrhythmias), with P-morphology stratified as No IAB (PWD<120ms), IAB
(PWD>120ms), or AF. AF= atrial fibrillation; Cl= confidence interval; FH CMP=self-reported
family history of dilated cardiomyopathy; IAB= inter-atrial block; LVH=left ventricular hyper-
trophy (LVMI295 in females or LVMI2115 in men); PWD= P-wave duration; ref= reference.
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Figure S6. Kaplan—Meier curves of survival free of life-threatening arrhythmias stratified
by the presence or absence of interatrial block (IAB), in the presence or absence of Left
Atrial (LA) enlargement (defined as a Left Atrial volume indexed by body surface area
higher than the median of 40 as observed in current population) in the derivation cohort.
The survival distribution was significantly (P=0.035) different for IAB with an enlarged LA
(IAB, LAVI>40) compared to No IAB with enlarged LA (No IAB, LAVI>40) after Bonferroni

correction for multiple comparison. No significant difference (P>0.05) was observed for
the other comparisons.
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Figure S7. Penalized univariable Spline analysis (df=2) of the association between P-wave
duration (PWD) and 10y risk of life-threatening arrhythmias. /n the a) Maastricht Dilated
Cardiomyopathy cohort, and b) Utrecht cardiomyopathy cohort (UNRAVEL). The orange line
indicates the estimated hazard-ratios, blue shows the related 95%-Standard Error. The den-
sity plots at the bottom (shown in gray) show the distribution of the PWD within the cohorts.
The estimated HR was equal to 1T at a PWD of 128ms and 125ms in the Maastricht Dilated
Cardiomyopathy cohort and Utrecht cardiomyopathy cohort (UNRAVEL), respectively.
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Figure S8. a) Kaplan-Meier curves of survival free of life-threatening arrhythmias strati-
fied by No interatrial block (IAB), IAB, and Atrial Fibrillation (AF) performed on the pooled
data of the Maastricht Dilated Cardiomyopathy cohort and the Utrecht Cardiomyopathy
cohort (UNRAVEL). The survival distribution between the groups was significantly different
(P<0.001, x2=16.8). This difference was significantly different for both IAB or AF vs No IAB
(P=0.002 and P<0.001, respectively), but not for IAB vs AF (P=0.557) after applying Bon-
ferroni correction. b) Kaplan-Meier curves of survival free of life-threatening arrhythmias
stratified by No interatrial block (IAB), Partial IAB, Advanced IAB, and Atrial Fibrillation (AF)
performed on the pooled data of the Maastricht Dilated Cardiomyopathy cohort and the
Utrecht Cardiomyopathy cohort (UNRAVEL). The survival distribution between the groups
was significantly different (P<0.001, x2=18.6). This difference was significantly different for
Partial IAB, Advanced IAB or AF vs No IAB (P=0.012, P=0.002, P<0.0017, respectively), but not
for Partial IAB vs Advanced IAB (P=0.999) after applying Bonferroni correction.
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Chapter 5

ABSTRACT

Aims: Previous uncontrolled studies suggested a possible benefit of intravenous
immunoglobulin (IVIg) in parvovirus B19 (B19V)-related dilated cardiomyopathy
(DCM). This randomized, double-blind, placebo-controlled, single-centre trial inves-
tigated the benefits of IVIg beyond conventional therapy in idiopathic chronic DCM
patients with B19V persistence.

Methods and results: Fifty patients (39 men; mean age 54 + 11 years) with idiopathic
chronic (>6 months) DCM on optimal medical therapy, left ventricular ejection frac-
tion (LVEF) <45%, and endomyocardial biopsy (EMB) B19V load of >200 copies/ug
DNA were blindly randomized to either IVIg (n = 26, 2 g/kg over 4 days) or placebo
(n = 24). The primary outcome was change in LVEF at 6 months after randomiza-
tion. Secondary outcomes were change in functional capacity assessed by 6-min walk
test (6MWT), quality of life [Minnesota Living with Heart Failure Questionnaire
(MLHFQ)], left ventricular end-diastolic volume (LVEDV), and EMB B19V load at
6 months after randomization. LVEF significantly improved in both IVIg and placebo
groups (absolute mean increase 5 + 9%, P = 0.011 and 6 + 10%, P = 0.008, respective-
ly), without a significant difference between groups (P = 0.609). Additionally, change
in 6BMWT [median (interquartile range) IVIg 36 (13;82) vs. placebo 32 (5;80) m;
P =0.573], MLHFQ [IVIg 0 (-7;5) vs. placebo -2 (-6;6), P = 0.904] and LVEDV (IVIg
-16 + 49 mL/m? vs. placebo -29 + 40 mL/m*; P = 0.334) did not significantly differ
between groups. Moreover, despite increased circulating B19V antibodies upon IVIg

administration, reduction in cardiac B19V did not significantly differ between groups.
Conclusion: Intravenous immunoglobulin therapy does not significantly improve

cardiac systolic function or functional capacity beyond standard medical therapy in
patients with idiopathic chronic DCM and cardiac B19V persistence.
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INTRODUCTION

Virus persistence has been related to the development and progression of dilated
cardiomyopathy (DCM) '. In recent decades, parvovirus B19 (B19V) has become
the most frequently found cardiotropic virus in endomyocardial biopsies (EMB), with
reported prevalence of up to 80%°”.

A possible pathogenic effect of BI9V is supported by its activation of pro-inflamma-
tory cytokines, reduction of endothelial regeneration and induction of apoptosis™'".
If extensive enough, this might result in endothelial damage which compromises
tissue perfusion and cause cardiac dysfunction>*'2. However, in recent times B19V
genomes are also frequently found in healthy or diseased heart of individuals without
evidence of myocarditis or DCM, making the clinical significance of B19V within the
myocardium still unclear >3,

While the causal relationship and pathogenic importance of viral persistence and
DCM remain controversial, positive effects on viral load and/or cardiac function
of intravenous immunoglobulin (IVIg) have been suggested in retrospective and
non-randomized studies **°. Nonetheless, the effect of IVIg therapy in adults with
chronic idiopathic DCM and EMB B19V persistence has not yet been prospectively
evaluated. We therefore performed a prospective, randomized, double-blind pla-
cebo-controlled trial to evaluate the effect of IVIg on systolic cardiac function and
EMB B19V load in adult patients with idiopathic chronic DCM and cardiac BI9V
persistence (NCT00892112).

METHODS

Study objectives

The objective of the present single-centre, prospective, randomized, double-blind,
placebo-controlled trial was to evaluate the incremental value of IVIg therapy beyond
conventional heart failure therapy versus conventional heart failure therapy alone
in ambulant patients with idiopathic chronic (>6 months) DCM and an EMB B19V
load of >200 copies/ug DNA.

The primary endpoint was the absolute change of echocardiographic assessed
left ventricular ejection fraction (LVEF) from baseline to month six. The secondary
endpoints included changes in EMB B19V load (copies/pug DNA), cardiac CD45+
inflammatory cells, myocardial collagen volume fraction, 6-minute walking test dis-
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tance (6mwt), patient quality of life (Minnesota Living with Heart Failure Question-
naire (MLHFQ), and left ventricular end-diastolic volume (LVEDV) assessed with
echocardiography.

The study was performed according to the declaration of Helsinki and was ap-
proved by the institutional Medical Ethics Committee (METC azM/UM). All patients

gave written informed consent.

Patient population

Patients that underwent EMB because of idiopathic DCM were screened for eligibility
from November 2009 to January 2018. The primary inclusion criteria were: (i) LVEF
<45% with a diagnosis of chronic (>6 months) idiopathic DCM on optimal medical
therapy (OMT); (ii) EMB B19V load of >200 copies/pug DNA, and (iii) age between
18-75 years.

All patients underwent angiography or non-invasive screening to exclude coronary
artery disease, a transthoracic echocardiogram to rule out significant valvular disease,
and right ventricular EMBs before enrolment.

Patient with significant EMB load (>200 copies g/DNA) of other cardiotropic
viruses (Enterovirus, Adenovirus, Human herpes virus-6, Epstein-Barr virus), sys-
temic autoimmune disease, renal insufficiency (plasma creatinine >115umol/L), or
non-idiopathic cardiomyopathy were excluded. The complete list of exclusion criteria
are provided in the supplementary methods.

Randomization and therapeutic protocol

Patients were randomly and blindly assigned using the minimization randomization
method to minimize the imbalance between the number of patients in each treat-
ment group over predefined factors (age, gender, LVEE, LV dimensions and EMB
B19V load)*'. Patients randomized to the treatment group received a total of 2g/kg
IVIg (Nanogam 50mg/mL, Sanquin Plasma Products B.V.) administered as 0.5gr/kg
(10ml/kg) over six hours on four consecutive days. Placebo consisted of a plasma
volume expander called Albuman 40g/L (Sanquin Plasma Products B.V.) -to control
for the protein load given by Nanogam- administrated as 10ml/kg over six hours on
four consecutive days. Independent pharmacists prepared the intravenous solutions
according to the unique randomization number generated by TEN-ALEA software.
All study personnel and participants were blinded to treatment assignment for the
duration of the study.
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Clinical evaluations

The baseline measurements and final follow-up visit at six months included physical
examination, transthoracic echocardiogram, laboratory tests, assessment of func-
tional capacity by 6mwt and quality of life using the MLHFQ?, and right ventricular
EMB to evaluate viral persistence and immunohistological markers of inflammation
and fibrosis. Additional follow-up visits with physical examination took place at two
weeks — including the evaluation of safety and potential side-effects of the study
drug and laboratory tests — and three months — including additional transthoracic
echocardiogram — after baseline. Circulating B19V antibodies —anti-NS1 and anti-
VP1/-VP2— were measured at baseline and after the last treatment-day, this data was
made available after completion of the study to evaluate whether expected differences
in circulating B19V antibodies between treatment arms was reached. More detailed

information is provided in the Supplementary Methods.

Statistical analysis

The sample size estimation was based on our pilot data —patients with a baseline
LVEF<45% in the pilot study were used for this power calculation”— as well as
potential patient withdrawal. Sample size requirements were determined using the
following assumptions: i) expected absolute therapy effect of 10% LVEF improvement
with a standard deviation of 10%; ii) power of 0.90 and alpha of 0.05; iii) a drop-out
of n=4 per group. To ensure enough power for this study, 25 patients per group had
to be enrolled.

Normality was assessed visually using histograms and Q-Q-plots. Numerical vari-
ables are displayed as mean+ standard deviation or median [IQR] where appropriate.
Categorical variables are displayed as absolute frequencies and percentage values.
Spearman’s correlation (r) was used to evaluate the correlation between EMB CD45+
cells and EMB B19V load. The changes between six months and baseline LVEF (pri-
mary outcome), LVEDV, and EMB B19V and the changes between day four and
baseline anti-VP1/-VP2 concentrations and antiNS1 were calculated for each subject.
Subsequently, the differences between groups were calculated by unpaired Student’s
t-test or Wilcoxon signed-rank test for continuous variables, and Chi-squared or
Fisher’s exact test for categorical variables as appropriate.

The differences within groups were analyzed using paired Student’s t-test, paired
Wilcoxon signed-rank test or McNemar test as appropriate. Additionally, linear
mixed-effects modelling (LMM) —Ime4 package in R*® — was used to assess the

difference in change of LVEF over time (baseline, 3- and 6 months) between the
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treatment groups (IVIg vs Placebo). Time, Group and Group*Time were included as
fixed factors, and a random intercept on subject level was included to adjust for the
correlation between repeated measurements. Restricted maximum likelihood (REML)
was used to obtain unbiased estimates of the treatment effects, while maximum like-
lihood (ML) estimation was used for testing fixed effects.

Missing data at follow-up were assumed to be missing at random and were not
imputed (likelihood-based approach). In total, three patients (n=1 IVIg; n=2 Place-
bo) withdrew —based on their preference — before the first day of treatment and
were therefore not included in the analysis. Additionally, two patients did not show
up during the echocardiography at three months (n=2 IVIg), in three patients the
LVEDV could not be determined at six months (n=1 IVIg; n=2 Placebo), and two pa-
tients refused EMB at six months (n=2 Placebo). The former patients have only been
excluded from the analysis involving echocardiographic variables at three months
and six months, and EMB variables at six months, respectively. For the three patients
in which the LVEDV could not be determined, the Teichholz formula was used to
calculate the LVEE The use of the Teichholz formula in all patients did not change
the results of this study.

A p-value < 0.05 was considered statistically significant. Statistical analysis was
performed using RStudio V1.2.5033*.

RESULTS

A total of 526 patients underwent EMB because of unexplained LV dysfunction (LVEF
<45%) in our centre from November 2009 to January 2018. A total of 370 (70%)
patients had B19V presence, including 148 (40%) patients with an EMB B19V load
of >200 copies/ugDNA. Among them, 95 were excluded according to the exclusion
criteria (Including 4 patients with cardiac HHV-6 >200 copies/ug DNA; no patients
were excluded due to significant presence of other cardiotropic viruses). Finally, 53
patients (27 IVIg and 26 placebo) agreed to participate in the study. Three of them,
however, withdrew before receiving trial medication (n=1 IVIg and n=2 Placebo;
Figure 1, central illustration) and therefore were not included in the analysis.
Similar clinical characteristics were observed in both treatment groups (Table 1 and
Table 2). Male sex predominated (78%), and the mean LVEF was 35+£6% for the total
population at the time of inclusion.
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EMB

Idiopathic LVEF<45%

N=526

Eligible for inclusion

Withdrawn before

N=148

baseline visit
IVig N=1
Placebo N=2

B19V<200c/ug DNA
N=378

met exclusion criteria
N=95

Figure 1. Study Flow. B19V = parvovirus B19; c/ug DNA = copies per microgram DNA; EMB =

endomyocardial biopsy; IVlg = intravenous immunoglobulin; LVEF = left ventricular ejection

fraction; R = randomization

Table 1. Baseline characteristics: Placebo vs [Vig

IVig

Demographics/Presentation Placebo (n=24) (n=26) P-value
Age at diagnosis (years) 53+9 54+13 0.759
Male (%) 19 (79%) 20 (77%) 0.848
Weight (kg) 86114 8718 0.698
Height (cm) 17710 17811 0.918
Heart rate (bpm) 70+8 709 0.817
SBP (mmHg) 123+13 123418 0.857
DBP (mmHg) 77+9 72+10 0.045
Diabetes Mellitus (%) 2(8%) 3(12%) 0.706
Atrial Fibrillation (%) 10 (42%) 5 (19%) 0.084
LBBB (%) 6 (25%) 5 (19%) 0.719
Hypercholesterolemia (%) 3 (13%) 2 (8%) 0.571
Days from first diagnosis DCM 418 [335;653] 415 [316;801] 0.961
Medical history Acute myocarditis 0 (0%) 3 (12%) 0.236
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Table 1. Baseline characteristics: Placebo vs IVig (Continued)

Demographics/Presentation Placebo (n=24) I(:ngs) P-value
Medical History HFH 5(21%) 4 (15%) 0.721
Family history of DCM (%) 3(13%) 1(4%) 0.340
NYHA class Il or IV (%) 0 (0%) 1(4%) 1.000
Lab
Creatinine (umol/L) 91[75;102] 84 [76;99] 0.600
NT-proBNP (pmol/L) 44 [14;98] 33[8;60] 0.218
CRP 1[13] 2[1;3] 0.289
Medication*
B-blocker 22 (92%) 24 (92%) 1.000
250%0MT 12 (50%) 16(62%) 0.592
ACE-inhibitor/ARB 23 (96%) 25 (96%) 1.000
>50%0MT 21(88%) 20 (77%) 0.467
Aldosteron antagonist 13 (54%) 8 (31%) 0.165
>50%0MT 12 (50%) 7 (27%) 0.165
Cardiac Devices
ICD 1(4%) 3(12%) 0.611
CRTD 3(13%) 1(4%) 0.340

ACE= Angiotensin-converting-enzyme; ARB=Angiotensin Receptor Blocker; bpm=Beats Per
Minute; CRP= C-reactive Protein; CRTD= Cardiac Resynchronization Therapy Defibrillator;
DBP= Diastolic Blood Pressure; DCM= Dilated Cardiomyopathy; HFH= heart failure hospitalisa-
tion; ICD= Implantable Cardioverter Defibrillator; [VIg= Infravenous immunoglobulin; LBBB= Left
bundle branch block; OMT= Optimal Medical Therapy; SBP= Systolic Blood Pressure. *OMT was
caculated based on the ESC 2016 “Heart Failure Guidelines”.
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A ALVEF B ALVEDV
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Figure 2. A) Primary endpoint (comparison of change in left ventricular ejection fraction
(LVEF) six months after therapy) B) Comparison of change in left ventricular end-diastolic
volume (LVEDV) six months after therapy. IVlg = intravenous immunoglobulin; NS = non-sig-

nificant.

Table 2. Echocardiographic results: Placebo vs. IVig

Baseline Placebo (n=24) IVig (n=26) P-value
LVEDV (mL) 189+52 20869 0.283
LVESV (mL) 122438 13554 0.313
LVEF (%) 35+6 36+7 0.552
3 months Placebo(n=24) IVig(n=24)

LVEDV (mL) 17859 201+72 0.226
LVESV (mL) 112144 12553 0.380
LVEF (%) 3819 39:8 0.703
LVEF absolute change from baseline (%) 3+9 3+6 0.985
6 months Placebo(n=24) IVlg(n=26)

LVEDV (mL) 16455 190460 0.120
LVESV (mL) 100+41 17+46 0.187
LVEF (%) 41:12 4110 0.921
LVEF absolute change from baseline (%) 610 519 0.609

IVIG=Intravenous Immunoglobulin; LVEDV=Left ventricular End-Diastolic Volume; LVEF=Left Ven-
tricular Ejection Fraction; LVESV =Left Ventricular End-Systolic Volume.

Effect of Therapy on Left Ventricular Function

The primary endpoint, i.e. absolute change in LVEF six months after therapy, did not
differ significantly between the IVIg and the placebo group (P=0.609; Figure 2a). The
mean LVEF improved significantly in the total patient population (5£9%, P<0.001)

from baseline to six months. This increase was significant for both the IVIg (5£9%,
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P=0.011) and placebo group (6+10%, P=0.008). Additionally, the linear mixed effect
model did not show a significant difference in the LVEF trajectory over time between
both groups (P=0.923 for interaction between group and time), indicating that the
change in LVEF from baseline to 3 and 6 months, was not significantly different
between the treatment groups.

The LVEDV decreased significantly in the total patient population from baseline

to six months (-22+45ml/m? P=0.002). Although this change was only significant
in the placebo group (Placebo -29+40, P=0.003; IVIg -16+49ml/m? P=0.116), the
difference between groups was not significant (P=0.334; Figure 2b).
No significant treatment effect was observed in a subset of patients with baseline
EMB B19V load >500 copies/ug DNA (n=10 Placebo; n=13 IVIg) on change of both
LVEF (IVIg 47 and Placebo 9+8%, P=0.157) and LVEDV (IVIg -14+57 and Placebo
-42422ml/m? P=0.129) 6 months after treatment (Supplemental Tables 3-6).

Histological and biochemical changes

Baseline EMB B19V load did not significantly differ between IVIg and Placebo group
(481[334;907] and 354[287;883]copies/ug DNA, respectively, P=0.351; Table 3). There
was a significant reduction in B19V load in the total patient population during the
trial (-119[-338;4] copies/ug DNA, P=0.004),which was comparable between the
groups (P=0.718; Figure 3).

No significant difference in amount of inflammation or collagen volume fraction
in EMB was observed between the groups at baseline and six months (Table 3).
Changes of CD45-positive cells/mm? after treatment (Placebo -0.9[-7.2;1.0], P=0.098;
IVIg 2.2[-1.6;5.6], P=0.317) did not significantly differ between the treatment arms
(P=0.058). Moreover, B19V and EMB CD45+ cells/mm? did not significantly correlate
at baseline, neither in the total study-group (r,=0.08, P=0.58), nor in patients (n=23)
with an EMB B19V load of >500 copies/pugDNA at baseline (r =-0.18, P=0.42).

Table 3. Endomyocardial biopsy results: Placebo vs. IVig

Baseline Placebo (n=24) IVlg (n=26) P-value
Cardiac inflammation 6 (25%) 7 (27%) 0.877
CD3 (cells/mm2) 5.6 [1.8;7.8] 5.1[2.9;7.0] 0.907
CD45 (cells/mm2) 6.8 [5.1;12.3] 7.8 [4.7;11.3] 0.808
CD68 (cells/ mm2) 1.3[0.5;4.0] 2.8 [2.0;4.1] 0.145
Collagen volume fraction (%) 7.2 [4.4;11.0] 7.6 [4.2;13.9] 0.683
B19V (copies/pug DNA) 354 [287;883] 481[334;907] 0.351
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Table 3. Endomyocardial biopsy results: Placebo vs. IVIg (Continued)

6 months Placebo(n=24) IVig(n=24) P-value
Cardiac inflammation 3 (12%) 7 (29%) 0.286
CD3 (cells/mm?) 5.4[2.5;6.1] 4.5[3.1;6.5] 0.645
CDA45 (cells/mm?) 6.4 [5.1;9.1] 8.9[7.2;11.2] 0.060
CD68 (cells/ mm?) 1.2[0.7;2.8] 2.1[1.5;3.6] 0.090
Collagen volume fraction (%) 6.5[4.8;8.7] 8.4 [4.8;13.9] 0.177
B19V (copies/pug DNA) 245[200;633] 349 [200;891] 0.298

B19V= Parvovirus B19; Cardiac Inflammation= defined as 214 infiltrating CD45+ cells/mm2 (in-
cluding up to 4 infiltrating CD68+ cells/mm?2) of total myocardial area; CD= cluster of differenti-

ation; IVlg= Intravenous Immunoglobulin.
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6m after treatment

(3}
(=
o
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Figure 3. Comparison of change in Endomyocardial biopsy (EMB) parvovirus B19 (B19V)
load (copies pg/DNA) six months after therapy. c/ug DNA = copies per microgram DNA;
IVlg = intravenous immunoglobulin; NS = non-significant

Changes in functional capacity and quality of life

The 6mwt increased significantly after six months in the total patient population
(36[6;81]m, P<0.001), but did not differ between IVIg and placebo group (respectively
36[13;82] and 32[5;80], P=0.573; Table 4).
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Table 4. Functional capacity and quality of life: Placebo vs. IVlg

6-minute walk test (meter) Placebo (n=24) IVlg (n=26) P-value
Baseline 487 [466;552] 468 [421;542] 0.336
6 months 554 [480;581] 508 [448;613] 0.778
Change 32[5;80] 36 [13;82] 0.573

Quality of life Questionnaire (MLHFQ)

Baseline 18 [8;34] 11[6;36] 0.514
6 months 20 [5;41] 17 [3;29] 0.633
Change -2 [-6;6] 0 [-7;5] 0.904

IVIg= Intfravenous Immunoglobulin; MLHFQ= Minnesota Living with Heart Failure Questionnaire,

with a higher score (range 0-105) indicative of a lower quality of life.

Quality of life did not differ between the assessment at six months and baseline in the
total patient population (MLHFQ -2[-6;6], P=0.517), neither was there a significant
difference in change during the trial between the treatment groups (IVIg 0[-7;5] and
placebo -2[-6;6], P=0.904; Table 4). Two patients (n=1 in both groups) were classified
as NYHA?’3 after six months.

Adverse drug effects & Heart Failure medication changes

No adverse event led to the interruption or discontinuation of the study treatment,
and no serious adverse drugs reaction occurred during the study. Headaches were
significantly more often reported in the IVIg group compared to placebo (42% and
17%, respectively, P=0.048). In nine patients, heart failure medication changes oc-
curred during the study period (n=5 IVIg and n=4 Placebo, respectively; P=0.99).
Medication usage at baseline (Table 1) and after six months (Supplemental Table 2)
was not different between the treatment groups. None of the patients underwent
cardiac device implantation or upgrade during the study period.

Effect of Therapy on circulating B19V antibodies

A significant increase in B19V antibodies after four days of treatment was observed
in patients receiving IVIg as compared to placebo (both P<0.001), reflected by an
increase of positive antiNS1 tests (from 4% to 81%, P<0.001) and increased anti-VP1/-
VP2 (+869 [761;1045] U/mL, P<0.001). In contrast, antiNS1 (from 4% to 9%, P=0.99)
and anti-VP1/-VP2 (-50 [-97;-26] U/mL, P<0.001) did not significantly increase in
the placebo group.
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DISCUSSION

This is the first randomized placebo-controlled trial evaluating the therapeutic effects
of IVIg in patients with chronic idiopathic DCM and EMB proven B19V persistence,
showing that IVIg (2g/kg) did not result in any improvement of cardiac function,
functional capacity or quality of life after four days of treatment.

The mode of action of IVIg is versatile with a broad range of activities: IVIg
preparations are known to have anti-infectious, anti-inflammatory, and immunomod-
ulating properties **°. The administration of IVIg resulted in a significant increase
of anti-B19V antibodies (anti-NS1 and anti-VP1/VP2) in the treated patients, but
did not result in a significant reduction of cardiac B19V load or inflammation. IVIg
has no beneficial effects in the majority of patients with chronic idiopathic DCM
and a cardiac B19V load of >200 copies/ug DNA. After the initiation of this study
several studies revealed that the EMB B19V load of DCM patients was comparable
to controls with either diseased or healthy hearts °. Also, B19V load is not affected by
immunosuppression in inflammatory DCM with significant B19V load, as recently
published ¥, also indicating that BI9V might be an innocent bystander. Adjudicating
IVIg treatment solely based on cardiac function and B19V presence does not seem
to be an effective strategy given the likely latent intracellular state of the virus in the
majority of patients®. Therefore, additional determinants beyond viral load—e.g.
active viral replication, location of the virus, co-infection, inflammation and genet-
ic-background—might be crucial for B19V to yield a pathogenic potential in DCM.
A better understanding of these mechanisms is crucial to select a subgroup of patients
that still could benefit from IVIg therapy >'+*-!,

Our negative findings in chronic DCM are in line with the IMAC trial where IVIg
on top standard therapy was given in patients with recent-onset DCM and did not
improve outcome **. DCM is the result of multiple underlying environmental, genet-
ic and immunological insults and therefore likely does not follow a unidirectional
treatment strategy *. Identifying downstream pathophysiological processes will be
essential to develop future targeted treatment strategies for subsets of DCM patients.

The used total dosage (2g/kg IVIg) within this study is known as a high-dose
therapy and is the same as previously studied in peripartum cardiomyopathy?*, acute
myocarditis in children®, recent-onset dilated cardiomyopathy?, and our retrospec-
tive pilot study in idiopathic cardiomyopathy with EMB B19V persistence’*. While
the present study is unable to assess the possible beneficial effect of prolonged ad-

ministration of IVIg (beyond four days or on a weekly/monthly basis), the lack of
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any improvement of either cardiac function, viral load, inflammation, or functional
capacity makes a clinical relevant beneficial effect unlikely. We included chronic DCM
patients and still observed a significant increase in systolic cardiac function in the total
patient population, underscoring the fact that functional recovery may take longer

than six months upon optimal heart failure therapy ***.

Limitations

The number of included patients in our trial is small. Moreover, given the limited
information available on this topic before the initiation of this study we decided to
perform the power calculation solely based on the primary endpoint, which theoret-
ically could have resulted in a type 2 error for the secondary endpoints. Though, due
to the randomized and double-blind nature of the study and corresponding negative
findings, we would not favor larger clinical trials with IVIg in B19V-related DCM
which are based solely on cardiac B19V load. The inclusion of patients with EMB
B19V>200 copies/ug DNA in the current study was based on our previous results in
post-mortem samples of non-cardiac diseased subjects'. After the initiation of this
study; a load of >500 copies/ug DNA was suggested to be a clinically relevant threshold
given its association with cardiac inflammation®. In a sub-analysis of patient with
EMB B19V >500 copies/ug DNA, we did not find a trend for a beneficial effect of
IVIg on any of the endpoints. Nonetheless, a small effect cannot be excluded due to
the limited number of patients in this sub-analysis and as a consequence, insufficient
power. Moreover, a sub-analysis in patients with EMB B19V >500 copies/pig DNA and
EMB proven inflammation (N=7) could not be performed due to the lack of power.
Lastly, due to the small sample size and overrepresentation of males (78%) -in which
DCM is known to be more prevalent- within this trial the effect of gender could not

be evaluated®*.

