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1HEART VALVES 

In the normal heart both left and right ventricle have a valve at the atrio-ventricular con-
nection and at the ventriculo-arterial connection. In the left ventricle the inflow valve is 
the mitral valve and the outflow valve is the aortic valve. In the right ventricle the inflow 
valve is the tricuspid valve and the outflow valve is the pulmonary valve. These heart 
valves ascertain that blood only flows in one direction through the heart. The valves 
are made of strong, thin flaps of tissue, called leaflets. The valves control the blood flow 
through the heart by opening and closing the leaflets during the contractions of the 
heart. 

Heart valve disease occurs when one or more of the heart valves do not work correctly 
because of valvular stenosis or valvular regurgitation, or a combination of the two. Val-
vular stenosis occurs when a heart valve doesn’t fully open due to stiff or fused leaflets 
or when a valve is congenitally too small. This limits the amount of blood that can flow 
through the valve. Valvular regurgitation, also known as valvular insufficiency, occurs 
when a valve does not close properly. This will lead to blood leaking back through the 
valve when it should be closed. All four heart valves can develop stenosis, regurgitation 
of a combination of both stenosis and regurgitation. In case heart valve disease is not 
treated, it can have negative impact on a person’s quality of life and may even become 
life-threatening. During the past decades, great advances in the surgical treatment of 
heart valves disease have been achieved. This thesis will focus on the surgical treatment 
of aortic and pulmonary valve disease.

AORTIC VALVE DISEASE AND VALVE REPLACEMENT OPTIONS

The aortic valve is the outflow valve of the left ventricle that regulates the blood supply 
to all of the major vessels of the body. It normally has three leaflets, although in 1% of 
the population it is found to congenitally have two leaflets (1). The aortic valve allows 
blood to flow from the left ventricle to the aorta and prevents regurgitation of blood 
from aorta back into the left ventricle. 

Only in a minority of patients it is possible to repair a disease aortic valve. There are 
several options available for patients in whom the aortic valve needs to be replaced. 
The four most implanted valve substitutes are: mechanical prosthesis, bioprosthesis, 
allograft and autograft (also known as the Ross procedure). 

The major advantage of mechanical valve prostheses is that it provides excellent 
durability and a low reoperative hazard (2, 3). However, because of their increased 
thrombogenicity, the choice for the mechanical valve implies lifelong anticoagulation 
and is associated with an increased risk for thromboembolic and bleeding events (4, 
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5). The use of anticoagulation may also complicate pregnancy because of the fetal and 
maternal complications associated with the use of warfarin (6, 7), and may require life-
style adjustments. The main advantage of biological valve substitutes (bioprostheses, 
allografts and autografts) is that there is no need for long-term anticoagulation. The 
major downside of biological valve types is, on the other hand, the structural deteriora-
tion of these prostheses which can lead to regurgitation and/or stenosis of the valve 
leaflets, necessitating a reoperation or reintervention. 

PULMONARY VALVE DISEASE AND VALVE REPLACEMENT OPTIONS

The pulmonary valve allows blood to flow from the right ventricle to the pulmonary 
artery and lungs, and prevents regurgitation of blood from pulmonary artery back into 
the right ventricle. In case of regurgitant dysfunction of the pulmonary valve there is a 
large amount of regurgitant blood flow from the pulmonary circulation back into the 
right ventricle resulting in right ventricle volume overload. More than 30% of all patients 
with congenital heart defects have a dysfunctional or absent pulmonary valve and need 
a pulmonary valve replacement at some point in their life. In addition, reconstruction 
of the right ventricular outflow tract (RVOT) with a pulmonary allograft is not only 
necessary in a broad range of congenital heart diseases (e.g. tetralogy of Fallot, truncus 
arteriosus, pulmonary atresia with ventricular septal defect, double outlet right ven-
tricle) but also during the autograft procedure where a diseased aortic valve is replaced 
with the patient’s own pulmonary valve. The autograft patients need therefore a donor 
allograft for the reconstruction of the RVOT.

There are several types of prostheses available for pulmonary valve replacement 
which includes: bioprosthetic valves, mechanical prostheses and allografts. Frequently 
used bioprosthetic valves for pulmonary valve replacement are bovine jugular vein 
grafts, porcine pulmonary valve conduits and porcine aortic roots. The most important 
advantages of bioprosthetic valves are the adequate supply of the valves, relatively low 
preparation costs and availability of smaller sizes for neonates. On the other hand, the 
rate of reintervention after bioprosthetic valve implantation in the RVOT position have 
been reported to be higher compared to allografts (8). Although mechanical valves 
theoretically provide several important advantages (e.g. durability, absent need of anti-
coagulation) their application is limited in patients who are in need of pulmonary valve 
replacement largely owing to frequent thromboembolic events, bleeding complications 
and valve failure (9-11). Allografts are currently the preferred type of conduit for pulmo-
nary valve replacement, and most experiences has been acquired with these allografts. 
The use of an aortic valve allograft for pulmonary valve replacement was introduced 
in 1966 (12). It was not until 1983 that Ross et al. introduced the pulmonary valve al-
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1lograft for pulmonary valve replacement (13). This has resulted in an ever increasing 
application of allografts. Nevertheless, a tendency toward allograft degeneration over 
the years is still apparent (14) and long-term results of RVOT reconstruction with pul-
monary allografts have been scarcely reported thus far. Degeneration of the pulmonary 
valve allograft can eventually lead to clinically relevant pulmonary stenosis (PS) and 
pulmonary regurgitation (PR). PS can range from mild and asymptomatic, not requiring 
intervention, to severe. The stenosis can become even more severe in growing children 
in whom the implanted allograft does not (entirely) follow the somatic growth of the 
child. PR is usually well tolerated in childhood. However, recent long-term studies have 
demonstrated that in adults PR leads to progressive right ventricular (RV) dilatation and, 
with time, to RV dysfunction, exercise intolerance and an increased risk of ventricular 
tachycardia and sudden cardiac death (15-17). Further improvements for, this still grow-
ing, population of patients with congenital heart diseases are mandatory to be able to 
optimize their life expectancy and quality of life. Long-term results of RVOT reconstruc-
tion with pulmonary allografts have been scarcely reported thus far. An important aim 
of this thesis was to assess the outcome of patients, with congenital heart defects or 
autograft patients, after pulmonary valve implantation in the RVOT position.

A more recent development in the treatment of the diseased pulmonary valve is 
the application of percutaneous approach (18). This approach will be discussed more 
extensively in Chapter 20.

INNOVATIVE OUTCOME MODELING

The tremendous development and application of biostatistics over the past few de-
cades and the evolution of computational power have been a vital tool for the rise of 
evidence-based medicine. Although several (innovative) statistical methods have been 
developed and are currently available for the analyses of outcome in cardiac surgery, 
only a few of these methods are widely used. The success of evidence-based medicine 
depends, however, to a great extent on the correct statistical analysis of the data arising 
from a study. Ignoring this important aspect of research may result in wrong statistical 
inferences and conclusions how interesting the study design and data may be. 

OUTLINE OF THIS THESIS AND AIMS

The primary aim of this thesis is to illustrate the use of innovative statistical methods for 
the assessment of patient outcome and heart valve function after aortic or pulmonary 
valve replacement. The application of the following statistical methods, from simple to 
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more advanced, is illustrated in this thesis while studying patient outcome (Chapters 
1-12) and prosthesis durability (Chapters 13-18) after aortic or pulmonary valve re-
placement:

‘Conventional’ statistical methods for outcome assessment in cardiac surgery

The application of conventional and most widely used statistical methods is illustrated 
in Chapters 2-7 during the assessment of patient and prosthesis outcome after heart 
valve replacement. The aim of Chapter 2 is to assess the clinical outcome and health-
related quality of life after RVOT reconstruction with an allograft conduit. The objective 
of Chapter 3 is to describe the long-term experience with the use of allograft conduits 
for RVOT reconstruction after correction of tetralogy of Fallot in our institution. The 
improper application of survival- and risk factor analyses will be illustrated in Chapters 
4 and 5. The outcome of Ross patients in whom a variant of the inclusion cylinder tech-
nique was utilized whereby the aortic root size was adjusted to match the autograft will 
be described in Chapter 6. The aim of Chapter 7 is to determine the long-term survival 
prognosis of patients with infective endocarditis.

The application of systematic reviews and meta-analyses 

Systematic reviews and meta-analyses are powerful statistical tools available in the pur-
suit of evidence-based medicine. The Cochrane Handbook defines a systematic review 
as ‘A review of a clearly formulated question that uses systematic and explicit methods 
to identify, select and critically appraise relevant research, and to collect and analyse 
data from the studies that are included in the review. Statistical methods (meta-analysis) 
may or may not be used to analyse and summarize the results of the included studies 
(19). In addition to systematic reviews, meta-analyses contain pooled and reanalyzed 
results based on the data from the individual studies. The rationale for a meta-analysis is 
that well conducted meta-analysis allows for a more objective appraisal of the evidence 
because of the improved statistical power and precision of the estimates of treatment 
effects.

The aim of Chapter 8 is to (1) systematically review the current literature with regard 
to infective endocarditis, comparing medical to surgical therapy to evaluate if surgery is 
the preferred option, (2) to perform a meta-analysis of studies who reported propensity 
matched analyses, and (3), to briefly summarize the current indications for surgery in 
patients with infective endocarditis. The objective of Chapter 9 is to explore the associa-
tion of prosthesis-patient mismatch and long-term survival after aortic valve replace-
ment in adults by performing a systematic review and meta-analysis.
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1Propensity Score analyses

Although randomized controlled trials (RCTs) are considered to be the ‘gold standard’ 
and provide the strongest evidence for the efficacy of preventive and therapeutic 
procedures in the clinical setting (20), it is not always possible or feasible to perform 
an RCT because of medical or ethical reasons. The propensity score technique was intro-
duced by Rosenbaum and Rubin in the early in 1980’s and offers a way to achieve more 
comparable groups in observational studies (21-23). The calculated propensity score for 
each individual reflects that person’s probability to receive a certain treatment based 
conditional on observed baseline characteristics. 

Since few centers are willing to randomize young adult patients between the Ross 
procedure, a mechanical prosthesis, a stentless or stented bioprosthesis, the objective 
of Chapter 10 is to assess late survival in young adult patients after a Ross procedure 
versus mechanical aortic valve replacement by performing a propensity score matched 
study.

Matching patient survival with the general population

Matching of patient survival with that of the general population is very common in 
medical research. This is done in order to obtain an objective measure of survival prob-
ability after a certain diagnosis or treatment (e.g. infective endocarditis or aortic valve 
replacement) while controlling for differences in mortality as a result of other causes. 
Only reporting long-term survival in a certain patient population can lead to wrong 
conclusions since the background mortality of the general population is not taken into 
account. Although researchers often attempt to compare the survival of specific patient 
population with that of the general- or reference population, comparison is not always 
performed methodologically correct (24). 

Using different survival matching methods, the aim of Chapter 11 is to evaluate the 
long-term mortality of surgically treated infective endocarditis patients in relation to the 
age- and gender matched general population.

Assessment of valve function over time 

Modeling of the temporal trend of (human) valve function over time and identifying 
factors that influence this temporal trend can be of particular importance since it can 
help the clinicians understand how a certain process changes over time and thus can 
contribute to a better patient management (e.g. by determining which patients should 
be monitored more closely by their physicians and at which time interval). Two different 
longitudinal methods will be employed in this thesis in order to model the temporal 
trend of allograft or autograft valve function over time: the linear- and the non-linear 
model. 
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Linear models will be employed in order to assess valve function over time in Chapters 
12-14. The aim of Chapter 12 is to determine and compare long term allograft function 
after surgical procedures which a standard or bicuspidalized homograft was used in the 
RV-PA position in infants younger than 12 months. The objective of Chapter 13 is to 
report our ongoing prospective cohort of autograft recipients with up to 21 years of 
follow-up, with a special emphasis on autograft and allograft valve function over time. 
The aim of Chapter 14 is to assess the influence of pregnancy on durability of allografts 
and pulmonary autografts in aortic position.

Non-linear models will be used for assessment of valve function over time in Chapters 
15-18. The objective of Chapter 15 is to report our experience with the Ross operation 
in patients with predominant aortic stenosis using an inclusion cylinder method. The 
aim of Chapter 16 is to determine the natural dynamics of pulmonary conduit stenosis 
and regurgitation after the Ross procedure. Chapter 17 focusses on the echocardio-
graphic allograft valve function over time in a cohort of patients that underwent right 
ventricular outflow tract reconstruction with an allograft conduit. Chapter 18 describes 
echocardiographic allograft valve function over time in a cohort of patients who were 
prospectively followed after allograft aortic valve or root replacement.

Multiple imputation of missing values

Missing data are commonly encountered in clinical research. This is particularly the case 
in observational studies. The consequence of missing data in such studies is not only 
loss of information, but also loss of efficiency and power. More importantly, another 
consequence of missing data is the potential existence of bias, and therefore wrong con-
clusions, because of differences between the observed and unobserved data. Multiple 
imputation provides a useful strategy for dealing with data sets with missing values. The 
application of this method will be illustrated in Chapters 16 and 17.

Variable selection using bootstrap

In observational studies, the appropriate selection of potential predictors of a certain 
outcome is extremely important since differential selection processes can bias esti-
mated treatment effects. Particularly in case of datasets that contain a large number of 
variables and a relatively small number of observations is the appropriate selection of 
correct set of variables for the model important. Different methods exist for the selec-
tion of the best possible subset of predictors of a certain outcome. One of the aims of 
this thesis is to illustrate the use of bootstrap bagging for the selection of a correct set of 
variables for the model (Chapters 15-18).
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1Competing risks analyses

Standard survival analysis methods, such as Kaplan Meier curves, log-rank test and Cox 
proportional hazard model, are widely accepted tools to compare the cause-specific 
hazards when there is only one event of interest and the time to event and time to 
censoring are independent. However, competing risks are often encountered in clinical 
research, where multiple failure types exist and one type of event either precludes the 
occurrence of another event or fundamentally alters the probability of occurrence of the 
other event. In the analysis of competing risks data, the standard analysis methods may 
lead to biased results by treating the competing event as censored at the time this event 
occurs. This way, it is assumed that the patients failing from a competing risk are no 
more or less likely to fail from the cause of interest than the patients still at risk beyond 
this time. The application of statistical method for taking into account competing events 
will be illustrated in Chapter 18.

SHARED DECISION MAKING: PUTTING RISKS AND BENEFITS INTO 
PERSPECTIVE

The choice for particular valve prosthesis for aortic valve replacement in young adults 
has an important impact on the lives of these patients. The importance of active involve-
ment of patients in the selection of the most appropriate prosthesis for them will be 
discussed in Chapter 19.

DISCUSSION

The most important findings of this thesis will be discussed in Chapter 20. In addition, 
the possible clinical implications and future perspectives will be discussed.
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ABSTRACT

Objective

Allograft conduits are used for reconstruction of the right ventricular outflow tract in 
congenital heart malformations (biventricular repair) and autograft procedures. A ret-
rospective evaluation of allograft reconstruction of the Right ventricular outflow tract 
reconstruction was conducted and a cross-sectional Quality of life study was performed.

Methods 

Between August 1986 and March 2009, 509 allografts (435 pulmonary, 74 aortic) were 
implanted in 463 pediatric and adult patients (308 right-sided congenital heart malfor-
mations, 155 autograft procedures). Peri-operative and follow-up data were collected 
and analyzed. Kaplan-Meier analyses were done for survival, valve-related reoperation, 
and valve-related events. Cox-regression analysis was used for evaluation of potential 
risk factors. In addition, the Short Form-36 was presented to patients to assess the per-
ceived Quality of life. The results of the Short Form-36 were compared to age adjusted 
Dutch population norms. 

Results 

The mean age at allograft implantation was 19 years (1 week-66 years). Mean follow-up 
was 9 years (2 days-22 years). Forty-eight patients died during follow-up. Patient survival 
was 93% at 10 years and 88% at 15 years. Sixty-three reoperations were required for 
allograft dysfunction in 58 patients. Freedom from valve-related reoperation was 89% 
at 10 years and 81% at 15 years. Freedom from valve related events was 86% at 10 years 
and 74% at 15 years. Younger patient age (p=0.007) and the use of an aortic allograft 
(p<0.001) were identified as independent risk factors for allograft reoperation.

