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Abstract

Aim Due to improved therapy in childhood, many patients with congenital heart disease reach adulthood and are termed
adults with congenital heart disease (ACHD). ACHD often develop heart failure (HF) as a consequence of initial palliative
surgery or complex anatomy and subsequently require advanced HF therapy. ACHD are usually excluded from trials evaluating
heart failure therapies, and in this context, more data about heart failure trajectories in ACHD are needed to guide the
management of ACHD suffering from HF.
Methods and results The pAtients pResenTing with cOngenital heaRt dIseAse Register (ARTORIA-R) will collect data from
ACHD evaluated or listed for heart or heart-combined organ transplantation from 16 countries in Europe and the
Asia/Pacific region. We plan retrospective collection of data from 1989–2020 and will include patients prospectively.
Additional organizations and hospitals in charge of transplantation of ACHD will be asked in the future to contribute data
to the register. The primary outcome is the combined endpoint of delisting due to clinical worsening or death on the waiting
list. The secondary outcome is delisting due to clinical improvement while on the waiting list. All-cause mortality following
transplantation will also be assessed. The data will be entered into an electronic database with access to the investigators
participating in the register. All variables of the register reflect key components important for listing of the patients or
assessing current HF treatment.
Conclusion The ARTORIA-R will provide robust information on current management and outcomes of adults with congenital
heart disease suffering from advanced heart failure.

Keywords Adults with congenital heart disease; Heart transplantation; Heart failure; Ventricular assist device; Arrhythmia; Lung
transplantation
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Introduction

Advances in medical and surgical treatment continue to im-
prove outcome of children with congenital heart disease.1

Consequently, these children are surviving to adulthood,
resulting in a growing population of adults with congenital
heart disease (ACHD).2 ACHD now account for about two
thirds of all patients with congenital heart disease.3 ACHD of-
ten develop severe cardiovascular problems due to residual
disease or due to complications developing in the
surgically-operated heart4,5: ACHD with complex cardiac
anatomy have a 20–50% risk of developing heart failure

(HF) during their lifetime.1 Heart failure is responsible for ap-
proximately 20% of mortality in ACHD, often during early
adulthood.6 The relatively small number of ACHD and their
unique anatomy exclude them from heart failure trials. Con-
sequently, there is a shortage of data to inform the optimal
management of ACHD with HF.7–9 As HF often develops at
young age in otherwise relatively healthy patients, heart
transplantation is one of the most established options to
treat ACHD with advanced HF. Problems listing these patients
are well recognized as ACHD are commonly regarded to be in
the lowest risk category and when reaching conventional
criteria for urgent transplantation are often delisted due to
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clinical deterioration or die on the waiting list.10 An interna-
tional registry comprising unselected ACHD waiting for car-
diac transplantation could provide information on the
current management and outcomes in ACHD with advanced
heart failure.

Methods

Study design

The ARTORIA-R is an international, observational project
collecting retrospective data from 16 countries in the time
period 1989 to 2020 and will thereafter include data prospec-
tively (Figure 1). These data include patient demographics at
evaluation for listing, waiting list details, post-transplant data
and basic donor data. Future data will be updated annually in
July each year, and each institution willing to contribute
anonymized data to the register is invited to participate.
The study is registered at ClinicalTrial.gov (https://www.
clinicaltrials.gov/) of the United States Library of Medicine
with the identifier: NCT04848844.

The study has been reviewed, in individual countries, in
line with national requirements for ethical approval and
followed according to local protocols for data management.
Inclusion and exclusion criteria are shown in Figure 2. The
complete variable manual of the ARTORIA-R is available in
the Supporting Information, Data S3.

Study population

ACHD are included in the register if

a they are listed as an adult transplant candidate (≥18 years)
for heart-only or heart-combined with other organs;

b they have a congenital heart defect;
c data are available from the initial evaluation for listing or

the first listing on the waiting list;
d data of patients with advanced HF evaluated for listing but

being in a too poor condition to be listed are entered as
well;

e transferred data are anonymized; and
f the institution/organization agrees to the data manage-
ment and scientific cooperation plan (Supporting Informa-
tion, Data S1).

ACHD are excluded if

a if they are listed for a second heart transplantation
(retransplantation).