CONCLUSION

IVIg therapy does not provide additional benefit on cardiac systolic function or func-
tional capacity beyond standard medical therapy in patients with idiopathic chronic
DCM and cardiac B19V persistence.
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SUPPLEMENTARY INFORMATION

supplementary methods

Detailed exclusion criteria

Exclusion criteria included; (i) myocardial infarction and/or significant coronary
artery disease (lesions >70% stenosis); (ii) significant valvular disease; (iii) untreated
hypertension (systolic blood pressure >140mmHg); (iv) alcohol and/or drugs abuse;
(v) congenital heart disease; (vi) chemotherapy induced-, arrhythmogenic-, hyper-
trophic-, restrictive-, infiltrative-, peripartum-cardiomyopathy or other causes for
heart failure; (vii) giant cell myocarditis; (viii) systemic (autoimmune) diseases such
as sarcoidosis, hemochromatosis, systemic lupus erythematosus ; (ix) significant EMB
load (>200 copies ug/DNA) of other cardiotropic viruses (enterovirus, adenovirus,
human herpes virus-6, Epstein-Barr virus); (x) Having an ongoing active disease
causing general symptoms e.g. chronic active hepatitis, persistent enterovirus infec-
tion with ongoing systemic complaints; (xi) ongoing progressive terminal disease as
determined by the treating physician, including HIV infection; (xii) renal insuffi-
ciency (plasma creatinine >115pmol/L); (xiii) detectable anti-IgA antibodies; (xiv)
treatment with any other investigational drugs within seven days prior to study entry
or previous enrolment in this study; (xv) known with allergic reactions against human

plasma or plasma products.

Echocardiography

Echocardiographic measurements were performed in the standard left parasternal,
apical, and subcostal views, using an IE33 from Philips Medical Systems (Best, The
Netherlands) by two independent investigators blinded to treatment groups. LV
end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), and LVEF were

measured using Simpson’s biplane method.

Endomyocardial biopsy and histopathological studies

A minimum of five biopsies were taken in the right ventricle from the interventricular
septum via the internal jugular vein using a transcatheter bioptome (Cordis, Miami,
FL, USA). Three specimens were used for immunohistological analysis and two for
the detection of viral genomes.

Histopathological tests were done on 4um-thick tissue sections from formalin-fixed,

paraffin-embedded EMBs, and stained with haematoxylin and eosin, Sirius red,
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CD3+, CD45+ and CD68+. Increased cardiac inflammation was defined as >14
CD45+ cells/mm?, including up to 4 CD68-infiltrating cells/mm? of total myocardial
area, in line with to the current ESC position statement’. Myocardial collagen volume
fraction (CVF) was quantified as percentage tissue positive for Sirius red of the total
myocardial area. Perivascular and direct sub-endomyocardial collagen were not in-
cluded in the CVF quantification.

Detection of viruses (B19V, enterovirus, adenovirus, human herpes virus-6, Ep-
stein-Barr virus) and the viral load were determined by polymerase chain reaction
(PCR) and reverse transcriptase PCR analysis. A significant viral load was defined
as >200 copies/pg DNA. This predetermined cut-off was based on a pilot study per-
formed by our group, using +2 standard deviations above the mean of B19V load

from right ventricular septal wall autopsy samples of normal hearts®.

Circulating levels of B19V anti-bodies

The concentration of circulating B19V antibodies — more specifically, anti-viral
capsid protein 1 and 2 (anti-VP1/-VP2), and anti-non-structural protein 1 (anti-NS1)
— at baseline (just before IVIg/placebo infusion) and four days after infusion were
measured to evaluate whether the treatment arms reached different levels of these
circulating antibodies as expected. Anti-VP1/2 and anti-NS-1 IgG were measured by
the Department of Virology, Institute for Medical Microbiology and Hygiene, Uni-
versity of Regensburg using an Enzyme immunoassay and Line Blot (from Mikrogen,

Neuried, Germany), respectively?*!.

Safety and tolerability of study drug

The safety and clinical tolerance of IVIg and placebo were monitored by adverse event
surveillance and laboratory measurements. All (serious) adverse events (SAEs) were
recorded during the study. Any suspected unexpected serious adverse reaction was
reported to the ethical committee and competent authorities by the sponsor within
fifteen days after knowledge. Other SAEs were submitted annually by the sponsor.
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EDITORIAL

Parvovirus B19 (B19V) is a common cause of rash in children (erythema infectio-
sum), and occasionally polyarthropathy or redcell aplasia. Case series and case-con-
trol studies have also linked B19V with heart diseases including myocarditis, dilated
cardiomy-opathy (DCM) and chest pain syndromes. Controversies regarding a causal
role for B19V specifically in chronic cardiomyopathy have centred on the best criteria
to determine active viral replication and the relationship of active viral infection to
myocyte dysfunction. Whereas the pathogenesis of enteroviral cardiomyopathy (e.g.
due to coxsackievirus B virus) from acute injury through chronic scar is established
in animal models, B19V chronic cardiomyopathy lacks an animal model and well-de-
fined pathogenesis.

Parvovirus B19 is a non-enveloped, non-lytic virus comprised of a single-strand,
positive-strand DNA genome, with its primary receptor being globside or group P
antigen. The BI9V genome has previously been identified as the most frequent virus
detected in endomyocardial biopsies (EMB), with a reported prevalence of up to
80%'. However, because a high prevalence of BI9V genome in heart tissue has also
been detected in patients with no specific heart conditions, causality in regard to the
development of chronic DCM remains uncertain. B19V may serve merely as a by-
stander, particularly when only low copy numbers are detected on EMB Hjalmarsson
et al.’ investigated the presence and relevance of B19V in DCM hearts by evaluating
EMB specimens from 40 hospitalized patients with idiopathic DCM compared with
a control group of 20 donor hearts. BI9V genome was found in 73% of myocardial
biopsies in the DCM group compared with 55% in the control group. The authors
concluded that presence of BI9V DNA in DCM is most likely incidental. However,
this study did not assess viral load or viral replication activity to link the virus with
pathogenic relevance. Current studies indicate that a viral load cutoft value of 200 or
perhaps 500 copies/ug DNA should be utilized when determining B19V relevance,
with a viral load of <200ug DNA not considered clinically relevant®.

Case series and one trial have investigated treatment of cardiac disease based
on the presence of B19V genome in acute and chronic myocarditis and DCM. The
Betaferon in Chronic Viral Cardiomyopathy (BICC) trial included patients with
chronic cardiomyopathy and viral (entrovirus, adenovirus, or B19V) genes detected
on EMB. Treatment consisted of interferon-beta (IFN-B) three times weekly. The
endpoints included elimination of the genomes (by quantitative polymerase chain

reaction) and change in New York Heart Association (NYHA) functional class. In
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this trial, IFN-P was associated with viral load reduction in addition to improvement
in NYHA functional class and quality of life*. Although case series and experimental
models supported a role for intravenous immunoglobulin (IVIg) in acute myocarditis
and DCM, the Intervention in Myocarditis and Acute Cardiomyopathy (IMAC) trial
demonstrated that in patients with acute DCM (only a minority has inflammation
on biopsy) IVIg and placebo had similar improved left ventricular function®. Viral
genomes were not assessed in IMAC-1*. Evaluated the response to IVIg of 17 pa-
tients with chronic DCM, symptomatic heart failure, and a EMB B19V viral load of
>250copies/pg DNA. The authors found a significant decrease in B19V viral load in
addition to an improved ejection fraction at 6 months post therapy, suggesting not
only a reduction in viral load but a significant improvement in cardiac function with
IVIg in patients with DCM thought due to increased B19V viral load in the heart.

Given the prior studies suggesting possible benefit of IVIg in B19V-related DCM,
Hazebroek et al.” sought to clarify the role of IVIg beyond conventional heart failure
therapy in patients with DCM attributed to B19V persistence. In the current issue of
the Journal, the authors present a prospective, randomized placebo-controlled sin-
gle-centre trial in which 50 patients with chronic (>6 months) idiopathic DCM were
randomized to either IVIg (n=26), 2 g/kg over 4 days, or placebo (n=24) ’. Inclusion
criteria in addition to the diagnosis of chronic idiopathic DCM were a LVEF<45%,
optimal medical therapy, and an EMB B19V load 0f>200 copies/ug DNA.

The primary outcome was the change in LVEF at 6 months following randomi-
zation, and secondary outcomes were change in functional capacity based on 6 min
walking test (6MWT), quality of life based on the Minnesota Living with Heart Failure
Questionnaire, left ventricular end-diastolic volume (LVEDV), and EMB B19V load
at 6 months following randomization. The primary endpoint did not differ signif-
icantly between the two groups (P=0.609). In a subset of patients with a baseline
B19V load>500 copies/ugDNA (n=10 placebo;n=13 IVIg), there was no significant
difference in the change of LVEF or LVEDV between the two groups. There were also
no significant differences between groups in terms of functional capacity assessed
by 6MWT and quality of life. The administration of IVIg was found to result in a
significant increase of anti-B19V antibodies, but there was no significant reduction
of viral load or overall inflammation, assessed by the amount of inflammation or
collagen volume fraction in EMB at 6 months and changes in CD45-positive cells/
mm?after treatment.

This landmark trial is the first randomized, placebo-controlled study to evaluate
the role of IVIg in the treatment of chronic DCM associated with B19V persistence.

Although the sample size was seemingly small at 50 subjects, the power calculations
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support their conclusion that IVIg does not improve cardiac function, functional
capacity, or quality of life in this well-defined cohort. There are still several important
limitations that the authors acknowledge. Their study did not assess for active viral
replication, evaluate for more prolonged IVIg administration and was underpowered
for subgroup analysis.

It is possible that BI9V load of>500 copies/ug DNA or miRNA pattern signifying
active viral replication might identify a cohort with active viral damage who would
benefit from specific interventions®. Similarly, patients with viral co-infections such as
human herpesvirus 6 (HHV6) (n=4 failed screening) were excluded. Dual infection
with B19V and HHV6 generally has a more severe clinical course, worse prognosis
and might have greater benefit from IVIg administration.

Additional focused studies are needed to determine if clearance of the B19V
genome will improve outcomes in patients with other cardiac conditions such as
vasospastic angina. The interaction of B19V with inflammation also remains a gap be-
cause B19V associated with active myocarditis may respond to immunosuppression.
For example, the Cortisone in Parvovirus Inflammatory Cardiomyopathy (CaPACI-
TY) single-centre observational study demonstrated that a combination of prednisone
and azathioprine in patients with B19V-positive DCM was associated with an im-
provement in LVEF’. In the Hazebroek study, the subset of patients with inflammation
on second biopsy (n=10) had a 1% increase in LVEF after IVIg where the subset with
no inflammation (n=38) had a 6% improvement (P=NS). This study was not designed
to determine whether inflammation correlated with response to IVIg. It seems certain
now that patients with chronic DCM, >200 copies of B19V and without myocarditis
do not benefit from the addition of IVIg beyond guideline-directed medical care.
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Chapter 6

ABSTRACT

BACKGROUND: The HFA-PEFF score was developed to optimize diagnosis and
to aid in early recognition of Heart Failure (HF) with preserved ejection fraction
(HFpEF) in patients who present with HF like symptoms. Recognizing early-HFpEF
phenogroups is essential to better understand progression towards overt HFpEF and
pave the way for early intervention and treatment. Whether the HFA-PEFF domain

scores can identify “early-HFpEF” phenogroups remains unknown.

AIMS: The aim of this pilot study is to: 1) identify distinct phenogroups by cluster
analysis of HFA-PEFF domain-scores in subjects that present with HF-like symp-
toms; and 2) study whether these phenogroups may be associated with distinct blood

proteome profiles.

METHODS: Subjects referred to the Cardiology Centers of the Netherlands (CCN),
location Utrecht, with non-acute possibly cardiac-related symptoms (such as dyspnea
or fatigue) were prospectively enrolled in the HELPFuL cohort (N=507) and were
included in the current analysis. Inclusion criteria for this study were: i) age =45
years; ii) a left ventricular ejection fraction (LVEF) 250%, in the absence of a history
of heart failure, coronary artery disease, congenital heart disease or any previous
cardiac interventions. Multinominal-based clustering with latent class model using
the HFA-PEFF domain-scores (Functional, Structural, Biomarker score) as input
was used to detect distinct phenotypic clusters. For each bootstrapping run the 92
Olink-proteins were analyzed for their association with the identified phenogroups.

RESULTS: Four distinct phenogroups were identified in current analysis (validated
by bootstrapping 1000x): 1) No Left Ventricular Diastolic Dysfunction (No LVDD,
N=102); 2) LVDD with Functional LV abnormalities (N=204); 3) LVDD with Func-
tional & Structural LV abnormalities (N=204); 4) LVDD with Functional & Structural
LV abnormalities and elevated BNP (N=107). The HFA-PEFF total score risk-cate-
gories significantly differed between the phenogroups (P<0.001), with an increase of
the HFA-PEFF score from phenogroup 1 to 4 (Low/Intermediate/High HFA-PEFF
risk-score: Phenogroup-1: 88%/12%/0%; Phenogroup-2: 9%/91%/0%; Phenogroup-3:
09/92%/8%; Phenogroup-4: 5%/83%/12%). Thirty-two out of the 92 Olink-protein
biomarkers significantly differed among the phenogroups. The top eight biomarkers -
GDF-15, MMP2, OPG, TIMP4, CHI3L1, IGFBP2 and IGFBP7 - are mainly involved
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in inflammation and extracellular matrix remodeling which are currently proposed

key-processes in HFpEF pathophysiology.

CONCLUSION: This study identified distinct phenogroups by using the HFA-PEFF
domain scores in ambulant subjects referred for HF-like symptoms. The newly iden-
tified phenogroups accompanied by their circulating biomarkers profile might aid in
a better understanding of the pathophysiological processes involved during the early

stages of the HFpEF syndrome.

BACKGROUND

Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous clinical
syndrome that is associated with a poor quality of life, high mortality rates, and sig-
nificant healthcare-related costs 2 Recently, the HFA-PEFF diagnostic algorithm was
developed to optimize diagnosis and aid in the early recognition of this syndrome
in patients who present with HF like symptoms *. However, whether the HFA-PEFF
domain scores can identify “early-HFpEF” phenogroups remains unknown. Recogniz-
ing early-HFpEF phenogroups is essential to better understand progression towards

overt HFpEF and pave the way for early treatment.

AIMS

The aim of this pilot study is to: 1) identify distinct phenogroups by cluster analy-
sis of HFA-PEFF domain-scores in subjects that present with HF-like symptoms;
and 2) study whether these phenogroups may be associated with distinct blood pro-
teome profiles.

METHODS

Consecutive participants (n=507) of the previously described HELPFul observational
cohort * were included in this study. In summary, the HELPFul cohort is a single-cen-
tre (Cardiology Centers of the Netherlands (CCN), location Utrecht) prospective
case-cohort study designed to better understand early-HFpEF and its progression
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towards overt HFpEFE. The CCN cardiology outpatient clinic is positioned between
the general practitioner and the hospital. It is intended to allow fast cardiac screening
in subjects with non-acute potential cardiac-related symptoms such as dyspnea or
fatigue *. The HELPFul study population therefore provides a unique possibility to
study biomarkers and risk factors in patients that have not yet developed (overt) left
ventricular diastolic dysfunction (LVDD), or HFpEF or are still in the early stages of
these conditions *. Inclusion criteria for this study were: i) age >45 years, ii) signed
informed consent, iii) a left ventricular ejection fraction (LVEF) > 50%, in the ab-
sence of a medical history of heart failure (hospitalization), coronary artery disease,
congenital heart disease or any previous cardiac interventions. As a result, subjects
with HF-like symptoms and structural/functional/biomarkers abnormalities in line
with recently published HFA-PEFF score but without a medical history of HFpEF-di-
agnosis are among others included in current study’.

At baseline visit, history taking, physical examination, laboratory measurements,
and transthoracic echocardiography were performed as part of routine clinical care.
For this study, baseline plasma samples were analyzed for 92 protein biomarkers
using the Olink Proseek Multiplex cardiovascular panel III (CVDIII) as described
previously °. Missing clinical data (total missing <2% with <10% missing per variable)
were imputed using factor analysis for mixed data (missMDA v1.17). Subsequently,
the structural, functional, and biomarker HFA-PEFF domain-scores were calculat-
ed (maximum score of 2 for each domain)’. Multinominal-based clustering with
latent class model using the domain-scores as categorical input was performed with
Rmixmod v2.1.5. Four phenogroups were identified based on the BIC-criterion. The
clustering was validated by bootstrapping (n=1000) with boot-package v1.3-25. The
statistical significance of the difference in clinical characteristics among the phe-
nogroups were estimated using Kruskall-Wallis rank-sum test and Mann-whitney U
test, or ANOVA and t-test for continuous variables, and Chi-squared or Fisher’s exact
test for categorical variables, where appropriate. For each bootstrapping run the 92
Olink-proteins were analyzed for their association with the four phenogroups using
the Kruskal-Wallis rank-sum test (Figure). All analyses were carried out with the R
software (version 4.0.4).
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RESULTS

Compared to the other clusters, subjects in phenogroup 1 were relatively young and
had a normal left ventricular (LV) function; subjects in phenogroup 2 were character-
ized by functional (diastolic) LV abnormalities but normal LV structure; phenogroup
3 by both structural and functional LV abnormalities, normal BNP plasma levels,
and a higher prevalence of hypertension; and phenogroup 4 by elevated BNP-lev-
els (mostly) accompanied by structural and functional LV-abnormalities (Table).
The HFA-PEFF total score risk-categories significantly differed between the phe-
nogroups (P<0.001, Bonferroni-correction), with an increase of the HFA-PEFF
score from phenogroup 1 to 4 (Low/Intermediate/High HFA-PEFF risk-score: Phe-
nogroup-1: 88%/12%/0%; Phenogroup-2: 9%/91%/0%; Phenogroup-3: 0%/92%/8%;
Phenogroup-4: 5%/83%/12%). Prevalence of sex, medical history of atrial fibrillation,
LVEE, creatinine levels, and body-mass index did not significantly differ between the
four phenogroups (Table). Thirty-two out of the 92 Olink protein biomarkers signif-
icantly differed among clusters (Figure; proteins with an upper interquartile range
limit of p-value in bootstrapping <0.05 are shown, with a p-value <0.05 for the top
eight after applying Bonferroni correction). The top eight biomarkers - NTproBNP,
Growth-differentiation factor 15 (GDF-15), Matrix metalloproteinase-2 (MMP2),
Insulin-like growth factor-binding protein-7, -2 (IGFBP2 and IGFBP7), Osteopro-
tegerin (OPG), Metalloproteinase inhibitor 4 (TIMP4), Chitinase-3-like protein 1
(CHI3L1) - included biomarkers that have been previously associated with HFpEF
and/or LVDD, and are mainly involved in inflammation and extracellular matrix

remodelling .
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CONCLUSIONS

This is the first study revealing distinct phenogroups by using the HFA-PEFF domain
scores in ambulant subjects referred for HF-like symptoms. While it’s unlikely that
individual circulating biomarkers will have diagnostic value to detect “early-HFpEF”
7, the newly identified phenogroups accompanied by their circulating biomarkers
profile might aid in a better understanding of the pathophysiological processes in-
volved during the early stages of the heterogeneous HFpEF syndrome. In addition,
this information might help to identify those individuals who progress from LVDD
towards overt HFpEF and possibly could benefit from early treatment in the future.

Certain study limitations have to be addressed, including the case-cohort
cross-sectional design, non-fasting blood samples, the lack of information on global
longitudinal strain (which was therefore not used for the calculation of the structural
HFA-PEFF score), and potential under-detection of LVDD since no exercise echocar-
diography or invasive haemodynamic stress testing was performed ®. Moreover, it is
unclear whether the biomarkers are a primary cause or effect of the phenogroups, and
whether the biomarker profiles itself are (indirectly) driven by elevated BNP levels,
which needs to be determined in longitudinal studies with sequential biobanking.
The current approach’s strength is the usage of easy to assess, widely available diag-
nostic parameters which are currently being used in cardiology and HFpEF clinics
*. Follow-up of clinical and biomarker data with serial (exercise) echocardiographies
-along with validation in similar cohorts- is required to prove the added value of the
currently identified phenogroups in predicting new-onset HFpEF and its progression.
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Figure. Top Panel) Multinominal-based clustering with latent class model using the HFA-
PEFF domain-scores as categorical input revealed four distinct phenogroups with signifi-
cant difference between the HFA-PEFF total score risk-categories (P<0.001, after applying
Bonferroni correction). Left bottom panel) Bootstrapping (1000x) results (P-value and inter-
quartile range (ITQ)) of the Olink-proteins for their association with the four phenogroups
using the Kruskal-Wallis rank-sum test. Biomarkers of which the upper interquartile range
(ITQ) limit of the bootstrapping results were significantly (P<0.05) associated with the clusters
are shown (Vertical red dotted line indicates the P-value cutoff after Bonferroni correction:
0.05/92). Right bottom panel) Heatmap of the mean value of z-scores of these Olink-pro-

teins in each cluster. CCL15=C-C motif chemokine 15; CD93=Complement component Clg
receptor; CHI3L1=Chitinase-3-like protein 1, CSTB=Cystatin-B; DLK-1=Protein delta homo-
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log 1, EGFR=Epidermal growth factor receptor; EPHB4=Ephrin type-B receptor 4; FABP4=-
Fatty acid-binding protein 4; FAS=Tumor necrosis factor receptor superfamily member 6;
Gal-3=Galectin-3; Gal-4=Galectin-4; GDF-15=Growth-differentiation factor 15, IGFBP-2=In-
sulin-like growth factor-binding protein 2; IGFBP-7=Insulin-like growth factor-binding pro-
tein 7; IL-18BP=Interleukin-18-binding protein; IL2-RA=Interleukin-2 receptor subunit alpha;
LTBR=Lymphotoxin-beta receptor; MB=Myoglobin; MCP-1=Monocyte chemotactic protein
1, MMP-2=Matrix metalloproteinase-2 ; Notch3=Neurogenic locus notch homolog protein
3; NT-proBNP=N-terminal prohormone brain natriuretic peptide; OPG=0Osteoprotegerin;
OPN=0Osteopontin; PLC=Perlecan; SPON1=Spondin-1; t-PA=Tissue-type plasminogen acti-
vator; TFF3=Trefoil factor 3; TIMP4=Metalloproteinase inhibitor 4, TNF-R1=Tumor necrosis
factor receptor 1; TNF-R2=Tumor necrosis factor receptor 2; U-PAR=Urokinase plasminogen
activator surface receptor.
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Chapter 7

ABSTRACT

Aim: Diagnosing Heart Failure with Preserved Ejection Fraction (HFpEF) in the
non-acute setting remains challenging. Natriuretic peptides have limited value for
this purpose, and a multitude of studies investigating novel diagnostic circulating
biomarkers have not resulted in their implementation. This review aims to provide
an overview of studies investigating novel circulating biomarkers for the diagnosis
of HFpEF and determine their risk of bias (ROB).

Methods and Results: A systematic literature search for studies investigating novel
diagnostic HFpEF circulating biomarkers in humans was performed up until April
21, 2020. Those without diagnostic performance measures reported, or performed
in an acute HF population were excluded, leading to a total of 28 studies. For each
study, four reviewers determined the ROB within the QUADAS-2 domains: patient
selection, index test, reference standard, and flow and timing. At least one domain
with a high ROB was present in all studies. Use of case-control/two-gated designs,
exclusion of difficult-to-diagnose patients, absence of a pre-specified cut-off value for
the index test without the performance of external validation, the use of inappropriate
reference standards and unclear timing of the index test and/or reference standard
were the main bias determinants. Due to the high ROB and different patient popu-
lations no meta-analysis was performed.

Conclusion: The majority of current diagnostic HFpEF biomarker studies have a
high risk of bias, reducing the reproducibility and the potential for clinical care.
Methodological well-designed studies with a uniform reference diagnosis are ur-
gently needed to determine the incremental value of circulating biomarkers for the
diagnosis of HFpEE
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Introduction

Heart failure with Preserved Ejection Fraction (HFpEF) is a clinical syndrome that
is associated with high mortality rates, poor quality of life and significant health-care
resource utilization?. Currently, more than five percent of the elderly (>65 years
of age) suffer from this debilitating syndrome’? The prevalence is expected to rise
even further in the upcoming years, due to the ageing population, and the growing
occurrence of other HFpEEF risk factors'~

Unfortunately, diagnosing HFpEF in the non-acute setting remains challenging.
Natriuretic peptides (NPs) have limited diagnostic value for this purpose, which is
mainly due to the high prevalence of conditions within this syndrome that can lead to
higher (e.g. atrial fibrillation, hypertension, pulmonary diseases, renal function disor-
ders) and lower (e.g. obesity) circulating NP levels*!'. Moreover, 18-30% of patients
with hemodynamically proven HFpEF have NP levels below ‘diagnostic’ threshold'? .

The limited diagnostic accuracy of the NPs, and the concept that other circulating
biomarkers could help to diagnose this complex syndrome on a molecular level, has
resulted in a multitude of studies investigating novel diagnostic HFpEF biomarkers>".
Remarkably, none of the suggested circulating biomarkers have been implemented
in the HFpEF clinics. The heterogeneous and systemic nature of the syndrome could
contribute to their lack of success'’, but a comprehensive overview of the literature
on this topic is absent. We therefore aimed to provide an overview of studies investi-
gating the diagnostic value of novel biomarkers for non-acute HFpEF and determine
their risk of bias (ROB).

Methods

A systematic literature search - based on the PRISMA-DTA statement'®- of Pubmed
and Embase was performed to find diagnostic papers within the field of HFpEF from
its inception until April 21, 2020. A broad search (Appendix 1) was used for a set of
systematic reviews and a meta-analysis for the (early) detection of left ventricular
diastolic dysfunction (LVDD) and/or HFpEF. The search strategy and the protocol
can be found on PROSPERO (CRD42018065018). Studies that reported the diagnos-
tic value of novel circulating biomarkers for the detection of chronic HFpEF were

included in this study.
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Study selection

Four reviewers (SR, MLH, AB and JB) screened the titles and abstracts independently.
Studies were included if they: (i) Reported a diagnostic performance measure (e.g.
area under the receiver operating curve, sensitivity, specificity, negative predictive
value, positive predictive value) of a novel circulating biomarker for the diagnosis of
HFpEF in humans as main- or sub-analysis; and (ii)were written in English. Studies
were excluded if they: (i)studied the diagnostic value of a biomarker in acute heart
failure; (ii)only studied the diagnostic value of NPs; (iii)studied the diagnostic value
within a rare patient population (e.g. beta thalassemia); or (v)were a (systematic)

review, meta-analysis, editorial or conference abstract.

Data extraction

The following data were extracted for each study: publication details (first author,
year of publication), study characteristics (patient population description, exclusion
criteria), used reference standard, and the biomarker(s) studied (index test).