Patients between 14 and 40 years scored significantly lower on ‘physical functioning’ 
and ‘general health’ subscales than the general Dutch population, but scored better on 
subscales ‘emotional role functioning’ and ‘bodily pain’. Except for the subscale ‘general 
health’, on which patients within our study population scored lower, patients between 
41 and 60 years had comparable average scores as the general Dutch population. The 
older patient group (61 years or older) had a better average score on subscale ‘bodily 
pain’ and similar scores on other subscales as the general Dutch population.

Conclusions

Right ventricular outflow tract reconstruction with an allograft conduit can be per-
formed with good patient survival, acceptable long-term allograft durability, and good 
perceived quality of life. 
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INTRODUCTION

Reconstruction of the right ventricular outflow tract (RVOT) is performed in patients 
with congenital heart disease when there is no adequate continuity between the right 
ventricle and the pulmonary circulation. The use of an aortic valve allograft for pulmo-
nary valve replacement was introduced in 1966 (1). But it was not until 1983 that Ross et 
al. introduced the pulmonary valve allograft for pulmonary valve replacement (2). This 
has resulted in an ever increasing application of allografts. Nevertheless, a tendency 
toward allograft degeneration over the years is still apparent (3). Degeneration of the 
pulmonary valve allograft can eventually lead to clinically relevant pulmonary stenosis 
(PS) and pulmonary regurgitation (PR). PR is usually well tolerated in childhood. However, 
recent long-term studies have demonstrated that in adults PR may lead to progressive 
right ventricular (RV) dilatation and, with time, to RV dysfunction, exercise intolerance, 
ventricular tachycardia, and sudden cardiac death (4-6). Further improvement for, this 
still growing, population of patients with congenital heart disease, is mandatory to be 
able to optimize their life expectancy and quality of life (QoL). 

Long-term results of RVOT reconstruction with pulmonary allografts have been scarce-
ly reported thus far. Furthermore, no study has reported on QoL in patients after RVOT 
reconstruction. QoL has emerged as an increasingly important outcome parameter for 
several reasons: it provides a precise indicator of overall health status of the individual 
patient and higher QoL is associated with improved disease specific prognosis and also 
with increased survival (7, 8).

The aim of the present study was to assess clinical outcome over time in patients who 
received an allograft in the RVOT at our institution. In addition, a cross-sectional assess-
ment of QoL in these patients was done. 

METHODS

Patient Population

Between August 1986 and March 2009, 509 allografts (435 pulmonary, 74 aortic) were 
implanted in 463 pediatric and adult patients (308 right-sided congenital heart mal-
formations, 155 autograft procedures). Our series represents a heterogeneous group 
in which the common denominator was the need for a right-sided allograft conduit. 
Patients were classified according to their primary diagnosis (Table 1). A first allograft 
was implanted in 463 patients, a second in 41, a third in 4, and a fourth in 1. 



24

CHAPTER 2

Operative Techniques

Timing of surgery was determined in a regular heart team meeting between the (con-
genital) cardiologists and cardiac surgeons during which all cases were discussed. The 
decision to whether to operate or not was based on contemporary clinical practice. The 
surgical procedures were performed using standard cardiopulmonary bypass with mod-
erate hypothermia, myocardial protection with crystalloid cardioplegia (St. Thomas Hos-
pital solution), and in most cases topical cooling. If associated intracardiac procedures 
were not required, the reconstruction was done without cross-clamping of the aorta. 
Using the interposition technique the allograft was sewn between the right ventricle 
and pulmonary artery in most cases (n=502). In 7 patients the allograft was implanted 
between the right-sided left ventricle and the pulmonary artery. Distal and proximal 
anastomoses were made with a running polypropylene suture. Twenty one patients 
needed a distal extension to ensure proper connection. For this purpose an allograft 
patch (n=12), an autologous pericardial patch (n=3), or a prosthetic patch (n=6) was 
used. A proximal extension of the allograft was necessary in 112 patients. In these cases 
an allograft patch (n=47), the anterior mitral valve leaflet of the aortic allograft (n=26), 
a pericardial patch (n=27), or a prosthetic patch (n=12) was used. In all cases attempts 

Table 1. Baseline Characteristics and Primary Diagnosis at Time of Allograft Implantation.

Characteristics Mean ±SD or Total No. Range  or Percentage

Age 19 ± 15 1 week – 66 years

 Age < 1 year 60 12 %

 Age 1-18 years 208 41 %

 Age > 18 years 241 47 %

Gender 

 Male 301 59 %

 Female 208 41 %

Weight (kg) 46 ± 27

Height (m) 1.41 ± 0.43

Diagnosis

 Aortic valve pathology 170 33.4 %

 Tetralogy of Fallot 152 29.9 %

 PA or PS, VSD 63 12.4 %

 Discordant ventriculoarterial connection 
 with PA or PS

51 10.0 %

 Common arterial trunk 44 8.6 %

 PA or PS with intact septum 26 5.1 %

 Aortic atresia with biventricular heart 3 0.6 %

Total 509 100 %

PA, pulmonary atresia; PS, pulmonary stenosis; VSD, ventricle septum defect
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were made to implant the allograft away from the sternum to prevent compression or 
distortion.

Allograft Properties

The Rotterdam Heart Valve Bank provided most of the allografts (n=410), which were 
allocated by Bio Implant Services, Leiden, The Netherlands. Preparation and storage 
methods have been described earlier (9). The National Heart Hospital, London, England, 
provided 19 fresh and 4 cryopreserved allograft conduits. The remaining allografts were 
shipped from the Hospital Clinic I, Barcelona, Spain (n=47), the Karolinska Homograft 
bank, Stockholm, Sweden (n=6), the Deutsches Herzzentrum, Berlin, Germany (n=26), 
and Herzzentrum Nord Rhein Westphalen, Bad Oeynhausen, Germany (n=1). Patient’s 
body surface area was used as a guideline to determine the allograft diameter. No at-
tempt was made to achieve ABO blood type or HLA type matching.

Data collection

All patients who receive an allograft for RVOT reconstruction at Erasmus MC are sys-
tematically registered in a dedicated relational database (Microsoft Access 2007). After 
implantation of the allograft, patients were seen at regular intervals by their cardiolo-
gists, with the exception of 12 patients who migrated to other countries or were living 
abroad. In September 2009, vital status of all patients was acquired from municipal civil 
registries with a response rate of 97%.

All follow-up data of patients with congenital heart malformations (biventricular 
repair) were collected retrospectively from hospital records. The autograft patients are 
part of a prospective cohort study. In addition, questionnaires with information about 
occurrence of any cardiovascular event since last known follow-up were sent to all living 
patients in October 2009. These questionnaires were completed and returned back by 
94% of the patients. Patients who did not complete and returned the questionnaires (6%) 
were censored at most recent known follow-up. The day of implantation was considered 
the starting point of patient survival. End points in patient survival were death or last 
follow-up date. Patients lost to follow-up were censored at last date of follow-up. Start-
ing point of allograft survival was the day of implantation; end points the occurrence of 
events during follow-up or last follow-up date. The cause of death was registered and 
reported according to the Guidelines for reporting mortality and morbidity after cardiac 
valve interventions (10). This study was approved by the institutional review board of 
Erasmus University Medical Center (MEC-2008-371) and all patients provided informed 
consent.
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Quality of life assessment

Quality of life was measured with the Short Form 36-Item Health Survey (SF-36) (11). 
The SF-36 is the most widely used and evaluated health outcomes measure and has 
extensive evidence for its validity and reliability in multiple populations. The SF-36 
assesses 8 health status domains (ie, physical functioning, role physical functioning, 
role emotional functioning, mental health, vitality, social functioning, bodily pain, and 
general health). Scale scores are obtained by summing the items together within a 
domain, dividing this outcome by the range of scores and then transforming the raw 
scores to a scale from 0 to 100 (11). A higher score on the SF-36 subdomains represents 
a better functioning; a high score on the bodily pain scale indicates the absence of 
pain. The scale has good reliability, with Cronbach α ranging from 0.65 to 0.96 for all 
subscales (12).

In August 2009, all surviving patients who were 14 years or older (N=236) received the 
SF-36 (Dutch version) questionnaire by mail and were asked to return the completed 
questionnaire. Patients living abroad or of whom up-to-date contact specifications were 
not available were excluded. One-hundred-ninety-eight (84%) patients completed the 
SF-36 questionnaire. The results of perceived QoL in the patients after RVOT reconstruc-
tion were compared to Dutch population norms (13). In order to be able to compare 
the QoL assessed in patients after RVOT reconstruction with the QoL of general Dutch 
population, we subdivided the study group in different age categories (14-40 years, 41-
60 years and 61-70 years).

Statistical analyses

Patient data were entered into a computerized relational database (Microsoft Access 
2000). Statistical software SPSS for Windows version 10 (SPSS Inc, Chicago, IL.) was used 
for data analysis. Actuarial survival was determined using the Kaplan-Meier method (14). 
For all tests, a p-value of less than 0.05 was considered significant. 

The log-rank test was used for univariate assessment of the effect of potential risk 
factors on patient survival, freedom from valve-related reoperation, and freedom from 
valve-related events. To investigate independent risk factors for mortality and morbidity 
caused by allograft failure, the Cox proportional hazard model was used. Risk factors 
were selected with a backward stepwise method (required significance of p>0.10 for 
elimination from the model and p<0.05 for retention in the model). With regard to 
implantation position, all autograft procedures were labeled as anatomic, and any other 
allograft implantation for reconstruction of the RVOT was labeled as extra-anatomic. 
Young age at time of implantation (Figure 1a), small allograft diameter (Figure 1b), extra-
anatomic position of the allograft, young donor age (Fig 1c), and an aortic allograft were 
considered to be potential risk factors for allograft dysfunction (3, 15-17). 
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The results of SF-36 questionnaire were compared with the population norms by 
the Wilcoxon rank-sum test with Bonferroni correction. This latter correction indicates 
that the allowable significance level for each SF-36 subscales was p<0.00625 (0.05/8 
subscales).

Figure 1. Frequency distribution of patient age at operation (A), allograft diameter (B), and donor 
age (C).
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RESULTS

Patient and Donor Characteristics

Baseline characteristics of the study population are shown by Table 1. The donor group 
consisted of 280 male and 214 female donors with a mean age of 37 ± 18 years (median, 
42; range, 0 to 65 years). The characteristics of 15 donors could not be traced. Mean 
allograft diameter was 22 ± 4 mm (median, 23; range 10-31 mm). Of the 509 allografts, 
493 were cryopreserved, and 16 were fresh. Nineteen (3.7%) allografts were reduced in 
size by bicuspidalisation before they were used for RVOT reconstruction, their size was 
included as 2/3 of the original size.

Follow-up

The mean follow-up time was 9 ± 6 years (median, 9; range 0 to 22 years). Total number 
of patient-years was 4,680.

Mortality

Fifteen patients (3%) died within 30 days of operation. Causes of early death were heart 
failure (n=5), bleeding (n=4), hypoxic encephalopathy (n=1), respiratory insufficiency 
(n=1), pulmonary thromboembolism (n=1), multi organ failure (n=1), severe congenital 
bronchomalacia (n=1), and arrhythmia (n=1). All deaths were non valve-related. None of 
these allografts showed signs of degeneration at pathologic examination. Univariable 
logistic regression analysis revealed that the need of preoperative ventilation support 
(HR 6.08; 95% CI 1.23-29.95; p=0.027), the need of preoperative inotropic drug support 
(HR 8.38; 95% CI 2.12-33.03; p=0.002), and undergoing urgent or semi-urgent operation 
(HR 6.56; 95% CI 2.19-19.66; p=0.001) are independent risk factors of early mortality. 
In a multivariable logistic regression analysis only undergoing urgent or semi-urgent 
operation (HR 5.02; 95% CI 1.41-17.88; p=0.013) could be identified as an independent 
risk factor of early mortality.

Thirty-three patients died later than 30 days after implantation. Six of these deaths 
were valve-related. In 1 patient calcification of the allograft valve conduit caused stenosis 
resulting in acute right heart failure 1.2 years after the operation. Endocarditis destroyed 
the allograft in two other patients after 51 days and 7.4 years, respectively, resulting 
in right ventricular failure. One patient died due severe pulmonary valve insufficiency 
and arrhythmia 3 months after the operation. One patient died due severe pulmonary 
valve insufficiency resulting in heart failure 2 years after the operation. One patient died 
from sudden, unexplained, unexpected death without further clinical data or autopsy 
5.5 years after the operation. 

Causes of non–valve related late death were heart failure (n=12), respiratory insuf-
ficiency (n=2), sepsis (n=2), myocardial infarction (n=1), arrhythmia (n=1), pulmonary 
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hypertension (n=1), pancreatitis and heart failure (n=1), hypoxic encephalopathy (n=1), 
the cause was unknown in 6 patients. Patient survival was 97% (95% CI 95-98%) at 1 year, 
93% (95% CI 90-95%) at 10 years and 88% (95% CI 83-92%) at 15 years (Fig 2). 

Univariable Cox-regression analysis revealed that undergoing urgent or semi-urgent 
operation was the only risk factor for late death (HR 3.94; 95% CI 1.83-8.48; p<0.001). 

Morbidity

During follow-up 99 valve-related events were reported. Sixty-three allograft replace-
ments were required for allograft dysfunction in 58 patients (mean age 18.8 ± 11.2 years).  
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Figure 2. Kaplan-Meier plot of patient survival after RVOT reconstruction with an allograft con-
duit (RVOT, Right Ventricular Outflow Tract).
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Figure 3. Kaplan-Meier plot of freedom from allograft replacement.
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Among the patients who needed an allograft replacement, allograft dysfunction was 
related to structural valve failure in 56 reoperations, non-structural failure in 3 reopera-
tions and allograft endocarditis in 4 patients. In the group of patients with structural valve 
failure, 42 valves were replaced due to stenosis, 8 valves due to regurgitation and 6 valves 
because of both stenosis and regurgitation. 

In the group of patients with non-structural valve failure, the extension of the conduit 
caused stenosis near the proximal anastomosis of the allograft in one patient, one 
patient suffered from supravalvular stenosis near the distal anastomosis, and in one 
allograft a false aneurysm in one sinus was responsible for the regurgitation. Freedom 
from valve-related reoperation was 89% (95% CI 86-92%) at 10 years and 81% (95% CI 
76-86%) at 15 years (Fig 3). 

Three patients underwent a reoperation for allograft failure but without replacement 
of the allograft. In two of these patients extension material causing allograft stenosis 
was removed, and in 1 patient a pulmonary allograft patch was used for enlargement 
of the RVOT. Endocarditis was diagnosed in 8 patients. Thirteen patients underwent a 
percutaneous pulmonary valve replacement. Balloon dilatation of the pulmonary al-
lograft was needed in 9 patients and in three patients the diagnosis of cerebrovascular 
accident was made. Freedom from any valve related event or reoperation was 86% (95% 
CI 82-89%) at 10 years and 74% (95% CI 68-78%) at 15 years (Fig 4). 

Risk factors

Univariate analysis identified younger patient age (HR 1.06; 95% CI 1.04-1.09; p<0.001), 
extra-anatomic position of the allograft (HR 2.67; 95% CI 1.42-5.02; p=0.002), the use 
of aortic allograft (HR 6.40; 95% CI 3.89-10.53; p<0.001), younger donor age (HR 1.05; 
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Figure 4. Kaplan-Meier plot of freedom from valve related events. 
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95% CI 1.03-1.06; p<0.001) and smaller allograft diameter (HR 1.21; 95% CI 1.14-1.27; 
p<0.001) as potential risk factors for valve-related reoperation. 

Figure 5. Averaged SF-36 scores for different age groups, who underwent a right ventricular out-
flow tract reconstruction (PF = physical functioning; SF = social functioning; RP = physical role 
functioning; RE = emotional role functioning; MH = mental health; VT = vitality; BP = bodily pain; 
GH = general health); ** significant p-value (p-value < 0.00625).
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Donor age and allograft diameter were not included in a multivariable analysis since 
they were significantly correlated with patient age at the time of operation (p<0.01).

After multivariable analysis, younger patient age (HR 1.04; 95% CI 1.01-1.06; p=0.007) 
and the use of aortic allograft (HR 4.17; 95% CI 2.39-7.27; p<0.001) were identified as 
independent risk factors for allograft reoperation. 

