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BACKGROUND: Infective endocarditis (IE) after pulmonary valve replacements in congenital heart disease is a significant con-
cern. This study aimed to identify specific long-term risk factors for IE after percutaneous pulmonary valve implantation or
surgical pulmonary valve replacement.

METHODS AND RESULTS: All patients with congenital heart disease from the National Register for Congenital Heart Defects with
at least 1 pulmonary valve replacement before January 2018 were included. A total of 1170 patients (56.3% men, median age
at study inclusion 12 [interquartile range {Q1-Q3} 5-20 years]) received 1598 pulmonary valve replacements. |E occurred in
4.8% of patients during a follow-up of total 9397 patient-years (median 10 [Q1-Q3, 6-10] years per patient). After homograft
implantation 7 of 558 (1.3%) patients developed IE, after heterograft implantation 31 of 723 (4.3%) patients, and after Melody
valve implantation 18 of 241 (7.5%) patients. Edwards Sapien and mechanical valves were used less frequently and remained
without IE. The incidence of IE in heterografts excluding Contegra valves was 7 of 278 (2.5%), whereas the incidence of IE in
Contegra valves was 24 of 445 (5.4%). The risk of IE was not increased compared with homografts if Contegra valves were
excluded from the heterografts (hazard ratio [HR], 2.60; P=0.075). The risk of IE was increased for bovine jugular vein valves,
Contegra valves (HR, 6.72; P<0.001), and Melody valves (HR, 5.49; P<0.001), but did not differ between Melody valves and
Contegra valves (HR, 1.01; P=0.978).

CONCLUSIONS: Bovine jugular vein valves have the highest risk of IE, irrespective of the mode of deployment, either surgical or
percutaneous.
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has become a routine practice and alternative to
open-heart surgery in congenital heart disease
(CHD)."-3 Right ventricular outflow tract dysfunction
frequently occurs in these patients because of the lim-
ited lifespan of the material. Surgical pulmonary valve
replacement (SPVR) or PPVI for the reconstruction of

Peroutaneous pulmonary valve implantation (PPVI)

the right ventricular outflow tract with prosthetic valves
increase the risk of infective endocarditis (IE). Several
studies with smaller sized cohorts of a few hundred pa-
tients have evaluated the short and medium time risks
of IE in both modalities.®>~ The incidence of IE in PPVI
has emerged as an increasing concern for follow-up
of these patients."®-10 Currently, 2 balloon-expandable
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CLINICAL PERSPECTIVE

What Is New?

e To our knowledge, this nationwide, registry-
based study is the largest retrospective analysis
comparing the risk of infectious endocarditis (IE)
after percutaneous pulmonary valve implanta-
tion or surgical pulmonary valve replacement in
congenital heart disease.

e Bovine jugular vein valves had the highest risk
of |E, irrespective of the mode of deployment,
either surgical or percutaneous.

e |n the multivariable analysis, the risk of IE was
increased in the male sex, in patients with a
higher number of previous pulmonary valve
replacement and for bovine jugular vein valves
(with a similar risk for Melody versus Contegra
valves).

What Are the Clinical Implications?

e In anticipating or avoiding the risk of IE in pul-
monary valve replacement, the specific type of
surgical pulmonary valve replacement and per-
cutaneous pulmonary valve implantation should
be considered.

e Surgical homograft replacement is associated
with the lowest risk of IE and the surgical use
of heterografts excluding Contegra valves does
not increase the risk of |E significantly.

e The Melody valve has a high risk of I[E that is
inherent to bovine jugular vein valves and the in-
terventional procedure per se does not impose
a significant risk factor.

Nonstandard Abbreviations and Acronyms

BJV bovine jugular vein

IE infective endocarditis

PPVI percutaneous pulmonary valve
implantation

PVR pulmonary valve replacement

RV-to-PA right ventricle to pulmonary artery

SPVR surgical pulmonary valve replacement

devices are available for PPVI: the Melody and the
Edwards Sapien valve.>®>'" Despite its advantages
as a less invasive procedure for right ventricular out-
flow tract dysfunction, recent studies suggest that IE
is more common in Melody valves, compared with
homografts.*® Moreover, IE was noticed more fre-
quently in patients with Contegra valves, compared
with homografts.# As both, the Melody valve and the
Contegra conduit use bovine jugular vein (BJV) tissue,
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the use of BJV in general might be critical to the in-
cidence of IE.'>'3 In a systematic search of published
research comparing BJV valves with other valve types
a higher incidence of IE was found for BJV valves.'
Registries or databases with comparable large cohorts
are limited.® In particular, how risk factors differ be-
tween patients of different sexes and ages has not yet
been sufficiently examined and studies have produced
conflicting results.*-®

The aim of this nationwide registry-based study was
to investigate the long-term incidence of IE in pulmo-
nary valve replacement (PVR) in a large-sized cohort.
We sought to identify which clinical baseline character-
istics, modes of replacement, number of replacements,
and valve types increased the risk of IE. Specifically,
we addressed the question of how sex and age affect
this pathology.