Risk of bias (ROB) assessment

The methodological quality of the full-text articles was independently evaluated by
four reviewers (SR, ER, RV, MH) by utilising the QUADAS-2 tool". This tool was used
to determine the ROB within four domains: patient selection, index test, reference
standard, and flow and timing. Based on the information provided in the included
studies, the ROB was rated low, intermediate, or high for these domains separately.
For the reference standard domain the ROB was rated low if (exercise) right-sided
heart catheterisation was used for the diagnosis of HFpEF, intermediate if signs/symp-
toms of HF with LVEF>40-50% and structural/functional abnormalities indicative of
LVDD was used'®'*%!, and high for all other reference standards. Within the remaining
domains the ROB was rated low, intermediate or high when respectively all, two, and
one or none of the supporting questions (Supplemental table 1; three predefined
questions per domain) were answered in a positive manner. However, certain study
characteristics —no avoidance of case-control/two-gated designs, or unclear/inap-
propriate timing for the index test and/or reference standard— would immediately
lead to a high ROB for the respective domain. Inconsistencies in quality assessment
between the four reviewers were resolved by discussion until consensus was reached.
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Results

Search results

A total of 20.757 studies derived from the extensive literature search. A total of 28
studies were deemed eligible for this review (Supplemental figure 1). The 28 select-
ed studies included a wide range of potential novel diagnostic HFpEF circulating
biomarkers (Table 1)%%,

Risk of bias within the 4 QUADAS-2 domains Main bias determinants

W =Low =INTERMEDIATE W =HIGH

—
G e Unclear timing of the index test and

reference standard
Flow and timing

‘ _ © No use of (exercise) right sided heart
catheterisation

Reference standard

‘ _ g e v
* No external validation

Index test

(&)
. e Use of case-control/two-gated
designs
e Exclusion of relevant patient subsets

! I y Patient selection
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 1. Percentage of studies with low, intermediate or high risk of bias within the four
QUADAS-2 domains (patient selection, index test,reference standard, flow and timing)
and the main reasons for a high risk of bias within these domains.
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Quality assessment

All papers had at least one domain with a high ROB, and eleven papers (39%) showed a
high ROB within all four domains (Supplemental Table 2). Main reasons for bias within
the QUADAS-2 domains of each individual article are shown in Supplemental Table 3.
The ROB within the patient selection domain was high in 24 out of 28 studies (86%;
Figure 1). This was mainly driven by the use of case-control/two-gated designs. Ad-
ditionally, in 13 studies inappropriate exclusion criteria were not avoided (Supple-
mental table 3&4). This was often the result of excluding difficult to diagnose patients
— e.g. patient with atrial fibrillation (AF), obesity, and/or pulmonary diseases— or
by excluding patient conditions which could possibly influence the outcome of the
index test (e.g. kidney function disorders). Only nine studies (32%) did not use a
case-control design, in only two of these studies inappropriate exclusion criteria were
avoided (Supplemental Table 3).

Even though the index tests of all studies were classified as objective, the ROB for
the index test domain was rated high in 26 out of 28 studies (93%; Figure 1). This was
caused by the fact that most studies did not use pre-specified cut-off values and did
not perform any external validation. Only one article provided information about the
sensitivity and specificity of a pre-specified cut-oft value for the index test studied®,
and one article performed validation of their findings in an external cohort®.

All studies suffered from an intermediate or high ROB within the reference standard
domain; being rated as intermediate/high in 14 out of 28 studies (50%; Figure 1). Differ-
ent reference standards (and definitions of LVDD) were used, and none of the studies
performed (exercise) right-sided heart catheterisation in all study-subjects (Table 1).

A total of 27 out of 28 studies (96%; Figure 1) scored a high ROB within the flow
and timing domain. In all these studies this was caused by the fact that the exact timing
of the index test and/or reference standard was unclear (Supplemental Table 3).

Given the high ROB, combined with limited overlap in investigated biomarkers
and different statistical methods used, no AUCs were reported and no meta-analysis
was performed.

Discussion
This is the first study that provides a comprehensive overview of studies that included

diagnostic evaluation of novel circulating biomarkers for the detection of HFpEE.

All included studies in this review contributed to our current level of knowledge
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of this complex syndrome. However, this systematic review exposes multiple study
limitations that together limit our ability to evaluate the true diagnostic value of cir-
culating biomarkers. The main limitations that we found were: i)use of case-control/
two-gated designs; ii)exclusion of a relevant/representative subset of the true HFpEF
population; iii)use of optimal rather than pre-specified cut-off points for the index
test without the performance of external validation; iv)inadequate and highly var-
iable reference standards, none including the true gold-standard; and iv)unknown
timing of the index- and/or reference-standard. The overall high ROB might play an
important role in the limited uptake of these biomarkers in the HFpEF clinics and

calls for methodologically well-designed studies®*".

Patient Selection

Most studies have determined the diagnostic value of the biomarkers in cases with
known HFpEF compared to (healthy) controls. During the early stages of novel bio-
marker discovery these designs with contrasting populations can be useful to screen
whether novel biomarkers might be of any interest for future analysis®. Such studies
may also reveal mechanistic insights into the syndrome. However, for diagnostic
utility these designs induce spectrum bias, which overestimates the diagnostic value
of the investigated biomarker(s)***.

Additionally, extensive exclusion criteria including AF, pulmonary diseases, or
even chronic kidney function disorders were often used, which are all highly prev-
alent comorbid conditions in HFpEF**>%. For example, over 50% of HFpEF patients
have AF**¢'. Excluding these patients introduces selection bias that could result in a
serious misinterpretation of the diagnostic value and reduce external validity of these

biomarkers in unselected HFpEF populations®>*¢2,

Index Test

The use of optimal cut-off values for the index test without performing external vali-
dation within the majority of previous studies will have resulted in an overestimation
of the diagnostic performance of the biomarkers examined®. Moreover, a biomarker
should have incremental value on top of easy to determine characteristics —e.g. age,
sex and BMI- to really yield potential for clinical use. While this was not part of the
ROB assessment within this study, it will partially explain the lack of the implemen-

tation of novel diagnostic HFpEF biomarkers.
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Reference Standard

Test accuracy of a novel biomarker is based on the concept that every inconsistency
between the index test and reference standard is due to an incorrect index test'”>!.
Since different reference standards will significantly alter the prevalence of cases
within the cohort of interest —as already shown within the field of LVDD® - this
will significantly affect the diagnostic value of the biomarker(s) studied. None of
the included studies used (exercise) right-sided heart catheterisation —the real gold
standard for HFpEF- as uniform reference standard. Studies validating the biomarker
value against this gold standard are urgently needed.

Recognising the challenges of widespread implementation of gold standard inva-
sive hemodynamic testing, we also examined the use of guideline-recommended ref-
erence standards that were published at the moment of publication for the diagnosis
of Heart failure with normal ejection fraction (HFnEF) since 2007'® or HFpEF since
2016", and found that most studies did not apply these. Also, these reference stand-
ards were not in line with the recently published H2FPEF*® or HFA-PEFF scores'’.
Nonetheless, even the recommended reference standards and risk-scores differ signif-
icantly in included diagnostic criteria, used cut-off values and the role comorbidities
play within these standards, highlighting the uncertainty of diagnosing HFpEE.

Flow and Timing

Most studies did not provide (detailed) information regarding the timing of the index
test and the reference standard. This lack of information is regrettable given that
biomarker levels will likely change over time. Moreover, it’s highly likely that diuret-
ics are prescribed and/or dosage were changed in patients with signs of congestion.
Diuretics will reduce filling pressure and very likely influence the concentration of
the circulating biomarker measured. It has already been shown that diuretics affect
the urinary proteome in rats®, and the pleural protein concentration in patients with
congestive HF®. In the latter also an increase in total serum protein content after the
administration of diuretics was observed®. Therefore, it is highly desirable that the
circulating biomarkers are measured at the same moment as the HFpEF diagnosis is

made and before any intervention occurs.

Phenotype specific biomarkers

The question remains to which extent the absence of novel diagnostic HFpEF bio-

markers is due to the real lack of diagnostic value of these biomarkers, versus the
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heterogeneity of the syndrome itself. In contrast to HFpEF, HFrEF, characterised
by cardiomyocyte loss and ventricular dilatation, is diagnostically well-captured by
natriuretic peptides that increase in response to wall stress and by troponins indicat-
ing cardiomyocyte injury’. In the more heterogeneous HFpEF syndrome, biomark-
ers likely reflect less well the complex, mainly non-cardiac multi-organ nature of
the syndrome'"*. Therefore, biomarkers reflecting more general pathophysiological
processes like inflammation (GDEF-15), fibrosis (sST2, Galectin-3), and metabolic
dysfunction (IGFBP-7) could have potential; moreover, the search for one single
biomarker may not be sufficient'. An approach with multiple biomarkers in meth-
odologically well-designed studies may be more appropriate and successful'****!. One
may postulate if it will ever be possible to find a single diagnostic test or panel of
biomarkers with adequate diagnostic value for the entire syndrome, and perhaps the
optimal approach may be to use specific biomarkers to diagnose distinct subtypes of

HFpEF, which could eventually also lead to a more tailored therapy®””.

Future perspectives

There is an urgent need for prospective studies to validate the diagnostic value of
the HFA-PEFF score against gold standard invasive exercise hemodynamic testing
in unselected symptomatic patients with suspected HFpEF'. The inclusion of blood
biomarker testing in such a study will enable the evaluation of the possible role of
novel biomarkers in the HFA-PEFF algorithm on top of NPs and echocardiographic
biomarkers. Possibilities that warrant investigation include implementation of bi-
omarker testing in step 1 (pretest assessment) or step 2 (diagnostic workup) of the
HFA-PEFF algorithm. Furthermore, promising novel biomarkers may be assessed as
potential alternatives to NPs. NP-levels should not be used as selection-criterium in
these studies since 18-30% of patients with hemodynamically proven HFpEF have NP
levels below ‘diagnostic’ threshold'*!*. Such studies will require close collaboration be-

tween basic scientists, clinicians, epidemiologists, industry, and (federal) sponsors ***".

Study limitations

Although all papers were reviewed and discussed by our interdisciplinary team until
consensus was reached, the ROB classifications are based on the information provided
in the studies, the predefined risk of bias criteria, as well as on the interpretation of the
reviewers themselves. Therefore, it is possible that analysis of the studies by another
group of reviewers results in another level of bias within certain domains of studies.

However, we defined clear roles and results are rather uniform and unambiguous,
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making it highly unlikely that the main conclusion would differ significantly. Our
review did not aim for a head to head comparison between these studies, and therefore
should not be used for this purpose.

To the best of our knowledge, this review includes all current novel diagnostic
circulating biomarker studies to detect chronic HFpEF. However, given the extent of
the search performed it cannot be completely excluded that studies were missed if
diagnostic performance measures were not mentioned in the abstract. Additionally,
some studies main aim was not to study the diagnostic value of circulating biomarkers
to detect HFpEE though since they studied the diagnostic value in sub-analysis, they
were still included in this review to provide a complete overview of current circulating
diagnostic HFpEF biomarker analysis.

Finally, since some studies included (previous) hospitalised patients and timing
of the reference standard and the drawing of blood was often unclear we may have
unintentionally included acute HFpEF populations. Since this does not affect the main
conclusion of this review, we decided not to exclude these studies.

Conclusion
The majority of current diagnostic HFpEF biomarker studies have a high risk of
bias, reducing the reproducibility and the potential for clinical care. Methodological

well-designed studies with a uniform reference diagnosis are urgently needed to de-
termine the incremental value of circulating biomarkers for the diagnosis of HFpEFE.
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SUPPLEMTENTARY INFORMATION - Supplemental figure

Records identified through
database searching

= 5
(N= 20,755) Records identified

through hand

. searching
Records screened On title/ N=2)

abstract after duplicates
Were removed
(N=12,793) Excluded based
on selection
criteria*
(N = 12,409)

Fulltext articles assessed
for eligibility
(N = 384) Excluded (N = 357)

295 Did not report a diagnostic
performance measure for a novel circulating
biomarker for the detection of DHF/HFpEF/

HFnEF
41 Full text not available in English
10 Not original research (e.g. editorial,
conference abstract)
6 Prospective design
2 Duplicates
3 No fulltext available

Hand picked (N=1)
Included Primarily excluded
Novel diagnostic HFpEF since no diagnostic
Biomarkers performance measure
(N=28) was mentioned in the
abstract

Supplemental Figure 1. PRISMA flow diagram of study selection. *Selection criteria for title/
abstract screening phase- Inclusion criteria: 1.HFpEF/HFnEF/DHF or LVDD as outcome; 2. A
diagnostic performance measure (e.g. AUC, Sensitivity, Specificity, PPV, NPV) of a biomark-
er was reported; 3. Cross-sectional/case-control design. Exclusion Criteria: 1. Only studied
an acute HF population ; 2. Only included patients with rare diseases (e.g. HIV, beta-thal-
assemia); 3. Prognostic studies; 4. Systematic/narrative reviews, meta-analyses, editorials
and conference abstracts . AUC= Area under the ROC-curve; DHF= Diastolic Heart Fail-
ure; LYDD= left ventricular diastolic dysfunction; HFnEF= Heart Failure with Normal Ejection
Fraction; HFpEF= heart failure with preserved ejeciton fraction; HFrEF= heart failure with
reduced ejection fraction; NPV= Negative Predictive Value; PPV= Positive Predictive Value.
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SUPPLEMTENTARY INFORMATION - Supplemental Tables

Supplemental table 1. Predefined questions that were used for the risk of bias

assessment

Study

Question

Patient Selection

Was a consecutive or random sample of patients
enrolled?

Was a case-control/two-gated design avoided?

Did the study avoid inappropriate exclusions?

e.g. obesity, pulmonary diseases, chronic kidney failure,
atrial fibrillation, diabetes mellitus

Index Test

Was an objective index test used?
Was a pre-specified threshold used?
Was an external validation cohort used?

Reference Standard

Is the reference standard likely to correctly classify the
target condition?

Flow & Timing

Was there an appropriate timing of and interval between
the index test and reference standard?

Did all patients receive the same reference standard?
Were all patients included in the analysis?
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SUPPLEMTENTARY INFORMATION - Search string for PubMed
and Embase

PubMed

Heart failure

“Heart Failure”[Mesh:NoExp] OR heart failure*[tiab] OR cardiac failure*[tiab]
Normal ejection fraction

“Heart Failure, Diastolic’[Mesh] OR diastolic heart failure*[tiab] OR dhf[tiab] OR
diastolic dysfunction*[tiab] OR diastolic heart dysfunction*[tiab] OR diastolic fail-
ure*[tiab] OR normal ejection fraction*[tiab] OR hfnef[tiab] OR preserved ejection
fraction*[tiab] OR hfpef[tiab]

diagnostics

“Diagnosis”’[Mesh] OR “Biomarkers”[Mesh:NoExp] OR “Biomarkers, Pharmaco-
logical’[Mesh] OR “Genetic Markers’[Mesh] OR “Echocardiography”[Mesh] OR
“Electrocardiography”[Mesh] OR diagnos*[tiab] OR detection*[tiab] OR model[tiab]
OR models[tiab] OR biomarker*[tiab] OR marker*[tiab] OR echocardiograph*[tiab]
OR electrocardiograph*[tiab] OR doppler*[tiab] OR ECG|tiab]

Filter

Not (Animals[Mesh] Not Humans[Mesh]) NOT (mice[tiab] OR rats[tiab])

Embase

Heart failure

‘heart failure’/de OR ‘diastolic dysfunction’/exp OR ‘heart left ventricle failure’/exp
OR (heart NEAR/3 failure*):ab,ti OR (cardiac NEAR/3 failure*):ab,ti

Normal ejection fraction / linkerzijde

‘diastolic heart failure’/exp OR (diastolic NEAR/3 failure*):ab,ti OR dhf:ab,ti OR (di-
astolic NEAR/3 dysfunction*):ab,ti OR ‘normal ejection fraction*’:ab,ti OR hfnef:ab,ti
OR ‘preserved ejection fraction*’:ab,ti OR hfpef:ab,ti

Diagnostics

‘diagnosis’/exp OR ‘biological marker’/exp OR ‘pharmacological biomarker’/exp
OR ‘genetic marker’/exp OR ‘echocardiography’/exp OR ‘electrocardiography’/exp
OR diagnos*:ab,ti OR detection*:ab,ti OR model:ab,ti OR models:ab,ti OR biomark-
er*:ab,ti OR marker*:ab,ti OR echocardiograph*:ab,ti OR electrocardiograph*:ab,ti
OR doppler*:ab,ti OR ECG:ab,ti

Filter

198



Risk of bias in studies investigating novel diagnostic biomarkers for HFpEF. A systematic review

REFERENCES

10.

11.

12.

13.

Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved ejection
fraction. Nat Rev Cardiol 2017;14(10):591-602.

Ziaeian B, Fonarow GC. Epidemiology and aetiology of heart failure. Nat Rev Cardiol
2016;13(6):368-78.

Meijers WC, van der Velde AR, de Boer RA. Biomarkers in heart failure with preserved
ejection fraction. Neth Heart ] 2016;24(4):252-8.

Buckley LF, Canada JM, Del Buono MG, Carbone S, Trankle CR, Billingsley H, Kadariya D,
Arena R, Van Tassell BW, Abbate A. Low NT-proBNP levels in overweight and obese patients
do not rule out a diagnosis of heart failure with preserved ejection fraction. ESC Heart Fail
2018;5(2):372-378.

Lam CS, Rienstra M, Tay WT, Liu LC, Hummel YM, van der Meer P, de Boer RA, Van Gelder
IC, van Veldhuisen DJ, Voors AA, Hoendermis ES. Atrial Fibrillation in Heart Failure With
Preserved Ejection Fraction: Association With Exercise Capacity, Left Ventricular Filling
Pressures, Natriuretic Peptides, and Left Atrial Volume. JACC Heart Fail 2017;5(2):92-98.

Redfield MM, Rodeheffer R], Jacobsen SJ, Mahoney DW, Bailey KR, Burnett JC, Jr. Plasma
brain natriuretic peptide concentration: impact of age and gender. ] Am Coll Cardiol
2002;40(5):976-82.

Suthahar N, Meijers WC, Ho JE, Gansevoort RT, Voors AA, van der Meer P, Bakker SJL,
Heymans S, van Empel V, Schroen B, van der Harst P, van Veldhuisen DJ, de Boer RA.
Sex-specific associations of obesity and N-terminal pro-B-type natriuretic peptide levels in
the general population. Eur ] Heart Fail 2018;20(8):1205-1214.

Brunner-La Rocca HP, Sanders-van Wijk S. Natriuretic Peptides in Chronic Heart Failure.
Card Fail Rev 2019;5(1):44-49.

Obokata M, Reddy YNV, Pislaru SV, Melenovsky V, Borlaug BA. Evidence Supporting the
Existence of a Distinct Obese Phenotype of Heart Failure With Preserved Ejection Fraction.
Circulation 2017;136(1):6-19.

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, Edelmann F, Fu M, Guazzi
M, Lam CSP, Lancellotti P, Melenovsky V, Morris DA, Nagel E, Pieske-Kraigher E, Ponikowski
P, Solomon SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka F, Paulus W], Seferovic P, Fil-
ippatos G. How to diagnose heart failure with preserved ejection fraction: the HFA-PEFF
diagnostic algorithm: a consensus recommendation from the Heart Failure Association (HFA)
of the European Society of Cardiology (ESC). European Heart Journal 2019.

Piek A, Du W, de Boer RA, Sillje HHW. Novel heart failure biomarkers: why do we fail to
exploit their potential? Crit Rev Clin Lab Sci 2018;55(4):246-263.

Anjan VY, Loftus TM, Burke MA, Akhter N, Fonarow GC, Gheorghiade M, Shah S]J. Preva-
lence, clinical phenotype, and outcomes associated with normal B-type natriuretic peptide
levels in heart failure with preserved ejection fraction. Am J Cardiol 2012;110(6):870-6.
Borlaug BA, Nishimura RA, Sorajja P, Lam CS, Redfield MM. Exercise hemodynamics

enhance diagnosis of early heart failure with preserved ejection fraction. Circ Heart Fail
2010;3(5):588-95.



Chapter 7

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

200

Meijers WC, Hoekstra T, Jaarsma T, van Veldhuisen DJ, de Boer RA. Patients with heart
failure with preserved ejection fraction and low levels of natriuretic peptides. Neth Heart J
2016;24(4):287-95.

Ibrahim NE, Januzzi JL. Established and Emerging Roles of Biomarkers in Heart Failure. Circ
Res 2018;123(5):614-629.

McInnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, and the P-DTAG, Clifford
T, Cohen JE Deeks JJ, Gatsonis C, Hooft L, Hunt HA, Hyde CJ, Korevaar DA, Leeflang MMG,
Macaskill P, Reitsma JB, Rodin R, Rutjes AWS, Salameh JP, Stevens A, Takwoingi Y, Tonelli
M, Weeks L, Whiting P, Willis BH. Preferred Reporting Items for a Systematic Review and
Meta-analysis of Diagnostic Test Accuracy Studies: The PRISMA-DTA Statement. JAMA
2018;319(4):388-396.

Whiting PE Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, Leeflang MM, Sterne
JA, Bossuyt PM, Quadas-Group. QUADAS-2: a revised tool for the quality assessment of
diagnostic accuracy studies. Ann Intern Med 2011;155(8):529-36.

Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE, Marino P,
Smiseth OA, De Keulenaer G, Leite-Moreira AF, Borbely A, Edes I, Handoko ML, Heymans
S, Pezzali N, Pieske B, Dickstein K, Fraser AG, Brutsaert DL. How to diagnose diastolic heart
failure: a consensus statement on the diagnosis of heart failure with normal left ventricular
ejection fraction by the Heart Failure and Echocardiography Associations of the European
Society of Cardiology. Eur Heart ] 2007;28(20):2539-50.

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGFE, Coats AJS, Falk V, Gonzalez-Jua-
natey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, Nihoyannopoulos P, Parissis JT,
Pieske B, Riley JP, Rosano GMC, Ruilope LM, Ruschitzka F, Rutten FH, van der Meer P, ESC
Scientific Document Group. 2016 ESC Guidelines for the diagnosis and treatment of acute
and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic
heart failure of the European Society of Cardiology (ESC)Developed with the special contri-
bution of the Heart Failure Association (HFA) of the ESC. Eur Heart ] 2016;37(27):2129-2200.

Nagueh SE, Smiseth OA, Appleton CP, Byrd BE 3rd, Dokainish H, Edvardsen T, Flachskampf
FA, Gillebert TC, Klein AL, Lancellotti P, Marino P, Oh JK, Alexandru Popescu B, Waggoner
AD, Houston T, Oslo N, Phoenix A, Nashville T, Hamilton OC, Uppsala S, Ghent, Liege B,
Cleveland O, Novara I, Rochester M, Bucharest R, St. Louis M. Recommendations for the
Evaluation of Left Ventricular Diastolic Function by Echocardiography: An Update from
the American Society of Echocardiography and the European Association of Cardiovascular
Imaging. Eur Heart ] Cardiovasc Imaging 2016;17(12):1321-1360.

Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, Waggoner AD,
Flachskampf FA, Pellikka PA, Evangelisa A. Recommendations for the evaluation of left
ventricular diastolic function by echocardiography. Eur ] Echocardiogr 2009;10(2):165-93.

Baessler A, Strack C, Rousseva E, Wagner E, Bruxmeier J, Schmiedel M, Riegger G, Lahmann
C, Loew T, Schmitz G, Fischer M. Growth-differentiation factor-15 improves reclassification
for the diagnosis of heart failure with normal ejection fraction in morbid obesity. Eur ] Heart
Fail 2012;14(11):1240-8.

Barroso MC, Kramer F, Greene SJ, Scheyer D, Kohler T, Karoff M, Seyfarth M, Gheorghi-
ade M, Dinh W. Serum insulin-like growth factor-1 and its binding protein-7: potential



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Risk of bias in studies investigating novel diagnostic biomarkers for HFpEF. A systematic review

novel biomarkers for heart failure with preserved ejection fraction. BMC Cardiovasc Disord
2016;16(1):199.

Berezin AE, Kremzer AA, Martovitskaya YV, Berezina TA, Gromenko EA. Pattern of endothe-
lial progenitor cells and apoptotic endothelial cell-derived microparticles in chronic heart
failure patients with preserved and reduced left ventricular ejection fraction. EBioMedicine
2016;4:86-94.

Celik A, Koc F, Kadi H, Ceyhan K, Erkorkmaz U, Burucu T, Karayakali M, Onalan O. Rela-

tionship between red cell distribution width and echocardiographic parameters in patients
with diastolic heart failure. Kaohsiung ] Med Sci 2012;28(3):165-72.

Cui Y, Qi X, Huang A, Li ], Hou W, Liu K. Differential and Predictive Value of Galectin-3
and Soluble Suppression of Tumorigenicity-2 (sST2) in Heart Failure with Preserved Ejection
Fraction. Med Sci Monit 2018;24:5139-5146.

Farinacci M, Krahn T, Dinh W, Volk HD, Dungen HD, Wagner J, Konen T, von Ahsen O.
Circulating endothelial cells as biomarker for cardiovascular diseases. Res Pract Thromb
Haemost 2019;3(1):49-58.

Jiang H, Zhang L, Yu Y, Liu M, Jin X, Zhang P, Yu P, Zhang S, Zhu H, Chen R, Zou Y, Ge J. A

pilot study of angiogenin in heart failure with preserved ejection fraction: a novel potential
biomarker for diagnosis and prognosis? J Cell Mol Med 2014;18(11):2189-97.

LiJ, Wu N, Dai W, Jiang L, Li Y, Li S, Wen Z. Association of serum calcium and heart fail-
ure with preserved ejection fraction in patients with type 2 diabetes. Cardiovasc Diabetol
2016;15(1):140.

Liu S, Iskandar R, Chen W, Zhang J, Wang Y, Chen X, Xiang F. Soluble Glycoprotein 130
and Heat Shock Protein 27 as Novel Candidate Biomarkers of Chronic Heart Failure with
Preserved Ejection Fraction. Heart Lung Circ 2016;25(10):1000-6.

Martos R, Baugh ], Ledwidge M, O’Loughlin C, Murphy NF, Conlon C, Patle A, Donnelly SC,
McDonald K. Diagnosis of heart failure with preserved ejection fraction: improved accuracy
with the use of markers of collagen turnover. Eur ] Heart Fail 2009;11(2):191-7.

Mason JM, Hancock HC, Close H, Murphy JJ, Fuat A, de Belder M, Singh R, Teggert A, Wood
E, Brennan G, Hussain N, Kumar N, Manshani N, Hodges D, Wilson D, Hungin AP. Utility
of biomarkers in the differential diagnosis of heart failure in older people: findings from the
heart failure in care homes (HFinCH) diagnostic accuracy study. PLoS One 2013;8(1):e53560.

Nikolova AP, Hitzeman TC, Baum R, Caldaruse AM, Agvanian S, Xie Y, Geft DR, Chang DH,
Moriguchi JD, Hage A, Azarbal B, Czer LS, Kittleson MM, Patel JK, Wu AHB, Kobashigawa
JA, Hamilton M, Hong T, Shaw RM. Association of a Novel Diagnostic Biomarker, the Plasma
Cardiac Bridging Integrator 1 Score, With Heart Failure With Preserved Ejection Fraction
and Cardiovascular Hospitalization. JAMA Cardiol 2018;3(12):1206-1210.

Polat V, Bozcali E, Uygun T, Opan S, Karakaya O. Diagnostic significance of serum galectin-3
levels in heart failure with preserved ejection fraction. Acta Cardiol 2016;71(2):191-7.

Sanders-van Wijk S, van Empel V, Davarzani N, Maeder M T, Handschin R, Pfisterer ME,
Brunner-La Rocca HP, Time-Chf investigators. Circulating biomarkers of distinct patho-
physiological pathways in heart failure with preserved vs. reduced left ventricular ejection
fraction. Eur ] Heart Fail 2015;17(10):1006-14.

201



Chapter 7

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

202

Santhanakrishnan R, Chong JP, Ng TP, Ling LH, Sim D, Leong KT, Yeo PS, Ong HY, Jau-
feerally F, Wong R, Chai P, Low AF, Richards AM, Lam CS. Growth differentiation factor
15, ST2, high-sensitivity troponin T, and N-terminal pro brain natriuretic peptide in heart
failure with preserved vs. reduced ejection fraction. Eur ] Heart Fail 2012;14(12):1338-47.

Sinning C, Kempf T, Schwarzl M, Lanfermann S, Ojeda F, Schnabel RB, Zengin E, Wild PS,
Lackner KJ, Munzel T, Blankenberg S, Wollert KC, Zeller T, Westermann D. Biomarkers for
characterization of heart failure - Distinction of heart failure with preserved and reduced
ejection fraction. Int J Cardiol 2017;227:272-277.

Stahrenberg R, Edelmann F, Mende M, Kockskamper A, Dungen HD, Luers C, Binder L,
Herrmann-Lingen C, Gelbrich G, Hasenfuss G, Pieske B, Wachter R. The novel biomarker
growth differentiation factor 15 in heart failure with normal ejection fraction. Eur ] Heart
Fail 2010;12(12):1309-16.

Toma M, Mak GJ, Chen V, Hollander Z, Shannon CP, Lam KKY, Ng RT, Tebbutt SJ, Wil-
son-McManus JE, Ignaszewski A, Anderson T, Dyck JRB, Howlett ], Ezekowitz ], McManus
BM, Oudit GY. Differentiating heart failure phenotypes using sex-specific transcriptomic
and proteomic biomarker panels. ESC Heart Fail 2017;4(3):301-311.