Quality of Life

After Bonferroni correction for multiple tests, young adult patients (age category 14 to 
40 years) who underwent an RVOT reconstruction, scored significantly lower on ‘physical 
functioning’ and ‘general health’ scales. However, compared to general Dutch population, 
this patient group scored better on ‘emotional role functioning’ and ‘bodily pain’ scales. 
No major differences could be found between the perceived QoL in this patient group 
and the QoL of general Dutch population for the other measured SF-36 scales (Figure 5a).

In adult patients (age category 41 to 60 years), no substantial differences could be 
found for the most scales between the perceived QoL of our study population and the 
general Dutch population, except for ‘general health’ scale on which the study popula-
tion scored a lower average (Figure 5b).

Compared to general Dutch population, patients older than 61 years of age scored 
significantly better on ‘bodily pain’ scale. No major differences could be found in this 
group for other scales between the study population and the general Dutch population 
(Figure 5c).

DISCUSSION

The present study evaluated the long term clinical outcome of RVOT reconstruction with 
an allograft conduit. Our results show that this procedure can be performed with excel-
lent results in terms of patient survival and acceptable long-term allograft durability. 
The results of our experience with RVOT reconstruction have been reported earlier by 
our institution (18). The additional value of the present study is reporting the long term 
clinical outcome of RVOT reconstruction in a larger group of patients with a follow-up 
time up to 22 years. Furthermore, the health-related quality of life in patients after RVOT 
reconstruction has been assessed in the present study.

Survival

In the present study patient survival was 93% (95% CI 90-95%) at 10 years and 88% 
(95% CI 83-92%) at 15 years. These survival rates seem to be slightly better than those 
reported in the previous studies (16, 18-21). Tweddell and colleagues reported a survival 
rate of 88% at 10 years in 205 patients receiving a cryopreserved homograft valve (19). 
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Bando et al. observed a survival rate of 86% in patients receiving a pulmonary allograft 
and a survival rate of 80% in patients receiving an aortic allograft after a follow-up 
period of 5 years (16). Hawkins and coworkers reported a survival rate which was 81% 
at 33 months of follow-up (20). Brown and colleagues reported recently a survival rate 
of 80% at 15 years in a non-Ross patient population receiving an allograft conduit (21). 
Furthermore, the survival rates in the present study have improved compared to the 
survival rates reported previously by our own institution (18, 22). Possible explanations 
for this improvement could be the increasing experience of RVOT reconstruction and 
improved overall management of this patient population.

Reoperation

Compared to previous reports on this patient population we observed good long term 
results in terms of freedom from valve-related reoperations. In the present study, free-
dom from valve-related reoperation was 89% (95% CI 86-92%) at 10 years and 81% (95% 
CI 76- 86%) at 15 years. Even when taking into account any valve related event that 
occurred in our study population the results were still good. Freedom from valve related 
events was 86% (95% CI 82-89%) at 10 years and 74% (95% CI 68-78%) at 15 years. 
The observed results in our study are more encouraging than those reported by other 
investigators. In a recent publication, Brown and colleagues reported a freedom from al-
lograft failure of 60% at 5 years and 43% at 15 years (21). Niwaya and coworkers reported 
a freedom from allograft failure of 82% at 8 years (17). Stark and colleagues described 
58% and 31% freedom from conduit replacement at 10 and 15 years, respectively (23). 
Their relatively young patient population, a large amount of aortic allografts used in the 
latter series, and use of non-cryopreserved allografts in the early implantation period 
may perhaps explain these findings.

In an earlier report from our own institution the freedom from reoperation was 90% 
at 5 years and 86% at 8 years (18), which was lower than in the present study. Possible 
explanation for this improvement could be the increasing experience of RVOT recon-
struction with an allograft conduit at our institution. Furthermore, we have observed 
a change in the population of patients receiving an allograft. The number of patients 
undergoing an autograft procedure or receiving an allograft after a primary tetralogy of 
Fallot correction has increased.

Risk factors for accelerated allograft failure

In the Cox regression multivariate analysis younger patient age and the use of aortic 
allograft were identified as independent risk factors for accelerated allograft failure. The 
use of aortic allograft is indeed a well-known independent risk factor in the literature for 
accelerated graft failure (15, 16, 18, 19). It has been postulated that a lower content of 
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elastic tissue and a lower amount of total calcium in the wall of the pulmonary allograft 
in comparison to the aortic allograft can be responsible for this difference (24).

Younger patient age was another independent risk factor for accelerated graft failure in 
the present study. A plausible explanation for this observation is the fact that the heart will 
outgrow the allograft after a few years, resulting in the need for reoperation. To prevent 
this some authors advise using an allograft with a relatively large diameter (25). However, 
implanting too large an allograft entails a risk for compression or kinking of the allograft.

Allografts implanted in extra-anatomic position could only be identified as a potential 
risk factor in the univariate analysis and not in the multivariate analysis. This is in con-
trast to an earlier report from our institution (18) and to what other investigators have 
reported in the past (3, 17).

Quality of Life

With the development of advanced surgical techniques and patient survival, QoL is 
of increasing interest in health care, especially in patients undergoing major surgical 
operations. The present study shows that the perceived QoL in young adult patients 
after RVOT reconstruction is impaired on subscales ‘physical functioning’. This implies 
that patients experience more often limitations in lifting, climbing, bending, kneeling, 
walking, or running than the general Dutch population. Furthermore, this patient group 
has an impaired score on the ‘general health’ subscale, indicating that they evaluate 
their overall health to be lower than in the general population. However, these patients 
scored better on ‘emotional role functioning’ subscale: this indicates that the personal 
feelings of job performance or work or other activities are perceived to be better than 
in the general population. Furthermore, the intensity and duration of bodily pain and 
limitations in activities due to pain (‘bodily pain’ subscale) were perceived to be lower. 
The latter was also the case in patients of 61 years and older. The explanation of a better 
score on ‘bodily pain’ subscale could be the fact that a proportion of our patients had ex-
perienced limitations in their daily activity before the operation. Symptom relief and the 
return to previous lifestyle can probably increase the perception of own health status.

It was interesting to see that with increasing age the perceived QoL was more in ac-
cordance with the QoL of the general Dutch population. This can be caused by the fact 
that healthy elderly individuals tend to unconsciously compare their current physical 
and psychologic performances with those during younger years.

Conclusions

Right ventricular outflow tract reconstruction with an allograft conduit can be per-
formed with good patient survival, acceptable allograft durability and good perceived 
quality of life. Progressive allograft dysfunction with increasing patient follow-up can be 
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expected. Continued long term surveillance is, therefore, necessary and careful monitor-
ing of patients with pulmonary allografts is warranted. 
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ABSTRACT

Background

In Tetralogy of Fallot (ToF) pulmonary regurgitation is a frequent complication after ini-
tial repair. The objective of present study was to describe the long-term experience with 
the use of allograft conduits for right ventricular outflow tract (RVOT) reconstruction 
after correction of ToF in our institution.

Methods 

Between 1987 and 2009, 133 allografts were implanted in 126 patients (mean age 
27.8 years). The mean time from initial ToF repair to allograft implantation was 20.8 ± 
8.8 years. Kaplan-Meier analyses were done for patient survival, freedom from allograft 
replacement and freedom from any cardiovascular event. 

Results 

Hospital mortality was 1.5% (2 patients). Mean follow-up was 8.1 years. Ten other pa-
tients died during late follow-up, in eight cases due to heart failure. Patient survival was 
95% at 5 years, 91% at 10 years and 80% at 15 years. Male gender, older patient age 
at the time of operation, and the use of preoperative diuretics were associated with 
increased risk of mortality during follow-up. Freedom from allograft replacement was 
83% at 10 years and 70% at 15 years. Freedom from any valve-related event was 80% at 
10 years and 67% at 15 years. 

Conclusions 

RVOT reconstruction after previous ToF repair can be performed with low risk and a low 
re-intervention rate. Allograft conduits function satisfactorily in the pulmonary position 
at longer term follow-up. Functional status after allograft implantation in patients with a 
previous correction of ToF remains good. There is concern about the long-term survival 
and the occurrence of heart failure.
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INTRODUCTION

Tetralogy of Fallot (ToF) is a common congenital heart defect. Surgical intervention of right 
ventricular outflow tract (RVOT) obstruction in ToF patients often consists of RVOT enlarge-
ment with frequently a transannular patch extending from the muscular infundibulum to 
the main pulmonary artery. On the other hand, progressive pulmonary regurgitation (PR) 
is also a well-known side effect after total surgical correction of ToF with a transannular 
patch (1). PR can result in progressive right ventricular (RV) dilatation and, with time, to RV 
dysfunction, exercise intolerance, ventricular tachycardia, and sudden cardiac death (2-5). 

A timely reconstruction of the RVOT with insertion of an allograft in the RVOT may 
limit these problems. The use of an aortic valve allograft for RVOT reconstruction was 
introduced in 1966 (6). But it was not until 1983 that Ross et al. introduced the pulmo-
nary valve allograft for RVOT reconstruction (7). This has resulted in an ever increasing 
application of allografts. Nevertheless, a tendency toward allograft degeneration over 
the years is still apparent (8).

Long-term results of RVOT reconstruction with an allograft after previous correction of 
ToF have been scarcely reported thus far. The objective of present study was to describe 
the long-term experience with the use of allograft conduits for RVOT reconstruction 
after correction of ToF in our institution.

PATIENTS AND METHODS

Between August 1986 and March 2009, 133 allografts (126 pulmonary, 7 aortic) were im-
planted in 126 patients for reconstruction of the RVOT after previous Tetralogy of Fallot 
correction at the Erasmus University Hospital Rotterdam, Rotterdam, The Nederlands. 
This study was approved by the institutional review board of Erasmus University Medical 
Center (MEC-2008-208) and all patients provided informed consent.

Patient characteristics

All children and adults who underwent an RVOT reconstruction with an allograft after 
primary correction of ToF were included in the study. We excluded in this series patients 
with an absent pulmonary valve syndrome, pulmonary atresia and those who received 
an allograft during initial correction of ToF. A first allograft was implanted in 126 patients, 
a second in 5, a third in 1, and a fourth in 1. 

Allograft Properties

The Rotterdam Heart Valve Bank provided most of the allografts (n=114), which were 
allocated by Bio Implant Services, Leiden, The Netherlands. Preparation and storage 
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methods have been described earlier (9). The remaining allografts were shipped from 
the Hospital Clinic I, Barcelona, Spain (n=7), the Karolinska Homograft bank, Stockholm, 
Sweden (n=1), the Deutsches Herzzentrum, Berlin, Germany (n=3), Herzzentrum Nord 
Rhein Westphalen, Bad Oeynhausen, Germany (n=7), and the National Heart Hospital, 
London, England, provided (n=1). In case of (small) children we have used normograms 
(e.g. patient’s body surface area) to assess the normalized diameter of the allograft. In 
case of adult patients we have tried to use an allograft diameter which was considered 
to be ‘normal’ for that patient’s age. Whenever necessary, a reduction plasty of the RVOT 
has been performed to avoid any tension on the implanted allograft. No attempt was 
made to achieve ABO blood type or HLA type matching.

Indications for allograft implantation

Selection criteria for allograft implantation in patients with corrected ToF were clinically 
determined. The indication for allograft implantation was severe PR in combination with 
progressive RV dilatation, systolic dysfunction, and/or a decrease in objective exercise 
capacity, as previously described (10).

Operative techniques

The surgical procedures were performed through median sternotomy on beating heart, 
using standard cardiopulmonary bypass with mild hypothermia or normothermia. If 
associated intra-cardiac procedures were required the aorta was cross-clamped and 
myocardial protection was performed using crystalloid cardioplegia (St. Thomas solu-
tion). Using the interposition technique the allograft was sewn between the right ven-
tricle and pulmonary artery. The anastomoses were made with a running polypropylene 
suture. A reduction plasty of the right ventricular outflow tract was performed if this 
was indicated to accommodate the allograft or whenever the RVOT was too large or 
aneurysmatic. We have a selective approach with performing tricuspid valve repair in 
patients undergoing RVOT reconstruction. We only perform this procedure when the 
clinical condition of these patients necessitates it (10).

Data collection

All tetralogy of Fallot patients who receive an allograft for RVOT reconstruction at Eras-
mus University Medical Center are systematically registered in a dedicated relational 
database (Microsoft Access 2000). After implantation of the allograft, patients were 
seen at regular intervals by their cardiologists, with the exception of three patients who 
migrated to other countries and were living abroad.

Follow-up data of patients with corrected ToF who underwent an RVOT reconstruction 
with an allograft were collected retrospectively from hospital records. In September 2009, 
vital status of all patients was acquired from municipal civil registries. In addition, question-
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naires with information about occurrence of any cardiovascular event since last known 
follow-up were sent to all living patients in October 2009. Non-responders were contacted 
by phone. Completeness of follow-up was 94% within 6 months of study closure.

The day of implantation was considered the starting point of patient survival. End 
points in patient survival were death or last follow-up date. Patients lost to follow-up 
were censored at last date of follow-up. Starting point of allograft survival also was 
the day of implantation. End points were the occurrence of events during follow-up or 
last follow-up date. The cause of death was registered and reported according to the 
Guidelines for reporting mortality and morbidity after cardiac valve interventions (11). 

Statistical analysis

Patient data were entered into a computerized relational database (Microsoft Access 
2000). Continuous data are presented as mean with standard deviation or median with 
range. Categorical data are presented as proportions. All tests were 2-sided, with an 
a-level of 0.05.

Actuarial survival was determined using the Kaplan-Meier method (12). To investigate 
potential risk factors for mortality and morbidity caused by allograft failure, the Cox 
proportional hazard model was used. Statistical software SPSS for Windows version 10 
(SPSS Inc, Chicago, IL.) was used for data analysis. GraphPad Prism 5.00 for Windows 
(GraphPad Software, La Jolla, California) was used to obtain life tables and correspond-
ing Kaplan-Meier survival curves.

RESULTS

Baseline characteristics of the study population are shown by Table 1. The donor group 
consisted of 77 male and 56 female donors with a mean age of 43.8 ± 14.5 years. The 
characteristics of 3 donors could not be traced. Mean allograft diameter was 24 ± 2.3 
mm (range 14-28 mm). Of the 133 allografts, 130 were cryopreserved, and 3 were fresh. 
None of the allografts were reduced in size by bicuspidalisation before they were used 
for RVOT reconstruction. 

Allograft implantation

RVOT reconstruction with a first allograft was performed at a mean age of 28.1 ±1 2.2 
years (range 2 to 66 years), with a mean time from ToF repair to RVOT reconstruction of 
20.8 ± 8.8  years (range 2 weeks to 44 years). Additional procedures performed at the 
time of RVOT reconstruction with an allograft are listed in Table 2.
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Postoperative course

Two patients (1.5%) died within 30 days after the operation. One patient (18 years old) 
died at home 14 days after the allograft implantation. The cause of death was presumed 
to be arrhythmia since the patient was known with rhythm disturbances. During 
pathological examination signs of hemorrhage were found in the left lung. The second 
patient (43 years old) died in the hospital 14 days after the operation which consisted 
of allograft implantation combined with tracheal reconstruction for acquired tracheal 
stenosis and additional anastomosis. The cause of death was hypovolemic shock due 
persistent bleeding from proximal esophagus and hypopharynx. None of these deaths 
were valve-related and the two explanted valves did not showed signs of degeneration 
at pathologic examination. 

Six patients had an early reexploration for bleeding. An overview of post-operative 
complications is given in Table 3.

Table 1. Demographic and preoperative data of 133 patients undergoing RVOT reconstruction 
with an allograft after ToF repair.

Baseline characteristic Mean ± SD or Number Range or Percentage

Age at ToF correction (years) 7.22 (±7.1) 0.1 – 57

Age at first PVR (years) 28.1 (±12.2) 2 – 66

Interval ToF repair-PVR (years) 20.8 (±8.8) 0.04 - 44

Gender

 Male 72 54.1%

 Female 61 45.9%

Height at PVR (m) 1.7 (±1.9) 0.8 – 1.9

Weight at PVR (kg) 61.4 (±18.4) 10.0 – 105.0

Creatinin 69.2 (±18.5) 18.0 – 137.0

RVHa

 Yes 31 23.3

 No 68 51.1

 Unknown 34 25.6

LVHa

 Yes 6 4.5

 No 114 85.7

 Unknown 13 9.8

Growth delay 2 1.5

Preoperative use of diuretics 19 14.3

Problems with feeding 1 0.8

Ventilation support 1 0.8
aDefined by echocardiography; LVH, Left Ventricular Hypertrophy; PVR, Pulmonary valve replacement; 
RVH, Right Ventricular Hypertrophy; ToF, tetralogy of Fallot
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Late mortality

During a mean follow-up time of 8.1 ± 5.6 years (range 0.04 to 21.2 years) ten late (>30 
days) deaths were observed. Causes of late death were heart failure or cardiogenic shock 
(n=6), heart failure complicated by pancreatitis (n=1) and heart failure complicated by 
renal failure (n=1). The cause of death was unknown in two patients. The mean age of 
patients who died during was follow-up was 45.8 ± 11.4 years (median 49.5, range 18 
to 56).