METHODS

Study Design and Patient Selection

The German NR-CHD (National Register for Congenital
Heart Defects) provides a nationwide database with a
uniquely large population of patients with CHD. The
German NR-CHD represents a community-based
population, not primarily recruiting from tertiary cent-
ers.® The main cardiac diagnosis, all concurrent
cardiac anomalies as well as all performed cardiac
interventions and operations are recorded in a data-
base using the International Pediatric and Congenital
Cardiac Code (IPCCC) published by the International
Society for Nomenclature of Paediatric and Congenital
Heart Disease (ISNPCHD; http://www.ipccc.net). In ad-
dition, extracardiac diagnoses and acquired diseases
are recorded using the International Classification of
Diseases, Tenth Revision (ICD-10) code (International
Statistical Classification of Diseases and Related
Health Problems) published by the World Health
Organization  (WHO;  http:/www.who.int/classifica
tions/icd/en/). At the time of screening 51 119 patients
were included in the register. Approval by the appropri-
ate Ethics Committee was obtained (Ethikkommission
Berlin, Charité, E/KN 14-01-1999). All patients and par-
ents/guardians of patients aged <18 years gave written
informed consent.

All patients with CHD with at least 1 SPVR or PPVI
before January 1, 2018 were considered for the study.
Cases of pulmonary valve-related |E were recorded
from January 1, 2007 to December 31, 2017. Patient
selection is depicted in Figure S1.

Follow-Up

All patients were followed-up after PVR by data sub-
mitted to the NR-CHD. In cases of patients with PVR
implantation before January 1, 2007, the time from
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implantation to this start date of the observation period
was not included in the follow-up. The combined end
point was reached when grafts were infected or ex-
planted, or the patient was deceased.

Outcome Definitions
All data and supporting materials are available within
the article and the supplementary material.

Every report of a definite or possible |E of patients
with PVR was reviewed for the diagnosis and conduit
type. The diagnosis of IE was made according to the
gold standard, the modified Duke criteria, in the partic-
ipating centers.'®” Only cases with evidence of IE re-
lated to the right ventricle—pulmonary artery (RV-to-PA)
conduit were evaluated, and only the first incidence of
IE was considered. One patient had 2 IEs during the
study period. Data were conceived starting from the
time of PVR.

Statistical Analysis

Continuous variables are presented with median and
interquartile range (Q1-QQ). For categorical variables,
counts and percentages are shown. Between-group
(different PVR types) differences in sex, IE incidences,
number of previous PVR (divided into the groups 0 and
>1), and pathogens (divided into Staphylococci and
other pathogens) were assessed using the Pearson 2
test. When >20% of the expected counts were <5, we
used Fisher exact test instead. The comparison of the
PVR size, age (at implantation, at first PVR, at study in-
clusion, at IE), the follow-up time, time between PVR and
IE, between |E and next PVR, and between first PVR
and IE was performed using the Kruskal-Wallis test. |IE
frequencies were calculated separately for each type
of PVR as standardized incidence rates. The impact of
the PVR and other patient characteristics on the occur-
rence of |E was evaluated using a Cox-regression model
with time-dependent covariates. As many patients had
several different PVR over time, this model helped to
determine the influence of the different PVR incorporat-
ing all available information of changing PVR of every
patient. The selection of variables for the multivariable
Cox-regression was based on medical relevance: type
of PVR (time-dependent), sex, age at study inclusion
(continuous variable), and number of previous PVR. For
Cox-regression, PVR types without a single event could
not be considered as factors in the analysis. As sensitiv-
ity analysis, we then divided the patients into groups ac-
cording to sex and age at study inclusion and repeated
the Cox-regression analyses for these subgroups.

All Cox-regression models were performed with
right censoring. Simple Kaplan—Meier curves were
generated to depict the IE free survival by PVR up to
11 years of observation including multiple PVR of each
patient, which were weighted accordingly. The impact
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of the IE on the survival of the patients was evaluated
using a Cox-regression model with time-dependent
covariates adjusted for the other potential impact fac-
tors PVR type, sex, number of previous PVR, and age
at study inclusion.

P values of <0.05 were considered statistically sig-
nificant; no adjustment for multiple testing was done.
Cox-regression and Kaplan—Meier analyses were
performed using the “survival” and “survminer” pack-
age in R version 3.6.1 (2019-07-05), R Foundation
for Statistical Computing, Vienna, Austria (https:/
www.R-project.org/). All other statistical analyses were
performed using IBM SPSS Statistics version 25.0.
Armonk, NY (IBM Corp).

RESULTS

Characteristics of Study Population With
PVR

A total of 1598 PVR, comprising SPVR and PPV,
were implanted in 1170 patients before January 1,
2018 (Figure S1, Table 1). Melody valves and Edwards
Sapien valves were used for PPVI. The SPVR group in-
cluded aortic and pulmonary homografts, heterografts
(Contegra conduits and other heterografts such as
bioprosthetic valved conduits with pericardial bovine
or porcine material), or mechanical valves (Table S1).
Overall, 1096 patients underwent 1305 SPVR and
279 patients underwent 293 PPVI. The most frequent
underlying CHD was Tetralogy of Fallot (376 patients,
32.1%), followed by common arterial trunk (156 pa-
tients, 13.3%), and congenital aortic valvar stenosis
undergoing the Ross procedure (95 patients, 8.1%)
(Table S2); 659 patients were males (56.3%) (Table 1).
Median (Q1-Q3) age at study inclusion was 12 (5—20)
years; 67.7% of patients were aged <18 years, and
32.3% were >18 years. By the end of the study 47.1%
of the patients had received 1 PVR, 33.5% received
2, 14.5% received 3, 3.9% received 4, 0.8% received
5, and 0.2% received 6 PVR; 18 patients (1.5%) were
deceased. Total follow-up was 9397 years (per patient
median 10 years). Follow-up for Contegra valves was
2311 years (median 5 years), for heterografts exclud-
ing Contegra valves 1423 (median 5 years), for homo-
grafts 3613 years (median 7 years), for Melody valves
1001 years (median 4 vyears), for Edwards Sapien
valves 179 years (median 3.5 years), and for mechani-
cal valves 206 years (median 10 years) (Table 1). For
1116 of 1170 patients and 1375 of 1598 PVR the data
collection was complete for a 2-year follow-up.