Wang YC, Yu CC, Chiu FC, Tsai CT, Lai LP, Hwang JJ, Lin JL. Soluble ST2 as a biomarker
for detecting stable heart failure with a normal ejection fraction in hypertensive patients. J
Card Fail 2013;19(3):163-8.

Watson CJ, Gupta SK, O’Connell E, Thum S, Glezeva N, Fendrich ], Gallagher J, Ledwidge
M, Grote-Levi L, McDonald K, Thum T. MicroRNA signatures differentiate preserved from
reduced ejection fraction heart failure. Eur ] Heart Fail 2015;17(4):405-15.

Wong LL, Armugam A, Sepramaniam S, Karolina DS, Lim KY, Lim JY, Chong JP, NgJY, Chen
YT, Chan MM, Chen Z, Yeo PS, Ng TP, Ling LH, Sim D, Leong KT, Ong HY, Jaufeerally E,
Wong R, Chai P, Low AFE, Lam CS, Jeyaseelan K, Richards AM. Circulating microRNAs in
heart failure with reduced and preserved left ventricular ejection fraction. Eur ] Heart Fail
2015;17(4):393-404.

Wong LL, Zou R, Zhou L, Lim JY, Phua DCY, Liu C, Chong JPC, Ng JYX, Liew OW, Chan SP,
Chen YT, Chan MMY, Yeo PSD, Ng TP, Ling LH, Sim D, Leong KTG, Ong HY, Jaufeerally F,
Wong R, Chai P, Low AE, Lund M, Devlin G, Troughton R, Cameron VA, Doughty RN, Lam
CSP, Too HP, Richards AM. Combining Circulating MicroRNA and NT-proBNP to Detect
and Categorize Heart Failure Subtypes. ] Am Coll Cardiol 2019;73(11):1300-1313.

Zile MR, Desantis SM, Baicu CF, Stroud RE, Thompson SB, McClure CD, Mehurg SM, Spinale
FG. Plasma biomarkers that reflect determinants of matrix composition identify the presence
of left ventricular hypertrophy and diastolic heart failure. Circ Heart Fail 2011;4(3):246-56.

Zordoky BN, Sung MM, Ezekowitz ], Mandal R, Han B, Bjorndahl TC, Bouatra S, Anderson
T, Oudit GY, Wishart DS, Dyck JR, Alberta H. Metabolomic fingerprint of heart failure with
preserved ejection fraction. PLoS One 2015;10(5):e0124844.

Berezin AE, Kremzer AA, Samura TA, Berezina TA. Altered signature of apoptotic en-

dothelial cell-derived microvesicles predicts chronic heart failure phenotypes. Biomark Med
2019;13(9):737-750.



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Risk of bias in studies investigating novel diagnostic biomarkers for HFpEF. A systematic review

Chi H, Feng H, Shang X, Jiao J, Sun L, Jiang W, Meng X, Fan Y, Lin X, Zhong ], Yang X.
Circulating Connective Tissue Growth Factor Is Associated with Diastolic Dysfunction in
Patients with Diastolic Heart Failure. Cardiology 2019;143(3-4):77-84.

Fang S, Zhang Z, Wang Y, Jiang E, Yang K, He E, Zhang C. Predictive value of left ventricular
myocardial strain by four-dimensional speckle tracking echocardiography combined with
red cell distribution width in heart failure with preserved ejection fraction. Echocardiography
2019;36(6):1074-1083.

Merino-Merino A, Saez-Maleta R, Salgado-Aranda R, AlKassam-Martinez D, Pascual-Tejeri-
na V, Martin-Gonzalez ], Garcia-Fernandez J, Perez-Rivera JA. Biomarkers in atrial fibrillation
and heart failure with non-reduced ejection fraction: Diagnostic application and new cut-off
points. Heart Lung 2020.

Vasan RS. Biomarkers of cardiovascular disease: molecular basis and practical considerations.
Circulation 2006;113(19):2335-62.

Ahmad T, Fiuzat M, Pencina M]J, Geller NL, Zannad E, Cleland JG, Snider JV, Blankenberg S,
Adams KF, Redberg RE, Kim JB, Mascette A, Mentz RJ, O'Connor CM, Felker GM, Januzzi JL.
Charting a roadmap for heart failure biomarker studies. JACC Heart Fail 2014;2(5):477-88.

Rutjes AW, Reitsma JB, Vandenbroucke JP, Glas AS, Bossuyt PM. Case-control and two-gate
designs in diagnostic accuracy studies. Clin Chem 2005;51(8):1335-41.

Whiting P, Rutjes AW, Reitsma JB, Glas AS, Bossuyt PM, Kleijnen J. Sources of varia-
tion and bias in studies of diagnostic accuracy: a systematic review. Ann Intern Med
2004;140(3):189-202.

Whiting PE Rutjes AW, Westwood ME, Mallett S, Quadas-Steering Group. A systematic
review classifies sources of bias and variation in diagnostic test accuracy studies. J Clin Epi-
demiol 2013;66(10):1093-104.

Lijmer JG, Mol BW, Heisterkamp S, Bonsel GJ, Prins MH, van der Meulen JH, Bossuyt
PM. Empirical evidence of design-related bias in studies of diagnostic tests. JAMA
1999;282(11):1061-6.

Paulus W7, Tschope C. A novel paradigm for heart failure with preserved ejection fraction:

comorbidities drive myocardial dysfunction and remodeling through coronary microvascular
endothelial inflammation. ] Am Coll Cardiol 2013;62(4):263-71.

Streng KW, Nauta JE Hillege HL, Anker SD, Cleland JG, Dickstein K, Filippatos G, Lang CC,
Metra M, Ng LL, Ponikowski P, Samani NJ, van Veldhuisen D], Zwinderman AH, Zannad
E, Damman K, van der Meer P, Voors AA. Non-cardiac comorbidities in heart failure with
reduced, mid-range and preserved ejection fraction. Int J Cardiol 2018;271:132-139.

Ergatoudes C, Schaufelberger M, Andersson B, Pivodic A, Dahlstrom U, Fu M. Non-car-
diac comorbidities and mortality in patients with heart failure with reduced vs. preserved
ejection fraction: a study using the Swedish Heart Failure Registry. Clin Res Cardiol
2019;108(9):1025-1033.

Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A Simple, Evidence-Based
Approach to Help Guide Diagnosis of Heart Failure With Preserved Ejection Fraction. Cir-
culation 2018;138(9):861-870.

203



Chapter 7

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

204

Reddy YNV, Obokata M, Gersh BJ, Borlaug BA. High Prevalence of Occult Heart Failure
With Preserved Ejection Fraction Among Patients With Atrial Fibrillation and Dyspnea.
Circulation 2018;137(5):534-535.

Lam CSP, Santema BT, Voors AA. Atrial Fibrillation in Heart Failure: A Common and Deadly
Combination. JACC Heart Fail 2017;5(8):575-577.

Bleeker SE, Moll HA, Steyerberg EW, Donders AR, Derksen-Lubsen G, Grobbee DE, Moons
KG. External validation is necessary in prediction research: a clinical example. J Clin Epide-
miol 2003;56(9):826-32.

Leeflang MM, Moons KG, Reitsma JB, Zwinderman AH. Bias in sensitivity and specificity
caused by data-driven selection of optimal cutoff values: mechanisms, magnitude, and solu-
tions. Clin Chem 2008;54(4):729-37.

Huttin O, Fraser AG, Coiro S, Bozec E, Selton-Suty C, Lamiral Z, Frikha Z, Rossignol P,
Zannad F, Girerd N. Impact of Changes in Consensus Diagnostic Recommendations on
the Echocardiographic Prevalence of Diastolic Dysfunction. Journal of the American College
of Cardiology 2017;69(25):3119-3121.

Li X, Zhao M, Li M, Jia L, Gao Y. Effects of three commonly-used diuretics on the urinary
proteome. Genomics Proteomics Bioinformatics 2014;12(3):120-6.

Romero-Candeira S, Fernandez C, Martin C, Sanchez-Paya ], Hernandez L. Influence of
diuretics on the concentration of proteins and other components of pleural transudates in
patients with heart failure. Am ] Med 2001;110(9):681-6.

Shah §J. Precision Medicine for Heart Failure with Preserved Ejection Fraction: An Overview.
J Cardiovasc Transl Res 2017;10(3):233-244.

Shah §J, Kitzman DW, Borlaug BA, van Heerebeek L, Zile MR, Kass DA, Paulus WJ. Pheno-
type-Specific Treatment of Heart Failure With Preserved Ejection Fraction: A Multiorgan
Roadmap. Circulation 2016;134(1):73-90.

Barandiaran Aizpurua A, Schroen B, van Bilsen M, van Empel V. Targeted HFpEF therapy
based on matchmaking of human and animal models. Am ] Physiol Heart Circ Physiol
2018;315(6):H1670-H1683.

Suthahar N, Meems LMG, Ho JE, de Boer RA. Sex-related differences in contemporary
biomarkers for heart failure: a review. Eur ] Heart Fail 2020.

Santhanakrishnan R, Ng TP, Cameron VA, Gamble GD, Ling LH, Sim D, Leong GK, Yeo PS,
Ong HY, Jaufeerally F, Wong RC, Chai P, Low AF, Lund M, Devlin G, Troughton R, Rich-
ards AM, Doughty RN, Lam CS. The Singapore Heart Failure Outcomes and Phenotypes
(SHOP) study and Prospective Evaluation of Outcome in Patients with Heart Failure with
Preserved Left Ventricular Ejection Fraction (PEOPLE) study: rationale and design. ] Card
Fail 2013;19(3):156-62.

Tan CS, Chan YH, Wong TY, Gazzard G, Niti M, Ng TP, Saw SM. Prevalence and risk factors
for refractive errors and ocular biometry parameters in an elderly Asian population: the
Singapore Longitudinal Aging Study (SLAS). Eye (Lond) 2011;25(10):1294-301.

Hancock HC, Close H, Mason JM, Murphy JJ, Fuat A, Singh R, Wood E, de Belder M, Brennan
G, Hussain N, Kumar N, Wilson D, Hungin AP. High prevalence of undetected heart failure
in long-term care residents: findings from the Heart Failure in Care Homes (HFinCH) study.
Eur ] Heart Fail 2013;15(2):158-65.



74.

75.

76.

Risk of bias in studies investigating novel diagnostic biomarkers for HFpEF. A systematic review

Ezekowitz JA, Becher H, Belenkie I, Clark AM, Duff HJ, Friedrich MG, Haykowsky M],
Howlett JG, Kassiri Z, Kaul P, Kim DH, Knudtson ML, Light PE, Lopaschuk GD, McAlister
FA, Noga ML, Oudit GY, Paterson DI, Quan H, Schulz R, Thompson RB, Weeks SG, Ander-
son T, Dyck JR. The Alberta Heart Failure Etiology and Analysis Research Team (HEART)
study. BMC Cardiovasc Disord 2014;14:91.

Brunner-La Rocca HP, Buser PT, Schindler R, Bernheim A, Rickenbacher P, Pfisterer M,
TIME-CHF Investigators. Management of elderly patients with congestive heart failure--de-
sign of the Trial of Intensified versus standard Medical therapy in Elderly patients with Con-
gestive Heart Failure (TIME-CHF). Am Heart ] 2006;151(5):949-55.

Wild PS, Zeller T, Beutel M, Blettner M, Dugi KA, Lackner K]J, Pfeiffer N, Miinzel T, Blank-
enberg S. Die Gutenberg Gesundheitsstudie. Bundesgesundheitsblatt - Gesundheitsforschung
- Gesundheitsschutz 2012;55(6):824-830.

205






Searching for diagnostic biomarkers
of heart failure with preserved ejection fraction:
methodological issues

A. Aimo'?
G.Georgiopoulos®
M. Senni*

M. Emdin'®

! Institute of Life Sciences, Scuola Superiore Sant’Anna, Pisa, Italy

2 Cardiology Division, University Hospital of Pisa, Pisa, Italy

3 School of Biomedical Engineering and ImagingSciences, King's College London, London, UK
4 Cardiovascular Department and Cardiology Unit, ASST Papa Giovanni XXIII, Bergamo, ltaly

° Cardiology Division, FondazioneToscana ‘Gabriele Monasterio’, Pisa, ltaly

European Journal of Heart Failure

2020 Sep;22(9):1598-1599






Risk of bias in studies investigating novel diagnostic biomarkers for HFpEF. A systematic review

EDITORIAL

Over the past three decades, the prevalence of heart failure (HF) with preserved
ejection fraction (HFpEF) has risen from 41% to 56% of all cases of HE, while the
prevalence of HF with reduced ejection fraction (HFrEF) and HF with mid-range
ejection fraction has fallen from 44% to 31% and from 15% to 13%, respectively"2.
Since the burden of HFpEF is growing, defining a standardized diagnostic approach
to this condition becomes increasingly important®. Overt congestion in hospitalized
patients can usually be readily detected from physical examination, chest X-ray, and
measurement of B-type natriuretic peptides (NPs), whereas the diagnosis of HFpEF
may be challenging in outpatients complaining of dyspnoea on effort, and relies largely
on demonstration of elevated pulmonary pressures®*. Invasive haemodynamic exer-
cise testing (right heart catheterization with measurement of pulmonary capillary
wedge pressure at rest or during exercise) has emerged as the gold standard to diag-
nose or exclude HFpEF in patients with exertional dyspnoea of unclear aetiology, but
cost, risk, and the requirement for specialized training and equipment may limit its
broad application in practice and in clinical trials, while exercise echocardiography
cannot be proposed as a stand-alone diagnostic examination for HFpEF*. The search
for non-invasive alternatives for the diagnosis of HFpEF has led to the introduction
of the stepwise diagnostic algorithm by the European Society of Cardiology Heart
Failure Association (HFA-PEFF)>, and the H2FPEFscore derived from dichotomized
variables or the HFpEF nomogram derived from continuous variables®. These systems
are able to discriminate non-cardiac dyspnoea from HFpEF with a high diagnostic
accuracy®”’. Briefly, the HFA-PEFF score adopts a stepwise approach that starts by
establishing the pre-test likelihood of HFpEF through the assessment of risk factors
and exercise intolerance. The score then incorporates three domains (functional, mor-
phological, and biomarkers) to estimate the likelihood of HFpEE. A high-likelihood
score is considered diagnostic for HFpEF, while a low-likelihood score allows to rule
out HFpEF. For patients with an intermediate score, further evaluation by means of
exercise echocardiography or invasive measurement of cardiac filling pressures is ad-
vised, together with additional diagnostic test to evaluate specific causes when appro-
priate’. A high HFA-PEFF score allows to diagnose HFpEF with 93% specificity, and
a low HFA-PEFF score to rule out HFpEF with 99% sensitivity. Moreover, a similar
pattern of HFA-PEFF score was found in two independent cohorts despite different
patient characteristics, diagnosing >60% of HFpEF patientsin the high-likelihood
category, although a rather large group of patients with an intermediate likelihood
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requiring additional testing remained’. The H2FPEF score includes obesity, atrial
fibrillation, age > 60 years, treatment with >2 antihypertensives, E/eratio > 9, and
pulmonary artery systolic pressure > 35 mmHg, and ranges from 0 to 9. The odds of
having HFpEF increased by a factor of two for every one-unit increase in the score,
and the score allowed good discrimination of HFpEF from controls®. The same Au-
thors proposed also the HFpEF nomogram derived from the same items, reported
as continuous variables®.

Beyond NPs, several biomarkers have been evaluated as possible tools to diag-
nose HFpEE Among them, there are several molecules reflecting the processes of
inflammation and fibrosis (most notably galectin-3 and soluble suppression of tum-
origenesis-2), extracellular matrix remodelling (such as matrix metalloproteinases 2
and 9,carboxy-terminal telopeptide of collagen type I and aminoterminal propeptide
of type III procollagen), elevated ventricular wall tension (adrenomedullin), and a
vast array of other biomarkers including growth differentiation factor-15, cystatin C,
resistin, cancer antigen-125 and von Willebrand factor®. Many studies have been con-
ducted with the challenging goals of establishing the diagnostic performance of these
biomarkers. In this issue of the Journal, this body of literature is critically reappraised,
stressing methodological issues that could affect the reliability of their conclusions.

Henkens et al.” performed a systematic review of studies evaluating the risk of
bias (ROB) in 28 studies assessing the performance of circulating biomarkers for the
diagnosis of HFpEF in the non-acute setting. The ROB was evaluated across the four
domains of a dedicated tool for the quality assessment of diagnostic accuracy stud-
ies (the QUADAS-2 tool): patient selection, index test, reference standard, and flow
and timing. The Authors report that all studies presented at least one domain with
a high ROB, and 39% of studies had a high ROB within all four domains. The most
common issues were the use of a case-control or two-gated design, the exclusion of
difficult-to-diagnose patients, the absence of a pre-specified cut-off value for the index
test with the lack of external validation, the use of inappropriate reference standards,
and the unclear timing of the index test and/or reference standards. Because of these
methodological issues, and, even more importantly, of the high degree of heteroge-
neity across trials, a comprehensive assessment of trial results was not performed®.

This article has been authored by leading experts in HFpEF, who tried to clarify
the problems of studies investigating novel diagnostic biomarkers. It is interesting
to notice that all studies had an intermediate or high ROB regarding the reference
standard, given that HFpEF was diagnosed based on signs/symptoms of HF with
left ventricular ejection fraction>40-50% and structural/functional abnormalities

indicative of left ventricular diastolic dysfunction, or other reference standards’. This
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result confirms the limited use of right heart catheterization also in research settings,
thus making the case for the use of the HFA-PEFF and H2FPEF scores as reasonable
alternatives to this gold standard to make the diagnosis of HFpEF, even while their
validation against right heart catheterization is still pending®’. Under this light, future
studies on potential diagnostic biomarkers of HFpEF should assess if these biomarkers
have a similar diagnostic accuracy than existing diagnostic scores, and if they improve
discrimination (i.e. the area under the curve values) when added to these scores. A
head-to-head comparison of the two scores would be important to clarify if either of
them can be used, or one of them should be preferred because of its greater accuracy.

It is interesting to consider that the 28 studies included in the Henkens et al. evalu-
ated around 40 single biomarkers as well as ‘miscellaneous miRNAs), ‘metabolites’ and
‘proteins”. In other words, a wide array of biomarkers was evaluated in studies with
small sample sizes (down to 32 subjects, with a median number of just 154 subjects),
and all the other methodological issues highlighted in the paper®. Therefore, there is
an urgent need to improve methodological quality of studies searching for diagnostic
biomarkers of HFpEFE. The Authors should be congratulated for pointing out some
of the most crucial issues that must be considered when designing similar studies.
They should have preferably a prospective design, should enroll consecutive patients
referred for exertional dyspnoea of unclear aetiology (using clear but not too strin-
gent inclusion and exclusion criteria to avoid a selection bias), and be large enough
to capture the phenotypic heterogeneity and comorbidity burden of HFpEF and to
enable meaningful subgroup analyses, possibly by means of international collaborative
studies. As correctly pointed out by the Authors, biomarkers should be ‘measured at
the same moment as the HFpEF diagnosis is made and before any intervention occurs,
to avoid the confounding effect of medications such as diuretics’. When right heart
catheterization cannot be systematically performed, one of the two validated scores
(the HFA-PEFF and H2FPEF scores) can represent an acceptable alternative as the
reference standard to diagnose HFpEFE. NP levels were included in the HFA-PEFF
but not in the H2FPEF score. The diagnostic role of NPs in HFpEF deserves further
consideration, and NP measurement could provide a link between diagnosis and the
following steps of characterization of patient phenotype and risk prediction, which
are all crucial to define a tailored therapeutic approach to HFpEE
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ABSTRACT

Aims: Global longitudinal strain (GLS) has become an alternative to left ventricular
ejection fraction (LVEF) to determine systolic function of the heart. The absence of
cut-off values is one of the limitations preventing full clinical implementation. The
aim of this study is to determine a cut-off value of GLS for an increased risk of adverse

events in individuals with a normal LVEFE.

Methods and results: Echocardiographic images of 502 subjects (52% female, mean
age 48 + 15) with an LVEF>55% were analysed using speckle tracking-based GLS. The
primary endpoint was cardiovascular death or cardiac hospitalization. The analysis of
Cox models with splines was performed to visualize the effect of GLS on outcome. A
cut-off value was suggested by determining the optimal specificity and sensitivity. The
median GLS was22.2% (inter-quartile range20.0 t024.9%). In total, 35 subjects (7%)
had a cardiac hospitalization and/or died because of cardiovascular disease during
a follow-up of 40(5-80) months. There was a linear correlation between the risk for
adverse events and GLS value. Subjects with a normal LVEF and a GLS between22.9%
and20.9% had a mildly increased risk (hazard ratio 1.01-2.0) for cardiac hospitali-
zation or cardiovascular mortality, and the risk was doubled for subjects with a GLS
0f20.9% and higher. The optimal specificity and sensitivity were determined at a GLS
value 0f20.0% (hazard ratio 2.49; 95% confidence interval: 1.71-3.61).

Conclusions: There is a strong correlation between cardiac adverse events and GLS
values in subjects with a normal LVEFE. In our single-centre study,20.0% was deter-
mined as a cut-off value to identify subjects at risk. A next step should be to integrate

GLS values in a multi-parametric model.
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BACKGROUND

Increasing evidence suggests that global longitudinal strain (GLS) is superior to left
ventricular ejection fraction (LVEF) as a predictor of mortality and cardiac events
in early cardiomyopathies"?. However, the clinical utility of GLS is still hampered
because of the lack of clear cut-off values for clinical decision making. The World
Alliance Societies of Echocardiography Normal Values Study evaluated healthy in-
dividuals from multiple countries with the aim to describe normal values for echo-
cardiographic measures®. GLS was determined in 1.882 subjects within this study,
which revealed a lower limit of normal GLS of -17% and -18% in men and women,
respectively. Although the range of GLS values was investigated, these values were
not associated with outcome during follow-up. Therefore, the interpretation of these
normal values in relation to prognosis in individuals with normal LVEF remains un-
known. Previously, we showed a worse prognosis using a predetermined GLS cut-oft
value of -21.5% in two independent cohorts with normal LVEF".

AIMS

The aim of this study was to determine a cut-off value of GLS that indicates increased

risk of adverse outcome in individuals with a normal LVEFE.

METHODS

We used the dataset from our previous publication for this analysis, including 502
subjects with an LVEF>55%". All subjects underwent cardiac screening including
echocardiography at our outpatient clinic. None of the subjects had systolic dysfunc-
tion, although some subjects were referred for chest pain, dyspnoea, or palpitations
and had cardiovascular comorbidities'. None of the patients had a previous histo-
ry of heart failure. Analysis of left ventricular function with speckle tracking-based
GLS was performed and corrected blindly on the echocardiographic images by four
in-dependent investigators', applying a dedicated software package (AutoSTRAIN,
TOMTEC-ARENA*1.2, TOMTEC Imaging Systems GmbH, Unterschleif$heim, Ger-

many). The primary endpoint was cardiovascular death or cardiac hospitalization. The
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analysis of Cox models with splines was performed with the survival package v3.2-7

in R (R Foundation for StatisticalComputing, Vienna, Austria).

RESULTS

The baseline characteristics of the study population areshown in Table 1. The median
GLS was -22.2% (inter-quartile range -20.0 to -24.9%). In total, 35 subjects (7%) had
a cardiac hospitalization and/or died because of cardiovascular disease(s) during a
follow-up of 40 [5-80] months'. Subjects with an event had a mean GLS value of
-19.7+4.9%, compared with -22.8+4.2% in patients without an event (P<0.001). Twen-
ty-five subjects were hospitalized (mean GLS -20.3+4.8% vs. -22.7+4.3%, P=0.006),
and 11 died because of cardiovascular reasons (mean GLS -17.914.9% vs. -22.7 £
4.3%, P<0.001). The lowest risk was observed for the subjects who had a strain value
of -26.7% (Figurel), which was subsequently set as the reference point [hazardratio
(HR) = 1.0]. The population density and number of events were too low below -26.7%
(increasing strain value) to draw any conclusions, which is reflected by the wide 95%
confidence interval and non-significance of increased risk. A worse GLS value (>-
26.7) was associated with an in-creased risk for the primary endpoint. A GLS value
of -22.9%was the lowest strain value at which there was a significant increased risk
compared with individuals with a GLS of -26.7% (HR 1.34; 95% confidence interval:
1.01-1.79). A hazard ratio of 2.0 was associated with a GLS of -20.9% (HR 2.02; 95%
confidence interval: 1.45-2.81). The optimal specificity and sensitivity were deter-
mined at a GLS value of -20.0% (HR 2.49; 95% confidence interval: 1.71-3.61).

Table 1. Baseline characteristics and outcome of the total study population

Study Population (n=502)

Male 242 (48)
Age (years) 46+15
Body mass index (kg/m2) 26+5
Cardiovascular History, n(%)

Coronary Artery Disease 21(4)
Stroke 8(2)
CABG 3(1)
PCI 1(2)
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Table 1. Baseline characteristics and outcome of the total study population (Continued)

Study Population (n=502)

Co-morbidities

Atrial Fibrillation 6 (1)
Hypertension 122 (24)
COPD 23(5)
Hypercholesterolaemia 74 (15)
Diabetes Mellitus 36 (7)
Combined endpoint 35(7)
Cardiac hospitalization 25 (5)
Cardiovascular death 1(2)

CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; PClI,
percutaneous coronary intervention. Values are n (%) or mean + standard deviation
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Figure 1. Hazard ratio plotted against global longitudinal strain (GLS) value. The lowest
risk in the study population was associated with a GLS value of -26.7 (black line). The
hazard ratio is expressed using this point as the reference. Patients with a GLS of -22.9
(orange line) had a significant higher risk, and patients with a value of -20.9 (red line) had
a double risk for adverse events compared with subjects with a GLS value of -26.7. The blue
line and range indicate the hazard ratio with the 95% confidence interval. Lines on the x-axis
represent individual study subjects. Adverse events are defined as cardiovascular death
and/or cardiac hospitalization.
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CONCLUSION

In this exploratory analysis, we determined a cut-off value for GLS, which can detect
individuals with a normal LVEF who are at risk for cardiac hospitalization or cardi-
ovascular mortality. A worse GLS was as expected associated with an increased risk
of events®. Patients with a GLS between -22.9% and -20.9% had a mildly increased
risk (HR 1.01-2.0), and the risk was doubled for patients with a GLS of -20.9% and
higher, with -20.0% as the optimal cut-off value in this population. Noteworthy, these
values are lower than the previously reported lower limit of normal in men and
women (-17% and -18%, respectively)®. However, these previously reported values
were not associated with outcome, making it difficult to compare these values from
both populations. It is also not unusual in biology that values within the normal range
can have prognostic implications (as is also the case for blood pressure and troponin
for example). Our study represents a single-centre effort, which gives an important
insight in the prognostic value of GLS in patients with a normal LVEE In this study,
we used cardiac hospitalization or mortality as strong clinical outcome measure;
however, GLS cut-off values regarding cardiac deterioration (e.g. reduction of LVEF)
or heart failure development might differ. Moreover, given the single-centre design
and previously reported vendor dependency, there is an urgent need for multi-cen-
tre studies to determine the prognostic cut-oft value(s) for GLS in individuals with
a normal LVEE, as our results cannot be generalized to large populations®. Within
future studies, additional efforts should be made to combine clinical phenotyping,
cardiovascular imaging, and genetic information with GLS analysis to create a mul-
ti-parametric model in which the incremental value of GLS can be evaluated. Such
model will identify subjects who are most susceptible for adverse (cardiac) events
and paves the way for preventive (intervention) studies: using GLS to identify early
disease, which creates a window of opportunity to initiate treatment before cardiac
deterioration. Our study is a first step towards such intervention studies, which are

necessary before GLS will be adopted in routine clinical practice.
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Chapter 9

ABSTRACT

AIMS: Heart Failure (HF) represents a clinical syndrome resulting from different
aetiologies and degrees of heart diseases. Among these, a key role is played by primary
heart muscle disease (cardiomyopathies), which are the combination of multifactorial
environmental insults in the presence or absence of a known genetic predisposition.
The aim of the Maastricht Cardiomyopathy Registry (mCMP-registry;NCT04976348)
is to improve (early) diagnosis, risk-stratification and management of cardiomyopathy
phenotypes beyond the limits of left ventricular ejection fraction (LVEF).