Overall, patient survival was 95% (95% CI 90-98%) at 5 years, 91% (95% CI 83-96%) at 
10 years and 80% (95% CI 66-89%) at 15 years (Fig 1). 

Table 2. Associated procedures performed at allograft implantation.a

Associated proceduresa No. of patients (%)

VSD closure 19 (14.3)

Infundibular muscle resection b 15 (11.3)

PA plasty 12 (9.0)

Tricuspid valve repair 8 (6.0)

ASD closure 3 (2.3)

Tricuspid valve replacement 3 (2.3)

Residual shunt closure 3 (2.3)

AVR 1 (0.8)

CABG 1 (0.8)

Resection tracheal stenosis 1 (0.8)
a Some patients had more than one associated procedure; b With associated valvotomy or valvectomy; 
ASD, Atrial septal defect; AVR, aortic valve replacement, CABG: coronary artery bypass grafting; PA, pul-
monary artery; PVR, pulmonary valve replacement; ToF, tetralogy of Fallot; VSD, ventricular septal defect

Table 3. Operative data of patients undergoing RVOT reconstruction after primary ToF repair.

Parameter
Value (range or 

percentage)

Aorta occlusion time (min) (N=51) 38 (0 – 178) 

Perfusion time (min) 123 (33 – 264)

Circulatory arrest (min) (N=3) 31 (6 – 74)

Complications

 Bleeding requiring reexploration 6 (4.5)

 Pneumothorax 5 (3.8)

 Ventricular fibrillation 2 (1.5)

 Ventricular tachycardia 2 (1.5)

 Subdural hematoma 1 (0.8)

 Post-anoxic encephalopathy 1 (0.8)

Operative mortality 2 (1.5)
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Univariate analyses revealed that male gender (HR 8.62, 95% CI 1.86-39.87), older 
patient age (continuous variable) (HR 1.08, 95% CI 1.03-1.13), larger allograft diameter 
(HR 1.55, 95% CI 1.11-2.16), the preoperative use of diuretics (HR 8.14, 95% CI 2.73-24.34) 
and preoperative high serum creatinin (HR 1.05, 95% CI 1.02-1.08) were significantly as-
sociated with increased risk of mortality during follow-up. 

Adverse events and morbidity

Seventeen patients (12.8%) experienced one or more adverse events during follow-up. 
Seven allograft replacements were required for allograft dysfunction in five patients. 
Furthermore, five patients underwent a percutaneous pulmonary valve replacement. 
The mean interval between the initial allograft implantation and the allograft replace-
ment was 6.3 ± 4.8 years (range 1.8 to 16.5). The mean age of these patients requiring 
valve replacement was 28.8 ± 9.9 years (median 28.0, range 16 to 51). Freedom from 
valve replacement was 83% (95% CI 74-89%) at 10 years and 70% (95% CI 57-80%) at 15 
years (Fig 2). 

Endocarditis was diagnosed in two patients. These patients were conservatively treat-
ed and survived the active period of endocarditis. Balloon dilatation of the pulmonary 
allograft was needed in 2 patients and in one patient the diagnosis of cerebrovascular 
accident was made. Freedom from any valve related event or replacement was 80% 
(95% CI 70-87%) at 10 years and 67% (95% CI 54-78%) at 15 years (Fig 3). At most recent 
follow-up more than 90% of the patients were in NYHA classification I or II.

Patient gender (HR 0.38, 95% CI 0.11-1.30), patient age at the time of allograft implan-
tation (HR 0.97, 95% CI 0.92-1.02), donor gender (HR 1.78, 95% CI 0.57-5.56), diameter 
of the implanted allograft (HR 0.98, 95% CI 0.76-1.26), quality code of the allograft (HR 
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Figure 1. Kaplan-Meier plot of patient survival after right ventricular outflow tract reconstruc-
tion with an allograft conduit.
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0.75, 95% CI 0.36-1.56) and the use of aortic allograft (HR 0.38, 95% CI 0.08-1.79) were 
not associated with allograft failure requiring replacement. 

COMMENTS

The present study shows that right ventricular outflow tract reconstruction with an al-
lograft conduit after primary correction of Tetralogy of Fallot can be performed with a 
relatively low operative risk, good patient survival and acceptable long-term allograft 
durability. The allografts are doing better than previously assumed (13-15).
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Figure 2. Kaplan-Meier plot of patient survival with freedom from reoperation after right ven-
tricular outflow tract reconstruction with an allograft conduit.
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Figure 3. Kaplan-Meier plot of patient survival with freedom from any event after right ventricu-
lar outflow tract reconstruction with an allograft conduit.



48

CHAPTER 3

Survival

The observed long-term survival in the present study was 95% at 5 years, 91% at 10 years 
and 80% at 15 years. Overall, these survival rates are comparable of even slightly higher 
than those reported by other investigators (16-22) Therrien and colleagues (16) reported 
92% survival at 5 years and 86% at 10 years in their series of 70 adult patients with ToF 
that underwent a pulmonary valve replacement. Discigil and colleagues (17) reported 
95% survival at 5 years and 76% at 10 years in 42 patients. Yemets and colleagues (18) 
reported a survival rate of 95% at 10 years in their patient population which is slightly 
higher than the survival rate in our patient population after 10 years of follow-up. A 
possible explanation for this observation could be fact that our patient population was 
older at the time of allograft implantation compared to the patient population of the 
latter study. 

Our study and those published by other investigators suggest that RVOT reconstruc-
tion with an allograft can be performed with low operative mortality (2, 20, 23). The 
results in term of long-term survival are good in this patient population with 10 year 
patient survival varying between 90% and 95% (16-21).

Functional status

It has been previously reported by other investigators that RVOT reconstruction with an 
allograft results in functional status improvement in patients with corrected ToF (2, 16, 
18, 19). At most recent follow-up more that 90% of our patients were in NYHA class I or 
II. This indicates that functional status of patients with corrected ToF that undergo an 
RVOT reconstruction remains good even after a long period of time.

Reoperation

The average life span of a pulmonary allograft have been reported to vary between 7 
and 15 years (24). The observed freedom from valve-related reoperation in the present 
study was 83% at 10 years and 70% at 15. These results are more encouraging than those 
reported by other investigators (13-15). Brown and colleagues reported a freedom from 
allograft failure of 60% at 5 years and 43% at 15 years (13). Niwaya and coworkers report-
ed a freedom from allograft failure of 82% at 8 years (14). Stark and colleagues described 
58% and 31% freedom from conduit replacement at 10 and 15 years, respectively (15). 
We are aware of the differences that exist between other patient populations reported 
and our patient population. Being aware of that, we think that the use of a relatively 
larger number of aortic allografts in the latter series, and use of non-cryopreserved al-
lografts in the early implantation period may perhaps explain these findings.

In the present study we could not identify independent predictors of accelerated al-
lograft failure. 
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Conclusions

Allograft implantation after previous ToF repair can be performed with low risk and a 
low re-intervention rate. The results of allograft durability are acceptable at long-term 
follow-up. Functional improvement after allograft implantation in patients with a previ-
ous correction of ToF is good, even after a relatively long period of follow-up. However, 
there is concern about the long-term patient survival and the occurrence of heart failure 
as a cause of late mortality and this will be subject of further investigations.
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LIST OF ABBREVIATIONS

CI   Confidence Interval
HLA  Human Leukocyte Antigen
HR  Hazard Ratio
KM   Kaplan-Meier
NYHA  New York Heart Association
PR  Pulmonary Regurgitation
RV  Right Ventricular
RVOT  Right Ventricular Outflow Tract
ToF  Tetralogy of Fallot
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Dear Editor,
We read with great interest the recent article by Christenson and colleagues (1) address-
ing the impact of ABO blood group compatibility on the reoperation rate of allograft 
conduits used for right ventricular outflow tract (RVOT) reconstruction. They show that 
blood group non-compatible allografts have a significantly higher early reoperation rate 
compared to blood group compatible allografts. 

In Table 4 Christenson et al. report the impact of age and different conduits used on 
the reoperation rate during follow-up by calculating and comparing risk estimates. 
However, by doing this the authors do not take into account the time-dependency of 
the event (reoperation). If one is interested in investigating the impact of certain vari-
ables on a time-dependent event, a more appropriate approach would be to calculate 
and compare rate estimates, in this case hazard ratios. Furthermore, the total follow-
up period differed significantly between the Contegra group and the allograft group. 
Therefore, not the log-rank test but the Tarone-Ware test would be a more appropriate 
statistical test to compare these groups.

We have investigated the issue of blood group compatibility in our own patient 
population, as well as the influence of allograft quality code assignment. All patients 
who receive an allograft for RVOT reconstruction at our institution are systematically 
registered. Between August 1986 and March 2009, 509 allografts were implanted in 463 
pediatric and adult patients. The mean age of donors was 37 ± 18 years (range 0-65 
years). The mean age of patients was 19 ± 15 years (range 0,02 - 66 years). The mean 
follow-up time was 9 years.

Seventy-six allograft re-interventions were required in 69 patients (including thirteen 
percutaneous stented valve implantations). Allograft dysfunction was related to struc-
tural valve failure in 69 patients, non-structural failure in 3 patients and endocarditis in 
4 patients. Freedom from allograft re-intervention was 88% (95% CI 84-91%) at 10 years 
and 78% (95% CI 72-83%) at 15 years. Overall, the reoperation rate was not significantly 
higher in the group of non-ABO compatible allografts as compared to ABO compatible 
allografts (HR 0.63, 95% CI 0.36-1.10). Christenson and colleagues have observed a strong 
correlation between non-ABO compatible allografts and increased reoperation rate in 
patients younger than 3 years. In our patient population, also in this group (N=102 of 
which 31 patients required an allograft re-intervention) the re-intervention rate was not 
significantly higher in the group of non-ABO compatible allografts as compared to ABO 
compatible allografts (HR 0.76, 95% CI 0.33-1.73).

Furthermore, our results indicate that assignment of allograft quality codes is not as-
sociated with the durability of allografts used for RVOT reconstruction. Allografts with 
the highest quality code 1 (N=184) showed a performance comparable to allografts with 
quality code 2 (N=164) (HR 0.61, 95% CI 0.34-1.10) and to allografts with quality code ≥3 
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(N=112) (HR 1.03, 95%CI 0.50-2.12). From 49 allografts (9.6 %) the quality code could not 
be retrieved.

In conclusion, in our experience blood group compatibility and assignment of quality 
codes do not have an impact on allograft durability.
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Dear Editor,
We read with interest the recent article by Ryan and colleagues (1) discussing the re-
sults of the Ross procedure in their adult patient population. Dr. Ryan and colleagues 
conclude in their paper that the Ross procedure in adults provides excellent freedom 
from autograft failure in patients operated for aortic stenosis, but advice strongly to 
consider other options in adults presenting with aortic insufficiency (AI). Their series and 
the 100% follow-up of their patients are excellent, but this report leaves us with a few 
outstanding questions that we would like to address.

The authors report that 4 out of 15 reoperations were for noncoronory sinus dissec-
tion. This is an incidentally reported but potentially serious condition and we would like 
to request the authors to provide more information about these patients. How were the 
dissections diagnosed? What was the morphology of the dissections? What did the his-
tology reports show? This information would be valuable to increase our understanding 
of noncoronary sinus dissection. In addition, we would be grateful if the authors could 
provide us with more details on the timing of the individual reoperations. Is there a time-
dependent pattern in the reason for reoperation (for example autograft dysfunction in 
the first decade and dilatation and dissection in the second decade)? This would provide 
clinicians with valuable information on how autograft recipients should be monitored 
over time (perhaps more often in the second decade than in the first decade?).

The title of the paper and the freedom from reoperation curves (Figure 2) may be mis-
leading. The title of the paper suggests that pre-operative AI is associated with a higher 
reoperation hazard. This statement is not uniformly supported by the results of the study. 
Although according to the log-rank test the AI patients have lower freedom from reopera-
tion rate, this observation is not confirmed by the Cox-regression analyses. In addition, 
the authors investigated the risk of pre-operative AI by calculating and comparing risk 
estimates (odds ratios). However, this does not take into account the time-dependency of 
the event and is inadequate. Furthermore, the upper 95% confidence interval limit of the 
reoperation hazard for pre-operative AI is 105.9, which indicates that freedom from reop-
eration curves are based on very few patients, especially after 8 years of follow-up. These 
small sample sizes may increase the effect of assumption violations, which may result in 
incorrect or uninterpretable Kaplan-Meier results. In order to achieve reliable estimates 
of the three major functions (survival, probability density, hazard) and to ensure that the 
standard error of the survival estimate is less than 10%, the number of subjects remaining 
at risk in this study should be at least 13 at the time of the last survival estimate (2).

Finally, the authors’ conclusion that other approaches should be considered for pa-
tients with AI should be interpreted in light of some other important issues. Even if the 
durability of autografts is less in patients with pre-operative AI, the decision whether to 
perform the Ross procedures depends also on technical considerations and informed 
patient preferences (3).
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ABSTRACT

Background

The Ross procedure is seldom offered to adults less than 60 years of age who require 
aortic valve replacement except in a few high-volume centers with documented exper-
tise. Inserting the pulmonary autograft as an unsupported root replacement may lead 
to increasing reoperations on the aortic valve in the second decade.

Methods

Of 333 patients undergoing the Ross procedure between October 1992 and June 2012, 
the study group of 310 consecutive patients (mean age ± standard deviation, 39.3 ± 12.7 
years (limits 16–63) had the aortic root size adjusted to match the pulmonary autograft, 
which was inserted as a root replacement, with the aorta closed up around it to provide 
autologous support.

Results

The mean follow-up time was 9.4 years; the actuarial survival was 97% at 16 years; and 
freedom from the composite of all reoperations on the aortic valve and late echocar-
diographic-detected aortic regurgitation greater than mild was 95% at 5 years, 94% 
at 10 years, and 93% at 15 years. Overall freedom from all reoperations on aortic and 
pulmonary valves was 97% at 5 years, 94% at 10 years, and 93% at 15 years. All results 
were better for the patients presenting with predominant aortic stenosis (98% freedom 
at 15 years) than for those with aortic regurgitation (p=0.01).

Conclusions

Autologous support of the pulmonary autograft leads to excellent results in the groups 
presenting with aortic stenosis and mixed aortic stenosis/regurgitation and to good re-
sults for those presenting with pure aortic regurgitation. The Ross procedure, using one 
of the proven, durable techniques available, should be considered for more widespread 
adoption.
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INTRODUCTION

The Ross operation for treatment of aortic valve disease in younger patients has a lot 
of advantages when compared with other aortic valve replacement (AVR) options, 
particularly with regard to improved survival (1-3), hemodynamic performance similar 
to that in patients with a normal aortic valve (4,5), and the lack of necessity to take oral 
anticoagulant drugs.

However, the Ross procedure (RP) is not often performed unless the patient is oper-
ated on in one of the few high-volume centers that have documented expertise with this 
operation. The main reason is a variability in the durability of the pulmonary autograft 
(PA) in the aortic position, and this in turn is also influenced by the technique of PA 
insertion. The known techniques that have led to good long-term outcomes include 
the subcoronary technique (6, 7) and root replacement methods (2, 3, 8). With the 
root replacement method, however, it is very important that the PA root is trimmed 
distally to just above the commissures to achieve good aortic valve function in the long 
term. When this has not been done, late PA root dilatation early in the second decade 
of follow-up has been increasingly reported, leading to aortic regurgitation (AR) and 
reoperation (9-12).

Treatment of this series of patients used a variant of the inclusion cylinder (IC) tech-
nique whereby the aortic root size was adjusted to match the PA, which was inserted as 
a root replacement with the aorta closed up around it to provide autologous support 
(13, 14). It is different from other previously described IC methods (15, 16).