Clinical Characteristics of Patients With IE
Overall, pulmonary valve—related |E occurred in 56
of 1170 patients (4.8%) after a median follow-up of
10 years (Tables 1 and 2). Twelve patients had early
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IE (within 12 months after PVR), and 44 patients had
late IE (12 months after PVR); the median time interval
(Q1-QQ) was 4 (1-6) years. After homograft implanta-
tion, 7 patients (1.3%) developed IE; after heterograft
implantation 31 patients (4.3%), and after Melody valve
implantation 18 patients (7.5%). The incidence of IE in
heterografts excluding Contegra valves was 7 of 278
(2.5%). The incidence of IE in Contegra valves was 24
of 445 (5.4%). Edwards Sapien and mechanical valves
were used less frequently and without IE throughout
the study population. The Edwards Sapien valve was
used in 3.3% of PVR and in a median follow-up time of
3.5 (2-5) years no case of IE occurred. The follow-up
time for the Edwards Sapien valves was only some-
what shorter than for the Melody valve, 4 (2-6) years.

Table 2. Characteristics of Patients With IE After PVR

Endocarditis Risk in Pulmonary Valve Replacement

Nevertheless, Melody valves constituting 15.1% of
PVR, had a higher incidence of IE of 7.5%.

The median (Q1-Q3) age at time of implantation of
the |E affected PVR was 13.5 (9-20) years, and the
median (Q1-Q3) age at time of IE was 16.5 (13-24)
years. Of those aged <18 years at study inclusion and
those aged >18 years, 5.3% and 3.7% developed IE,
respectively. The most common pathogen was staph-
ylococcus (32.1%), followed by streptococcus (26.8%)
(Table 2, Table S3). In 14 cases (25%), no information
about the pathogens was available. In 1 case, no
pathogen could be detected (Table 2, Table S3). By
the end of the study, 2 (3.6%) of the 56 patients were
deceased, both had a Melody valve implanted. One of
these patients died because of severe complications

SPVR
Heterograft
excluding
Patients Melody Total Contegra Contegra Homograft P value*

Patients with IE/patients 56/1170 (4.8) 18/230 (7.8) 38/1096 (3.5) 7/251 (2.8) 24/403 (6.0) 7/523 (1.3)
with PVR, n (%)
PVR with IE/ number of 56/1598 (3.5) 18/241 (7.5) 38/1305 (2.9) 7/278 (2.5) 24/445 (5.4) 7/558 (1.3)
PVR, n (%)
Male sex, n (% of 39 (69.6) 11 (61.1) 28 (73.7) 6 (85.7) 16 (66.7) 6(85.7) 0.579
patients)
PVR size, mm'* 20 (18-22) 19 (18-22) 20 (17-22) 25 (20-26) 20 (16-20) 21.5 (16.5-23) 0.071
Age at implantation of 13.5 (9-20) 16 (14-24) 11 (5-18) 18 (9-22) 9 (4-12) 18 (12-21) 0.002
PVR, y*
Age at IE, y' 16.5 (13-24) 21.5 (16-29) 15 (11-21) 23 (13-27) 13 (9-18) 19 (12-32) 0.004
Time between PVR and 4 (1-6) 5 (2-6) 3(1-7) 5 (2-11) 3 (1-6) 0 (0-5.5) 0.231
IE, y*
Time between |E and 2 (0-8) 0(0-2) 3(0-12) 2 (0-25) 3(0-12) 6 (1-26) 0.193
next PVR, mof
Previous PVR' 1(0-2) 1(1-2) 0(0-1) 1(0-2) 0(0-1) 0(0-2 0.006
Age at first PVR, yt 3.5 (0-12) 2.5(0-9.5) 6 (0-12) 9 (1-16) 4 (0-10) 12 (0-21) 0.437
Time between first PVR 11 (3-16) 18 (13.5-21) 7.5 (2-13) 13 (7-15) 4 (2-11) 5.5 (0-15) <0.001
and IE, y*
Age at study inclusion, 12 (7-18) 14.5 (10-21.5) 10.5 (4.5-16) 16 (9-17) 9 (3-13) 12 (7-30) 0.039
yt

<18y at study 42 (75.0) 11 (61.1) 31 (81.6) 6 (85.7) 21 (87.5) 4 (57.1)

inclusion, n (%)

>18y at study 14 (25.0) 7(38.9) 7 (18.4) 1(14.3) 3(12.5) 3(42.9)

inclusion, n (%)
Pathogen® 0.014!

Staphylococci, n (%) 18 (32.1) 1 (61.1) 7 (18.4) 1(14.3) 4 (16.7) 2(28.6)

Streptococci, n (%) 15 (26.8) 5(27.8) 10 (26.3) 3(42.9) 7(29.2) 0

Other pathogens, 8 (14.3) 1(5.6) 7 (18.4) 2 (28.6) 4 (16.7) 1(14.3)

n (%)

|E indicates infective endocarditis; PVR, pulmonary valve replacement; and SPVR, surgical pulmonary valve replacement.
*Melody valves, heterografts excluding Contegra, Contegra valves, and homografts, were compared.

TMedian (interquartile range).