METHODS: The mCMP-registry is an investigator-initiated prospective registry in-
cluding patient characteristics, diagnostic measurements performed as part of routine
clinical care, treatment information, sequential bio-banking, quality of life and eco-
nomic impact assessment, and regular follow-up. All subjects aged 216 years referred
to the cardiology department of the Maastricht University Medical Center (MUMC+)
for HF-like symptoms or cardiac screening for cardiomyopathies are eligible for in-
clusion, irrespective of phenotype or underlying causes. Informed consented subjects
will be followed up for 15 years. Two central approaches will be used to answer the
research questions related to the aims of this registry: (i) a data-driven approach to
predict clinical outcome and response to therapy, and to identify clusters of patients
who share underlying pathophysiological processes; (ii) a hypothesis-driven approach
in which clinical parameters are tested for their (incremental) diagnostic, prognostic,
or therapeutic value. The study allows other centres to easily join this initiative which
will further boost research within this field.

CONCLUSION: The broad inclusion criteria, systematic routine clinical care da-
ta-collection, extensive study related data-collection, sequential biobanking, and mul-
ti-disciplinary approach gives the mCMP-registry a unique opportunity to improve
diagnosis, risk-stratification, and management of heart failure and (early) cardiomy-
opathy phenotypes beyond the LVEF limits.
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INTRODUCTION

Heart Failure (HF) is a heterogeneous, multifactorial, and rising epidemic syndrome.
It currently affects over 50 million patients worldwide, causing a significant societal,
clinical, and economic burden'?. HF symptoms are often non-specific, making the
diagnosis - particularly during early stages- challenging®*. The difficulty in diagnosing
HEF is reflected by the multitude of proposed reference standards, which often include
different clinical variables and biomarkers with varying cut-off values ***%.

Left ventricular ejection fraction (LVEF) is one of the cornerstones within these
reference standards, mainly because major therapeutic progress has been made in
patients with a reduced LVEF *!°. HF patients are nowadays usually categorised in HF
with reduced (HFrEF), mildly reduced (HFmrEF), and preserved ejection fraction
(HFpEF)*. While categorising HF based on LVEF provided valuable insight into the
pathophysiology of heart failure, it results in an enormous oversimplification of this
complex syndrome *'!.

Heart Failure (HF) represents a clinical syndrome resulting from different aeti-
ologies and degrees of heart diseases. Among these, a key role is played by primary
heart muscle disease (cardiomyopathies), which are the combination of multifactorial
environmental insults in the presence or absence of a known genetic predisposition
221012 The usage of guideline- and LVEF-based inclusion criteria for registries seri-
ously hampers the possibility to better understand the clinical course of early to overt
cardiomyopathy phenotypes. A better understanding of the (early) cardiomyopathy
phenotypes, their underlying pathophysiological processes, their related (future) dis-
ease burden and progression towards overt HF is essential in order to pave the path
for novel targeted prevention and intervention studies and is the objective of the

Maastricht Cardiomyopathy Registry (mCMP-registry).

STUDY DESIGN

Objectives

The aim of the mCMP-registry is to improve (early) diagnosis, risk-stratification, and
management of cardiomyopathy phenotypes in individuals that are referred to the
cardiology department for HF-like symptoms or cardiac screening for cardiomyo-
pathies (Figure.1). Specific aim are to (i) improve (early) diagnosis of cardiomyopa-

thy phenotypes and aetiologies in (a)symptomatic individuals; (ii) improve (early)
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risk-stratification of (a)symptomatic individuals with and without an overt cardiac
phenotype that are referred for HF-like symptoms or cardiac screening for cardio-
myopathies (for example, because of known familial cardiomyopathy); (iii) develop
a better understanding of the societal and economic impact of (early) cardiomyopa-
thies; (iv) develop a better understanding of pathophysiological processes involved
in the development and progression of (early) cardiomyopathies; (v) develop novel
treatment strategies based on these pathophysiological processes.

The mCMP-Registry

Broad inclusion criteria

beyond the limits of left ventricular ejection

fraction Systematic routine clinical
care data-collection

Medical history,
intoxications

- Age =16 years
- Referred for HF-like
symptoms or cardiac
screening

Imaging

Extensive study
related data-collection

P Questionnaires
Multidisciplinary approach A Economic impact,
Aim to improve diagnosis, risk- (Sequential) biobanking Quality of life
stratification, and management of HF Plasma, serum, -~
and (early) cardiomyopathy endomyocardial biopsies, q
phenotypes 'S PBMCs

Yearly (cardiac)
events monitoring
Validated by a clinical

event committee

Figure 1. The Maastricht Cardiomyopathy registry (nCMP-registry) includes subjects re-
ferred to the cardiology clinic of the Maastricht University Medical Centre (MUMC#+) for
HF-like symptoms or cardiac screening (e.g. because of known familial cardiomyopa-
thy). The broad inclusion criteria, systematic routine clinical care data-collection, extensive
study-related data-collection, and multi-disciplinary approach gives the mCMP-registry
a unique opportunity to improve diagnosis, risk stratification, and management of HF and
(early) cardiomyopathy phenotypes beyond the left ventricular ejection fraction limits. HF,
heart failure; PBMCs, peripheral blood mononuclear cells.
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Study design

The mCMP-registry (NCT04976348) is an investigator-initiated single centre pro-
spective observational registry founded in July 2021. It includes patient characteris-
tics, diagnostic measurements (Figure 2) performed as part of routine clinical care,
treatment information, standardised sequential bio-banking , yearly questionnaires
(including quality of life and economic impact assessment), and long-term clinical

follow-up (the data-dictionary and overview of samples collected are available at www.

cardiomyopathyresearch.eu). Each patient is followed up for 15 years or until death

or withdrawal of consent. The study does not interfere with routine clinical practice
at any time point, and all patients are treated at the discretion of their physician in
accordance with the latest guidelines and consensus statements. All subjects included
in the registry provide written informed consent. Additionally, to improve future risk
stratification (such as to determine which patients would benefit from an implanted
defibrillator) and to minimise selection bias for such analyses, patients who died
before informed consent was signed will be included in the registry if the deceased
person was eligible for inclusion and did not object to the use of their medical data
for research purposes (opt-out approach). The study is performed in accordance
with the principles of the Declaration of Helsinki, and the European Union General
Data Protection Regulation (GDPR). An independent Medical Ethics Committee
of the Maastricht University Medical Center (MUMCH+) has approved this registry.

Inclusion and exclusion criteria

All individuals aged >16 years referred to the cardiology department of the MUMC+
for HF-like symptoms® or cardiac screening for cardiomyopathies (heart muscle dis-
eases, including but not limited to dilated cardiomyopathy) are eligible for inclusion.
Individuals will not be prospectively included in the registry if they are not willing to

participate or unable to provide written informed consent.
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Routine clinical care: Diagnostic work-up

Optional®

Holter monitoring

Standard
Medical history

“ Sleepapnea assesment

Current therapy xECG/V02-max

Blood biomarkers
coome

&

Physical examination

Er

Characterization

O

Figure 2. Standard care protocol for the diagnostic workup of individuals referred to the
cardiology department of the Maastricht University Medical Center for heart failure-like
symptoms or cardiac screening. *The treating cardiologist may decide to perform addi-
tional diagnostic measurements beyond this protocolled diagnostic workup based on the
medical indication at baseline or during follow-up. Additional information (such as med-
ication usage at follow-up and cardiac interventions) is stored within the electronic online
case-record forms (the data dictionary is available at www.cardiomyopathyresearch.eu).
6MWT, 6 min walking test; CAG, invasive coronary angiography; CT-a, computed tomogra-
phy angiography; CMR, cardiac magnetic resonance imaging; ECG, electrocardiography;
EMB, endomyocardial biopsy; FDG-PET, fluorodeoxyglucose-positron emission tomography;
RHC, right heart catheterization; TTE, transthoracic echocardiography; VO2-max, maximal
oxygen consumption test; xECG, exercise electrocardiography.

Clinical Data

All subjects referred to our clinic receive the study information of this registry and
can provide written informed consent during the upcoming appointment (more in-
formation is provided at cardiomyopathyresearch.eu). All hospital visits will take
place according to regular clinical procedures. At baseline, a standard care protocol
is used for the clinical diagnostic workup of individuals referred to the cardiology
department of the MUMCH+, including medical/family history assessment, physi-
cal examination, blood analysis (including but not limited to creatinine and N-ter-
minal pro-B-type natriuretic peptide), electrocardiography, and echocardiography.
The treating cardiologist may decide to perform additional diagnostic measurements
beyond this protocolled diagnostic workup (for example, genetic testing is offered in
patients with dilated cardiomyopathy, hypertrophic cardiomyopathy, arrhythmogenic
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cardiomyopathy, or in arrhythmic/conduction disorders) based on the medical indi-
cation at baseline or during follow-up (Figure 3)'*!*. The measurements performed
during clinical visits are collected in standardised forms within the patient’s electronic
medical record (EMR) for routine clinical care purposes (also including medication
usage). Subsequently, the data is uploaded pseudo-anonymised to a database using
standardised electronic online case-record forms (eCRF) for subjects included within
the mCMP-registry. More details are provided in the Online Supplemental Methods.

Regular clinical follow-up periods will be at six and twelve months, and finally
yearly unless the treating cardiologist decides otherwise (Figure 3). Measurements
performed for clinical purposes, diagnosis of cardiac and non-cardiac comorbidities,
treatment, and serious adverse events (such as death and hospitalisations) will be
monitored for all subjects included in this study. A clinical event committee (CEC;
existing of at least three physicians who are part of the study-team) will discuss, sign,
and lock the occurrence of clinical events three times a year.

Longitudinal questionnaires and events

Upon inclusion, subjects are asked for additional consent for yearly surveying ques-
tionnaires for a period of fifteen years (Figure 3). These questionnaires include: (i) a
yearly questionnaire that focuses on the occurrence of (adverse) events and current
signs/symptoms. If the questionnaire reveals that (cardiac) events have occurred out-
side the MUMCH, the study subjects will be contacted by telephone to determine the
nature of the event and date of occurrence (both of which are necessary for the devel-
opment of valid prediction models and time-to-event analysis). If no event occurred,
this data is semi-automatically updated in the eCRF; (ii) a questionnaire at baseline
and 1-, 3-, 5-, 10-, and 15-years after inclusion that focuses on the quality of life (Eu-
roQol 5D)*; (iii) two questionnaires at baseline, and 6-, and 12 months after inclusion
that focus on the productivity (iMTA Productivity Cost Questionnaire (iPCQ)'¢) and
the medical consumption (iMTA Medical Consumption Questionnaire (iMCQ)")
to allow economic impact evaluation of (early) cardiomyopathies and heart failure.
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i

Routine clinical care

A
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Figure 3. Subjects included in the mCMP-registry undergo clinical care as usual. Regular
clinical visits will be at baseline, 6 and 12 months, and finally yearly unless the treating car-
diologist decides otherwise. Upon inclusion in the mCMP-registry, subjects are asked for
additional consent for yearly surveying short questionnaires for a period of 15 years and
sequential biobanking. AE, adverse events; EMR, electronic medical records; *EQ-5D,Eu-
roQol 5D questionnaire (obtained at baseline, and after 1, 3, 5, 10, and 15 years in informed
consented subjects);, HF, heart failure; iMCQ, iMTA Medical Consumption Questionnaire;
iPCQ, iMTA Productivity Cost Questionnaire; m, months; mCMP-registry, Maastricht Car-
diomyopathy registry; T, time

Bio-banking for the mCMP-registry

Upon inclusion in the mCMP-registry, subjects are asked consent for additional
bio-banking. During routine blood sampling, an additional amount of 60ml will
be obtained at baseline and one-year follow-up in informed consented subjects
(Figure. 3). Blood samples are stored as serum, plasma, buffy-coat, and peripheral
blood mononuclear cells (PBMCS) for downstream analysis (such as pluripotent
stem cell related research). Additional consent is asked for the usage of biomaterial
left-overs collected for routine clinical practice purposes (including blood, urine and
endomyocardial biopsies if available) and for the performance of genetic analysis on
the stored biomaterial. All samples will be stored coded at the MUMC+ Biobank.

Data collection and management

A systematic approach for study management, data collection, data cleaning, and data
availability was developed to ensure the sustainability of the mCMP-registry, which

allows reproducibility and scalability of the study structure and procedures in line
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with the FAIR Data Principles 8. Procedures are elaborated on in the Online Supple-
mental Methods. Briefly, patient inclusion information and study logistics (including
automatically sending of questionnaires and related reminders) are recorded in an
online web-based tool developed for this purpose (developed by MEMIC; Center for
data and information management, Faculty of Health, Medicine and Life Sciences,
Maastricht University and MUMC+). Separately, research data are systematically
collected from standardised forms within the electronic medical record (EMR) and
stored with a pseudo-anonymized study-ID in the eCRF of CASTOR EDC (Ciwit B.V,,
Amsterdam, the Netherlands). All events and additional-diagnostics information are
stored with corresponding dates of occurrence, allowing to answer multiple research
questions with divergent baseline moments (T=0) within this registry. Source data
such as echocardiographic images or electrocardiography recordings are stored with
the pseudo-anonymized study-ID in the research facility. Importantly, the developed
data infrastructures and processes allow easy implementation of other centres in the

near future.

Data-availability

The data dictionary and procedures for data-sharing with external researchers are
available through our website (www.cardiomyopathyresearch.eu).

Statistical Approach

This registry aims to include 10.000 subjects. The mCMP-registry Steering Committee
will review all statistical plans. Two central approaches will be used to answer the
research questions related to the aims of this registry: (i) a data-driven approach to
predict clinical outcome (such as heart failure hospitalisation, (sudden) cardiac death,
changes in quality of life) and response to therapy, and to identify clusters of patients
who share underlying pathophysiological processes, in order to pave the path for
precision medicine; (ii) a hypothesis-driven approach in which clinical parameters

are tested for their (incremental) diagnostic, prognostic or therapeutic value.

DISCUSSION

The mCMP-registry is an ongoing registry including all subjects (=16 years of age)
referred to the cardiology clinic of the MUMC+ for HF-like symptoms or cardiac
screening for cardiomyopathies, irrespective of diagnosis or LVEE. The registry ena-
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bles a unique opportunity to improve diagnosis, risk-stratification, and management
of HF and (early) cardiomyopathy phenotypes, which is achieved by (Figure. 1): 1)
The broad inclusion criteria; 2) The systematic routine clinical care at fixed timepoints
which is documented in standardized EMR forms, allowing semi-automatic data-col-
lection within the eCRF; 3) The extensive study related data-collection, including
yearly automatically-sent questionnaires for a period of 15 years, sequential biobank-
ing, and yearly (cardiac) events monitoring validated by a clinical event committee
(CEC); 4) The multi-disciplinary approach within and beyond our center, including
both pre-clinical and clinical researchers from multiple departments (including the
department of immunology, pathology, clinical genetics, medical microbiology, and
cardiology) and supporting staff (including research nurses, lab technicians, bio-stat-
isticians and IT support).

The years of experience with large scale cohort studies in different HF phenotypes
of our group, particularly in HFpEF ** and non-ischemic non-valvular cardiomy-
opathy 2"*, formed the foundation of the current registry. The study logistics and
eCRF have been set up to allow other centres to easily join this initiative, which
will optimise the process of external validations and opens possibilities to study less
prevalent cardiomyopathies.

The registry will allow data- (for example with the use of machine learning **) and
hypothesis-driven approaches (for example to assess the incremental value of novel
diagnostic and prognostic biomarkers) by the extensive clinical data and biobank
materials. It will allow testing of the hypothesis that challenge LVEF as the cornerstone
for HF classification. For example, by introducing and combining alternative cardiac
function measurements (such as left atrial function parameters * and global longi-
tudinal strain *), by biomarkers and corresponding biological pathways measured
at multiple time points?, or by introducing alternative multi-organ cardiomyopa-
thy classifications (for example MOGES-like classifications)'*!*. Since this registry
will provide real-world data, it even allows the performance of registry-based trials.
Moreover, the mCMP-registy allows the creation of a virtual waiting room for future
(interventional) studies.

Due to the close collaboration with the department of clinical genetics, there is
access to extensive and large-scale genotyping of subjects in the registry. The genetic
predisposition of a patient with HF is increasingly receiving attention, partly due to
the first published polygenic risk scores which explain HF risk beyond the mono-
genic dogma®*. Genetic testing for monogenic causes is incorporated in routine

clinical care in our center and offered to all patients with a dilated, hypertrophic, ar-
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rhythmogenic, and non-compaction cardiomyopathy irrespective of etiology or family
history. Subjects included in the registry give permission to perform genetic testing
on their stored biomaterials, which allows monogenic and polygenic testing beyond
these phenotypes. Genetic testing in our center includes sanger sequencing, whole
exome and genome sequencing (WES, WGS), RNA-sequencing and panel analysis
using single-molecular Molecular Inversion Probes (smMIP). The last method also
grants the possibility to perform genetic testing on paraffine-embedded material of
deceased subjects, which opens new collaborative possibilities with the department
of pathology and The Netherlands Heart Tissue Bank®'.

Study limitations

This study has some challenges that should be addressed. First, the clinical follow-up
data of subjects without an (overt) cardiac phenotype who are referred to the general
practitioner will be limited since all clinical (diagnostic) measurements and follow-up
are performed as part of routine clinical care. However, the yearly questionnaires —
with subsequently telephone contact if indicated - still allows us to monitor health
status and the occurrence of (cardiac) events in these patients. Second, the collected
clinical data originate from daily clinical practice. Although HF care is standardised
in our centre as much as possible, clinical variations due to physician or patient pref-
erence or logistical limitations may influence variability in factors such as timing and
type of additional diagnostics and initiation of HF therapy (since the treatment of
patients and performance of additional diagnostics is part of routine clinical care).
Nonetheless, this variation itself can also result in clinically relevant insights. Moreo-
ver, while the observational design of the registry limits to draw definite conclusions
on causal relationships regarding e.g. treatment effects, the mCMP-registry provides
real life data which provides an important basis to execute randomized registry-based
clinical trials in the (near) future.

CONCLUSION

The broad inclusion criteria, systematic routine clinical care data-collection, extensive
study related data-collection, sequential biobanking, and multi-disciplinary approach
gives the mCMP-registry a unique opportunity to improve diagnosis, risk-stratifi-
cation, and management of heart failure and (early) cardiomyopathy phenotypes
beyond the LVEF limits.
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SUPPLEMENTARY INFORMATION - supplemental methods

Patient inclusion information and study logistics are stored within LDOT (a web-
based tool), which was developed by MEMIC (Center for data and information man-
agement at the Faculty of Health, Medicine and Life Sciences of Maastricht University
and MUMC+) for this purpose. LDOT conforms to the General Data Protection
Regulation (GDPR) and does not support the storage of research data to ensure
pseudo-anonymity. Research data are systematically collected from the standardised
forms within the electronic medical record (EMR) and stored with a blinded study-
ID in the electronic case-record form (eCRF) of CASTOR EDC. CASTOR complies
with the latest applicable laws and regulations (Including ICH E6/GCP and General
Data Protection Regulation (GDPR)) and allows seamless integration with R(studio),
which gives the unique opportunity to visualise and customise study dashboards with
Rshiny * to monitor research progress, and select subjects of interest for sub-analysis.
All these processes are in line with the Good Clinical Practice (GCP) guidelines and
FAIR-data principles'®. The variables used within the eCRF are linked to well-known
ontologies (including SNOMED-CT and bio-ontology). More details are provided at

the mCMP-registry website (www.cardiomyopathyresearch.eu).
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ABSTRACT

AIM: Cardiac diseases remain a leading cause of cardiovascular disease (CVD) related
hospitalisation and mortality. As a result, research to improve our understanding of
pathophysiological processes underlying cardiac diseases is of great importance. There
is a strong need for healthy and diseased human cardiac tissue and related clinical
data to accomplish this, since currently used animal and in vitro disease models do
not fully grasp the (patho-)physiological processes observed in humans. This design
paper describes the initiative of the Netherlands Heart Tissue Bank (NHTB) that aims
to boost CVD-related research by providing an open-access biobank.

METHODS: The NHTB, founded in June 2020, is a non-profit biobank that collects
and stores biomaterial (including but not limited to myocardial tissue and blood
samples) and clinical data of individuals with and without previously known cardiac
diseases. All individuals aged > 18 years that live in the Netherlands are eligible for
inclusion as a potential future donor. The stored samples and clinical data will be
available upon request for cardiovascular researchers.

CONCLUSION: To improve the availability of cardiac tissue for cardiovascular re-
search, the NHTB will include extensive (cardiac) bio-samples, medical images, and
clinical data of donors with and without previously known cardiac disease(s). As such,
the NHTB will function as a translational bridge to boost a wide range of cardiac
disease-related fundamental and translational studies.
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INTRODUCTION

Cardiac diseases remain a leading cause of cardiovascular disease (CVD) related
hospitalisation and mortality 2 The prevalence of cardiac diseases is expected to rise
even further in the coming years due to the growing occurrence of CVD-related risk
factors and the ageing population '*. This makes research into improved understand-
ing of pathophysiological processes underlying cardiac diseases of utmost importance.

To accomplish this, basic and translational research with human cardiac tissue is
pivotal *7. However, researchers often do not have access to these samples as there
is no European centralised open access biobank. Easy availability of human cardiac
tissue and related clinical data would be an important asset for many cardiovascular
researchers and would strongly improve the translation of pre-clinical findings to the
clinic and vice versa.

The aim of the NHTB is to boost a wide range of cardiac disease-related funda-
mental and translational studies. The NHTB does this by strengthening the cardiovas-
cular research infrastructure with an open-access non-profit biobank. The NHTB will
include cardiac tissue and related clinical data from donors with and without known
CVDs, which will increase our understanding of cardiac diseases during early and
advanced disease development.

METHODS

The NHTB will facilitate to: i) create a better understanding of pathological chang-
es underlying cardiac diseases; ii) Optimise (early) diagnosis of cardiac diseases by
combining clinical data, imaging data, and bio-samples of donors with and without
known cardiac disease(s); iii) Discover novel therapeutic targets or biomarkers to

prevent, treat, or potentially cure cardiac diseases.

Design

The NHTB (biobank-ID: bbmri-eric:ID:NL_hartenbank®) is a biobank including both
biomaterial and clinical data which was founded in June 2020 by the Netherlands
Heart Institute (NLHI: a collaboration between all the cardiology departments of
the Dutch University Medical Centres). An overview of the samples collected in the
biobank, the data dictionary, and the procedure for data/sample requests is available

at www.hearttissuebank.nl. The study is performed in accordance with the principles
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of the Declaration of Helsinki °, and the European Union General Data Protection
Regulation (GDPR). An independent Medical Ethics Committee (Amsterdam, the
Netherlands) has approved this biobank and related registry. All donors included in
the NHTB provided written informed consent for autopsy and the use of their tissue
and data pseudo-anonymized for research purposes; optional consent is asked for
(among others) genetic analysis and sharing of the data outside Europe and/or with

commercial companies.

Inclusion and exclusion criteria

Individuals aged > 18 years that live in the Netherlands are eligible for inclusion. Indi-
viduals will not be included in the biobank if they are unable or unwilling to provide
written informed consent. As a result, not only individuals with previously known
cardiac diseases — e.g., ischemic cardiomyopathy, genetic cardiomyopathy, idiopathic
(dilated) cardiomyopathy — based on current knowledge '* are included as donor, but
also subjects without a (known) medical history of any cardiomyopathy.

From donor registration towards scientific research

The general public is informed about the existence of the NHTB and about the regis-
tration process to become a future donor by advertisements on social media, newslet-
ters, and by treating physicians. Currently, additional communication strategies are
developed in collaboration with the Dutch Heart Foundation.

Every eligible subject can request the NHTB information package and registration

form at www.hearttissuebank.nl. The potential future donor has the possibility to

register for future donation by returning the signed registration form. Any questions
related to the registration process can be answered by the NHTB-team by phone or
e-mail. The future potential donor fills in a short questionnaire upon registration to
give more insights into current health status and to obtain up-to-date contact infor-
mation of his/her treating physician(s) (Figure 1). Cooperation of people close to the
potential donor is necessary to ensure future donation; therefore, the potential future
donor also appoints a confidant who signs the related registration form.

When a potential donor dies, a team that is 24/7 available will be called by the
appointed confidant (or treating physician). The heart donation is performed, and
bio-samples are collected according to the standard autopsy protocol at the Amster-
dam UMC, location VUmc (Amsterdam, the Netherlands), after which the body of
the donor is returned to his relatives as soon as possible (Figure.1).
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2"* Heart Tissue Bank
‘.. How does it work? f

T@

Adult requests information to
become donor at
www.hearttissuebank.nl

L

Heart tissue is used
for scientific research

N

The heart autopsy is
performed at the hospital

The pathologist is called
as soon as a potential
donor has passed away

Fillin the registration
form at home

The donor is returned
to the family

?

Heart tissue is stored, together
with the medical records

/

Scientific research results ina

better understanding of «
cardiovascular diseases

y Researchers can develop new
&« drugs for heart diseases

Figure 1. From donor registration to basic and translational research to accelerate our
understanding of the development and progression of cardiac diseases and discover
novel (preventive) therapeutic targets. All individuals aged = 18 years living in the Nether-
lands are eligible for inclusion as potential future donor. Designed by Berg designs (www.
bergdesigns.nl).

Bio-samples are stored within the biobank of the NHTB (Durrer Center) ' and clin-
ical information is stored within the electronic case record form (eCRF) after the
autopsy is performed. All stored samples and data, labelled with a unique alphanu-
meric code, can be used by external researchers for downstream analysis. All data
and material requests will be evaluated by an independent Data Access Committee.
The Data Access Committee makes recommendations for approval and rejection of
access requests and ensures that the consent given by the donor aligns with the pro-
posed research use of the material and data. The NHTB, founded in June 2020, has
currently already included the first samples and expects that in 2023, 500 potential

future donors are registered and 15 NHTB autopsies have been performed.

Bio-samples and data-collection

After the heart donation, macro- and microscopic inspection of the heart is performed

by a pathologist with cardiovascular expertise and a report of the findings will be
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saved in the eCRF alongside all information available related to the cause of death
and timing of autopsy.

The samples will be available as frozen tissue blocks, formalin-fixed paraffin-em-
bedded tissues, blood samples (including serum and plasma) and samples for elec-
tron microscopy (EM). Samples that currently are included in the Heart Tissue bank
include: blood samples from the right-ventricle (stored frozen as serum and plasma),
(transmural) left ventricular and right ventricular samples (as frozen tissue blocks;
formalin-fixed paraffin-embedded tissues; samples for electron microscopy-analysis),
left/right atrial appendage and epicardial fat (as frozen tissue blocks), and transver-
sal tissue of the pulmonary artery/veins, ascending aorta, and coronary arteries (as
frozen tissue blocks). An up-to-date overview of the available samples and quality
control checks are provided at www.hearttissuebank.nl. It should be stated that for
certain down-stream analyses, a lengthy post-mortem delay could result in signifi-
cant artefacts (e.g., due to RNA degradation or proteolysis). The post-mortem delay
information will be available for the researchers during sample collection requests
to take this into account.

Medical data will be requested by the NHTB-team from treating physicians after
the autopsy was performed. These data include but are not limited to the medical
history, adverse events, and diagnostic measurements performed as part of routine
clinical care (an up-to-date data-dictionary including the information requested is
available at www.hearttissuebank.nl). The latter includes results and/or images ob-
tained from electrocardiography, transthoracic echocardiography, computed tomog-
raphy, and magnetic resonance imaging. Currently, medical information from the
medical records is only requested following the autopsy. All data-collection processes
are in line with the FAIR-data principles '> and Good Clinical Practice (GCP) guide-
lines . The variables included in the database are linked to well-known ontologies
(bio-ontology and SNOWMED-CT).