MATERIAL AND METHODS 

Between October 1992 and June 2012, 333 consecutive patients underwent the RP as a 
surgical treatment for aortic valve disease. Of these, in 310 patients, a variant IC method 
was used to insert the PA, and these patients constituted the study patients. Of the 23 
patients in whom this IC method was not used, a root replacement (unsupported) was 
used in 8 patients and a subcoronary technique in 2. In 13 patients, the PA was inserted 
inside a Valsalva Dacron graft. The ethics committee at the Royal Melbourne Hospital ap-
proved the study of these patients, and each individual patient gave informed consent 
for participation in this study.

The demographics of the patients operated on can be seen in Table I. Patients 
classified as having pure aortic stenosis (AS) had either severe aortic valve stenosis or 
symptomatic moderate to severe AS, with less than moderate regurgitation. Those with 
mixed AS/AR had at least moderate stenosis and regurgitation combined, and those 
presenting with pure AR had no additional significant AS. The technique used has been 
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previously described (13). All operations were performed by use of median sternotomy, 
cardiopulmonary bypass, and cardiac arrest with tepid blood cardioplegia delivered 
both antegradely and retrogradely. The sequence of events after aortic cross-clamping 
was as previously described (13). With respect to the aortic root procedure, the sequence 
of steps was as follows:

1. Transverse aortotomy with transection of the aorta 5 mm above the sinotubular 
junction (STJ).

2. Aortic valve excision and debridement of aortic annulus.
3. Measurement of aortic annulus and STJ diameter.
4. Vertical extension of aortotomy down into the non coronary sinus, all the way to 

aortic annulus.
5. Reduction of aortic annulus using partial circumference external Dacron ring and 

reduction of aortic sinus and STJ if required using wedge or quadrangular excision to 
achieve aortic annulus diameter of 24 mm – 26 mm (male patients) and 22 mm – 24 
mm (female), similar STJ diameter.

6. If the aortic annulus or STJ diameter exceeds 32 mm to 34 mm, indicating excessive 
mismatch between the aortic and pulmonary roots, the variant IC method described 
is inappropriate, and the PA is inserted either by root replacement, or inside a val-
salva Dacron graft, or the RP is abandoned in favour of either a mechanical or other 
bioprosthetic valve.

7. Insertion of the PA root with interrupted (predominantly) or continuous 4/0 Prolene 
suture.

8. Coronary anastomosis to the PA as previously described (13).
9. Closure of vertical extension of aortotomy using 5/0 Prolene, thus enclosing the PA 

root inside the aortic root.
10. Anastomosis of the PA root distally to the ascending aorta, including part or all of the 

aortic root remnant in this suture line.

The aortic cross-clamp and cardiopulmonary bypass times, and adjunctive aortic root 
manipulation and concomitant other cardiac procedures, are listed in Table 2. Enlarge-
ment of the aortic annulus, if required, used the Manougian technique (2 patients). When 
the aortic sinuses or STJ required enlargement, this was performed by using autologous 
pericardial patch enlargement (21 patients). The diagram of the completed standard 
operation can be seen in Figure 1.

All patients have been followed up with clinical review by the surgeon and/or car-
diologist yearly, and follow-up echocardiograms have been obtained before hospital 
discharge, 6 to 12 months after the operation, and every second year thereafter. Echo-



AUTOLOGOUS SUPPORT IN THE ROSS PROCEDURE

67

6

Table 1. Patient Demographics.

No. Patients 310

Age Mean±SD (years) Limits (years)

39.3±12.7 16-63

Gender Male Female

216 (69.7 %) 94 (30.3%)

Aortic valve lesion

AS 141 (45.5%)

AS/AR 68 (21.9%)

AR 101 (32.6 %)

Bicuspid aortic valve 285 (92.0%)

NHYA Class

I 58 (18.7%)

II 193 (62.3 %)

III 57 (18.4 %)

IV 2 (0.6%)

Previous surgery 30 (9.7%)

Aortic valve repair 13 (4.2%)

AVR 9 (2.9%)

AS, aortic stenosis; AR, aortic regurgitation; NHYA, New York Heart Association; AVR, aortic valve replace-
ment

Table 2. Operative Data.

Mean±SD (mins) Limits (mins)

Aortic cross clamp time 172.9±20.4 122-247

Cardiopulmonary bypass time 199±22.4 139-290

Adjunctive aortic root procedure

External Dacron partial circumference ring reduction annuloplasty 168 (54.2%)

Wedge or quadrangular reduction aortic non-coronary sinus and 
sinotubular juntion (STJ)

109 (35.2 %)

Enlargement aortic annulus or aortic root 23 (7.4%)

Concommitant procedures

Ascending aorta replacement 43 (13.9 %)

Tailoring aortoplasty 65 (21.0%)

Subaortic resection/Myomectomy 4 (1.3 %)

CABG 3 (1.0%)

ASD/PFO 4 (1.3 %)

Miscellaneous 4 (1.3 %)

CABG, coronary artery bypass graft; ASD/PFO, Atrial Septal Defect/ Patent Foramen Ovale
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cardiographic parameters assessed include aortic and pulmonary valve function, left 
ventricular size and function, and aortic root size.

Statistical Analysis 

Cumulative survival and freedom from events were analyzed by the Kaplan-Meier 
method. The log-rank test was used to compare survival between different groups.

All statistical tests were two-sided, and tests with p values of 0.05 or lower were 
considered significant. All statistical analyses were done with the Statistical Package for 
Social Sciences software, version 20.0 (SPSS, Chicago, IL). GraphPad Prism 5.00 for Win-
dows (GraphPad Software, La Jolla, CA) was used to obtain life tables and corresponding 
Kaplan-Meier survival curves.

RESULTS

Early and late mortality

There were no in-hospital deaths, but there was one death within 30 days, from myo-
cardial infarction, an early mortality of 0.3%. Late follow-up is 97%, complete with 9 pa-
tients lost to clinical follow-up. There have been 5 late deaths, all from noncardiovascular 

Figure 1. Variant inclusion cylinder method with autologous support of the pulmonary auto-
graft. (A) Site and size of left coronary button. (B) Left coronary artery implantation into pulmo-
nary autograft showing inclusion cylinder technique.

A

B
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causes at 3, 4, 5, 10, and 12 years postoperatively (ie, no late cardiac deaths). As can be 
seen from Figure 2, late actuarial survival is 97% at 16 years. The mean follow-up time is 
9.4 years and encompasses 2/915 patient-years.

In-hospital complications 

For a group of adult patients less than 60 years of age, in-hospital complications were as 
expected. Please refer to Table 3 for a full list of these.

Late aortic valve function

1. Re-operation for progressive AR: Ten patients required reoperation and AVR. Nine of 
these were in the group presenting with pure AR before surgery. Thus freedom from 
re-do AVR can be seen in Figure 3, 96%, at 15 years.

2. Late Doppler echocardiography detected AR: only 2 patients, other than those that 
have already undergone re-do AVR for progressive AR, have greater than mild AR 
detected during serial follow-up Doppler echocardiography.

3. Endocarditis affecting aortic valve. Two patients required surgery for late endocardi-
tis affecting the aortic valve. In one, this was a consequence of primary pulmonary 
valve endocarditis, where paravalvular infection also involved the neo-aortic valve. 
In this patient both aortic and pulmonary valves were replaced with Medtronic 
freestyle valves. In the other patient, infection involved a partial circumferential 
external Dacron ring around the aortic annulus. Surgery was required, although the 
ring, which was surrounded by purulent material, was excised, and the normally 
functioning neo-aortic PA valve was able to be left in situ. These operations were 
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performed at seven and nine years post operatively respectively. Both patients 
survived re-operation.

4. Composite of freedom from all re-operations on the aortic valve and greater that 
mild post-operative AR can be seen in Figure 4, 93% at 15 years. There is a significant 
(p=0.01) difference in this outcome measure between those patients presenting 
with AS and AS/AR, compared to those presenting with the AR (at 15 years, 98% for 
AS, 98% for AS/AR, and 82% for AR presentation) as can be seen in Figure 5.

Late pulmonary valve function

Late assessment and management of pulmonary valve function has been as follows.
1. Doppler echocardiography:
The mean ± SD pulmonary valve gradient measured by Doppler echocardiography, is 10 
± 5.3 mmHg (limited 2-44). The indication for re-do pulmonary vale replacement (PVR) in 
these patients is mean pulmonary valve gradient exceeding 40 mmHg or development 
of right ventricular (RV) hypertrophy, or enlargement, or symptoms associated with a 
lower gradient than that described. Only one patient has met these criteria and under-
went successful re-do PVR at 11 years post-operative. With regard to late pulmonary 
regurgitation (PR), only 12 patients (4%) have more than mild PR detected during follow-
up (all moderate in degree), and none have required re-operation for this problem. The 

Table 3. In-hospital Complications.

CVA 1 (0.3%)

Bleeding 5 (1.6%)

Deep sternal wound infection 1 (0.3%)

Low CO needing inotropes 1 (0.3%)

Ventricular Arrhythmias 1 (0.3%)

Atrial Arrhythmias 31 (1%)

Pericardial effusion/tamponade 2 (0.6%)

Re-exploration for low cardiac output 1 (0.3%)

Renal impairment 3 (1.0%)

HB/PPM 1 (0.3%)

Antibiotic/positive Homograft culture 1 (0.3%)

Repair/graft septal perforated artery 1 (0.3%)

Re-intubation 1 (0.3%)

Pneumothorax 2 (0.6%)

AMI 1 (0.3%)

Coronary artery kink 1 (0.3%)

Other 15 (4.8%)

CVA, cerebrovascular accident; CO, cardiac output; HB/PPM, heart block / permanent pacemaker; AMI, 
acute myocardial infarction
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indication for re-do PVR, is the development of severe PR, in association with significant 
enlargement and/or reduced RV systolic function, or development of symptoms.
2. Endocarditis of the pulmonary valve:
Three patients developed endocarditis affecting the pulmonary valve, one already 
mentioned who required re-do AVR and re-do PVR. The other two developed endocar-
ditis isolated to the pulmonary valve at three and seven years post-operative, and both 
required re-do PVR. Both survived re-operation.
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Figure 3. Actuarial freedom from redo aortic valve replacement (AVR).
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Figure 4. Actuarial freedom from redo aortic valve replacement (AVR) and greater than mild post-
operative aortic regurgitation (AR).
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3. Freedom from re-operation on both the aortic and pulmonary valves during follow-
up: 

Including all causes (i.e. structural degeneration and endocarditis), a total of 15 patients 
have required re-operation on either valve (or in the case of one patient, both), as can 
be seen in Figure 6. Once again, the outcome is significantly better for AS and AS/AR 
presentations, as shown in Figure 7. The respective freedoms at 15 years are: 98% for AS, 
98%, for AS/AR, and 82% for AR presentation (p=0.01).

   

















                                                
                                                        
                                                               

               
          
          
          

  
 
 

   







 


 


 
 


 



Figure 5. Freedom from redo aortic valve replacement (AVR) and greater than mild postoperative 
aortic regurgitation (AR): aortic stenosis (AS) vs AS/AR vs AR.
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Figure 6. Actuarial freedom from redo aortic valve replacement (AVR) and/or pulmonary valve 
replacement (PVR).
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COMMENT

The variant IC method described has been used in 310 of 333 consecutive patients 
undergoing the RP during the past 20 years, most of whom presented with congenital 
bicuspid aortic valve disease. Early in the authors’ experience, during the initial 10 RPs 
performed, 4 patients underwent an unsupported root replacement (RR) method to 
insert the PA, and in 6 patients, an IC method was used. In the patients undergoing 
RR, it was noted that after release of the aortic cross-clamp, the neoaortic root dilated 
significantly. Although no AR was associated with this enlargement, because of concern 
about further potential aortic root enlargement later, the RR method was abandoned. It 
was only used in another 4 patients subsequently in special circumstances dictated by 
unusual technical factors.

After that observation, the authors decided to use an IC method nearly exclusively. 
This method differs from previously described IC methods in two significant ways. 
First, as described by the senior author in 1995 (14), the coronary arteries are excised 
as buttons, brought inside the aortic root, and anastomosed to the PA root as shown 
in Figure 1. Second, the aortic root is adjusted in size, incorporating an external Dacron 
ring annuloplasty, mostly partial circumference only, and reduction in the aortic sinus 
diameter and STJ by the use of longitudinal excision of noncoronary sinus tissue, as de-
scribed in the Methods section. In 1999, the senior author showed that these maneuvers 
were successful in maintaining normal aortic root size, in comparison with the 4 earlier 
patients in whom a RR method was used for PA implantation, in whom the aortic root 
significantly dilated (13).

   


















                                               
                                                       
                                                              

               
           
         
           

  
 
 

   







 


 


 


 
 


 



Figure 7. Freedom from redo aortic valve replacement (AVR) and/or pulmonary valve replace-
ment (PVR): AS vs AS/AR vs AR (AR = aortic regurgitation; AS = aortic stenosis).
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It is highly likely that supporting the PA root with the patient’s own aorta in this 
manner, which has been adjusted to the correct size, is responsible for the very durable 
results reported in this study. By closing the patient’s aorta up around the PA, this au-
tologous support does away with the need for prosthetic material to support the aortic 
sinuses and STJ. The only situation in which prosthetic support has been used more 
recently is when aortic dilatation is marked, and with such excessive mismatch of aorta 
to pulmonary artery size; if an RP is to be performed, the PA has been inserted inside a 
Valsalva Dacron graft. These patients are not included in the study group as mentioned 
in the Methods section.

The method used has given outstanding results both in patients with AS and those 
with mixed AS/AR. In both these groups, the composite freedom from reoperation 
on the aortic valve and late AR greater than mild is 97% and 98%, respectively at 15 
years after operation. Excluding 2 patients who have required aortic valve reoperation 
because of late endocarditis, this composite freedom would be 99%. Thus, there is no 
late tendency for increasing postoperative AR. For this procedure to be compared with 
mechanical AVR, one needs to take into account patients who have also had to undergo 
reoperation on the pulmonary valve. There have been four of these procedures, three of 
which were for endocarditis. Allowing for this, the 15-year freedom from reoperation on 
both aortic and pulmonary valves is 98% for both the AS group and the AS/AR group. 
This compares very favorably with the incidence of late redo AVR, after mechanical AVR, 
which varies from 91% to 97% (17-20).

The results obtained with this IC method have not been as good when applied to 
patients presenting with pure AR, with 79% composite freedom from re-operation on 
the aortic valve and postoperative AR greater than mild. In this group, progressive AR 
led to redo AVR in 9 patients, all within 6 years of operation, with no failures beyond that 
time frame. During the initial few years of the senior author’s experience (1992 to 1998 
inclusive), all patients presenting with AR underwent the RP. Six of the 30 patients with 
AR operated on in that time, the majority of whom had marked aortic root enlargement, 
needed redo AVR. At the end of 1998, when it was appreciated that excessive aortic root 
dilatation was a significant risk factor for the development of postoperative AR, the RP 
was abandoned in this subset of patients presenting with excessively dilated aortic root. 
For the past 3 years, the authors again offered the RP to patients in this group, albeit 
with insertion of the PA inside a Valsalva Dacron graft, although these patients have 
not been analyzed as part of this study because the follow-up period is too short to 
allow a meaningful analysis. Other groups have also noted worse late results in patients 
presenting with AR (8, 12). With regard this IC method in patients presenting with AR, if 
the aortic root is not excessively dilated (>32 to 34 mm at the aortic annulus, the STJ, or 
both), good results have been obtained.
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If a reoperation is required for progressive AR in patients having this IC method, a 
mechanical AVR has been performed. Valve-sparing surgical procedures have not been 
possible in this situation, as has been reported after a failed RR method (9). Fortunately, 
this is seldom required, particularly with AS or AS/AR. Also, of note in the group present-
ing with AR, if failure and redo AVR are necessary, this becomes apparent early, and 
all reoperations are performed within 6 years, with no late failures. Thus, if failure has 
not occurred early, stable aortic valve function has been observed even in the group 
presenting with AR. This is in stark contrast to failure after the RR method, when increas-
ing failures occur during the second decade of follow-up (9, 10, 12), and an earlier failure 
phase, related to technical factors (11).