*The pulmonary valve replacement size was known in 35 (62.5%) of 56 pulmonary valve replacements.
SNegative blood culture in one case (heterograft), and not available in 14 (25.0%) cases (4 homografts, 1 heterograft excluding Contegra, 8 Contegra valves,

1 Melody valve).
IStaphylococci were compared with other pathogens.
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subsequent to |E of the Melody valve. The infection was
caused by staphylococcus aureus, the patient was
female, and aged 18 years at time of IE. In the other
patient, also female, a Melody valve was implanted in
2008, and subsequently a Contegra valve in 2010. She
had IE of the Contegra valve in 2012, and died in 2015
with the Contegra valve still implanted from a cause
unrelated to IE.

Time to IE, Incidence Rates, and IE Free
Survival

The median time interval between PVR and IE was
0 years for homografts, 5 years for heterografts exclud-
ing Contegra valves, 3 years for Contegra valves, and
5 years for Melody valves (Table 2). Fouty-four patients
(78.6%) underwent PVR after the IE, and 16 patients
(28.6%) received PVR in the first 30 days after the IE.
By the end of the study, patients with IE had received
more PVR (median 3) compared with patients without
IE (median 2).

Annualized incidence rates for homografts, het-
erografts excluding Contegra valves, Contegra
valves, and Melody valves were 0.2% (0.2 cases per
100 patient-year), 0.5%, 1.0%, and 1.8%, respectively.
IE free survival for homografts, heterografts excluding
Contegra valves, Contegra valves, and Melody valves
was 99.3%, 99.6%, 97.9%, 98.3% after 1 year, 98.6%,
98.3%, 94.8%, 93.1% after 5 years, and 98.6%, 91.5%,
91.4%, 84.5% after 10 years (Figure—Panel A; log rank
P<0.001), respectively. IE showed no significant influ-
ence on the overall survival of the patients (hazard ratio
[HR], 3.57; P=0.200).

Risk Factors for the Occurrence of |IE

In order to identify risk factors for IE, we performed
univariable Cox-regression analysis. The risk of |[E was
higher for Contegra valves (HR, 5.62; 95% CI, 2.42—
13.07; P<0.001) and Melody valves (HR, 7.81; 95%
Cl, 3.20-19.05; P<0.001) compared with homografts
(Table S4). The risk of IE was not increased for hetero-
grafts excluding Contegra valves (HR, 2.60; 95% CI,
0.91-7.43; P=0.074). The PVR size was known in 1247
of 1598 PVR (Table 1). The size of the PVR and the age
at study inclusion had no significant influence on the
risk of IE. Age at study inclusion ranged between 0 and
81 years, median 12 (Q1-Q8, 5-20). The risk of IE was
increased in males compared with females (HR, 1.95;
95% Cl, 1.10-8.44; P=0.022; Table S4).

The multivariable Cox-regression was performed with
the covariables PVR, sex, number of previous PVR, and
age at study inclusion. The multivariable analysis con-
firmed the significant influence of male sex (HR, 1.81; 95%
Cl, 1.02-3.20; P=0.044; Figure—Panel B) and a higher
number of previous PVR (HR, 1.45; 95% Cl, 1.04-2.00;
P=0.026; Figure—Panel C) on the risk of IE (Table 3). The
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age at the time of study inclusion had no significant influ-
ence in the multivariable Cox-regression. The risk of IE
for patients with heterografts excluding Contegra valves
was not significantly higher than for homografts (HR,
2.60; 95% CI, 0.91-7.43; P=0.075), whereas the risk of
patients with Contegra valves (HR, 6.72; 95% Cl, 2.80—
16.16; P<0.001) and Melody valves (HR, 5.49; 95% Cl,
212-14.19; P<0.001) was increased (Figure—Panel D).
The group of patients with a Melody valve had more
often previous PVR compared with the group of patients
with a Contegra valve (Table 1, P<0.001). The risk of |E
for Melody valves did not differ significantly from that of
Contegra valves (HR, 1.01; P=0.978; Table 3). The risk
of IE for PPVI compared with SPVR was not different
(HR, 1.84; P=0.077), but if the Contegra valves were
excluded, the risk of IE for PPVI was significantly higher
compared with SPVR (HR, 3.07; 95% ClI, 1.34-7.06;
P=0.008). Patients were divided into groups according
to sex (females and males) and age at study inclusion
(<18 and >18 years), respectively (Tables S4 through S6).
In females and in patients aged >18 years bovine jugular
valves (Contegra and Melody valves) were especially as-
sociated with an increased risk of IE. A higher number of
previous PVR increased the risk of IE only for males and
patients aged <18 years. Because of the low number of
events in females and patients >18 years these sex- and
age-specific results may not be overinterpreted.

DISCUSSION

To our knowledge, this study is the largest retrospec-
tive analysis comparing the risk of IE after SPVR and
PPVI. Moreover, this nationwide, registry-based study
investigates the potential differences between males
and females, and children and adults on the impact of
covariates and types of PVR on the occurrence of IE.

BJV valves have the highest risk of IE, irrespective
of the mode of deployment, either surgical or percuta-
neous. Overall, there was no difference in the risk of IE
in PPVI compared with SPVR. The highest risk of |E in
patients with SPVR was found for Contegra valves and
in patients with PPVI for Melody valves. Excluding the
Contegra valve in the multivariable analysis lead to an
increased risk of PPVI compared with SPVR. Patients
with homografts had the lowest incidence of IE. There
were no cases of |E in patients with Edwards Sapien
and mechanical valves. Other significant risk factors
for IE were male sex and higher numbers of previous
PVR. PVR size showed no significant influence on the
risk of IE despite the wide age range across pediatric
and adult patient subcohorts.

Percutaneous Versus Surgical PVR

Some single-center studies with a maximal number of
677 patients* in 1 study investigated and compared the
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Figure 1. Survival free from infective endocarditis (IE).