The registry aims to achieve detailed information
regarding the underlying congenital heart defect and the
previous treatment of the patient. With this information,
different cohorts [systemic left ventricle, systemic right
ventricle, single ventricle (either anatomic left or right
ventricle)] can be interrogated. Data will be collected about

Figure 1 Countries currently participating in the ARTORIA-R.
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medical treatment, the haemodynamic evaluation of the
patient, laboratory testing to assess additional organ
function of the kidney or liver, and treatment in the
intermediate care or intensive care unit. As it is of special
relevance in ACHD, treatment of arrhythmia, antiarrhythmic
medication, and the use of intracardiac defibrillator (ICD) or
cardiac resynchronization therapy (CRT) will be evaluated.
Where available, data at the time of listing regarding
ejection fraction of the systemic ventricle obtained by
echocardiography or cardiac magnetic resonance imaging
will be collected.

Inherited cardiomyopathies such as hypertrophic cardio-
myopathy, arrhythmogenic right ventricular cardiomyopathy,
or non-compaction cardiomyopathy are increasingly recog-
nized as causes of cardiovascular diseases in children and
young adults.11,12 The disease-causing mutations mainly alter
cardiomyocyte function, and thus, the clinical presentation
and the reasons for heart transplantation differ from those
of patients with complex congenital heart disease. Comparing
patient characteristics and outcomes between patients with
inherited cardiomyopathies requiring heart transplantation
with those of patients with congenital heart disease will
strengthen the planned analyses. Separate analyses of these
patient groups and comparisons between groups are
planned. In addition, these patients are sometimes listed in
the category of ACHD and thus reflect real-world practice.
Thus, patient data with these specific diseases will be

collected for comparison with the ACHD cohort but not in-
cluded in the original register.

During the study, additional institutions and organizations
will be asked to include their data as well. Although the initial
data are retrospective, additional data into the register will
be entered prospectively.

Study objectives

The primary objective is to describe outcomes of ACHD eval-
uated for or listed on the waiting list for heart-only transplan-
tation and heart-combined organ transplantation. Factors
influencing outcomes, for example, underlying heart defect
and type of anatomical correction, and medical therapy while
on the waiting list, haemodynamic data, cardiopulmonary
performance, and laboratory tests will be included in the
analysis. We plan to calculate an ARTORIA-R score to esti-
mate risk of adverse outcomes, defined as delisting due to
clinical worsening or death while on the waiting list. In addi-
tion to ACHD listed on the waiting list, patients evaluated for
listing but deemed to be in a too poor status for listing are
entered as well.

Secondary objectives are related to additional important
treatment factors in ACHD with advanced HF. These include
ICD, CRT and arrhythmic events, for example, treatment of
ventricular tachycardia or atrial fibrillation, in ACHD on the

Figure 2 Institutions and organizations contributing data to the register and the inclusion and exclusion criteria.
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waiting list. Further studies will focus on the impact and use
of ventricular assist device (VAD) in ACHD on the waiting list.
Comparison of the same anatomic defect with and without
VAD treatment is foreseen. An additional aspect is the treat-
ment of patients with univentricular heart and palliative sur-
gery leading to a Fontan circulation. An important secondary
objective is to analyse the effect of HF medication on the out-
come. A specific analysis will assess the outcome of ACHD
with increased pulmonary hypertension (PAH) requiring the
need of combined heart and lung transplantation. In this con-
text, ACHD with shunt lesions which were uncorrected and
presenting with irreversible Eisenmenger syndrome repre-
sent an advanced PAH disease, which will be as well investi-
gated. As the registry progresses, more outcome studies will
be formulated. A current overview of the planned studies is
shown in Figure 3.

Statistical considerations

Summary statistics will be reported for continuous variables
as medians (25th percentile and 75th percentile) and for bi-
nary variables as absolute counts (frequencies). Categoriza-
tion of ACHD in cohorts based on the year of evaluation
or entering transplantation list is planned to assess
time-dependent effects on patient characteristics and

outcomes. A non-parametric Spearman test will be used to
examine a potential trend over the time intervals. The null
hypothesis of no trend in data will be tested for every
group.