When reoperations after the RP are considered, the pulmonary allograft also needs 
mention. Four patients required redo PVR, and in 3, the indication was endocarditis. 
Admittedly 5% to 6% of patients do have mild to moderate tubular pulmonary stenosis 
of the conduit that develops 6 to 12 months after operation, and fortunately, these 
patients have stable Doppler echocardiography parameters across the pulmonary valve, 
up to 17 years postoperatively, in this series. No doubt with further follow-up into the 
second and third decades, some of these patients will come to reoperation, either by 
further open procedures, or via percutaneous methods.

The other options for patients in this age group (15 to 60 years) who require AVR 
are mechanical valve replacement and tissue AVR, both xenograft and aortic allograft. 
Not only do mechanical AVR recipients require oral anticoagulants such as warfarin 
indefinitely, but their long-term survival is worse than that of an age-matched and sex-
matched population (21). When one takes into account valve-related deaths and throm-
boembolic and bleeding complications, fewer than 50% of patients after mechanical 
AVR are free of valve-related complications 15 years after operation (17, 19). In this series 
of 310 patients followed up over a 20-year period, there have been no late valve-related 
deaths.

With regard to bioprosthetic AVR, not many studies have analyzed survival rates in 
the younger patient group reported on here. However, those that have, show reduced 
life expectancy in comparison with the general population (22, 23). There is also the 
problem of poor durability in younger patients (22). The modern trend toward biopros-
thetic AVR insertion in patients under 60 years, with the plan to insert “valve-in-valve” 
transcatheter AVR, is as yet untested, but it is difficult to see how this will lead to com-
parable survival and subsequent reoperation rates, considering that a smaller valve will 
have to be inserted inside the original prosthesis each time this is done. There may be 
a place for bioprosthetic AVR in a patient between 50 and 60 years of age, in whom the 
aortic annulus is dilated more than 32 to 34 mm if this anatomic substrate is present in 
a patient within this age group, a larger valve-in-valve subsequent procedure could be 
performed without causing significant patient–prosthesis mismatch. An AVR using an 
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aortic allograft does give better durability than bioprosthetic AVR in younger patients 
(24), although the important recent randomized controlled trial comparing the PA with 
the aortic allograft, reported in 2010 in the Lancet by Yacoub’s group, showed worse 
survival and reoperation rates in the allograft group than in the RP group (1).

Conclusions

In summary, this variant of the IC method, which incorporates autologous support of PA 
in 310 adult patients younger than 60 years, operated on over a 20-year period, has led 
to excellent durability with very low reoperation rates and nearly perfect long-term aor-
tic valve function as determined by echocardiography. The outcomes are outstanding in 
patients presenting with AS and AS/AR, and good in those presenting with AR. Consider-
ing the discussed and known disadvantages associated with the use of bioprosthetic 
and mechanical valves in this age group, the RP using either the method discussed or 
one of the other proven, durable techniques available should be considered for more 
widespread adoption.
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LIST OF ABBREVIATIONS

AMI  Acute Myocardial Infarction
AR  Aortic Regurgitation
AS  Aortic Stenosis
ASD/PFO  Atrial Septal Defect/ Patent Foramen Ovale
AVR  Aortic Valve Replacement
CABG   Coronary Artery Bypass Graft
CO  Cardiac Output
CVA  Cerebrovascular Accident
HB/PPM  Heart Block / Permanent Pacemaker
IC  Inclusion Cylinder
NHYA  New York Heart Association
PA  Pulmonary Autograft
PR  Pulmonary Regurgitation
PVR  Pulmonary Vale Replacement
RP  Ross Procedure
RR  Root Replacement
RV  Right Ventricular
STJ  Sinotubular Junction
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ABSTRACT

Background and aim of the study

Infective endocarditis (IE) is associated with significant mortality and morbidity. The 
objective of present study was to assess long-term survival of patients with infective en-
docarditis. In addition, we aimed to objectify the mortality in these patients by compar-
ing their survival with age- and gender matched survival rate of the general population.

Materials and methods

A retrospective observational cohort study of adults with IE, determined by the modi-
fied Duke criteria, who were admitted between January 1, 1998 and December 31, 2007 
to a tertiary-referral center. Cumulative survival was analyzed using the Kaplan—Meier 
method. The Log-rank test was used to compare different groups. Multivariate Cox 
proportional hazards regression analyses were performed to identify predictors of long-
term all-cause mortality.

Results

One-hundred-ninety-one consecutive patients with IE were evaluated (176 left-sided, 
15 right-sided). Cardiac surgery was performed in 72% of the cases. Median follow-up 
was 6.3 years. Cumulative long-term survival was 59% after 10 years of follow-up, the 
main causes of death being congestive heart failure (28%) and different type of malig-
nancies (17%). Age- and gender matched survival in the general population was 98%, 
92% and 80% after a follow-up period of one, five and ten years, respectively. Predictor 
of long-term mortality was cancer. Surgery had a positive effect on long-term survival.

Conclusions

Despite diagnostic and therapeutic advances, IE is associated with high long-term mor-
tality. Compared to the general Dutch population, the survival of patients with IE was 
significantly lower. Even if the IE is cured, the survival of these patients may be dimin-
ished compared to that of the general population. Careful follow-up of these patients is 
therefore warranted.
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INTRODUCTION 

During the past decades the prognosis of infective endocarditis (IE) improved consider-
ably and the disease is no longer by definition fatal (1, 2). However, IE still remains a 
serious condition characterized by high morbidity and mortality. The in-hospital mortal-
ity has been reported in large series to range between 15% and 20% (3, 4) with one year 
mortality of almost 40% (4, 5).

The clinical diagnosis of IE is often difficult due to highly variable manifestation of 
this disease. IE can manifest with cardiac, pulmonary, ophthalmic, central nervous 
system, renal, orthopedic, and peripheral vascular disorders. In addition, IE may affect 
patients’ own native heart valves or a surgically implanted prosthetic valve, but can also 
be associated with various types of structural and congenital heart diseases as well. 
Several predisposing factors, e.g. mitral prolapse, aortic valve disease and congenital 
heart disease, have been reported to be associated with a risk for development of IE 
(6-8). Moreover, the clinical diagnosis of IE is hampered by a lack of epidemiological 
characteristics and the variety of microbiological organisms. 

Immediate identification of patients with IE, who are at high risk of death or compli-
cations, can contribute to improved outcome of this disease. Unfortunately, definitive 
studies on IE are still rather limited, especially studies determining long-term survival of 
patients after IE. In addition, survival of patients with IE has never been put into perspec-
tive by comparing the survival rate of these patients with that of the matched general 
population.

The aim of present study was to determine long-term survival prognosis of patients 
with IE. Furthermore, we aimed to objectify the survival of these patients by comparing 
it to the matched survival of the general population. 

 METHODS

Study population

From January 1998 to December 2008, all consecutive adult patients (n=256), present-
ing with suspected IE at our tertiary referral center, were included. Hospital records of 
these patients were retrospectively evaluated for having definite IE according to the 
modified Duke criteria (9). One-hundred-ninety-one patients that fulfilled the modified 
Duke criteria of definite IE were included in this study.

Data collection

Using standardized forms, all necessary data were collected by retrospectively reviewing 
the medical records and hospital database. Follow-up started at the day of admission in our 
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center. The follow-up of patients in the present study consisted of obtaining mortality status 
from the civil registries and obtaining the causes of death from the general practitioners.

In March 2010, vital status of all patients was acquired from municipal civil registries 
with a response rate of 100%. Furthermore, we have conducted phone interviews with 
the general practitioners to obtain the causes of death. 

Local research ethics committee approval was not required for this retrospective 
study. The authors had full access to and take full responsibility for the integrity of the 
data and the present manuscript. 

Statistical Analyses

Continuous data are presented as mean (standard deviation; range), and comparison 
was done using the unpaired T-test unless the data were not normally distributed 
(Kolmogorov-Smirnov test); in these instances we used the Mann-Whitney U-test for 
comparison. Categorical data are presented as proportions, and comparison was done 
using the Chi-Square test or the Fisher Exact test where appropriate. All tests were 
2-sided, with an a-level of 0.05. Cumulative survival was analyzed using the Kaplan-
Meier method. The Log-rank test was used to compare different groups. Multivariate 
Cox proportional hazards regression analyses were performed to identify predictors 
of long-term all-cause mortality. Due limited amount of in-hospital deaths (n=26), 
the number of variables in the multivariate analysis were restricted to five (=√26). We 
used univariate analysis to identify the best predictors of death. Together with age and 
gender, additional three predictors were subsequently entered in a multivariate analysis 
to identify independent predictors of in-hospital death. Comparison of patient survival 
with the general age-matched population was done using the Dutch population life 
table (10). All statistical tests were two-sided, and tests with P value of 0.05 or lower were 
considered significant. All statistical analyses were done using the Statistical Package for 
Social Sciences software, version 15.0 (SPSS, Chicago, Illinois). 

RESULTS

Baseline characteristics of 191 patients with definite IE are shown in Table 1. Mean age 
was 55 years and 72% were male. 

Microbiologic characteristics 

Causative microorganisms were identified through blood cultures in 177 patients (93%). 
From 6 of these patients with confirmed positive blood cultures the hospital record 
did not contain information about the causative agent. The blood cultures of 14 (7%) 
patients were negative (Table 1). 
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Table 1. Baseline Characteristics and Microbiologic Etiology of 191 Patients with Definite 
Endocarditis.

Baseline characteristics Patients, No. (%)

Mean age ± SD (years) 55 (15)

Gender

 Males 138 (72)

 Females 53 (28)

Hypertension 42 (22)

Diabetes mellitus 20 (11)

Myocardial infarction 25 (13)

Extracardiac arteriopathy 8 (4)

Aorta ascendens aneurysm 3 (2)

CVA 25 (13)

TIA 11 (6)

Renal failure 16 (8)

Hemodialysis dependent 8 (4)

COPD 14 (7)

HIV positive 1 (1)

Chronic immunosuppressive therapy 4 (2)

Cancer 17 (9)

Rheumatoid arthritis 3 (2)

Pacemaker/ICD 10 (5)

Congenital heart disease 25 (13)

Native valve predisposition* 44 (23)

Previous endocarditis 27 (14)

Intravenous drug abuse 1 (1)

Dental procedures <60 days to admission 18 (9)

Other invasive procedures <60 days to admission 17 (9)

Central venous catheter as suspected cause 7 (4)

Prior valve surgery or CABG† 71 (37)

 Prior Valve surgery 60 (31)

 Prior CABG 16 (8)

Prior PCI 7 (4)

Fever, temperature >38°C 91 (48)

Left ventricular function ≤ 49% 47 (25)

Elevated ESR 111 (58)

Elevated C-reactive protein 143 (75)

CABG, Coronary artery bypass grafting; COPD, Chronic Obstructive Pulmonary Disease; CVA, Cerebro 
Vasculair Accident; ESR, Erythrocyte Sedimentation Rate;  HIV, Human Immunodeficiency Virus;  ICD, 
Implantable Cardioverter Defibrillator; PCI, Percutaneous coronary intervention; TIA, Transient Ischaemic 
Attack; *Prior valve regurgitation and/or fibrosis; †Some patient had a history of both valve surgery and 
CABG.
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Overall, the majority of IE was caused by Staphyloccocus Aureus (n=43, 23%) followed 
by Viridans group streptococci (n=42, 22%). Coagulase-negative staphylococcus (n=26, 
14%), other streptococcus (n=38, 20%), Enteroccocus species (n=14, 7%), Gamella 
Morbillorum (n=4, 2%), Propionibacterium Acnes (n=2, 1%), Escherichia coli (n=2, 1%), 
Aeroccocus viridans (n=1, 1%) and Klebsiella species (n=1, 1%) could be identified as 
other causes of infective endocarditis. 

In almost half of the patients who were operated, streptococcus could be identified as 
the causative organism, while in non-surgical patients streptococcus were responsible 
in 25% of the cases. In non-surgical patients more than half of the cases of endocarditis 
were caused by staphylococcus aureus and coagulase-negative staphylococci (Figure 1).

Clinical and Echocardiographical findings

Fever was present in 91 (48%) patients at the time of admission. The majority of the pa-
tients had an elevated serum level C-reactive protein (n=143; 75%) and elevated serum 
level erythrocyte sedimentation rate (n=111; 58%) (Table 1). 

Echocardiography was performed in all patients with suspected IE. Table 2 summa-
rizes the localization of IE and type of valve affected. The valves of the left side of the 
heart (n=176) were more frequently affected than the valves of the right side of the 
heart (n=15). 

The pulmonary valve was affected in 7 patients and in 8 patients the tricuspid valve 
was affected. In the group of patients with pulmonary valve endocarditis, 4 patients had 
operated congenitally corrected transposition of the great arteries, two patients had 
surgically corrected tetralogy of Fallot and one patient underwent a Ross operation nine 
years before the diagnosis of the endocarditis. In the group of patients with tricuspid 
valve endocarditis, 2 patients had Ebstein’s Anomaly, one patient was a intravenous 
drug abuser, one patient developed endocarditis after orthopedic hand surgery, one 
patient developed endocarditis shortly after tricuspid valve replacement, one patient 
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Other streptococci
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Figure 1. Microbiologic etiology of surgical and non-surgical patients.
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developed endocarditis of the tricuspid valve after endocarditis of VSD-patch, and from 
two patients the exact location of endocarditis could not be retrieved. 

In the group of patients with aortic valve endocarditis, eight patients had a bicuspid 
aortic valve and two patients had a congenital aortic valve stenosis. There were no con-
genital valve lesions in the group of patients with mitral valve endocarditis. None of the 
patients with left sided IE was an intravenous drug abuser.

In the majority of cases a native valve was affected (73%). Prosthetic valve IE was pres-
ent in 25% of the cases (Table 2). 

Complications and outcome 

During median admission of 26 days (range, 0-160 days), 120 (63%) patients developed 
at least one complication. The most frequently observed complications were neurologic 
events (18%), renal failure (16%) and heart failure (9%).

Surgery was performed in 138 (72%) patients. The main indications for surgery were a 
large persistent vegetation (25%), severe valve regurgitation (20%), heart failure (18%), 
abscess formation (6%) and systemic embolization (3%). Within this group of 138 pa-
tients, who underwent surgery, 8 (6%) patients developed atrioventricular block post 
operatively, and 10 patients needed a rethoracotomy (mainly due to persistent blood 
loss). 

During hospital admission 26 (14%) patients died, of whom 15 patients underwent 
surgery for their endocarditis during admission and 11 patients were treated conser-
vatively. Causes of death were congestive heart failure or cardiogenic shock in nine 
patients, progressive renal failure in three patients, uncontrolled infection in another 
three patients, and gastrointestinal bleeding in two patients. Multiple organ failure, 
electromechanical dissociation, cerebral hemorrhage, cardiac tamponade, basilar artery 
thrombosis and ventricular fibrillation were other causes for death. Three patients died 
during surgery because severe tissue damage prevented valve replacement. 

Table 2. Type and frequency of affected valves in 191 Patients with Definite Endocarditis.

Main affected valve

Aortic valve* Mitral valve† Pulmonary valve Tricuspid valve Total

Native valve 84 (44%) 49 (26%) 3 (2%) 7 (4%) 140 (73%)

Mechanical valve 17 (9%) 14 (7%) 0 (0%) 1 (1%) 32 (17%)

Homograft 3 (2%) 0 (0%) 4 (2%) 0 (0%) 7(4%)

Bioprosthesis 8 (4%) 1 (1%) 0 (0%) 0 (0%) 9 (5%)

Total 112^ (57%) 64 (34%) 7 (4%) 8 (4%) 191 (100%)

* 24 patients with IE of mainly aortic valve had also concomitant mitral valve IE which is not taken into 
account in this table; † 3 patients with IE of mainly mitral valve had also concomitant aortic valve IE which 
is not taken into account in this table
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Long-term survival after infective endocarditis

There were 165 (86%) hospital survivors. During a median follow-up of 6.3 years (range, 
0 days-12.2 years) 46 patients died (39 left-sided endocarditis, 7 right-sided endocar-
ditis). Cause of late death were congestive heart failure in thirteen patients, various 
type of malignancies in eight patients, renal failure in six patients, and cerebrovascular 
accident in three patients. Multiple organ failure, sepsis in two patients, acute coronary 
syndrome, post-anoxic encephalopathy, trauma capitis, acute heart failure after cardiac 
transplantation, pneumonia, peritonitis were other causes for death. There were two 
sudden, unexplained, unexpected deaths without further clinical data or autopsy. From 
five patients the cause of death could not be retrieved. In the group of patients with 
right-sided endocarditis heart failure was by far the most common cause of death (4 out 
of 7 deaths).