A, Kaplan—-Meier analysis of IE free survival for homograft, heterograft excluding Contegra, Contegra, and Melody valves (from top to
bottom); P value from log-rank test. B through D, Results from the multivariable cox-regression model with time-dependent covariates;
P values from likelihood ratio test. B, The risk of IE was higher for males than for females. C, The risk of |IE increased with the number
of previous pulmonary valve replacements. D, The risk of IE was higher for Contegra, Melody, and heterografts excluding Contegra

valves compared with homografts.

occurrence of IE in PPVI and SPVR.®~ Our nationwide
study had the longest follow-up time with median of
10 years and the largest number of patients with a total
follow-up of 9397 years. The study had a wide age range
at study inclusion, but recruited predominantly children,
adolescents, and young adults reflecting the underlying
CHD.

J Am Heart Assoc. 2022;11:e022231. DOI: 10.1161/JAHA.121.022231

We focused on the most commonly used PVR
groups, such as homografts, heterografts, and Melody
valves. Homografts had the lowest incidence of pulmo-
nary valve—related IE, followed by heterografts. Melody
valves had the highest incidence of pulmonary valve—
related IE. In the multivariable analysis the risk of pa-
tients with Melody and Contegra valves was increased
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Table 3. Impact Factors on the Occurrence of IE in
Multivariable Cox-Regression

HR (95% CI) P value
All types of PVR

Type of PVR

Homograft 1

Heterograft excl. Contegra 2.60 (0.91-7.43) 0.075

Contegra 6.72 (2.80-16.16) <0.001

Melody 5.49 (2.12-14.19) <0.001
Sex

Female 1

Male 1.81 (1.02-3.20) 0.044
No. of previous PVR 1.45 (1.04-2.00) 0.026
Age at study inclusion, y 1.02 (0.99-1.04) 0.141

Subgroup with Contegra or Melody

Type of PVR

Contegra 1

Melody 1.01 (0.44-2.32) 0.978
Sex

Female 1

Male 1.34 (0.71-2.52) 0.365
No. of previous PVR 1.36 (0.92-2.02) 0127
Age at study inclusion, y 1.02 (0.99-1.05) 0.200

HR indicates hazard ratio; IE, infective endocarditis; and PVR, pulmonary
valve replacement.

compared with patients with homografts and hetero-
grafts excluding Contegra. The group of patients with a
Melody valve had more often previous PVR compared
with the group of patients with a Contegra valve, which
probably led to the increased risk of IE for Melody
valves in the univariable Cox-regression.

The incidence rates of IE for the Melody valve, the
Contegra valve, and for homografts in our study was
in the same range of what has been reported in sys-
tematic reviews.'*'® In studies using Cox regression
models an increased risk of |E for patients with Melody
and Contegra valves compared with patients with ho-
mografts was found.*® Whether the risk of IE for the
Melody valve or for the Contegra valve was higher dif-
fered in these studies, maybe to the small number of
patients included. In our large study, in the multivari-
able analysis, the risk of IE for the Melody valve was not
different from the Contegra valve.

In this study heterografts were more frequently
used for SPVR than homografts, while in other stud-
ies homograft implantation was more frequent than
heterograft implantation.3#¢ In 1 previous German
study more heterografts, specifically Contegra valves,
than homografts were used for SPVR.® In most stud-
ies Contegra valves were the primary choice for a
heterograft.*® The high number of Contegra valves
in this study has provided the advantage to specifi-
cally look at this valve type with a good set of patient

J Am Heart Assoc. 2022;11:e022231. DOI: 10.1161/JAHA.121.022231
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characteristics. In the multivariable analysis Contegra
valves showed the highest risk of |E although it was
not statistically different from the risk of Melody valves.
Excluding the Contegra valve in the multivariable anal-
ysis lead to an increased risk of PPVI compared with
SPVR. Therefore, when comparing PPVI and SPVR,
the ratio of specific types of SPVR needs to be con-
sidered. We show that because of the large number
of Contegra valves in our study we see no increased
risk of PPVI versus SPVR. This further specifies the
Contegra valve, a bovine jugular valve, as a risk factor
for IE.

Increased Risk of IE in Patients With BJV
Valves

A higher incidence of IE with BJV valves than in
other types of RV-to-PA conduits has been demon-
strated.”'>'® Studies specifically reported on an in-
creased incidence of IE in patients with Melody-8-1°
and Contegra'®?® valves. The incidence of IE be-
tween catheter-based bovine valves and surgically
implanted bovine valves was not different, suggest-
ing that the method of implantation was not relevant
for possible future infection.!* Higher thrombogenic-
ity, lower rate of endothelialization, and tropism for
microorganisms to the BJV material of Melody and
Contegra valves was suggested.” Differences in bac-
terial adhesion to BJV versus bovine pericardial leaf-
lets was debated.?!22

PPVI and the Risk of IE

When the 2 valve types Melody and Edwards Sapien
were compared, the implantation of the Edwards
Sapien valve, made from bovine pericardial tissue leaf-
lets, seemed more suitable to reduce the risk of post
PPVI IE.5>123-25 One potential factor for the increased
risk of IE for the Melody valve was the residual RV-
to-PA pressure gradient at the time of PPVI'? We
found no cases of pulmonary valve-related |E among
the patients with Edwards Sapien valves. A low risk of
IE for Edwards Sapien has been reported.?®?” In our
study and in others, Edwards Sapien valves had only a
slightly shorter follow-up time, but were still implanted
less frequently than the Melody valves. The Melody
valves constituting 15.1% of PVR in this study, had a
remarkable incidence of IE of 7.5%. So despite the as-
sumption that the PPVI procedure carries an increased
risk of IE,%® we rather assume that the procedure is
safe and that the material of the PVR might be cru-
cial. The Edwards Sapien valve seems useful for PPVI
in high risk subgroups for IE, but larger numbers and
longer follow-up are needed.