Cumulative incidence analyses will be estimated wherein
heart transplantation is considered as competing risk of the
primary composite endpoint death on waiting list or delisting
within 5 and 10 years and will be calculated by the Aalen–
Johansen estimator for the 5/10 year follow-up period. Addi-
tional endpoints will as well be evaluated with the secondary
endpoint of delisting due to improvement or all-cause mor-
tality following transplantation.

To evaluate predictors of 5-/10-year death/delisting,
univariable and multivariable Cox regression models will be
fitted. For the multivariable Cox regression model, variables
with less clinical relevance and with missing values in >20%
of the sample are not used in the models. The Cox regression
models will then be weighted by the Fine and Gray estimator,
which accounts for the competing risk (transplantation or
death/delisting).13

For all regression models, change in continuous variables
will be modelled as change per standard deviation to enable
the comparability of variables. A two-sided P-value of <0.05
will be considered statistically significant. Statistical calcula-
tions will be fitted to the projects as planned and adapted if
needed.

Figure 3 Currently planned study projects with the outlook of additional projects in the future.
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Ethic committee approval and data management/
security

The current concept of the register was approved by the ethic
committee of the federal county Hamburg in Germany on 2
September 2020 (file reference WF163-20). The study has
been reviewed, in individual countries, in line with national
requirements for ethical approval and followed according to
local protocols for data management. All data will be
combined in anonymized fashion at the data custodian
institution (University Heart & Vascular Center Hamburg,
Hamburg, Germany). For data management, each patient
will be submitted with listing identification number or with
a unique identification code for the institution that
contributes data of the patient to the data custodian
institution. After transmitting the data to this data
custodian institution, the patient receives a new
identification number, and thus, even the institution
providing the data cannot identify the patient according to
this new identification code. The data are centrally stored
on secure servers. Each organization or institution
contributing data to the registry names a representative
who stores the copy of the password secured database on a
safe data storage (additional points are outlined in the
Supporting Information, Data S2). The study complies with
the current General Data Protection Regulation in Europe
enacted on 23 May 2018.

Discussion

Rationale

Treatment of ACHD with advanced HF is still uncommon, and
these patients should be referred to specialized centres as
these patients often need to be evaluated and listed for heart
or heart and combined organs transplantation, most com-
monly the lung.1,14,15 In general, HF is more frequent in those
with more complex heart defects: 22% of adults with transpo-
sition of the great arteries following an atrial switch (Senning
or Mustard operation), 32% of adults with congenitally
corrected transposition of the great arteries, and 40% of adults
following Fontan completion. Given the increasing complexity
and numbers of ACHD, advanced HF will be common in the fu-
ture, and more patients will need evaluation for heart or heart
and combined organ transplantation globally.16

What is currently known regarding heart
transplantation in ACHD?

Previous reports could show that heart transplantation or
even heart and lung transplantation is an effective treatment

for ACHD10,14,17,18; however, a commonly encountered prob-
lem in listing ACHD is the issue of urgency as these patients
often have a low priority while on the waiting list.10,14 On
the other hand, multiple organ involvement with renal dys-
function, liver failure, complex anatomy, and pulmonary arte-
rial hypertension (PAH) contributes to deterioration, which
can result in delisting or death while being on the waiting
list.10,17–19 In ACHD, 1 year mortality after transplantation is
high due to procedure related risk factors and advanced HF
at the time of transplantation, but survival rates at 10 years
are comparable or even better than those of patients with ac-
quired heart disease.17–19 The reason for the better
long-term survival is often attributed to the younger age at
transplantation and the lower infection and malignancy rates
following transplantation.19 In general, predictors of a poor
outcome on the waiting list are comparable between ACHD
and non-ACHD with the exception that previous cardiac sur-
gery was more often related to a poor outcome in non-
ACHD.10 In addition, non-ACHD have more established ad-
vanced HF therapies to extend the time on the waiting list
such as VAD therapy or use of inotrope medication.10

The ARTORIA-R will collect data on a global scale to iden-
tify these factors and highlight the risks for ACHD with ad-
vanced HF evaluated or listed for heart transplantation. In
addition, besides these general considerations, other impor-
tant factors have to be considered as well in ACHD, these
are the following.