COLLABORATION WITH THE NETHERLANDS BRAIN BANK (NBB)

The Netherlands Brain Bank (NBB) and NHTB have joined forces to share facilities,
expertise, expenditures and allow donors to become both brain and heart donor to
further allow unravelling of the complex interplay between both organs. The NBB,
founded in 1985, is a professional organization that performed over 4500 brain autop-

sies and currently has over 5000 brain donors registered. The NBB has already decades
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of experience as a non-profit organisation in providing brain tissue (of individuals
with neurological and psychiatric disorders and donors without these conditions) with
extensive neuropathological and clinical data to accelerate fundamental and transla-
tional research. The NBB performs autopsies 24/7 according to standardised proto-
cols, and together with the small population of the Netherlands, this results in an in a
minimized post-mortem delay of on average 6.5 hours. This results in excellent tissue
quality suitable for the latest techniques. The NBB is renown worldwide for the size
and quality of its tissue and data, and the research it facilitates annually results in over
hundred publications '*!>. Researchers can view tissue availability through an online
database, and applications are evaluated by the NBB’s advisory board. All donors or
their representatives provide informed consent for autopsy, storage and use of their
tissue, and processing of clinical and neuropathological data for research purposes.
The NBB’s procedures were approved by an independent Medical Ethics Committee
(Amsterdam, the Netherlands). More information is provided at www.brainbank.nl.

DISCUSSION

The Netherlands Heart Tissue Bank (NHTB) is a biobank initiated to provide re-
searchers with easy and immediate access to (cardiac) bio-samples and related clinical
data. The central position of the NLHI in the Netherlands, and the years of experience
and joined forces with the Netherlands Brain Bank (NBB), puts the NHTB in a unique
position to establish the first European open access non-profit Heart Tissue Bank.

In the United States ', Canada >'7, and Australia , centralised cardiac repositories
are more common. However, these biobanks often do not provide clinical and imaging
data during life or do not include cardiac tissue of individuals without (known) car-
diac diseases. The NHTB will provide a unique source of high-quality cardiac tissues
with accompanying medical data for researchers, thereby facilitating and improving
the quality of cardiovascular research.

Due to its central and pioneering role in cardiovascular research in Europe, the
excellent infrastructure between hospitals, the multidisciplinary collaborations be-
tween cardiologists, geneticists, pathologists and pre-clinical researchers, the years
of experience of the NBB, and the close collaboration between patient organisations,
health foundations and the academic community, the Netherlands is the ideal place to
establish this cardiac tissue biobank. If successful, the NHTB will increase the quality

and speed of cardiovascular research throughout Europe and beyond.
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CONCLUSION

To improve the availability of cardiac tissue for cardiovascular research, the NHTB
will include extensive (cardiac) bio-samples, medical images and clinical data of
donors with and without previously known cardiac disease(s). As such, the NHTB
will function as a translational bridge to boost a wide range of cardiac disease-related
fundamental and translational studies.
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General discussion

Our Maastricht Cardiomyopathy Registry (mCMP-registry) team founded a future
proof cardiomyopathy and HF registry in 2021. The aim of this registry is to stimu-
late multi-disciplinary research to improve (early) diagnosis, risk-stratification, and
management of individuals that are referred to the (outpatient) clinics for screening
for the presence of cardiomyopathies/HF, known cardiomyopathies/HF or for HF-
like symptoms. Establishing such a large-scale registry requires in-depth insights into
the local past and present (logistic) hurdles in performing registry-based research.
During the last years we therefore performed cardiomyopathy and HF-related re-
search across the LVEF-spectrum, of which some examples are provided in this thesis
(Part I of this thesis). Our team tackled the (logistic) hurdles faced during these
studies to improve the way HF registry-based research is performed at our institution
and beyond, ultimately leading to the mCMP-registry, which is presented in Chapter 9
(Part II of this thesis). The current chapter will elaborate on the topics presented
in this thesis and discusses the future opportunities created by the mCMP-registry.

Part | thesis: the past & present of HF and cardiomyopathy research

Chapters 2-5 of this thesis focused on a specific subgroup of HF patients, namely
DCM patients. The aim of Chapter 2 was to identify the long-term dynamic left
ventricular ejection fraction (LVEF) trajectory of DCM patients with and without
Truncating variants in titin (TTNtv). TTNtv are found in up to 25% of patients with
DCM'?. LVEF recovery is prevalent in TTNtv patients suggesting a mild and treatable
form of DCM*. However, the long-term LVEF-trajectory in TTNtv patients remained
unknown. In the study presented in Chapter 2, the long-term LVEF-trajectories of
patients with a TTNtv showed a concave shape: a steep increase until an apex at two
years after baseline, immediately followed by a slow decline of the LVEE Patients with-
out TTNtv had comparable recovery of LVEF in the first two years, but their LVEF
remained stable during follow-up (p=0.009 for trajectory difference between DCM
patients with vs. without TTNtv). Our findings refute the concept that TTNtv cardi-
omyopathy is a benign genetic form of DCM. In line with this finding, a recent study
showed that 39% of TTNtv patients had a reduction in LVEF of >10% after LVRR
was observed’. It is hypothesised that hearts with a TTNtv may use metabolic and
energetic adaptation to meet the increased energy demand of the heart*¢. Such met-
abolic adaptation may be short-term and become less effective after two years. This
may suggest a target for future therapies. The inverted U-shape of the LVEF-trajectory,
as observed in the current study in TTNtv patients, has been observed before in idi-

opathic DCM patients in a large prospective cohort with over 15 years of follow-up’.
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The decline in the LVEF-trajectory observed in this latter study started £10 years
after baseline, which might explain why no LVEF-trajectory decline was observed in
our study in DCM patients without a TTNtv (our study included echocardiograms
at a maximum of 8 years after baseline). Our data and previous studies”® support the
idea that LVEF improvement in DCM patients might represent myocardial remission
instead of true myocardial cure. Therefore discontinuation of HF medication is not
recommended in these patients until good predictors of complete myocardial cure
and/or remission have been defined®.

Before the study presented in Chapter 2 was initiated, echocardiographic data
collection was performed manually for our previous HF registries (e.g. the Maastricht
HFpEF-registry and the Maastricht DCM-registry). For the subjects included in this
study, the business information management (BIM) team of the heart & vascular
centre of the MUMCH+ extracted all echocardiographic data from the electronic health
records (EHR). As a result, echocardiographic data collection (among other additional
diagnostic data) is now performed semi-automatically for our mCMP-registry in close
collaboration with the BIM team. It goes beyond the scope of this thesis to discuss in
depth how the computer scripts used for the data-collection of the mCMP-registry
work, especially since these scripts are tailor-made given the high variability of used
EHR-systems and other related software in the Dutch hospitals. However, it is self-ev-
ident that such automatisations of data collection significantly reduces the researchers’
workload and is crucial to allow the scalability of a registry like the mCMP-registry.
Where it used to take +3 minutes to manually update one echocardiogram in the
electronic case report form (eCRF) of one subject, this is currently the time it takes
to start the semi-automatic process to update all echocardiograms of all subjects in-
cluded in the mCMP-registry irrespective of the number of subjects included. This
seriously reduces the time needed to collect information for a project as presented in
Chapter 2, which included data from 1079 echocardiograms. Additionally, our team is
now able to export all echocardiographic recordings (as DICOM files) from the EHR
and pseudo-anonymise them semi-automatically. This provides great opportunities
to further unravel the incremental value of deep learning models’ to optimise (early)
HF and cardiomyopathy diagnosis and risk-stratification. The main limitation of the
study presented in Chapter 2 is the single-centre design. To overcome the limitation
of a single-centre design, the study logistics and eCRF of the mCMP-registry have
been set up to allow other centres to easily join this initiative. This will optimise the
process of external validations and opens possibilities to study e.g. the LVEF-trajec-

tories of less prevalent (genetic) cardiomyopathies (e.g. Lamin A/C cardiomyopathy).
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While TTNtv are expected to affect both the intrinsic function of the ventricle as well
as the atrium, understanding of the atrial function of patients with DCM and a TTNtv
in humans remained in its infancies. The goal of the study presented in Chapter 3 was
to determine and compare the atrial parameters in DCM patients with and without a
TTNtv and to determine whether the observed LA parameters can be explained solely
based on observed LV-phenotype in these patients using computational modelling.
We observed in our DCM patient cohort and subsequent computational modelling
that: 1) TTNtv DCM patients have more severe LA failure - reflected by a higher
LAVT and worse LA reservoir and booster strain — compared to DCM patients with-
out a TTNtv; 2) while the observed LV-parameters can partially explain the observed
LA-parameters in the TTNtv patients, both intrinsic LV- and LA-failure are present
in patients with and without a TTNtv, highlighting that LA-failure as a significant
contributor in DCM.

For optimal heart performance atrial function is of utmost importance. Remarka-
bly, LA dysfunction has been relatively neglected in HF and cardiomyopathy research
for years'. Since recently, the LA receives more attention due to advancements in
cardiac imaging possibilities and the progress in (interventional) therapies for atrial
failure'®. Atrial failure is defined as “any atrial dysfunction (anatomical, mechanical,
electrical, and/or rheological, including blood homeostasis), causing impaired heart per-
formance and symptoms, and worsening quality of life or life expectancy, in the absence
of significant valvular or ventricular abnormalities™°. Atrial failure can be primarily
asymptomatic but eventually may cause a wide range of symptoms and clinical pres-
entations, including among others fatigue, palpitations, neurological deficits due to a
cerebrovascular event", and shortness of breath'’. Broad inclusion of subjects in a reg-
istry like mCMP-registry is crucial to further unravel atrial failure as a clinical entity.

It could be hypothesised that atrial failure precedes ventricular failure in a subset
of patients and might even be used as a marker for early disease. Whether atrial
functional parameters provide additional prognostic information besides LV function
requires future studies. To make such studies possible, the mCMP-registry has broad
inclusion criteria (Figure). All subjects referred to our (outpatient) clinic receive the
study information of this registry and can provide written informed consent to be
enrolled in the registry during the upcoming visit (more information is available at

www.cardiomyopathyresearch.eu). Upon inclusion, subjects are asked for additional

consent for yearly surveying questionnaires for fifteen years to among others identify
any events outside the hospital to perform reliable event analysis (more details are
provided in Chapter 9). The invitations and reminders for these questionaries are
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sent automatically which significantly reduces the workload for the mCMP-registry
researchers. Since the first subjects were included in the mCMP-registry on the 19th
of October of 2021 already 1877 subjects have been included in the registry, and 1031
baseline questionaries have been automatically sent (update 27-04-2022).
Inter-atrial block (IAB) is a well-known entity underlying atrial failure'®'2. IAB
has already been associated with supraventricular arrhythmias, cardiovascular and

all-cause mortality'*"*

, and even life-threatening arrhythmias (LTA) in the general
population®. However, the association between IAB and LTA in DCM remained
unknown. In Chapter 4, the first study is presented that provides insights into the
prognostic association between IAB (P-wave duration >120ms) and LTAs in ambu-
lant DCM patients. In both the derivation and external validation cohort used for
this study, the presence of IAB at baseline was significantly associated with incident
LTAs. Based on this study, ambulant DCM patients with IAB or AF confer a similar
increased risk of LTAs. Since IAB is an easy to assess and inexpensive marker, vali-
dating current findings potentially results in a widely available marker for the early
detection of DCM individuals at risk for LTAs. Physicians should pay special attention
to the presence of IAB in ambulant DCM patients given the previously observed in-
creased risk of new-onset AF'>'? and the increased risk of LTAs found in the study
presented in Chapter 4. Further research on the management of DCM patients with
IAB, and the presence and prognostic relevance of IAB in (early) cardiomyopathies
and HF is required. Prospective studies with (continuous) rhythm monitoring in am-
bulant DCM patients will give more insights into the potential causative mechanisms
between IAB, AF and LTAs. Within these studies, special attention should be paid to
the incremental value of IAB for risk stratification purposes. The mCMP-registry will
allow to longitudinally study the prognostic value of IAB beyond the DCM pheno-
type and to determine the long-term P-wave duration trajectory and its prognostic
relevance. Before the study presented in Chapter 4 was performed, researchers within
our research group had to manually select and download the pseudo-anonymised
ECG files (in PDF- or XML format). For the mCMP-registry we now developed a
R-script that can semi-automatically select the ECG closest to the moment in time of
interest and subtracts all information from the ECG needed for downstream analysis.
This significantly reduces the time for mCMP-registry researchers to perform studies
using data from ECGs.

In Chapter 5, the first randomised double-blinded, placebo-controlled clinical
trial that studied the effect of intravenous immunoglobulin (IVIg) on systolic cardiac
function and endomyocardial biopsies (EMBs) parvovirus B19 (B19V) load in adult

260



General discussion

patients with idiopathic chronic DCM with myocardial B19V persistence is presented.
In recent decades, B19V has become the most frequently found cardiotropic virus
in EMBs, with a reported prevalence of up to 80%*'*. While the causal relationship
and pathogenic importance of viral persistence and DCM remains controversial,
positive effects on viral load and/or cardiac function of IVIg have been suggested***.
In the study presented in Chapter 5, fifty patients (39 men; mean age 54+11 years)
with idiopathic chronic (>6 months) DCM on optimal medical therapy, LVEF<45%,
and EMB B19V load of >200 copies/pg DNA were blindly randomised to either IVIg
(n=26, 2g/kg over 4 days) or placebo (n=24). IVIg did not improve cardiac function,
functional capacity, or quality of life. After the initiation of this study, several studies
revealed that the EMB B19V load of DCM patients was comparable to controls with
either diseased or healthy hearts®. Additionally, a study showed that EMB B19V
load is not affected by immunosuppression in inflammatory DCM with significant
B19V load?, indicating that B19V might be an innocent bystander. Adjudicating IVIg
treatment solely based on cardiac function and B19V presence does not seem to be an
effective strategy given the likely latent intracellular state of the virus in the majority
of patients*?*. Therefore, additional determinants beyond viral load—e.g. active viral
replication, co-infection, inflammation and genetic background—might be crucial
for B19V to yield pathogenic potential in DCM****°. A better understanding of the
(patho-)physiology of B19V in DCM is crucial to potentially select a subgroup of
patients that might benefit from IVIg therapy in the future.

The study presented in Chapter 5 was one of the main drivers for the mCMP-reg-
istry team to rethink how the screening of eligible subjects and data collection for
clinical trials are performed at our department. Well-designed registries should not
only have broad inclusion criteria to create a representative snapshot of the subjects
that present in the clinics, but they should also provide constant interaction with
clinical trials®. Registries can provide insights into unmet clinical needs which can
be prospectively addressed in clinical trials; the clinical impact of the changes in clin-
ical practice initiated due to findings obtained from these trials can be subsequently
collected in registries. Registries with broad inclusion criteria even offer the founda-
tion to perform registry-based randomised controlled clinical trials (RRCT). In such
trials, eligible subjects are identified and included from existing registries, and the
data for these RRCTs is directly obtained from the data collected within the registry.
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The mCMP-Registry
Optimizing diagnosing, prognosis and
therapeutic options beyond the LVEF limits

Broad inclusion criteria e
Systematic routine clinical

‘ ‘ . care data-collection

Medical history,
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Figure. The Maastricht Cardiomyopathy registry (nCMP-registry) includes subjects re-
ferred to the cardiology clinic of the Maastricht University Medical Centre (MUMC+) for
HF-like symptoms or cardiac screening (e.g. because of known familial cardiomyopa-

thy). The broad inclusion criteria, systematic routine clinical care data-collection, extensive

study-related data-collection, and multi-disciplinary approach gives the mCMP-registry

a unique opportunity to improve diagnosis, risk stratification, and management of HF and
(early) cardiomyopathy phenotypes beyond the left ventricular ejection fraction limits. HF,

heart failure; PBMCs, peripheral blood mononuclear cells.
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RRCTs are especially suited for interventions which are already available in clin-
ics as part of routine clinical care. The benefits of RRCTs have already been shown
by well-known trials like the SAFE-PCI for women® and Thrombus Aspiration in
ST-Segment-Elevation Myocardial Infarction (TASTE) trial*>. RRCTs even allow the
collection of long-term data beyond the study’s primary objectives, e.g. it allows the
performance of long-term cost-effective analysis, or the analysis of the impact on
Quality of Life. The broad inclusion criteria of the mCMP-registry make it possible to
perform RRCTs. Moreover, the mCMP-registry allows the creation of a virtual waiting
room for future (interventional) studies given the seamless integration of the eCRF
(CASTOR EDC) with R-studio, which offers the unique opportunity to visualise and
customise study dashboards with R-shiny* to select and subsequently contact eligible
subjects for future trials easily (Figure).

The studies presented in Chapters 6-8 included subjects with a normal LVEE
Diagnosing heart failure in the non-acute setting in subjects with a normal LVEF
remains challenging. The HFA-PEFF diagnostic algorithm was recently developed
to optimise diagnosis and aid in the early recognition of HF patients with a normal
LVEEF, also known as HFpEF**. Identifying early-HFpEF phenogroups is essential
to understand the progression towards overt HFpEF better and to pave the way for
early treatment. In the pilot study presented in Chapter 6, we aimed to: 1) identify
distinct “early-HFpEF” phenogroups by cluster analysis of the recently published
HFA-PEFF domain scores in subjects that present with HF-like symptoms; and 2)
study whether these phenogroups may be associated with distinct blood proteome
profiles. Using multinominal-based clustering with latent class model using the
HFA-PEFF domain scores as categorical input, we found four distinct phenogroups
within this pilot study: subjects in phenogroup 1 were relatively young and had a
normal LV function; subjects in phenogroup 2 were characterised by functional (di-
astolic) LV abnormalities but normal LV structure; phenogroup 3 by both structural
and functional LV abnormalities, normal BNP plasma levels, and a higher prevalence
of hypertension; and phenogroup 4 by elevated BNP-levels (mostly) accompanied by
structural and functional LV-abnormalities. In total, 32 out of the 93 studied Olink
protein biomarkers significantly differed between these phenogroups; the top eight
most significant associated biomarkers included biomarkers - NTproBNP, Growth-dif-
ferentiation factor 15 (GDF-15), Matrix metalloproteinase-2 (MMP2), Insulin-like
growth factor-binding protein-7, -2 (IGFBP2 and IGFBP7), Osteoprotegerin (OPG),
Metalloproteinase inhibitor 4 (TIMP4), Chitinase-3-like protein 1 (CHI3L1) - that

have been previously associated with HFpEF and/or LVDD, and are mainly involved
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in inflammation and extracellular matrix remodelling®*¢. While it’s unlikely that
individual circulating biomarkers will have (incremental) diagnostic value to detect
“early-HFpEF", the newly identified phenogroups accompanied by their circulating
biomarkers profile might aid in a better understanding of the pathophysiological pro-
cesses involved during the early stages of the heterogeneous HFpEF syndrome. The
incremental prognostic value of current identified “early HFpEF” phenogroups and
related biomarkers requires external validation with long-term follow-up in cohorts
that include subjects referred for suspected HFpEFE.

The difficulty of diagnosing HFpEF and the concept that circulating biomarkers
could help to diagnose this complex syndrome on a molecular level gave rise to
a multitude of studies investigating novel diagnostic HFpEF circulation biomark-
ers’”*. Remarkably, none of the suggested novel circulating biomarkers have been
implemented in the HFpEF clinics. The heterogeneous and systemic nature of the
syndrome could contribute to their lack of success*, but a comprehensive overview
of the literature on this topic was absent. Therefore, we aimed to provide an overview
of studies investigating the diagnostic value of novel biomarkers for non-acute HFpEF
and determine their risk of bias (ROB). The findings are presented in Chapter 7. The
study presented in Chapter 7 shows that most current diagnostic HFpEF biomarker
studies have a high ROB, reducing the reproducibility and the potential for clinical
care. Methodological well-designed studies with a uniform reference diagnosis are
urgently needed to determine the incremental value of circulating biomarkers for
diagnosing HFpEF. Main methodological flaws identified within this field of research
included: the use of case-control/two-gated designs, exclusion of difficult-to-diag-
nose patients (e.g. excluding patients with AF, which is known to be highly prevalent
in HFpEF"), absence of a pre-specified cut-off value for the index test without the
performance of external validation, the use of inappropriate reference standards and
unclear timing of the index test and/or reference standard. The question remains to
which extent the absence of novel diagnostic HFpEF biomarkers is due to the real
lack of diagnostic value of these biomarkers versus the heterogeneity of the syndrome
itself. One may even postulate if it will ever be possible to find a single diagnostic
test or panel of biomarkers with adequate diagnostic value for the entire syndrome;
and perhaps the optimal approach is to use specific biomarkers to diagnose distinct
subtypes of HFpEE, which could eventually also lead to a more tailored therapy***.
Nonetheless, we should learn from the methodological flaws presented in Chapter 7
of this thesis to unravel this.

264



General discussion

For the design of the mCMP-registry, the study presented in Chapter 7 was one of
the drivers for the broad inclusion criteria to limit the risk of selection bias for future
studies, and one of the drivers to allow scalability of the registry to externally validate
diagnostic/prognostic biomarker studies more efficiently. In-depth phenotyping —in-
cluding the performance of echocardiography, sleep apnea screening, Holter monitor-
ing, electrocardiography, quality of life assessment, and biobanking - of individuals
referred for suspected HFpEF is performed one week before the outpatient clinic
visit at our department, and during the weekly HF-meetings HF cardiologist rate
in consensus the likelihood of the presence of HFpEF in these patients. The former
reduces the risk of bias due to flow and timing. The latter allows to study the effect
of the reference standards used (e.g. Expert consensus, HFA-PEFF score*, H2FPEF
score’’, ESC2021 criteria*) on biomarker study outcomes.

A promising non-circulating prognostic biomarker in HF and cardiomyopathy
related research is the global longitudinal strain (GLS) which is studied in a pilot
study presented in Chapter 8 of this thesis. Increasing evidence suggests that GLS is
superior to LVEF as a predictor of mortality and cardiac events in early cardiomyo-
pathies***. However, the clinical utility of GLS is still hampered because of (among
others) the lack of clear cut-off values for clinical decision making. The aim of this
pilot study was to determine a cut-oft value of GLS that indicates an increased risk of
adverse outcomes in individuals with a normal LVEF. In this study, we found that the
risk for cardiac hospitalisation and cardiovascular mortality was doubled in patients
with a GLS of -20.9% and higher. Noteworthy, this value is lower than the previously
reported lower limit of normal in men and women (-17% and -18%, respectively)*'.
Our group previously published a study that showed that DCM patients’ relatives
had a significantly higher prevalence of systolic dysfunction detected by GLS despite
normal LVEF compared to control subjects, which was associated with LVEF deteri-
oration, cardiac hospitalisation, and death*. These findings resulted in the inclusion
and follow-up of subjects without any diagnosed HF or cardiomyopathy at baseline
in our mCMP-registry. Given our findings and the findings in other GLS studies, and
given the widespread and easy use of echocardiography, echocardiographic assessed
GLS might be a promising marker to select subjects at risk for incident heart failure

and/or cardiovascular events in the near future®*>°.

265



Chapter 11

Part Il thesis: the future of HF and cardiomyopathy research

We are at the dawn of a new era in (early) HF and cardiomyopathy research, during
which an in-depth understanding of basic (patho)physiological processes underly-
ing cardiac diseases will guide precision approaches to treat and might even prevent
(early) HF and/or cardiomyopathies.

HF represents a heterogeneous range of clinical overlapping heart muscle diseases
(cardiomyopathies) resulting from multifactorial environmental insults in the pres-
ence or absence of a known genetic predisposition. Patients with (early) cardiomyo-
pathy and HF clinically present during different stages of the disease, and functional
and structural biomarkers in these patients change over time in a patient-specific
way”. Categorising HF based on LVEF without performing in-depth characterisation
creates artificial prototype phenotypes representing the outer ends of the LVEF-spec-
trum but neglecting the overlapping syndromes and transition across LVEF-categories
over time”*”%, The importance of in-depth characterisation to revolutionise the way
patients are treated is underlined by the developments in oncology, where a deeper
understanding of molecular alterations of tumours has opened the door for person-
alised medicine®'. Registry-based research in registries like the mCMP-registry will
allow us to perform in-depth characterisation of (early) HF and cardiomyopathy
phenotypes. It will thereby form the bridge between science and practice that will
revolutionise cardiomyopathy and HF-related research.

In Chapter 9, the mCMP-Registry design paper is presented. This registry is the
result of a multi-disciplinary team effort and years of work to optimise the way reg-
istry-based HF and cardiomyopathy related research is performed at our centre. The
mCMP-registry (founded in 2021) is an ongoing registry including all informed con-
sented subjects (=16 years of age) referred to the cardiology (outpatient) clinic of
the MUMC+ for HF-like symptoms or cardiac screening for HF/cardiomyopathies,
irrespective of diagnosis or LVEE. The aim of the mCMP-registry is to improve (early)
diagnosis, risk-stratification, and management of HF and cardiomyopathies. Two
central approaches will be used to answer the research questions related to the aims
of mCMP-registry: (i) a data-driven approach to predict clinical outcomes (e.g. heart
failure hospitalisation, sudden cardiac death, response to therapy, and changes in
quality of life), and to identify clusters of patients who share underlying pathophysi-
ological processes; (ii) a hypothesis-driven approach in which clinical parameters are
tested for their (incremental) diagnostic and prognostic value. The registry enables a
unique opportunity to improve diagnosis, risk-stratification, and management of HF
and (early) cardiomyopathy phenotypes, which is achieved by (Figure): 1) The broad
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inclusion criteria; 2) The systematic routine clinical care at fixed timepoints which is
documented in standardised electronic medical record forms, allowing semi-auto-
matic data-collection within the eCRF; 3) The extensive study related data-collection,
including yearly automatically-sent questionnaires for 15 years, and sequential bio-
banking; 4) The multi-disciplinary approach within and beyond our centre, including
both pre-clinical and clinical researchers from multiple departments (including the
department of immunology, pathology, clinical genetics, medical microbiology, and
cardiology) and supporting staff (including research nurses, lab technicians, bio-stat-
isticians and IT support). Moreover, due to the broad inclusion criteria, routine clini-
cal care data-collection, and seamless integration between the eCRF and R-shiny, the
registry can easily give insights into eligible subjects for (future) clinical trials, thereby
creating a virtual waiting room (Figure). The scalability of the infrastructure allows
other centres to easily join this initiative which among others allows to more easily
study relatively rare diseases (e.g. lamin A/C cardiomyopathies). The infrastructure
even allows to (semi-)automatically contact subjects that gave explicit permission
to inform them about other cardiovascular-related research by mail. This option is,
e.g. used to inform participants about the existence of the Netherlands Heart Tissue
bank (NHTB).

The design paper of the NHTB is presented in Chapter 10 of this thesis. Easy avail-
ability of human cardiac tissue and related clinical data would be an important asset
for many cardiovascular researchers and would strongly improve the translation of
pre-clinical findings to the clinic and vice versa. However, cardiac tissue collection is
labour-, time- and cost-intensive and therefore challenging for academic and clinical
cardiovascular researchers, making cardiac tissues scarcely available for the entire
research community. The NHTB aims to boost a wide range of cardiac disease-re-
lated fundamental and translational studies. The NHTB does this by strengthening
the cardiovascular research infrastructure with an open-access non-profit biobank.
The NHTB will include cardiac tissue and related clinical data from donors with and
without known cardiovascular diseases, which will increase our understanding of
cardiac diseases during early and advanced disease development. With data sources
like the mCMP-registry and the NHTB, the research community can learn from

today’s patients how we should treat and may even cure the patients of tomorrow.

267



Chapter 11

REFERENCES

268

Verdonschot JAJ, Hazebroek MR, Krapels IPC, Henkens M, Raafs A, Wang P, Merken JJ,
Claes GRE, Vanhoutte EK, van den Wijngaard A, Heymans SRB, Brunner HG. Implications
of Genetic Testing in Dilated Cardiomyopathy. Circ Genom Precis Med 2020.

Ware JS, Cook SA. Role of titin in cardiomyopathy: from DNA variants to patient stratifica-
tion. Nat Rev Cardiol 2018;15(4):241-252.

Herman DS, Lam L, Taylor MR, Wang L, Teekakirikul P, Christodoulou D, Conner L, DePal-
ma SR, McDonough B, Sparks E, Teodorescu DL, Cirino AL, Banner NR, Pennell DJ, Graw
S, Merlo M, Di Lenarda A, Sinagra G, Bos JM, Ackerman M]J, Mitchell RN, Murry CE, Lak-
dawala NK, Ho CY, Barton PJ, Cook SA, Mestroni L, Seidman JG, Seidman CE. Truncations
of titin causing dilated cardiomyopathy. N Engl ] Med 2012;366(7):619-28.