A high number of previous PVR could be a risk
factor for IE. The first PVR, usually a surgical valve, is
implanted at an early age, then followed by PPVR at



220z ‘. JlequanoN uo Aq Bio'sfeuinofeye/:dny wouy pspeojumoq

Stammnitz et al

a later time point. In this study age at first PVR was
not significant for IE in Cox-regression and this vari-
able could be excluded in our study. Another expla-
nation which is much more likely is that patients with
a higher number of PVR might have produced micro-
scopic lesions during procedural steps or turbulences
leading to non-bacterial thrombotic endocarditis that
can turn infective after any transient bacteremia.?® In
an in vitro study of explanted Melody valves pathologic
examination revealed the presence of granulocytes in
the preexisting surgical conduit in all cases, denoting
that the space between the Melody valve stent and the
underlying conduit with little neovascularization might
lead to a compartment that cannot be reached by an-
tibiotics.3° This might also partly explain the higher in-
cidence of Melody valves for IE in this study, caused
by progressive deterioration of the underlying conduit
used as a Melody landing zone.

Study Limitations

The retrospective nature of the study may be regarded
as a limitation. No exact data on the hemodynam-
ics of the RV-to-PA conduit before IE were available.
Differences here, such as potentially higher flow ve-
locities across the Melody valve or Contegra conduit
compared with homografts, may be a contributor to
different IE rates and may be as important as differ-
ences in valve structure or tissue characteristics.
Therefore we can only speculate on the pathogenesis
of Ik, specifically on the incidence of late IE in our study
which might be related to the hemodynamic situation.
The size of PVR was only available in 78.0% of cases.
PVR size showed no significant influence on the risk of
IE as already reported in previous studies.>® The Cls
were partially wide, which is probably difficult to avoid
in a rare condition such as IE related to the RV-to-PA
conduit. Despite our large study population, the num-
ber of IE events in the subgroup analysis for females
and patients aged >18 years was low for covariable
adjustment. Therefore, the results of the multivariable
sex- and age-specific subgroup analysis could be bi-
ased and should be considered as a preliminary indica-
tion of differences which require further investigation.

CONCLUSIONS

Homograft replacement is the method of choice to
avoid the risk of IE. Further basic research is needed to
determine why BJV valves have the highest risk of IE,
irrespective of the mode of deployment, either surgi-
cal or percutaneous. The risk of |E is not significantly
higher for heterografts than for homografts if Contegra
valves are excluded. Other significant risk factors for IE
are male sex and higher numbers of previous PVR. The
Edwards Sapien valve seems useful for PPVI in high

J Am Heart Assoc. 2022;11:e022231. DOI: 10.1161/JAHA.121.022231
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risk subgroups for IE, but larger numbers and longer
follow-up are needed.
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Table S1. Type of specific PVR of study population

Type of specific PVR, N (%)
Contegra® conduit
Aortic homograft

Melody™ transcatheter pulmonary
valve

Pulmonary homograft

Hancock® Bioprosthetic Valved
Conduit
Edwards SAPIENO valve

Carpentier-Edwards© valved conduit
Matrix Patch™

Labcor® Valved Pulmonar Conduit
St. Jude Medical

Shelhigh Pulmonic Valve Conduit
MatrixPplus

Capentier-Edwards PERIMOUNT ©
Carbomedics®

Dacron® valved conduit

MHH TE homograft

N=1598
445 (27.9)
363 (22.7)
241 (15.1)

190 (11.9)
157 (9.8)

52 (3.3)
30 (1.9)
24 (1.5)
22 (1.4)
18 (1.1)
14 (0.9)
13 (0.8)
12 (0.8)

6 (0.4)

6 (0.4)

5(0.3)

IE, infective endocarditis; PVR, pulmonary valve replacement

PVR with IE, N (%)
24 (5.4)

5(1.4)

18 (7.5)

2(1.1)
5(3.2)

1(7.7)

ol o O
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Table S2. Underlying congenital heart disease diagnoses of study population

Principal Diagnosis according to EPCC EPCC code Category of No. of Patients, = Male sex, N (%) Age at first Age at study

CHD N (%) PVR, yrs* inclusion, yrs*
1170 659 (56.3) 5(0-14) 12 (5-20)

Tetralogy of Fallot 01.01.01 1T 376 (32.1) 190 (50.5) 13 (5-21) 17 (10-27)

Common arterial trunk (truncus arteriosus) 09.01.01 73 156 (13.3) 74 (47.4) 0 (0-0) 7 (2-14)

Aortic valvar stenosis: congenital 09.15.01 3$ 95 (8.1) 73 (76.8) 9 (3-15) 12 (5-19)

Pulmonary atresia + ventricular septal defect (VSD) 01.01.25 1T 93 (8.0) 54 (58.1) 2(1-7) 7 (3-14.5)

+ systemic-to-pulmonary collateral artery(ies)

(MAPCAC(s)),

Pulmonary atresia + ventricular septal defect (VSD) 01.01.06 1T 82 (7.0) 46 (56.1) 1 (0-4) 9 (5-17)

(including Fallot type)

Pulmonary valvar stenosis: congenital 09.05.04 38 49 (4.2) 34 (69.4) 17 (10-27) 19 (12.5-29.5)