Anatomic complexity/previous cardiac surgery
The most common problem complicating ACHD transplanta-
tion is related to the variability of the underlying cardiac
anatomy and physiology.17,18 Although recent studies evalu-
ate this in more detail,17,18 the management of these com-
plex anatomic variants is still not fully established, and
additional evidence is needed. Transplantation is complicated
by scarring caused by previous surgery, collateral vessels, and
bleeding issues.1,14,18 There is the need of more data regard-
ing the exact anatomic diagnosis of the underlying heart de-
fects, lacking in these recent studies17,18, or only mentioned
as a general congenital heart defect10,19; thus, a register spe-
cifically obtaining this granular data will significantly contrib-
ute to this debate.

Ventricular assist devices
Due to organ shortage and the fact that the need for organ
transplantation is increasing in both non-ACHD and ACHD,1,8

the use of VADs became a more established treatment option
both for bridge to transplant and destination therapy.8 How-
ever, the use of VADs in ACHD is not straightforward as there
are no clear recommendations for this cohort of patients. A
recent large study suggested that ACHD may gain a benefit
in terms of being able to wait longer for an organ transplan-
tation before fatal deterioration occurs.20 However, again pa-
tients were only described as ACHD without classification of
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the underlying anatomical disease.20 Due to the described
heterogeneity of ACHD, more data are needed with a clear
description of the underlying defect. Data from a recent
study provided more details regarding the underlying
anatomy of the ventricle needing support and showed that
the survival of ACHD and non-ACHD was similar, but ACHD
needing biventricular VAD had a poor outcome.21 Thus, the
ARTORIA register as described could provide more
background information on this important topic as VAD
might be an option to stabilize ACHD and prolong the time
on the waiting list comparable with non-ACHD.8

Device treatment and arrhythmia management
In ACHD, the entire spectrum of arrhythmias can be
encountered where some are caused by advanced HF and
some are due to the surgery for anatomical or palliative
correction with scarring or a consequent remodelling of
the heart.1,22,23 While some forms of arrhythmia are
treatable,1,22,23 some types of arrhythmia worsen with
advanced HF and indicate a poor prognosis emphasizing
the need for urgent listing for organ transplantation.1,22,23

Recommendations which ACHD should receive an ICD while
on the waiting list are less clear although a recent joint
position paper provides a consensus opinion when ICD for
ACHD on the waiting list may be considered.22 While its
use is established in patients without congenital heart
disease,24,25 its use is not generally comparable in ACHD
due to the different anatomy and risk factors for
implantation.22,23 The ARTORIA-R register includes variables
detailing the use of ICD or CRT in ACHD in conjunction with
antiarrhythmic medication and presence of previous events
like atrial fibrillation ablation or ventricular tachycardia
ablation. Thus, as pointed out in the current guidelines,
study results will shed more light on characterizing ACHD
and advanced HF. Again highlighting that more data on this
topic are needed especially in the context of absence of
randomized clinical trials in ACHD.

Co-morbidities, particularly pulmonary arterial
hypertension

Co-morbidities are often present in ACHD listed for heart or
heart/lung transplantation with PAH being very
common.1,17,18,26 More data are needed to study how this
co-morbidity affects the outcome of patients on the waiting
list. Especially the most advanced form of PAH with
Eisenmenger syndrome due to an uncorrected shunt lesion
is reported to have a poor outcome.27,28 The timing when
these patients should be evaluated or listed for organ
transplantation is difficult, and there is the need to
document organ function of the liver or renal function as
well. Patients with too many co-morbidities with poor
liver or renal function might not be candidates for

transplantation listing. However, specific medical treatment
of patients on the waiting list and numbers regarding com-
bined heart/lung transplantation and long-term outcome of
these patients is still scarce. This fact underlines the need
of more data regarding patients with advanced forms of
PAH in ACHD or even Eisenmenger syndrome as the most
severe form of PAH.

In summary, ARTORIA-R is one of the largest registries
collecting data of ACHD with advanced HF evaluated for
transplantation or listed for heart-only or heart-combined
organ transplantation from multiple countries and regions.
This register aims to improve treatment of patients by
investigating prognostic factors and thus allow for a better
risk stratification. Furthermore, the register aims to promote
research and awareness for ACHD with advanced heart
failure.
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