Jansweijer JA, Nieuwhof K, Russo F, Hoorntje ET, Jongbloed JD, Lekanne Deprez RH, Postma
AV, Bronk M, van Rijsingen IA, de Haij S, Biagini E, van Haelst PL, van Wijngaarden J, van
den Berg MP, Wilde AA, Mannens MM, de Boer RA, van Spaendonck-Zwarts KY, van Tin-
telen JP, Pinto YM. Truncating titin mutations are associated with a mild and treatable form
of dilated cardiomyopathy. Eur ] Heart Fail 2016;19(4):512-521.

Akhtar MM, Lorenzini M, Cicerchia M, Ochoa JP, Hey TM, Sabater Molina M, Restre-
po-Cordoba MA, Dal Ferro M, Stolfo D, Johnson R, Larranaga-Moreira JM, Robles-Mezcua
A, Rodriguez-Palomares JF, Casas G, Pena-Pena ML, Lopes LR, Gallego-Delgado M, Fra-
naszczyk M, Laucey G, Rangel-Sousa D, Basurte M, Palomino-Doza J, Villacorta E, Bilinska
Z, Limeres Freire ], Garcia Pinilla JM, Barriales-Villa R, Fatkin D, Sinagra G, Garcia-Pavia
P, Gimeno JR, Mogensen ], Monserrat L, Elliott PM. Clinical Phenotypes and Prognosis of
Dilated Cardiomyopathy Caused by Truncating Variants in the TTN Gene. Circ Heart Fail
2020;13(10):e006832.

Verdonschot JAJ, Hazebroek MR, Derks KWJ, Barandiaran Aizpurua A, Merken JJ, Wang
P, Bierau ], van den Wijngaard A, Schalla SM, Abdul Hamid MA, van Bilsen M, van Empel
VPM, Knackstedt C, Brunner-La Rocca HP, Brunner HG, Krapels IPC, Heymans SRB. Titin
cardiomyopathy leads to altered mitochondrial energetics, increased fibrosis and long-term
life-threatening arrhythmias. Eur Heart J 2018;39(10):864-873.

Lupon J, Gavidia-Bovadilla G, Ferrer E, de Antonio M, Perera-Lluna A, Lopez-Ayerbe J,
Domingo M, Nunez ], Zamora E, Moliner P, Diaz-Ruata P, Santesmases ], Bayes-Genis A.
Dynamic Trajectories of Left Ventricular Ejection Fraction in Heart Failure. ] Am Coll Cardiol
2018;72(6):591-601.

Halliday BP, Wassall R, Lota AS, Khalique Z, Gregson ], Newsome S, Jackson R, Rahneva T,
Wage R, Smith G, Venneri L, Tayal U, Auger D, Midwinter W, Whiffin N, Rajani R, Dungu
JN, Pantazis A, Cook SA, Ware JS, Baksi AJ, Pennell DJ, Rosen SD, Cowie MR, Cleland
JGE, Prasad SK. Withdrawal of pharmacological treatment for heart failure in patients with
recovered dilated cardiomyopathy (TRED-HF): an open-label, pilot, randomised trial. The
Lancet 2019;393(10166):61-73.

Tromp J, Seekings PJ, Hung C-L, Iversen MB, Frost MJ, Ouwerkerk W, Jiang Z, Eisenhaber E,
Goh RSM, Zhao H, Huang W, Ling L-H, Sim D, Cozzone P, Richards AM, Lee HK, Solomon



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

General discussion

SD, Lam CSP, Ezekowitz JA. Automated interpretation of systolic and diastolic function on
the echocardiogram: a multicohort study. The Lancet Digital Health 2022;4(1):e46-¢54.

Bisbal F, Baranchuk A, Braunwald E, Bayes de Luna A, Bayes-Genis A. Atrial Failure as a
Clinical Entity: JACC Review Topic of the Week. ] Am Coll Cardiol 2020;75(2):222-232.

Habibi M, Zareian M, Ambale Venkatesh B, Samiei S, Imai M, Wu C, Launer L], Shea S,
Gottesman RE, Heckbert SR, Bluemke DA, Lima JAC. Left Atrial Mechanical Function and
Incident Ischemic Cerebrovascular Events Independent of AF: Insights From the MESA
Study. JACC Cardiovasc Imaging 2019;12(12):2417-2427.

Bayes de Luna A, Platonov P, Cosio FG, Cygankiewicz I, Pastore C, Baranowski R, Bayes-Ge-
nis A, Guindo J, Vinolas X, Garcia-Niebla ], Barbosa R, Stern S, Spodick D. Interatrial
blocks. A separate entity from left atrial enlargement: a consensus report. ] Electrocardiol
2012;45(5):445-51.

Magnani JW, Gorodeski EZ, Johnson VM, Sullivan LM, Hamburg NM, Benjamin EJ, Ellinor
PT. P wave duration is associated with cardiovascular and all-cause mortality outcomes: the
National Health and Nutrition Examination Survey. Heart Rhythm 2011;8(1):93-100.

Martinez-Selles M, Elosua R, Ibarrola M, de Andres M, Diez-Villanueva P, Bayes-Genis A,
Baranchuk A, Bayes-de-Luna A, Bayes Registry Investigators. Advanced interatrial block and
P-wave duration are associated with atrial fibrillation and stroke in older adults with heart
disease: the BAYES registry. Europace 2020;22(7):1001-1008.

Maheshwari A, Norby FL, Soliman EZ, Alraies MC, Adabag S, O’'Neal WT, Alonso A, Chen
LY. Relation of Prolonged P-Wave Duration to Risk of Sudden Cardiac Death in the Ge-
neral Population (from the Atherosclerosis Risk in Communities Study). Am J Cardiol
2017;119(9):1302-1306.

Jacobsson J, Carlson J, Reitan C, Borgquist R, Platonov PG. Interatrial Block Predicts Atrial
Fibrillation and Total Mortality in Patients with Cardiac Resynchronization Therapy. Car-
diology 2020;145(11):720-729.

Skov MW, Ghouse J, Kuhl JT, Platonov PG, Graff C, Fuchs A, Rasmussen PV, Pietersen A,
Nordestgaard BG, Torp-Pedersen C, Hansen SM, Olesen MS, Haunso S, Kober L, Gerds TA,
Kofoed KF, Svendsen JH, Holst AG, Nielsen JB. Risk Prediction of Atrial Fibrillation Based
on Electrocardiographic Interatrial Block. ] Am Heart Assoc 2018;7(11).

Agarwal YK, Aronow WS, Levy JA, Spodick DH. Association of interatrial block with deve-
lopment of atrial fibrillation. The American Journal of Cardiology 2003;91(7).

Istolahti T, Eranti A, Huhtala H, Lyytikainen LP, Kahonen M, Lehtimaki T, Eskola M, Anttila1,
Jula A, Bayes de Luna A, Nikus K, Hernesniemi J. The prevalence and prognostic significance
of interatrial block in the general population. Ann Med 2020;52(3-4):63-73.
Martinez-Selles M, Baranchuk A, Elosua R, de Luna AB. Rationale and design of the BAYES
(Interatrial Block and Yearly Events) registry. Clin Cardiol 2017;40(4):196-199.

Kuhl U, Pauschinger M, Noutsias M, Seeberg B, Bock T, Lassner D, Poller W, Kandolf R,
Schultheiss HP. High prevalence of viral genomes and multiple viral infections in the myocar-
dium of adults with “idiopathic” left ventricular dysfunction. Circulation 2005;111(7):887-93.

Pankuweit S, Portig I, Eckhardt H, Crombach M, Hufnagel G, Maisch B. Prevalence of viral
genome in endomyocardial biopsies from patients with inflammatory heart muscle disease.
Herz 2000;25(3):221-6.

269



Chapter 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

270

Verdonschot J, Hazebroek M, Merken ], Debing Y, Dennert R, Brunner-La Rocca HP, Hey-
mans SRB. Relevance of cardiac parvovirus B19 in myocarditis and dilated cardiomyopathy:
review of the literature. Eur ] Heart Fail 2016;18(12):1430-1441.

Dennert R, Velthuis S, Schalla S, Eurlings L, van Suylen RJ, van Paassen P, Tervaert JW,
Wolffs P, Goossens V], Bruggeman C, Waltenberger J, Crijns HJ, Heymans SRB. Intravenous
immunoglobulin therapy for patients with idiopathic cardiomyopathy and endomyocardial
biopsy-proven high PVB19 viral load. Antivir Ther 2010;15(2):193-201.

Maisch B, Hufnagel G, Kolsch S, Funck R, Richter A, Rupp H, Herzum M, Pankuweit S.
Treatment of inflammatory dilated cardiomyopathy and (peri)myocarditis with immunosup-
pression and i.v. immunoglobulins. Herz 2004;29(6):624-36.

Maisch B. Cardio-Immunology of Myocarditis: Focus on Immune Mechanisms and Treatment
Options. Front Cardiovasc Med 2019;6:48.

Tschope C, Elsanhoury A, Schlieker S, Van Linthout S, Kuhl U. Immunosuppression in in-
flammatory cardiomyopathy and parvovirus B19 persistence. Eur ] Heart Fail 2019.

Verdonschot JAJ, Cooper LT, Heymans SRB. Parvovirus B19 in Dilated Cardiomyopathy:
There Is More Than Meets the Eye. ] Card Fail 2019;25(1):64-66.

Pietsch H, Escher F, Aleshcheva G, Lassner D, Bock CT, Schultheiss HP. Detection of par-
vovirus mRNAs as markers for viral activity in endomyocardial biopsy-based diagnosis of
patients with unexplained heart failure. Sci Rep 2020;10(1):22354.

Parissis J, Farmakis D, Triposkiadis F. Heart failure registries: how far can we go? Eur ] Heart
Fail 2016;18(6):626-8.

Rao SV, Hess CN, Barham B, Aberle LH, Anstrom K], Patel TB, Jorgensen JP, Mazzaferri EL,
Jr., Jolly SS, Jacobs A, Newby LK, Gibson CM, Kong DF, Mehran R, Waksman R, Gilchrist
IC, McCourt BJ, Messenger JC, Peterson ED, Harrington RA, Krucoff MW. A registry-based
randomized trial comparing radial and femoral approaches in women undergoing percutane-
ous coronary intervention: the SAFE-PCI for Women (Study of Access Site for Enhancement
of PCI for Women) trial. JACC Cardiovasc Interv 2014;7(8):857-67.

Frobert O, Lagerqvist B, Olivecrona GK, Omerovic E, Gudnason T, Maeng M, Aasa M,
Angeras O, Calais F, Danielewicz M, Erlinge D, Hellsten L, Jensen U, Johansson AC, Kare-
gren A, Nilsson J, Robertson L, Sandhall L, Sjogren I, Ostlund O, Harnek J, James SK, Taste
Trial. Thrombus aspiration during ST-segment elevation myocardial infarction. N Engl ] Med
2013;369(17):1587-97.

Chang W, Cheng J, Allaire ], Xie Y, McPherson J. shiny: Web Application Framework for R.
R package version 1.5.0. https://CRAN.R-project.org/package=shiny. 2020.

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, Edelmann F, Fu M, Guazzi
M, Lam CSP, Lancellotti P, Melenovsky V, Morris DA, Nagel E, Pieske-Kraigher E, Poni-
kowski P, Solomon SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka E, Paulus W], Seferovic
P, Filippatos G. How to diagnose heart failure with preserved ejection fraction: the HFA-

PEFF diagnostic algorithm: a consensus recommendation from the Heart Failure Associ-
ation (HFA) of the European Society of Cardiology (ESC). European Heart Journal 2019.

Mishra S, Kass DA. Cellular and molecular pathobiology of heart failure with preserved
ejection fraction. Nat Rev Cardiol 2021.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

General discussion

Henkens MTHM, Remmelzwaal S, Robinson EL, van Ballegooijen AJ, Barandiaran Aizpurua
A, Verdonschot JAJ, Raafs AG, Weerts ], Hazebroek MR, Sanders-van Wijk S, Handoko ML,
den Ruijter HM, Lam CSP, de Boer RA, Paulus W], van Empel VPM, Vos R, Brunner-La
Rocca HP, Beulens JW], Heymans SRB. Risk of bias in studies investigating novel diagnostic
biomarkers for heart failure with preserved ejection fraction. A systematic review. Eur ] Heart
Fail 2020;22(9):1586-1597.

Ibrahim NE, Januzzi JL. Established and Emerging Roles of Biomarkers in Heart Failure. Circ
Res 2018;123(5):614-629.

Meijers WC, van der Velde AR, de Boer RA. Biomarkers in heart failure with preserved
ejection fraction. Neth Heart ] 2016;24(4):252-8.

Henkens M, Remmelzwaal S, Robinson EL, van Ballegooijen AJ, Barandiaran Aizpurua A,
Verdonschot JAJ, Raafs AG, Weerts ], Hazebroek MR, Sanders-van Wijk S, Handoko ML,
den Ruijter HM, Lam CSP, de Boer RA, Paulus W], van Empel VPM, Vos R, Brunner-La
Rocca HP, Beulens JW], Heymans SRB. Risk of bias in studies investigating novel diagnostic
biomarkers for heart failure with preserved ejection fraction. A systematic review. Eur ] Heart
Fail 2020;22(9):1586-1597.

Piek A, Du W, de Boer RA, Sillje HHW. Novel heart failure biomarkers: why do we fail to
exploit their potential? Crit Rev Clin Lab Sci 2018;55(4):246-263.

Kotecha D, Lam CS, Van Veldhuisen DJ, Van Gelder IC, Voors AA, Rienstra M. Heart Failure
With Preserved Ejection Fraction and Atrial Fibrillation: Vicious Twins. ] Am Coll Cardiol
2016;68(20):2217-2228.

Shah §J. Precision Medicine for Heart Failure with Preserved Ejection Fraction: An Overview.
] Cardiovasc Transl Res 2017;10(3):233-244.

Shah §J, Kitzman DW, Borlaug BA, van Heerebeek L, Zile MR, Kass DA, Paulus WJ. Pheno-
type-Specific Treatment of Heart Failure With Preserved Ejection Fraction: A Multiorgan
Roadmap. Circulation 2016;134(1):73-90.

Barandiaran Aizpurua A, Schroen B, van Bilsen M, van Empel V. Targeted HFpEF therapy
based on matchmaking of human and animal models. Am J Physiol Heart Circ Physiol
2018;315(6):H1670-H1683.

Suthahar N, Meems LMG, Ho JE, de Boer RA. Sex-related differences in contemporary
biomarkers for heart failure: a review. Eur ] Heart Fail 2020.

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, Edelmann F, Fu M, Guazzi
M, Lam CSP, Lancellotti P, Melenovsky V, Morris DA, Nagel E, Pieske-Kraigher E, Ponikow-
ski P, Solomon SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka F, Paulus W7, Seferovic P,
Filippatos G. How to diagnose heart failure with preserved ejection fraction: the HFA-PEFF
diagnostic algorithm: a consensus recommendation from the Heart Failure Association (HFA)
of the European Society of Cardiology (ESC). Eur Heart ] 2019;40(40):3297-3317.

Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A Simple, Evidence-Based
Approach to Help Guide Diagnosis of Heart Failure With Preserved Ejection Fraction. Cir-
culation 2018;138(9):861-870.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, Burri H, Butler
J, Celutkiene J, Chioncel O, Cleland JGE Coats AJS, Crespo-Leiro MG, Farmakis D, Gilard
M, Heymans S, Hoes AW, Jaarsma T, Jankowska EA, Lainscak M, Lam CSP, Lyon AR,

271



Chapter 11

49.

50.

51.

52.

53.

54.

55.

56.

57.

272

McMurray JJV, Mebazaa A, Mindham R, Muneretto C, Francesco Piepoli M, Price S, Rosano
GMC, Ruschitzka F, Kathrine Skibelund A, E.S.C. Scientific Document Group. 2021 ESC
Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J
2021;42(36):3599-3726.

Verdonschot JAJ, Merken JJ, Brunner-La Rocca HP, Hazebroek MR, Eurlings C, Thijssen
E, Wang P, Weerts J, van Empel V, Schummers G, Schreckenberg M, van den Wijngaard A,
Lumens J, Brunner HG, Heymans SRB, Krapels IPC, Knackstedt C. Value of Speckle Trac-
king-Based Deformation Analysis in Screening Relatives of Patients With Asymptomatic
Dilated Cardiomyopathy. JACC Cardiovasc Imaging 2020;13(2 Pt 2):549-558.

Smiseth OA, Torp H, Opdahl A, Haugaa KH, Urheim S. Myocardial strain imaging: how
useful is it in clinical decision making? Eur Heart ] 2016;37(15):1196-207.

Asch FM, Miyoshi T, Addetia K, Citro R, Daimon M, Desale S, Fajardo PG, Kasliwal RR,
Kirkpatrick JN, Monaghan MJ, Muraru D, Ogunyankin KO, Park SW, Ronderos RE, Sadeg-
hpour A, Scalia GM, Takeuchi M, Tsang W, Tucay ES, Tude Rodrigues AC, Vivekanandan A,
Zhang Y, Blitz A, Lang RM, Wase Investigators. Similarities and Differences in Left Ventricular
Size and Function among Races and Nationalities: Results of the World Alliance Societies of
Echocardiography Normal Values Study. ] Am Soc Echocardiogr 2019;32(11):1396-1406 e2.

Shah AM, Claggett B, Sweitzer NK, Shah SJ, Anand IS, Liu L, Pitt B, Pfeffer MA, Solomon
SD. Prognostic Importance of Impaired Systolic Function in Heart Failure With Preserved
Ejection Fraction and the Impact of Spironolactone. Circulation 2015;132(5):402-14.

Al Saikhan L, Park C, Hardy R, Hughes A. Prognostic implications of left ventricular strain
by speckle-tracking echocardiography in the general population: a meta-analysis. Vasc Health
Risk Manag 2019;15:229-251.

Kalam K, Otahal P, Marwick TH. Prognostic implications of global LV dysfunction: a sys-
tematic review and meta-analysis of global longitudinal strain and ejection fraction. Heart
2014;100(21):1673-80.

Morris DA, Ma XX, Belyavskiy E, Aravind Kumar R, Kropf M, Kraft R, Frydas A, Osmanoglou
E, Marquez E, Donal E, Edelmann F, Tschope C, Pieske B, Pieske-Kraigher E. Left ventricular
longitudinal systolic function analysed by 2D speckle-tracking echocardiography in heart
failure with preserved ejection fraction: a meta-analysis. Open Heart 2017;4(2):e000630.

Writing Committee Members, Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ,
Colvin MM, Deswal A, Drazner MH, Dunlay SM, Evers LR, Fang JC, Fedson SE, Fonarow
GC, Hayek SS, Hernandez AF, Khazanie P, Kittleson MM, Lee CS, Link MS, Milano CA,
Nnacheta LC, Sandhu AT, Stevenson LW, Vardeny O, Vest AR, Yancy CW. 2022 AHA/ACC/
HFSA Guideline for the Management of Heart Failure: A Report of the American College of
Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J
Am Coll Cardiol 2022.

Triposkiadis F, Butler J, Abboud FM, Armstrong PW, Adamopoulos S, Atherton JJ, Backs
J, Bauersachs J, Burkhoft D, Bonow RO, Chopra VK, de Boer RA, de Windt L, Hamdani N,
Hasenfuss G, Heymans S, Hulot JS, Konstam M, Lee RT, Linke WA, Lunde IG, Lyon AR,
Maack C, Mann DL, Mebazaa A, Mentz R], Nihoyannopoulos P, Papp Z, Parissis ], Pedrazzini
T, Rosano G, Rouleau J, Seferovic PM, Shah AM, Starling RC, Tocchetti CG, Trochu JN, Thum
T, Zannad F, Brutsaert DL, Segers VE De Keulenaer GW. The continuous heart failure spec-
trum: moving beyond an ejection fraction classification. Eur Heart ] 2019;40(26):2155-2163.



58.

59.

60.

61.

General discussion

Marwick TH. Ejection Fraction Pros and Cons: JACC State-of-the-Art Review. ] Am Coll
Cardiol 2018;72(19):2360-2379.

Dunlay SM, Roger VL, Weston SA, Jiang R, Redfield MM. Longitudinal changes in ejection
fraction in heart failure patients with preserved and reduced ejection fraction. Circ Heart
Fail 2012;5(6):720-6.

Lupon J, Diez-Lopez C, de Antonio M, Domingo M, Zamora E, Moliner P, Gonzalez B, San-
tesmases J, Troya MI, Bayes-Genis A. Recovered heart failure with reduced ejection fraction
and outcomes: a prospective study. Eur ] Heart Fail 2017;19(12):1615-1623.

Gambardella V, Tarazona N, Cejalvo JM, Lombardi P, Huerta M, Rosello S, Fleitas T, Roda
D, Cervantes A. Personalized Medicine: Recent Progress in Cancer Therapy. Cancers (Basel)
2020;12(4).

273






Summary

Nederlandse Samenvatting
Impact

Dankwoord

About the Author

List of Publications






Summary

SUMMARY

Heart Failure (HF) is a heterogeneous and multifactorial clinical syndrome resulting
from structural and/or functional cardiac abnormalities caused by primary cardio-
myopathies and/or by secondary aetiologies (e.g. coronary artery disease, valvular
disease or hypertension). Left ventricular ejection fraction (LVEF) remains the cor-
nerstone within the recently published universal classification of HF to classify this
syndrome'. The rationale behind this relates back to the early trials in the 80s and
90s of the previous century, in which LVEF was used as a predominant tool to select
patients at increased risk for hard study endpoints for enrichment purposes®*. While
categorising HF based on LVEF provided us with valuable insights into the patho-
physiology of HF at the outer ends of the spectrum*?, and LVEF currently remains an
important and easy to assess clinical marker used for the initiation of evidence-based
HF therapies"®, it results in an enormous oversimplification of a complex syndrome**.
As a result, numerous experts recently proposed that LVEF based categorisation of
HF should not drive the future of HF research and that the nomenclature of HF and
cardiomyopathies should be driven by science and not the other way around**”.

Large scale registries with real-world data will play a pivotal to move the current
HF field forward*®. In the last years, our Maastricht Cardiomyopathy Registry (mC-
MP-registry) team created a future-proof foundation for a multidisciplinary (early)
cardiomyopathy and HF registry. Establishing such a large-scale registry is time-con-
suming and requires in-depth insights into the local (logistic) hurdles in performing
HF research. During the last years, we therefore performed cardiomyopathy and
HF-related research across the LVEF spectrum of which some examples are provided
in Part I (Chapters 2-8) of this thesis. Our team tackled the (logistic) hurdles faced
during these studies to improve the way HF registry-based research is performed
at our institution, ultimately leading to the mCMP-registry, founded in 2021 and
presented in Chapter 9. These studies have also yielded new scientific insights. An
overview of the results of the studies presented in Part I (chapters 2-8) of this thesis
is summarised below:

Chapters 2-5 of this thesis focus on a specific subgroup of HF patients, namely
DCM patients. In Chapter 2, we showed that the LVEF-trajectory of DCM patients
with truncating variants in titin (T TNtv, which has a prevalence up to 25% in DCM*
1) has a concave shape. The LVEF-trajectory shows a steep increase until an apex at
two years after baseline, immediately followed by a slow decline of the LVEE. Patients

without TTNtv had comparable recovery of LVEF in the first two years, but their
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LVEF remained stable during follow-up. In the study presented in Chapter 3, we
observed that TTNtv DCM patients have more severe LA dysfunction compared
to DCM patients without a TTNtv. Using computational modelling we showed that
while the observed LV dysfunction partially explains the observed LA dysfunction,
both intrinsic LV and LA dysfunction are likely present in patients with and without
a TTNtv, highlighting LA failure as a significant contributor to DCM.

Inter-atrial block (IAB) is a well-known entity associated with atrial failure'>", and
has already been associated with supraventricular arrhythmias, cardiovascular and
all-cause mortality'>'*'*, and even life-threatening arrhythmias (LTA) in the general
population’. In Chapter 4, the first study is presented that provides insights into the
prognostic association between IAB and LTAs in ambulant DCM patients. In both
the derivation and external validation cohort used for this study, the presence of IAB
at baseline was significantly associated with incident LTAs.

In Chapter 5, the first randomised clinical trial is presented that studied the effect
of intravenous immunoglobulin (IVIg) on systolic cardiac function and cardiac parvo-
virus B19 (B19V) presence in patients with idiopathic chronic DCM and cardiac
B19V persistence. We showed that IVIg did not improve cardiac function, functional
capacity, and quality of life in these patients.

The studies presented in Chapters 6-8 included subjects with a normal LVEE The
HFA-PEFF diagnostic algorithm was recently developed to optimise (early) recogni-
tion of HF patients with a normal LVEEF, also known as HFpEF". In the pilot study
present in Chapter 6, we aimed to: 1) identify distinct “early-HFpEF” phenogroups by
cluster analysis of the recently published HFA-PEFF domain scores in subjects that
present with HF-like symptoms, a normal LVEF, and without a medical history of
HF; and 2) study whether these phenogroups may be associated with distinct blood
proteome profiles. We found four distinct phenogroups within this pilot study. In
total, 32 out of the 93 studied Olink protein biomarkers significantly differed be-
tween these phenogroups. Whether the identified phenogroups have incremental
value in predicting incident HFpEF and its progression and whether the associated
biomarkers have any (incremental) diagnostic/prognostic value must be determined
in longitudinal multi-centre trails.

The study presented in Chapter 7 shows that most diagnostic HFpEF biomarker
studies have a high risk of bias, reducing the reproducibility and the potential for
clinical care. Methodological well-designed studies with a uniform reference diagnosis
are urgently needed to determine the incremental value of circulating biomarkers for
diagnosing HFpEF.
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A promising non-circulating prognostic biomarker in heart failure and cardio-
myopathy-related research is the global longitudinal strain (GLS), which is studied
in a pilot study presented in Chapter 8 of this thesis. The aim of this study was to
determine a cut-off value of GLS that indicates an increased risk of adverse out-
comes in individuals without diagnosed HF and with a normal LVEE In this study,
we found that the risk for cardiac hospitalisation and cardiovascular mortality was
doubled in patients with a GLS of -21% and higher. Noteworthy, this value is lower
than the previously reported lower limit of normal in men and women (-17% and
-18%, respectively)'®.