Discordant ventriculo-arterial connections (TGA) 01.05.01 2% 47 (4.0) 29 (61.7) 3 (0-10) 8 (1-17)

Double outlet right ventricle: Fallot Type (subaortic 01.01.17 73 47 (4.0) 29 (61.7) 1 (0-10) 5(1-13)

or doubly committed ventricular septal defect &
pulmonary stenosis)

Double outlet right ventricle: transposition type 01.01.18 73 45 (3.9) 31 (68.9) 2 (0-6.5) 8 (1-13)
(subpulmonary ventricular septal defect)

Pulmonary atresia + intact ventricular septum 01.01.07 38 29 (2.5) 18 (62.1) 8 (3.5-12.5) 12 (8-17)
Absent pulmonary valve syndrome: Fallot-type 09.05.25 1T 19 (1.6) 7 (36.8) 2 (0-13) 11 (1-15)
Congenitally corrected transposition of great arteries 01.01.03 73 16 (1.4) 7 (43.8) 6 (2-18) 23 (5-27)
(discordant atrioventricular & ventriculo-arterial

connections)

Others 100 (8.6) 58 (58.0) 7.5 (1-16) 13 (4-21)

EPCC. European Paediatric Cardiac Code (IPCCC Short List) - 1 April 2012, with ICD-9, ICD-10, STS/EACTS Short List crossmapping; CHD, congenital heart defect.
* Median (interquartile range)

T Tetralogy of Fallot and variants
Atrioventricular and-or ventriculo-arterial connections abnormal

§ Abnormalities of ventriculo-arterial valves and great arteries
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Table S3. Specific pathogens in IE of PVR

Staphylococcus 18 (32.1) 11 (61.1) 7(18.4) 1(14.3) 4 (16.7) 2 (28.6)
Staphylococcus aureus 11 (19.6) 8 (44.4) 3(7.9) 0 3 (12.5) 0
Staphylococcus epidermidis 3(54) 1(5.6) 2(5.3) 1(14.3) 0 1(14.3)
Staphylococcus hominis 1(1.8) 0 1(2.6) 0 0 1(14.3)
Staphylococcus lugdunensis 1(1.8) 1(5.6) 0 0 0 0
Staphylococcus sanguinus 1(1.8) 0 1(2.6) 0 1(4.2) 0
Other coagulase-negative staphylococci 1(1.8) 1(5.6) 0 0 0 0

Streptococcus 15 (26.8) 5(27.8) 10 (26.3) 3(42.9) 7 (25.9) 0
Streptococcus gordonii 1(1.8) 0 1(2.6) 0 1(4.2) 0
Streptococcus anginosus 2 (3.6) 1(5.6) 1(2.6) 0 1(4.2) 0
Streptococcus intermedius 1(1.8) 1(5.6) 0 0 0 0
Streptococcus mitis 2 (3.6) 0 2(5.3) 2 (28.6) 0 0
Streptococcus oralis 1(1.8) 0 1(2.6) 0 1(4.2) 0
Streptococcus oralis / mitis 1(1.8) 1(5.6) 0 0 0 0
Streptococcus parasanguinis 2 (3.6) 1(5.6) 1(2.6) 0 1(4.2) 0
Streptococcus sanguinis 3(54) 0 3(7.9) 1(14.3) 2 (8.3) 0
Streptococcus viridans 1(1.8) 1(5.6) 0 0 0 0
Other streptococci 1(1.8) 0 1(2.6) 0 1(4.2) 0

Abiotrophia defectiva 1(1.8) 0 1(2.6) 0 1(4.2) 0

Brevibacterium spp. 1(1.8) 0 1(2.6) 0 1(4.2) 0
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Cardiobacterium hominis 1(1.8) 0 1(2.6) 1(14.3) 0 0
Coxiella burnetti 1(1.8) 0 1(2.6) 0 1(4.2) 0
Enterococcus faecium 1(1.8) 0 1(2.6) 0 0 1(14.3)
Oligella ureolytica 1(1.8) 0 1(2.6) 1(14.3) 0 0
Rothia mucilanginosa 1(1.8) 1(5.6) 0 0 0 0
Candida 1(1.8) 0 1(2.6) 0 1(4.2) 0
Negative blood culture 1(1.8) 0 1(2.6) 0 1(4.2) 0
Not available 14 (25) 1(5.6) 13 (34.2) 1(14.3) 8(33.3) 4 (57.1)

IE, infective endocarditis; PVR, pulmonary valve replacement
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Table S4. Impact factors on the occurrence of IE in univariable Cox-regression