The overall survival after infective endocarditis was 76% at 1 year, 65% at 5 years and 
59% at 10 years (Figure 2A). A survival difference was observed between different types 
of causative organisms of IE. Patients presenting with Staphylococcus Aureus or coagu-
lase-negative staphylococci IE had lower survival compared to patients presenting with 
other microbiological organisms (p<0.001) (Figure 2B). Patients with IE of a prosthetic 
valve had a lower survival compared to patients with native valve endocarditis (p=0.03) 
(Figure 2C). No differences were observed in late survival between right-sided and left-
sided IE (p=0.88) (Figure 2D). 

Survival comparison

Age- and gender matched survival in the general population was 98%, 92% and 80% 
after a follow-up period of one, five and ten years, respectively. Compared to age- and 
gender matched Dutch population norms, the survival of patients with IE was significantly 
impaired. After 10 years of follow-up only 59% of the patients with IE were still alive while 
the survival rate in the age- and gender matched general population was 80% (Figure 3A). 

After exclusion of in-hospital mortality, age- and gender matched survival in the general 
population was 93% and 81% after a follow-up period of five and ten years, respectively. 
The survival of our patient population, after exclusion of in-hospital mortality, was 75% 
and 69% after a follow-up period of five and ten years, respectively (Figure 3B).

Factors affecting long-term mortality

Using Cox proportional hazards model we identified that age (HR 1.04, 95% CI 1.02-1.06), 
cancer (HR 3.37, 95% CI 1.74-6.55), poor left ventricular function (EF ≤ 49%) (HR 2.77, 95% 
CI 1.00-7.71), history of myocardial infarction (HR 2.14, 95% CI 1.21-3.78), development 
of renal (HR 1.99, 95% CI 1.11-3.56) or heart failure (HR 2.01, 95% CI 1.00-4.04) during 
admission are associated with long-term mortality. Surgery (HR 0.33, 95% CI 0.21-0.53) 
had a protective effect on long-term mortality. 
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Figure 2. Survival after Infective Endocarditis; A) KM survival curve with 95% CI, B) KM survival 
curves stratified by different causative organisms, C) KM survival curves stratified between na-
tive valve and prosthetic valve, D) KM survival curves stratified between left-sided and right-
sided IE. S. Aureus, Staphyloccocus Aureus, CoNS, coagulase- negative staphylococcus, m.o., 
micro-organisms, IE, Infective Endocarditis.
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After adjustment, cancer (HR 3.37, 95% CI 1.70-6.70) was associated with higher 
mortality during long-term follow up. Surgery (HR 0.41, 95% CI 0.23-0.73) could also in 
multivariate analysis be identified to have a protective effect on long-term mortality.

DISCUSSION

To our knowledge, this is the first study which objectifies the survival of IE patients by 
comparing it to the survival of age- and gender matched population. 

Overall, the present study shows that long-term survival after diagnosis of IE is rela-
tively low with 59% of the patients being alive after a follow-up period of 10 years. We 
observed a considerable difference between the long-term survival of patient with IE 
and the survival of age and gender matched general population. The discrepancy in 
survival rates between patients with IE and the general Dutch population also remained 
considerable after the exclusion of in-hospital mortality.

The five year survival within our study population is comparable with the five year 
survival rate of 71% reported by Castillo et al. (11) and higher compared with the five 
year survival rate of 57% reported by Delahaye et al. (12). The five year survival rate of 
native valve endocarditis in the present study was 73% which is lower compared to five 
year survival rates of 88% and 96% reported in other series (11, 13). The five year survival 
rate of prosthetic valve endocarditis in our series was 61% which is comparable with 
survival rate of 60% reported by Calderwood et al. (14).

The mean age of our study population was 55 years (range, 18-79 years). Of these 
patients 30% were older than 65 years. This finding is in accordance with previous stud-
ies on IE and confirms that patients presenting with IE in the last decades are getting 
older (3, 5, 15, 16). This finding may be explained by an increased life expectancy which 
leads to higher incidence of degenerative valvular diseases and increased exposure to 
nosocomial bacteremia (17).

In the majority of cases left-sided heart valves were affected. However, 15 (8%) patients 
were treated for right-sided endocarditis. In western countries right-sided endocarditis 
most often occurs in persons using intravenous drug, but in the present study only one 
patient was an intravenous drug abuser. Therefore, intravenous drug abuse was not a 
major cause of right-sided endocarditis in our patient population. In the present study, 
the right-sided endocarditis, especially endocarditis of the pulmonary valve, seems to be 
predominantly a disease of patients with preexisting congenital valvular abnormalities. 

Study limitations

The present study is based on a single center tertiary-care university hospital patient 
population and, therefore, could be subject to referral bias limiting the generalization of 
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our results. Acute infections are also treated in other regional hospitals in the area, but 
more severe or complicated cases, which may need surgery, may have been referred to 
our hospital. 

Conclusions

In conclusion, despite diagnostic and therapeutic advances, infective endocarditis is still 
associated with high long-term mortality. Compared to the general Dutch population, 
the survival of patients with IE was significantly lower. Even if the IE is cured, the sur-
vival of these patients may be diminished compared to that of the general population. 
Careful follow-up of these patients is, therefore, warranted. In a minority of patients the 
right-sided heart valves were affected. This was predominantly a disease of patients with 
preexisting valvular abnormalities.
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ABSTRACT

The introduction of the Duke criteria and transesophageal echocardiography has 
improved early recognition of infective endocarditis but patients are still at high risk 
for severe morbidity or death. Whether an exclusively antibiotic regimen is superior to 
surgical intervention is subject to ongoing debate. Current guidelines indicate when sur-
gery is the preferred treatment, but decisions are often based on physician preferences. 
Surgery has shown to decrease the risk of short-term mortality in patients who present 
with specific symptoms or microorganisms; nevertheless even then it often remains 
unclear when surgery should be performed. In this review we i) systematically reviewed 
the current literature comparing medical to surgical therapy to evaluate if surgery is the 
preferred option, ii) performed a meta-analysis of studies reporting propensity matched 
analyses, and iii), briefly summarized the current indications for surgery.
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INTRODUCTION

Over the last decades infective endocarditis (IE) has been described extensively (1). 
This has identified risk factors, clinical features, and predictors of outcome, which led 
to the prescription of antibiotic prophylaxis during the perioperative stage of dental 
and cardiovascular surgery (2, 3). Furthermore, the development of the Duke criteria 
as a diagnostic tool (4) and the use of transesophageal echocardiography (TEE) have 
contributed significantly to early recognition. Despite these developments, outcomes 
nonetheless remain unsatisfactory (5-7). Peripheral or cerebrovascular embolisms and 
acute heart failure can cause a drastic decrease of the quality of life. Moreover, mortality 
rates continue to be as high as 50% in some studies.

The usage of an antibiotic regimen alone or in combination with surgical intervention 
is an ongoing debate. Studies investigating the best treatment have shown that surgery 
in combination with antibiotics is superior in some indications (8). The decision whether 
and when to treat endocarditis surgically often depends on local practice. Uniform 
recommendations are therefore difficult to make and an overall superiority of medical 
or surgical treatment is not yet established. In a propensity matched analysis surgery 
seemed to be superior regarding in-hospital mortality (9, 10), but at long-term follow-
up data suggests no benefit of surgical therapy compared to an exclusively medical 
regimen (11, 12). A better outcome with surgical therapy was recently demonstrated in 
the largest reported matched cohorts (13). Still, these studies with propensity matched 
analysis do not produce unambiguous results (14).

Timing of surgery is important. This issue has been extensively addressed and there 
is substantial evidence that early surgery can be performed safely, but no consensus 
exists on the optimal timing of valve replacement in the active phase of endocarditis 
(15, 16). Waiting increases the risk of stroke or peripheral emboli while early surgery 
increases the risk of procedure-related complications and longer antibiotic treatment 
can potentially avoid valve replacement.

It is clear that the optimal treatment for IE remains challenging. The ongoing ENDO-
VAL trial will be the first to report results of patients treated medically or surgically in a 
randomized fashion and can provide important data (17). Before these results will be 
presented treatment preferences are based on current data. This review systematically 
evaluates studies comparing medical to surgical therapy and discusses the timing of 
surgery.
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CURRENT DATA

Systematic Review: Medical or Surgical Therapy?

We performed a systematic review of studies reporting hospital mortality of medical 
and surgical treatment separately. The Medline database, web-of-science, and The 
Cochrane Library were consulted with search entries of “endocarditis” and “treatment 
or therapy or surgery or medical” and “outcome or survival or mortality or hazard ratio” 
in all possible combinations. Studies were excluded if they focused on a specific aspect 
of endocarditis, reported results of an exclusive patient cohort, or included less than 50 
patients. Multiple studies overlapped in patient populations; only the study with the 
largest number of patients was included.

Forty eligible studies were identified (9-11, 12-13, 18-52). Data was pooled to obtain 
an overall view of the studied population; a total of 11,348 IE episodes were analyzed 
(Table 1, Figure 1). The largest study on endocarditis to date is from the International 
Collaboration on Endocarditis-Prospective Cohort Study (ICE-PCS), which was a prospec-
tive, multicenter, international registry with 2,781 patients from over 50 centers (53). 
The combined data of the 40 studies had similar baseline characteristics as gender, PVE 
(%), and periannular abscess (%). Vegetations were visualized less in the combined data 
(87% compared to 70% in our data). The cause of endocarditis was also similar, although 
the number of Staphylococcus aureus infections was 21% in the combined series as to 
31% in the registry, and viridans streptococci was identified in 20% compared to 17% 
in the ICE-PCS registry. Results were remarkably similar; occurrence of stroke and non-
stroke embolism were almost identical. Furthermore, heart failure was diagnosed in 34% 
compared to 32% in ICE-PCS, and in-hospital mortality was 19% versus 18% respectively.

One limitation of the ICE-PCS registry is that the indications for surgery were not re-
ported. In our combined data of the 40 studies, surgery was performed in 4714 episodes 
of endocarditis. Seventeen studies reported indications for surgery; heart failure (50%) 
was the main reason, others were large vegetation on echocardiography (21.5%), per-
sistent infection (18.8%), embolic complication (17.8%), or abscess formation (17.4%). 
Although it is likely that more complex cases of endocarditis underwent surgery, the 
in-hospital mortality was significantly lower in these patients compared to those 
medically treated (15.8% versus 20.3%). This could be explained by the fact that patients 
deemed too high risk for surgery due to their condition were treated non-surgically, 
thereby increasing the observed mortality in the medically treated patient cohort. As 
a result of treatment preferences, most studies include significant treatment bias and 
robust evidence-based conclusions are unavailable. Predicting which treatment is most 
beneficial for the individual patient remains challenging.
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Meta-analysis: Propensity Score Studies

A number of studies used propensity matching to compare medical to surgical therapy 
(Table 2) (9-14, 54). Studies that report in-hospital mortality either show results favoring 

Table 1. Characteristics and Outcome of IE in Pooled Analysis of 40 Systematically Included Studies. 

Episodes 
(N=11,348) (%)

Number of Studies 
(N)

Characteristics

 Definite infective endocarditis according to Duke criteria 95.4% (33)

 Males 65.5% (39)

 Prosthetic valve endocarditis (all studies) 20.2% (39)

 Prosthetic valve endocarditis (natural) 21.9% (28)

 Surgery 41.5% (40)

Echocardiographic findings

 Vegetations 69.4% (32)

 Mobile vegetations 51.7% (7)

 New valve regurgitation 47.6% (7)

 Periannular complications 16.2% (4)

 Abscess 12.7% (16)

 Perforation 10.4% (8)

 Prosthetic valve dehiscence 6.9% (12)

Indications for surgery

 Heart failure 49.7% (17)

 Emboli 17.8% (16)

 Persistent infection 18.8% (14)

 Abscess 17.4% (12)

 Large vegetation 21.5% (6)

Complications

 Emboli

  Brain 14.9% (14)

  Systemic/peripheral 21.2% (21)

  Unspecified 33.0% (9)

 Heart failure 34.1% (34)

 Neurological events 24.0% (7)

 Stroke 16.3% (6)

In-hospital mortality 19.2% (40)

 Surgical treatment 15.8% (40)

 Medical treatment 20.3% (40)

Prosthetic valve endocarditis “all studies” shows the incidence in all episodes. The “natural” occurrence 
of prosthetic valve endocarditis is the percentage in studies including all cases of endocarditis, and not 
studies specifically including prosthetic or native valve cases.
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surgical therapy over medical therapy or no statistical difference (Table 2). Combined 
data reveal an overall odds ratio of 0.47 (95% confidence interval (CI) 0.38-0.58) support-
ing surgery. There is however a marked statistically significant heterogeneity (I2=65%, 
P=0.005 (Figure 2)), meaning that there is excessive variation in the results. The larg-
est study encompassed 1500 patients from the large ICE-PCS registry and is therefore 
weighted with 48.7% in the analysis (13).

Bias

Even though both the pooled and meta-analysis limit bias to some extent, included 
studies that report results after IE treatment are inherent to treatment and referral bias.

First of all, studies comparing medical to surgical treatment in a randomized fashion 
are not yet available. Baseline characteristics are therefore incomparable between 
groups. Even with propensity matched analyses, patients can only be matched con-
sidering the collected variables. Characteristics such as frailty are not available but can 
influence outcome. Other certain endocarditis-specific variables warrant surgical inter-
vention and these variables will not be available in the medical group. These variables 
can therefore not be matched, and while groups are allegedly ‘matched’, they often are 
not completely. A recent study demonstrated that adjustment for an additional survivor 
bias factor is needed, as it can significantly alter the results (55). 

Figure 1. Causative microorganisms from pooled data of 11,348 IE episodes.
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Referral bias embodies another bias that is often present in the included studies. 
Patients from the ICE-PCS registry transferred to tertiary care centers more frequently 
underwent surgery and had higher rates of complications such as stroke, heart failure, or 
valve regurgitation (56). Results from certain centers can therefore be skewed in relation 
to other outcomes, and this should be kept in mind when evaluating these studies.

The studies included in the meta-analysis have previously been shown to be in-
comparable on multiple fronts. Inconsistent results are therefore likely to be not only 
dependable of the given treatment, but also due to used methods of data acquirement, 
co-morbidity definitions, the number of variables matched for, reporting of data, and 
statistical methods (57). Furthermore, the deliberate decision whether to treat medically 
or surgically is based on certain specific characteristics of the patient, and no study 
without or with propensity analysis can adjust for clinical judgment.

Indications and Timing for Surgery 

In the pooled data surgery was performed in 41.5% of IE cases. Apart from studies 
comparing medical to surgical therapy, extensive results of surgical series have been 
described. These studies have furthermore provided data on surgical indications and 
many of these indications have now been included in current guidelines (3, 58, 59). 

Congestive Heart failure

Infective endocarditis often causes heart failure as a result of valve regurgitation, or 
sometimes because of valve obstruction or prosthetic valve dehiscence. Heart failure is 
a prognostic factor of impaired survival, independent of the causative microorganism 
or the status of infection. Many surgeons consider it as the main indication to perform 
surgery (60). 

The timing of surgery depends on the progression of heart failure. Urgent surgery 
is needed if acute regurgitation of the aortic valve is present. A slower progressive 
presentation gives the opportunity to postpone surgery and await the effect of medical 
therapy.

Periannular Extension

In native valve endocarditis periannular extension is present in 10-40%, but in pros-
thetic valve endocarditis (PVE) this is as high as 56-100% (61). Annulus involvement is 
associated with development of heart failure and increases mortality. Surgery is often 
indicated, especially when an abscess is present. The pooled data (Table 1) suggests 
that this is the case in almost 13%, but a recent study focusing exclusively on surgical 
patients showed a rate of 38% (62). Medical therapy is insufficient if an abscess has been 
detected on TEE, and guidelines therefore suggest that these patients should undergo 
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surgery (3). If early surgical intervention is not performed an abscess can progress into 
fistulous cavities resulting in a mortality rate as high as 41% (63).

Periannular extension is likely in case of persistent infection despite antibiotic therapy 
and surgery should be considered. An advantage of surgery over an antibiotic regimen 
is expressed in the completeness of therapy. Open-heart surgery gives the opportunity 
to extensively remove infected tissue to prevent relapses.