In Chapter 9 (Part IT of this thesis), the mCMP-Registry design paper is presented.
This registry is the result of a multi-disciplinary team effort and years of work to opti-
mise the way registry-based HF and cardiomyopathy-related research is performed at
our centre. The aim of the mCMP-registry is to improve (early) diagnosis, risk-strati-
fication, and management of cardiomyopathies and HF. The registry enables a unique
opportunity to achieve this by: 1) The broad inclusion criteria; 2) The standardised
electronic medical record forms, allowing semi-automatic data-collection within
the electronic case report forms (eCRF) of the mCMP-registry; 3) The extensive
study-related data collection, including the annual automatic sending of question-
naires over a period of 15 years to, among other things, make it easier to detect the
occurrence of events outside the hospital, to follow up complaints and quality of life
longitudinally, and to be able to perform cost-benefit analysis; 4) The multi-discipli-
nary approach within and beyond our centre, including both pre-clinical and clinical
researchers from multiple departments (including the department of immunology,
pathology, clinical genetics, medical microbiology, and cardiology) and supporting
staff (including research nurses, lab technicians, bio-statisticians and IT support). The
infrastructure even allows to (semi-)automatically contact subjects that gave explicit
permission to inform them about other cardiovascular-related research. This option
is, e.g. used to inform participants about the existence of the Netherlands Heart Tissue
bank (NHTB). The design paper of the NHTB is presented in Chapter 10 of this
thesis. The NHTB aims to boost a wide range of cardiac disease-related fundamental
and translational studies. The NHTB does this by strengthening the cardiovascular
research infrastructure with an open-access non-profit biobank. The NHTB will in-
clude cardiac tissue and related clinical data from donors with and without known
cardiovascular diseases, which will increase our understanding of cardiac diseases

during early and advanced disease development.
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This thesis describes the past, present (Part I), and future (Part IT) of registry-based
HF and cardiomyopathy studies across the LVEF spectrum. The discussion of this
thesis (Chapter 11) aims to put the results of the studies presented in Part I in per-
spective and to provide an outlook for the future of (early) HF and/or cardiomyopathy
research that can be performed due to the solid mCMP-registry foundation.
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Hartfalen (HF) is een heterogeen en multifactorieel klinisch syndroom dat het gevolg
is van structurele en/of functionele hartafwijkingen die worden veroorzaakt door
primaire cardiomyopathieén (hartspierziekten) en/of door secundaire ethologién (bij-
voorbeeld coronairlijden, kleplijden of hypertensie). De linkerventrikel ejectiefractie
(LVEF) blijft de belangrijkste factor binnen de recent gepubliceerde universele clas-
sificatie van HF om dit syndroom te classificeren’. De rationale hierachter voert ons
terug naar gerandomiseerde klinische studies die uitgevoerd werden in de jaren 80 en
90 van de vorige eeuw. Voor deze studies werd een verminderde LVEF gebruikt als een
eenvoudige maat om patiénten met een verhoogd risico op harde studie-eindpunten
(bijvoorbeeld overlijden of een ziekenhuisopname voor hartfalen) te selecteren om
zo de bewijskracht van deze studies te vergroten**. Hoewel het categoriseren van HF
op basis van LVEF ons waardevolle pathofysiologische inzichten heeft opgeleverd
bij patiénten met een uitgesproken verminderde en een volledig normale LVEF*?, en
een verminderde LVEF tot op heden een belangrijke en eenvoudig te meten klinische
marker blijft voor het initiéren van evidence-based HF-therapieén'®, resulteert de
classificatie van HF op basis van LVEF in een enorme oversimplificatie van dit com-
plexe syndroom**. Dientengevolge hebben recent talrijke experts voorgesteld dat deze
LVEF-categorisatie voor HF-gerelateerd onderzoek mogelijk losgelaten moet worden
om zo onder andere de ziekteprocessen onderliggend aan hartspierziekten/HF beter te
begrijpen, hartspierziekten/HF beter op te kunnen sporen, beter te kunnen voorspellen
welke personen een verhoogd risico hebben op progressie van hartspierziekten/HF, en
efficiénter patiénten te kunnen selecteren die mogelijk baad hebben bij (medicamen-
teuze) interventies die nu geen onderdeel vormen van de routine klinische zorg**”.

Voor het creéren van nieuwe inzichten binnen dit onderzoeksveld is registratie-ge-
baseerd onderzoek (registry-based research) van groot belang. Bij registratie geba-
seerd onderzoek wordt er gebruik gemaakt van real-world data om o.a. onze huidige
zorg over de lange termijn te evalueren*®. In de afgelopen jaren heeft ons “Maastricht
Cardiomyopathy Registry” (mCMP-registry) team een toekomstbestendig funda-
ment gelegd om grootschalig registratie-gebaseerd onderzoek naar hartspierziekten/
HF mogelijk te maken. Iedere persoon die verwezen wordt naar ons centrum voor
cardiale screening naar hartspierziekten/HF, of bekend is met hartspierziekten/HF
is geschikt voor deelname aan deze registratie. Het opzetten van een dergelijke re-
gistratie, die duizenden patiénten de komende jaren zal includeren en opvolgen, is

tijdrovend en vereist diepgaande inzichten in de lokale (logistieke) drempels die men
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tegenkomt bij het uitvoeren van kleinschaliger registratie-gebaseerd onderzoek om
zo dergelijk onderzoek schaalbaar te kunnen maken.

De afgelopen jaren hebben wij zodoende uitgebreid onderzoek gedaan naar
hartspierziekten en HF binnen de LVEF-classificatie die tot op heden gebruikt wordt
in de kliniek. Deze studies worden gepresenteerd in Deel I (Hoofdstuk 2-8) van dit
proefschrift. Door onder andere inzichten voortkomend uit deze studies hebben wij
de manier waarop data voor onderzoek verzameld wordt binnen ons centrum ge-
optimaliseerd waardoor wij in de mogelijkheid waren om in 2021 de grootschalige
mCMP-registry officieel van start te laten gaan (Hoofdstuk 9). Op zichzelf hebben
deze studies ook nieuwe wetenschappelijke inzichten opgeleverd. Een overzicht van de
resultaten van de studies gepresenteerd in Deel I (Hoofdstuk 2-8) van dit proefschrift
is onderstaand kort weergegeven:

Hoofdstukken 2-5 van dit proefschrift richten zich op een specifieke subgroep van
HF-patiénten, namelijk op patiénten met een gedilateerde cardiomyopathie (DCM).
In de studie die gepresenteerd wordt in Hoofdstuk 2 van dit proefschrift laten we zien
dat het lange termijn LVEF-beloop van DCM-patiénten met een truncerende patho-
gene Titine variant (TTNtv, een genetische mutatie die aanwezig is in tot wel 25% van
de DCM-patiénten®'’) een concave vorm heeft. Het LVEF-beloop in deze patiénten
vertoond een steile stijging gedurende de eerste twee jaar die onmiddellijk gevolgd
wordt door een langzame daling in de jaren daarna. Patiénten zonder TTNtv hadden
een vergelijkbaar herstel van LVEF in de eerste twee jaar, maar hun LVEF bleef stabiel
gedurende een follow-up van maximaal 8 jaar. In de studie gepresenteerd in Hoofdstuk
3 tonen wij aan dat TTNtv DCM-patiénten ernstiger linker atrium (LA) dysfunctie
hebben in vergelijking met DCM-patiénten zonder een TTNtv. Tevens constateerde
we in deze studie met behulp van computermodellen dat zowel intrinsieke LV- als
LA-dysfunctie waarschijnlijk aanwezig zijn bij patiénten met en zonder een TTNtv,
hetgeen dat ondersteunt dat LA-falen een belangrijke rolt speelt bij DCM.

Een Inter-atriaal blok (IAB) is een bekende entiteit die voorkomt bij atriaal
falen'>"*. IAB is in eerdere studies reeds in verband gebracht met supraventriculaire
hartritmestoornissen, algehele sterfte'>'*'%, en zelfs met levensbedreigende hartrit-
mestoornissen in de algemene bevolking'®. In Hoofdstuk 4 wordt de eerste studie
gepresenteerd die inzicht geeft in de prognostische associatie tussen IAB en levensbe-
dreigende hartritmestoornissen bij ambulante DCM-patiénten. In de twee cohorten
die voor deze studie geanalyseerd werden was de aanwezigheid van IAB ten tijde van
het eerste poliklinisch bezoek significant geassocieerd met het optreden van toekom-

stige levensbedreigende hartritmestoornissen.
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In Hoofdstuk 5, wordt de eerste gerandomiseerde klinische studie gepresenteerd
die het effect van intraveneuze immunoglobuline (IVIg) in idiopathische chronische
DCM-patiénten met cardiale parvo-virus B19 (B19V) aanwezigheid onderzoekt. We
toonden aan dat IVIg de hartfunctie, functionele capaciteit en kwaliteit van leven niet
verbeterd bij deze patiénten.

De onderzoeken die in de Hoofdstukken 6-8 worden gepresenteerd, gaan over
personen met een normale LVEE. Recent is de HFA-PEFF score ontwikkeld om de
(vroege) herkenning van HF-patiénten met een normale LVEF (HFpEF) te opti-
maliseren'’. Voor de studie in Hoofdstuk 6 van dit proefschrift werden personen
geincludeerd zonder bekend HF die zich presenterende met HF-achtige symptomen
en met een normale LVEE. Het doel van deze studie was om in kaart te brengen of
verschillende “early-HFpEF” phenotypes te identificeren zijn middels clusteranalyse
van de recent gepubliceerde HFA-PEFF-domeinscores en om te analysen of deze
phenotypes geassocieerd zijn met in het bloed circulerende biomarkers. We vonden
vier verschillende “early-HFpEF” phenotypes binnen deze pilot-studie. In totaal ver-
schilden 32 van de 93 bestudeerde circulerende biomarkers significant tussen deze
phenotypes. Of de gevonden phenotypes verschillende prognoses hebben en of de
gevonden circulerende biomarkers additionele diagnostische of prognostische waar-
den hebben dient verder onderzocht te worden in (longitudinale) multicenter studies.
De studie in Hoofdstuk 7 laat zien dat de meeste huidige diagnostische HFpEF bio-
marker studies een hoog risico op bias hebben, waardoor de reproduceerbaarheid en
het potentieel voor het uiteindelijk gebruik van deze markers in de kliniek afneemt.
Methodologisch goed opgezette studies met een uniforme referentiediagnose zijn
dringend nodig om de toegevoegde waarde van circulerende biomarkers voor het
diagnosticeren van HFpEF verder te onderzoeken.

Een veel belovende prognostische marker in cardiomyopathie/HF gerelateerd
onderzoek is de globale longitudinale strain (GLS), deze marker wordt bestudeerd
in een pilot-studie in Hoofdstuk 8 van dit proefschrift. Het doel van deze studie was
om een afkapwaarde van GLS te bepalen die een verhoogd risico op nadelige uit-
komsten aangeeft bij personen zonder bekend HF en met een normale LVEE In deze
studie vonden we dat het risico op ziekenhuisopnamen voor hartaandoeningen en
cardiovasculair overlijden verdubbelde bij patiénten met een GLS van -21% en hoger.

In Hoofdstuk 9 (Deel II van dit proefschrift) wordt de mCMP-registry design
paper gepresenteerd. Deze registratie is het resultaat van multidisciplinair team-
work en jarenlang werk om de manier waarop registratie-gebaseerd cardiomyopa-
thie/HF onderzoek wordt uitgevoerd in ons centrum te optimaliseren. Het doel van
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de mCMP-registry is het verbeteren van de (vroege) diagnose, risicostratificatie en
management van cardiomyopathieén/HE De unieke kans om dit te bewerkstelligen
wordt door de mCMP-registry mogelijk gemaakt door: 1) De brede inclusiecriteria
(los van huidige cardiomyopathie/HF classificatie); 2) De gestandaardiseerde elektro-
nische medische patiéntendossier formulieren, waardoor semi-automatische gege-
vensverzameling voor registratie-gebaseerd onderzoek eenvoudig mogelijk gemaakt
wordt; 3) De uitgebreide studie-gerelateerde gegevensverzameling, inclusief het jaar-
lijks automatisch verzenden van vragenlijsten gedurende een periode van 15 jaar om
onder andere het optreden van gebeurtenissen buiten het ziekenhuis eenvoudiger te
kunnen detecteren, klachten en kwaliteit van leven longitudinaal op te kunnen volgen,
en kost-baten analyses uit te kunnen voeren; 4) De multidisciplinaire aanpak binnen
en buiten ons centrum, waarbij zowel preklinische als klinische onderzoekers van
meerdere afdelingen (waaronder de afdeling immunologie, pathologie, klinische gene-
tica, medische microbiologie en cardiologie) en ondersteunend personeel (waaronder
onderzoeksverpleegkundigen, laboratoriumtechnici, biostatistici en IT-ondersteu-
ning) betrokken zijn bij het onderhouden van de registry en/of gebruik maken van
diens infrastructuur voor het verrichten van onderzoek. De infrastructuur maakt het
tevens mogelijk om eenvoudig contact op te nemen met proefpersonen die expliciet
toestemming hebben gegeven om hen te informeren over ander cardiovasculair on-
derzoek. Deze optie is bijvoorbeeld gebruikt om deelnemers aan de mCMP-registry te
informeren over het bestaan van de Hartenbank. De design-paper van de Hartenbank
wordt gepresenteerd in Hoofdstuk 10 van dit proefschrift. Het doel van Hartenbank
is om een breed scala aan hart- en vaatziekten gerelateerde fundamentele en trans-
lationele studies te stimuleren. Dit doet de Hartenbank door de cardiovasculaire
onderzoekinfrastructuur te versterken met een open access non-profit biobank. De
hartenbank zal hartweefsel en gerelateerde klinische gegevens van donoren met en
zonder bekende hart- en vaatziekten opslaan en uitgeven voor onderzoek, hetgeen

dat ons begrip van hartziekten/HF tijdens vroege en gevorderde stadia zal vergroten.

Dit proefschrift omvat het verleden, het heden (Deel I) en de toekomst (Deel II)
van registratie-gebaseerd onderzoek naar cardiomyopathieén en HE. Het doel van
de discussie van dit proefschrift (Hoofdstuk 11) is om de studies gepresenteerd
in Deel I in perspectief te plaatsen, inzicht te geven in enkele (logistieke) drempels
die genomen zijn om de mCMP-registry op te kunnen zetten en om de toekomstige

mogelijkheden die de mCMP-registry biedt inzichtelijk te maken.

284



Samenvatting

REFERENCES

10.

11.

Bozkurt B, Coats AJS, Tsutsui H, Abdelhamid M, Adamopoulos S, Albert N, Anker SD,
Atherton J, Bohm M, Butler ], Drazner MH, Felker GM, Filippatos G, Fonarow GC, Fiuzat M,
Gomez-Mesa JE, Heidenreich P, Imamura T, Januzzi ], Jankowska EA, Khazanie P, Kinugawa
K, Lam CSP, Matsue Y, Metra M, Ohtani T, Francesco Piepoli M, Ponikowski P, Rosano GMC,
Sakata Y, SeferoviC P, Starling RC, Teerlink JR, Vardeny O, Yamamoto K, Yancy C, Zhang J,
Zieroth S. Universal Definition and Classification of Heart Failure. Journal of Cardiac Failure
2021;27(4):387-413.

Ferreira JP, Packer M, Butler J, Zannad E. Reconsidering the ejection fraction centric view of
pharmacologic treatment for heart failure. Eur ] Heart Fail 2022.

Lam CSP, Solomon SD. Classification of Heart Failure According to Ejection Fraction: JACC
Review Topic of the Week. ] Am Coll Cardiol 2021;77(25):3217-3225.

Triposkiadis E, Butler J, Abboud FM, Armstrong PW, Adamopoulos S, Atherton JJ, Backs
J, Bauersachs J, Burkhoft D, Bonow RO, Chopra VK, de Boer RA, de Windt L, Hamdani N,
Hasenfuss G, Heymans S, Hulot JS, Konstam M, Lee RT, Linke WA, Lunde IG, Lyon AR,
Maack C, Mann DL, Mebazaa A, Mentz R], Nihoyannopoulos P, Papp Z, Parissis J, Pedrazzini
T, Rosano G, Rouleau J, Seferovic PM, Shah AM, Starling RC, Tocchetti CG, Trochu JN, Thum
T, Zannad E Brutsaert DL, Segers VE, De Keulenaer GW. The continuous heart failure spec-
trum: moving beyond an ejection fraction classification. Eur Heart ] 2019;40(26):2155-2163.

Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved ejection fraction:
comorbidities drive myocardial dysfunction and remodeling through coronary microvascular
endothelial inflammation. ] Am Coll Cardiol 2013;62(4):263-71.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, Burri H, Butler
J, Celutkiene J, Chioncel O, Cleland JGE Coats AJS, Crespo-Leiro MG, Farmakis D,
Gilard M, Heymans S, Hoes AW, Jaarsma T, Jankowska EA, Lainscak M, Lam CSP, Lyon
AR, McMurray JJV, Mebazaa A, Mindham R, Muneretto C, Francesco Piepoli M, Price S,
Rosano GMC, Ruschitzka F, Kathrine Skibelund A, ESC Scientific Document Group. 2021
ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart
] 2021;42(36):3599-3726.

Bayes-Genis A, Liu PP, Lanfear DE, de Boer RA, Gonzalez A, Thum T, Emdin M, Januzzi JL.
Omics phenotyping in heart failure: the next frontier. Eur Heart ] 2020;41(36):3477-3484.
Parissis J, Farmakis D, Triposkiadis F. Heart failure registries: how far can we go? Eur ] Heart
Fail 2016;18(6):626-8.

Verdonschot JAJ, Hazebroek MR, Krapels IPC, Henkens M, Raafs A, Wang P, Merken JJ,
Claes GRE Vanhoutte EK, van den Wijngaard A, Heymans SRB, Brunner HG. Implications
of Genetic Testing in Dilated Cardiomyopathy. Circ Genom Precis Med 2020.

Ware JS, Cook SA. Role of titin in cardiomyopathy: from DNA variants to patient stratifica-
tion. Nat Rev Cardiol 2018;15(4):241-252.

Herman DS, Lam L, Taylor MR, Wang L, Teekakirikul P, Christodoulou D, Conner L, DePal-
ma SR, McDonough B, Sparks E, Teodorescu DL, Cirino AL, Banner NR, Pennell DJ, Graw
S, Merlo M, Di Lenarda A, Sinagra G, Bos JM, Ackerman MJ, Mitchell RN, Murry CE, Lak-

285



Samenvatting

12.

13.

14.

15.

16.

17.

18.

286

dawala NK, Ho CY, Barton PJ, Cook SA, Mestroni L, Seidman JG, Seidman CE. Truncations
of titin causing dilated cardiomyopathy. N Engl ] Med 2012;366(7):619-28.

Bayes de Luna A, Platonov P, Cosio FG, Cygankiewicz I, Pastore C, Baranowski R, Bayes-Ge-
nis A, Guindo J, Vinolas X, Garcia-Niebla J, Barbosa R, Stern S, Spodick D. Interatrial
blocks. A separate entity from left atrial enlargement: a consensus report. J Electrocardiol
2012;45(5):445-51.

Bisbal F, Baranchuk A, Braunwald E, Bayes de Luna A, Bayes-Genis A. Atrial Failure as a
Clinical Entity: JACC Review Topic of the Week. ] Am Coll Cardiol 2020;75(2):222-232.

Magnani JW, Gorodeski EZ, Johnson VM, Sullivan LM, Hamburg NM, Benjamin EJ, Ellinor
PT. P wave duration is associated with cardiovascular and all-cause mortality outcomes: the
National Health and Nutrition Examination Survey. Heart Rhythm 2011;8(1):93-100.

Martinez-Selles M, Elosua R, Ibarrola M, de Andres M, Diez-Villanueva P, Bayes-Genis A,
Baranchuk A, Bayes-de-Luna A, Bayes Registry Investigators. Advanced interatrial block and
P-wave duration are associated with atrial fibrillation and stroke in older adults with heart
disease: the BAYES registry. Europace 2020;22(7):1001-1008.

Maheshwari A, Norby FL, Soliman EZ, Alraies MC, Adabag S, O’'Neal WT, Alonso A, Chen
LY. Relation of Prolonged P-Wave Duration to Risk of Sudden Cardiac Death in the Ge-
neral Population (from the Atherosclerosis Risk in Communities Study). Am ] Cardiol
2017;119(9):1302-1306.

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, Edelmann E, Fu M, Guazzi
M, Lam CSP, Lancellotti P, Melenovsky V, Morris DA, Nagel E, Pieske-Kraigher E, Ponikow-
ski P, Solomon SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka F, Paulus W], Seferovic P,
Filippatos G. How to diagnose heart failure with preserved ejection fraction: the HFA-PEFF
diagnostic algorithm: a consensus recommendation from the Heart Failure Association (HFA)
of the European Society of Cardiology (ESC). European Heart Journal 2019.

Asch FM, Miyoshi T, Addetia K, Citro R, Daimon M, Desale S, Fajardo PG, Kasliwal RR,
Kirkpatrick JN, Monaghan MJ, Muraru D, Ogunyankin KO, Park SW, Ronderos RE, Sadeg-
hpour A, Scalia GM, Takeuchi M, Tsang W, Tucay ES, Tude Rodrigues AC, Vivekanandan A,
Zhang Y, Blitz A, Lang RM, Wase Investigators. Similarities and Differences in Left Ventricular
Size and Function among Races and Nationalities: Results of the World Alliance Societies of
Echocardiography Normal Values Study. ] Am Soc Echocardiogr 2019;32(11):1396-1406 2.



Impact

IMPACT

Daily, on average 80 individuals get hospitalised, and 20 individuals die due to Heart
Failure (HF) in the Netherlands. In total, around 250.000 individuals are diagnosed
with HF in our country, which is accompanied by care-related costs that already
exceeds 800 million euros yearly*. Worldwide the prevalence of HF even exceeds
38 million patients®. This prevalence is expected to increase even further during the
upcoming years due to the ageing population and the growing occurrence of other
HF-related risk factors (e.g., diabetes mellitus and obesity)*>.

Sometimes major breakthroughs occur in scientific research, but usually these are
small steps that provide a better understanding of e.g., the development, progression,
and/or treatment of HE. Results of scientific research are generally not immediately
applicable in clinical practice but rather are a little piece of the puzzle that ultimately
may change the way routine clinical care is performed. Examples of such studies are
presented in Part I (Chapters 2-8) of this thesis. Based on the findings of these studies,
we can among others say that DCM-patients with Titin Truncating Variants (T TNtv)
have more severe LA-dysfunction than DCM-patients without a TTNtv (Chapter 3),
and that based on computational modelling both intrinsic left ventricular and left
atrial dysfunction are likely present in DCM patients with and without a TTNtv
(Chapter 3). In another study (Chapter 4), we showed that ambulant DCM patients
with an inter-atrial block (IAB) or atrial fibrillation (AF) confer a similar increased
risk of life-threatening arrhythmias (LTA); validation of these findings potentially
results in a widely available marker for the early detection of DCM individuals at
risk for LTAs.

During the performance of (registry-based) studies as presented in Part I of
this thesis, a researcher faces a wide variety of logistic hurdles which often limit the
number of subjects or amount of data included in these studies. These hurdles include
but are not limited to the fact that routine clinical data needs to be often collected
manually before it can be used for research purposes, and the fact that the follow-up
of these patients and collection of additional data (e.g. to determine the quality of
life, or evaluate the cost-effectiveness of certain treatments) is time-consuming. These
hurdles often withhold the performance of in-depth cardiomyopathy or HF research
across the entire LVEF-spectrum, which is regrettable since categorising HF based on
LVEEF results in an enormous oversimplification of this complex syndrome®®.

Large scale registries with real-world data will play a pivotal role to move the

current HF field forward and boost the efficacy of studies like the ones that are pre-
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sented in Part I of this thesis’’. These registries will form the foundation for mul-
ti-disciplinary data and hypothesis-driven (multi-omic) approaches that can challenge
LVEF as the cornerstone of HF classification”'’. HF registries including unselected
subjects will provide real-world insights into clinical practice, prognosis, temporal
trends, and expose novel therapeutic targets that can be subsequently challenged in
(registry-based) clinical trials.

Our Maastricht Cardiomyopathy Registry team created a future proof founda-
tion for a multidisciplinary (early) cardiomyopathy and HF registry in the past years
(mCMP-registry; presented in Chapter 9 of this thesis). Logistic hurdles faced during
the (registry-based) studies we performed in our centre during the past years were
tackled by our team to improve the way HF registry-based research is performed.
For example, the mCMP-registry uses a web-based tool (LDOT) that seamlessly in-
tegrates with the electronic case report form (eCRE, CASTOR EDC) used for this
registry. This not only allows to easily create real-time insights into the logistic pro-
cesses of the study but also allows to automate processes to reduce the time needed
to collect study-related information significantly. For example, yearly questionary
invitations and reminders are automatically sent by LDOT to each participant that
provided informed consent for these questionaries. Due to the seamless integration
with the eCRE the questionaries are automatically filled-in in this environment by
the participants. This allows us to longitudinally easily evaluate e.g. the quality of life,
occurrence of events outside the hospital, and allows us to perform cost-effectiveness
analysis. Since the first subjects were included in the mCMP-registry on the 19th of
October of 2021, already 1031 baseline questionaries have been automatically sent
(update 27-04-2022).

Another way how we significantly improved the efficacy of data collection within
the mCMP-registry is by collecting routine clinical care data in standardised elec-
tronic medical record forms, which allows semi-automatic data collection within
the eCRE Such automatisations of data collection significantly reduce the workload
of involved researchers and are crucial to allow the scalability of a registry like the
mCMP-registry. Where it used to take £3 minutes to e.g. manually update one echo-
cardiogram in the eCRF of one subject, this is currently the time it takes to start the
semi-automatic process to update all echocardiograms of the subjects included in the
mCMP-registry irrespective of the number of subjects included.

The mCMP-registry even allows the creation of a virtual waiting room for future
(interventional) studies (Figure Discussion, Chapter 11) given the seamless integra-
tion of the eCRF (CASTOR EDC) with R-studio. This integration gives among others
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the unique opportunity to visualise and customise study dashboards with R-shiny"' to
easily select and subsequently contact eligible subjects for future trials. The screening
of eligible subjects for trials is often time-consuming reducing the efficacy of these
trials. The scalability of the mCMP-registry logistics allows other centres to easily join
this initiative which even allows the possibility to better study rare cardiomyopathy
diseases and allow the performance of clinical trials in these patients.

The mCMP-registry closely collaborates with the Netherlands Heart Tissue Bank
(NHTB) and uses its infrastructure to inform subjects about the existence of the
NHTB. The NHTB aims to boost a wide range of cardiac disease-related fundamental
and translational studies. The NHTB does this by strengthening the cardiovascular
research infrastructure with an open-access non-profit biobank. The NHTB will in-
clude cardiac tissue and related clinical data from donors with and without known
cardiovascular diseases, which will increase our understanding of cardiac diseases
during early and advanced disease development.

A critical appraisal of (logistic) hurdles faced during the conduction of (regis-
try-based) studies should be part of every study to optimise the way these studies
are performed. This will not only allow researchers to more efficiently perform re-
search, but will also allow researchers to unravel the complexity of the HF syndrome
beyond the currently used HF nomenclature. Future HF and cardiomyopathy related
research should address the challenges in early detection, prevention and management
of HF and cardiomyopathies to reduce the societal, economic, and healthcare impact
of this debilitating syndrome’. In-depth characterisation of HF and cardiomyopathy

patients using registry-based research will be an important asset to accomplish this.
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Dankwoord

DANKWOORD

Last but definitely not least, het dankwoord. Afgelopen Jaren heb ik met veel plezier
gewerkt aan dit proefschrift waardoor de tijd voorbij gevlogen is. Dit heb ik aan vele

mensen te danken zodoende onderstaand uitgebreid mijn dankwoord.

Mijn promotieteam
Op de eerste plaats wil ik natuurlijk mijn promotieteam bedanken. Zonder hen had

ik vanzelfsprekend deze mijlpaal in mijn leven niet kunnen bereiken.

Het lijkt als de dag van gisteren dat Prof. Dr. Heymans op mijn schouder klopte en
mij een aanbod deed om na mijn coschappen als arts-onderzoeker aan de slag te
gaan. Beste Stephane, ik ben je ontzettend dankbaar voor alle kansen die je mij de
afgelopen jaren geboden hebt en voor de vrijheid die je mij gedurende deze perio-
de gegeven hebt. Dankzij jou heeft het woord opportuniteit bij mij een hele nieuwe
dimensie gekregen. Ook bedankt voor het openen van deuren en je onuitputtelijke
enthousiasme. Stephane, bedankt voor alle mooie jaren! Ik kijk uit naar de jaren die

nog komen gaan.

Beste Vanessa, bedankt voor al de jaren aan begeleiding en voor de ruimte die je mij
gaf om mij klinisch verder te ontwikkelen. Ik ben super trots dat we beide aan de
basis hebben gestaan van de mCMP-registry en ben ervan overtuigd dat deze registry
ook gedurende mijn vervolgopleiding bij de pathologie ervoor zal zorgen dat er nog

prachtige gezamenlijke publicaties in het verschiet liggen.

Beste Mark, tijdens mijn wetenschaps-stage liep je al door de wandelgangen als door-
gewinterde arts-onderzoeker, op dat moment wisten we nog niet dat ik de eer zou
krijgen om jullie team te komen versterken. Je hebt de basis gelegd voor de prachtige
DCM-registry die inmiddels over is gegaan in de mCMP-registry zoals beschreven
in dit proefschrift. Ik weet dat je dit het liefste “the Mark Cardiomyopathy Registry”
noemt maar daar kunnen we t.z.t. mogelijk het beste nog eens een democratisch
besluit over nemen. Ik wil je enorm bedanken voor al hetgeen dat je mij in acade-
misch perspectief geleerd hebt en voor alle mooie momenten die we samen hebben

meegemaakt! Ik kijk uit naar onze toekomst!
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