 HR(95%CD Pvalue  HR(95%CI) P-value  HR(95% CI) P-value|

Type of PVR
Homograft 1 1 1 1 1
Heterograft 2.60 (0.91-7.43)| 0.074| 2.44(0.15-39.06)| 0.528 2.76 (0.89-8.58)| 0.079| 3.14 (0.89-11.15) 0.076 1.19 (0.12-11.41) 0.883
Excl. Contegra
Contegra 5.62(2.42-13.07)| <0.001 |13.55 (1.69-108.48)| 0.014| 4.25(1.65-10.91)| 0.003| 5.12 (1.75-14.97) 0.003 8.06 (1.63-39.98) 0.011
Melody 7.81(3.20-19.05) | <0.001 [22.90 (2.78-188.30)| 0.004| 5.01 (1.79-14.01)| 0.002| 6.05 (1.89-19.40) 0.002| 12.05(3.00-48.32)| <0.001
PVR size (mm) * 0.97 (0.89-1.04)| 0.371 0.95 (0.82-1.11)| 0.545 0.96 (0.88-1.06)| 0.417| 1.02(0.93-1.12) 0.610 0.85 (0.65-1.11) 0.233
Sex
Female 1 - - 1 1
Male 1.95 (1.10-3.44)| 0.022 - - 2.03 (1.02-4.04) 0.044 1.57 (0.54-4.51) 0.407
Number of 1.63 (1.23-2.17)| <0.001 1.41(0.82-2.40)| 0.214 1.71 (1.22-2.39)| 0.002| 1.71(1.21-2.42) 0.002 1.39 (0.79-2.45) 0.255
previous PVR
Age at study 0.99 (0.97-1.02) | 0.569 1.01 (0.97-1.05)| 0.586 0.99 (0.96-1.02)| 0.450 - - -
inclusion, yrs
<18 1 1 1 - - -
>18 0.63 (0.86-2.89)| 0.139 0.81 (0.46-3.35)| 0.674 0.62 (0.75-3.53)| 0.222 - - -

IE, infective endocarditis; PVR, pulmonary valve replacement; n.a., not applicable; HR, hazard ratio; CI, confidence interval. *PVR size was known in 1247/1598 PVR
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Table S5. Sex and age-specific impact factors on the occurrence of IE in multivariable Cox-regression

Type of PVR
Homograft 1 1 1 1
Heterograft excluding Contegra 2.18 (0.14-35.12) 0.584 2.51 (0.80-7.87) 0.116 2.92 (0.82-10.37) 0.098 1.23 (0.13-11.89) 0.858
Contegra 24.39 (2.84-209.54) 0.004 4.55 (1.71-12.15) 0.003 5.54 (1.89-16.23) 0.002 8.13 (1.64-40.33) 0.010
Melody 24.30 (2.71-217.64) 0.004 3.22 (1.08-9.62) 0.036 3.60 (1.08-12.05) 0.038 16.30 (3.37-78.80) | <0.001
Sex
Female - - 1 1
Male - - 1.90 (0.95-3.80) 0.069 1.67 (0.57-4.85) 0.350
Number of previous PVR 1.10 (0.58-2.07) 0.773 1.61 (1.11-2.36) 0.013 1.70 (1.16-2.48) 0.006 0.76 (0.34-1.73) 0.517

Age at study inclusion, yrs

Type of PVR

1.05 (1.01-1.09

1.00 (0.98-1.04

Contegra

1

1

1

1

Melody

1.09 (0.29-4.13)

0.904

0.97 (0.33-2.83)

0.952

0.90 (0.35-2.31)

0.822

2.01 (0.39-10.35)

0.404

Sex

Female

1

1

Male

1.23 (0.59-2.56)

0.586

1.98 (0.55-7.10)

0.297

Number of previous PVR

1.20 (0.64-2.27)

0.565

1.49 (0.90-2.48)

0.126

1.54 (0.97-2.45)

0.068

0.98 (0.43-2.22)

0.952

Age at study inclusion, yrs

1.04 (0.98-1.09)

0.178

1.01 (0.98-1.05)

0.524

IE, infective endocarditis; PVR, pulmonary valve replacement; HR, hazard ratio; CI, confidence interval.

*For female sex (17 IE) and for patients > 18 years (14 IE) the model was with four covariables potentially overspecified.
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Table S6. Characteristics of patients with IE after PVR according to sex and age at study inclusion

Patients with IE, N
Total 56 39 17 42 14
Melody 18 11 7 11 7
SPVR 38 28 10 31 7
Heterograft excluding Contegra 7 6 1 6 1
Contegra 24 16 8 21 3
Homograft 7 6 1 4 3
Number of previous PVR*
Total 0 (0-2) 1 (0-2) 1 (0-1) 1 (0-2) 0.5 (0-1)
Melody 1(1-2) 1(1-2) 1(1-3) 2 (1-2) 1(1-2)
Heterograft excluding Contegra 0 (0-1) 1 (0-2) 0 (0-0) 1 (0-2) 0 (0-0)
Contegra 0 (0-1) 0.5 (0-1) 0 (0-1) 0 (0-1) 0 (0-0)
Homograft 0 (0-2) 0 (0-2.5) 0 (0-0) 1 (0-3.5) 0 (0-0)
Patient-Years of Follow-Up
Totalt 274 188 86 209 65
PPVIE
Melodyi 73 37 36 47 26
SpVRE 134 89 45 110 24
Heterografti excluding 46 37 9 37 9
Contegra
Contegra 75 44 31 72 3
Homografti 13 8 5 1 12

*Median (interquartile range), Tcalculated based on the number of patients, I calculated based on the number of PVR.




220z /. JsquienoN uo Aq Bio'sfeuinofeye//:dny woly pspeojumod

Figure S1. Study flow chart.

Patients included (n=2095)
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(n=3377)

Explantation before January
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-PVR (n=405)
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Implantation after IE
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. S
™
Implantation after December
» 20177
-PVR (2=10)
»
~

Implantation and
explantation on the same day
-PVR (n=4)

. S

Unknown PVR subtypes
-PVR (n=1302)
- Patients (n=925)

A 4

h 4

Patients included (n1=1170)
PVRs* included
(n=1598)

Study design for the recruitment of patients with PVR in the National Register for Congenital Heart Defects,
Berlin, Germany. *Number of PVR in the patients. Cases of pulmonary-valve-related IE were recorded during
the period of January 1st, 2007 until December 31st, 2017.

PVR, pulmonary valve replacement; IE, infective endocarditis; CHD, congenital heart defect.
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