Emboli

One of the major complications of IE is the development of systemic emboli in 22-50% 
of the patients (64, 65). Common affected sites are the lungs, spleen and peripheral 
arteries, but the most affected (65%) is the central nervous system (CNS) (65). Not only 
morbidity is high, but CNS emboli significantly increase the risk of mortality. 

The prevention of events is difficult, since the event itself can be the initial presentation 
of IE. These patients have a clear indication for urgent surgery. This however carries an 
increased risk of intracranial hemorrhage while waiting and medical therapy increases 
the risk of recurrent emboli. Current recommendations therefore suggest a 2-4 week 
antibiotic regimen before surgery can be performed safely. In patients that present with 
transient ischemic attacks or “silent” embolisms early surgery appears safe. No prospec-
tive studies have confirmed these findings, and more data is needed (66).

Large vegetations on TEE are often of prognostic value of embolic events. Although 
there is not a uniform cut-off value, vegetations between 10-15 mm are an indication to 
perform urgent surgery.

Persistent Sepsis

An ongoing infection despite antibiotic therapy is common with aggressive microor-
ganisms, abscess formation, or large vegetations. Patients with persistent sepsis are at 

Figure 2. Meta-analysis of studies with propensity analysis.



102

CHAPTER 8

high risk to develop multi-organ failure and guidelines indicate that surgery is needed 
in these patients if cultures persist to be positive after 7 days of medical therapy (59, 
62). Some caution is however advised in patients that develop recurrent fever after an 
initially good response to antibiotics, because the fever could be explained by other 
reasons than the endocarditic valve. Surgery is only indicated if further diagnostics 
confirm persistent infection of the valve (61).

Microorganism

A fungal cause often marks a complex case of IE. First of all, the diagnosis is delayed 
due to recurring negative blood cultures. Once IE is established medical therapy with 
antifungals is frequently unsatisfactory, resulting in the need for surgery in a large per-
centage of patients. Other indications for surgery are large vegetations and periannular 
extension that regularly complicates fungal IE.

Endocarditis caused by bacteria can be challenging as well, especially Staphylococcus 
aureus (67). These complicated infections with large vegetations and embolic manifes-
tations result in an increased risk of mortality. If multi-resistant S aureus is detected, 
surgery is the only conclusive therapy and is always indicated.

Several other micro-organisms such as Brucella, Q fever, Pseudomonas aeruginosa, 
and Staphylococcus lugdunensis indicate surgical intervention, but are rare in presenta-
tion (68-71). 

Prosthetic Valve Endocarditis (PVE)

In approximately 20% of IE a prosthetic valve is involved (72). A distinction is often made 
between early and late cases based on the time of diagnosis after initial surgery. The 
prognosis of PVE is worse than in native valve IE (72). Several studies have compared 
outcomes after medical and surgical therapy in PVE (14,22,25,33,38,51). A large cohort 
study of 367 prospectively followed patients showed that in-hospital mortality rates 
were similar: 23.4% in medical and 25% in surgical patients (14). Six months survival in a 
different study also showed no favorable result for surgery in 80 patients (70% survival 
in medical and 73% in surgical patients) (73). Surgery for PVE is often indicated, but is 
a troublesome procedure which is reflected in a high recurrent IE rate of up to 15% (74, 
75).

Right-Sided Endocarditis

The incidence of right-sided IE represents less than 10% of all cases of IE (76, 77). Right-
sided endocarditis mainly occurs in patients with intravenous drug use, pacemaker 
or central venous lines, or congenital heart disease. The majority of cases involve the 
tricuspid valve, while isolated pulmonary valve endocarditis is rare (78).
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Isolated right-sided endocarditis has a favorable prognosis with low in-hospital 
mortality and the primary approach in these patients should therefore be conservative. 
Most cases respond to medical therapy and surgery is only necessary in a small minority 
of patients (79). 

The 10 and 20 year survival rate after surgery for isolated right-sided endocarditis has 
been reported to be 70% and 58% respectively, which is better than patients with left-
sided IE (80).

Device-Related Endocarditis

The use of pacemakers, defibrillators, and other implants has grown significantly over 
the last decades. As a result, endocarditis is more frequently associated to these devices 
(81). These types of endocarditis require excision of the infected device and complete 
eradication of the infection. Only thereafter a new device can be implanted.

Percutaneous techniques allow the cardiologist to perform this procedure, and sur-
geon involvement is therefore not necessary. 

Risk Stratification

Due to the variability in the complexity of IE, the prognosis strongly depends on the 
individual patients’ characteristics. Some patients benefit more from surgery than oth-
ers, and to identify in which group of patients surgery can be performed safely and with 
an adequate result, a recent study developed a simplified risk scoring system including 
13 variables (82). Although this model is noteworthy, one should be reminded that data 
is from the Society of Thoracic Surgeons (STS) database in which >19,000 patients surgi-
cally treated for IE were analyzed to relate baseline characteristics to 30-day outcomes. 
The database only includes general characteristics, but endocarditis-specific variables 
such as vegetation size, prosthetic valve endocarditis, or periannular extension are lack-
ing. The model therefore is similar to the STS score, and is not specific for endocarditis. 
Also, this score is only based on surgical patients, and therefore it cannot be used to 
identify those who would benefit most.

Another recent study showed that additive and logarithmic EuroSCORE have a predic-
tive value of 0.84 and 0.85 respectively, confirming that available risk models not specific 
for endocarditis can be sufficient to predict mortality (77).

Transcatheter Aortic Valve Endocarditis

The introduction of transcatheter aortic valve implantation (TAVI) to treat severe aortic 
stenosis could change the face of PVE. The occurrence of early PVE could be influ-
enced by the difference of a sternotomy and access through the groin. The increased 
prevalence of paravalvular leakage raises concerns because of the associated risk of 
endocarditis. Little is known about the true incidence of endocarditis after TAVI; to date 
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it has only been anecdotally described (83, 84). Follow-up has been short, and late PVE 
has therefore not yet been fully addressed. TAVI has recently shown positive results in 
the PARTNER (Placement of Aortic Transcatheter Valves) trial (85), and more randomized 
trials will start enrollment soon to broaden the indication to lower risk patients (86). 
Further data will contribute to the unknown prevalence of endocarditis after TAVI.

New Insights

Late 2011 the first randomized data from the ENDOVAL trial on surgical or medical 
treatment for IE will be available. The trial will only include high-risk patients with (1) 
periannular complications, (2) new onset aortic-ventricular block, (3) new onset severe 
valve regurgitation, (4) early-onset PVE, or (5) Staphylococcus aureus endocarditis. The 
trial will likely lead to treatment preferences for most endocarditis patients. Too high-
risk patients with an EuroSCORE >40% or an emergent/urgent indication for surgery 
because of heart failure due to valvular insufficiency, fungal endocarditis, or septic shock 
are excluded (17). It is these patients that lead treatment bias when comparing stud-
ies from different centers. Some surgeons are willing to operate in the very high-risk 
patients, while others are reticent. To evaluate the need for surgery in high risk patients, 
another trial in high-risk patients is preferable. The ENDOVAL trial is the first and only 
trial assessing the use of early surgery in endocarditis, and could be a boost for others 
to follow.

Conclusions

Endocarditis has been extensively described over the last decades and treatment with 
surgery is established for certain indications associated with improved survival. Surgical 
treatment of PVE carries quite a high mortality and requires close follow-up due to a 
continued postoperative risk. The selection of patients who benefit most from valve re-
placement is becoming more transparent, but treatment often remains biased because 
of surgeon preferences. A large number of ongoing studies and randomized trials will 
produce stronger evidence. 
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ABSTRACT

Aims

Numerous studies have linked prosthesis-patient mismatch (PPM) after aortic valve 
replacement (AVR) to adverse outcomes. Its correlation with long-term survival has been 
described but with contradicting results. This systematic review and meta-analysis of 
observational studies aims to determine the hazard of PPM after AVR.

Methods and Results

The Medline and EMBase databases were searched for English-language original pub-
lications. Two researchers independently screened studies and extracted data. Pooled 
estimates were obtained by random-effects model. Subgroup analyses were performed 
to detect sources of heterogeneity. The search yielded 348 potentially relevant studies; 
34 were included comprising 27,186 patients and 133,141 patient-years. Defined by the 
universally accredited indexed effective orifice area of <0.85 cm2/m2, 44.2% of patients 
were categorized as having PPM. In 34.2% moderate (0.65-0.85 cm2/m2) and 9.8% severe 
(<0.65 cm2/m2) PPM was present. PPM was associated with a statistically significant in-
crease of all-cause mortality (HR=1.34, 95% 1.18-1.51), but only a trend to an increase in 
cardiac-related mortality (HR=1.51, 95% 0.88-2.60) was recognized. Analysis by severity 
of PPM demonstrated that both moderate and severe PPM increased all-cause mortal-
ity (HR=1.19, 95% 1.07-1.33 and HR=1.84, 95% 1.38-2.45) and cardiac-related mortal-
ity (HR=1.32, 95% 1.02-1.71 and HR=6.46, 95% 2.79-14.97). Further analyses showed a 
consistent effect over separate time-intervals during follow-up.

Conclusions

PPM is associated with an increase in all-cause and cardiac-related mortality over long-
term follow-up. We recommend that current efforts to prevent PPM should receive more 
emphasis and a widespread acceptance to improve long-term survival after AVR.
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BACKGROUND

The problem of prosthesis-patient mismatch (PPM) after valvular surgery has been a 
topic of discussion ever since it was first described in 1978 (1). PPM occurs when the 
effective orifice area (EOA) of the prosthesis is physiologically too small in relation to the 
patient’s body size, thus resulting in abnormally high postoperative gradients. Hence, 
the parameter that has been used to characterize PPM is the indexed EOA (iEOA), i.e. the 
EOA of the prosthesis divided by the patient’s body surface area (2-4). 

Results from clinical studies demonstrated the negative effect of PPM following aortic 
valve replacement (AVR) on left ventricular (LV) mass regression, recovery of LV systolic 
function, New York Heart Association functional class, quality of life, and bioprosthetic 
valve durability (5, 6). Furthermore, aortic PPM has been associated with increased 
incidence of operative mortality and late cardiac events (7-11).

Although patients with PPM have been shown to have worse hemodynamic and func-
tional outcomes following AVR, survival analyses have not yet uniformly demonstrated 
that PPM is a predictor of increased mortality (12, 13). In an attempt to further explore 
the association of PPM and long-term survival after AVR in adults, a systematic review 
and meta-analysis was performed of both retro-and prospective cohort studies that 
stratify survival by the presence of PPM.

METHODS

The reporting of this systematic review and meta-analysis is according to the Meta-
analysis of Observational Studies in Epidemiology (MOOSE) guidelines (14). 

Search Strategy

In January 2011 the Medline and EMBase databases were systematically searched to 
identify published full-length English studies reporting the long-term survival of pa-
tients after AVR, stratified by the presence of PPM. No year of publication exclusion was 
implied. Studies were identified by a search using the following key words in all fields: 
“mismatch OR PPM” AND “AVR OR aortic valve replacement”. To ensure that no poten-
tially valid studies were missed, the reference lists from reviews and included studies 
were checked.

Study Inclusion

The title and abstract of studies identified by the search were independently screened 
by two investigators (S.J.H. and M.M.M) using the following steps: 1) the publication was 
an original full-article contribution in a peer-reviewed journal; 2) patients were adults; 
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3) patients had undergone AVR with a bioprosthetic or mechanical valve; 4) PPM was 
assessed; and 5) long-term follow-up of minimal 5 years was available and stratified for 
PPM. Studies reporting only a specific patient group (e.g. patients with renal failure) 
were excluded. For studies that met these criteria, or in case of uncertainty, the full texts 
were further evaluated.

Finally, the study site(s), inclusion period, patient demographics (e.g. age), and diag-
nosis of potential studies were compared to ensure minimal patient overlap in different 
publications. If extensive overlap existed, included was only the publication with the 
largest or diagnostically most complete cohort (e.g. all patients instead of only patients 
with aortic stenosis).

Data Extraction

From each study we collected the design, number of patients, patient baseline character-
istics, type of implanted valve, presence of PPM according to the corresponding iEOA cut-
off threshold, follow-up, and patient-years of follow-up. If the number of patient-years 
was not mentioned, it was calculated by multiplying the number of patients with the 
mean follow-up. If data was unclear or unavailable, the authors were contacted by e-mail.

Studies that reported results of a PPM (iEOA <0.85, <0.80, or <0.75 cm2/m2) versus no 
PPM group were included in the “any PPM” analysis. Studies that reported results for 
moderate PPM (iEOA 0.65/0.60 - 0.90/0.85 cm2/m2) or severe PPM (iEOA <0.65 or <0.60 
cm2/m2) separately were included in “moderate PPM” and “severe PPM” pooled analyses.

All-cause mortality and cardiac-related mortality were evaluated. Mortality was ex-
tracted as a HR. For studies that did not report a HR with corresponding variance, this was 
extracted per 6 month period from the Kaplan-Meier survival curve by two independent 
investigators (S.J.H. and R.L.J.O). Survival was obtained up to a representative number of 
patients at risk (15, 16). The method described by Williamson et al. (17) was used to esti-
mate a logarithmic HR with corresponding variance when the number of patients at risk 
was given at each time frame. If this data was not provided, the method by Parmar et al. 
(18) was used. For each study, we used a spreadsheet programmed to estimate the overall 
HR with 95% confidence intervals (CI) using an inverse variance-weighted average (19, 20).

Statistical Analysis

Statistical analyses were performed using Review Manager version 5.0 for Windows 
(The Cochrane Collaboration, 2008). A random-effect model was used to obtain pooled 
estimates. Weighing of studies was based on the standard error (SE) of the logarithmic 
HR, in which studies with a large SE are weighed less than studies with a small SE. Het-
erogeneity was examined with the I2 statistic; whether this was statistically significant 
in subgroup analyses was explored with the Q test. Sources of heterogeneity were ex-
plored by subgroup analyses of study characteristics (study design, study location, year 
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of publication, mean follow-up), patient characteristics (age, type of valve implanted), 
and the method used to define PPM. Sensitivity analyses were performed for year of 
patient inclusion to study the effect of characteristics that may have changed over time. 

A separate analysis was performed with obtained HRs and corresponding SEs per one-year 
period, calculated with the extraction spreadsheet. An overall pooled HR estimate per separate 
time-period was obtained with a random-effects model. Subsequently, the pooled year-
estimates were again combined to assess whether the HRs were different between intervals.

Funnel plots were produced for visualization of possible publication bias (21).

RESULTS

The database search yielded 348 potentially relevant studies (Figure 1). After the title 
and abstract were screened, 176 studies were excluded because they did not focus on 
aortic valve replacement with bioprosthesis or mechanical valve and the association of 

 

Potentially relevant studies screened for 
retrieval on basis of title and abstract (n=348) 

Studies excluded: 
- Not clinically relevant (n=176) 
- No original contribution (n=73) 

Potentially studies retrieved for more 
detailed evaluation (n=99) 

Studies excluded: 
- No long-term follow-up, or not stratified 

by prosthesis-patient mismatch (n=49) 
- Article not in English (n=3) 

Potentially appropriate studies to be included 
(n=47) 

Relevant studies from reference lists or 
previous reviews (n=0) 

Studies excluded because of overlap with 
other included studies or insufficient data 
(n=13) 

Studies included and analysed in the  
meta-analysis (n=34) 

Figure 1. Flow diagram - systematic inclusion of studies for meta-analysis.
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Figure 2. Pooled estimate for all-cause mortality - ratio’s demonstrate the additional hazard with 
PPM in relation to a no PPM reference group. Studies that stratified results according to the se-
verity of PPM are analyzed individually. HR, hazard ratio; CI, confidence interval; PPM, prosthe-
sis-patient mismatch.
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PPM with survival. Another 73 studies were excluded because they were not original 
full-length contributions. 

Ninety-nine full-text original articles were reviewed in more detail. Studies were fur-
ther excluded for various reasons (Figure 1), and a remaining 34 studies were included 
in the present systematic review (Table 1) (4, 5, 8, 10, 11, 22-50). They comprised a total 
of 27,186 patients and 133,141 patient-years. In 27 studies with 21,802 patients the iEOA 
threshold of 0.85 cm2/m2 was used, and 44.2% of patients were diagnosed with PPM. 
Seven studies found that 34.2% of patients had moderate PPM (>0.65 - >0.85 cm2/m2), 
and 9.8% had severe PPM (<0.65 cm2/m2).

Figure 3. Pooled estimate for cardiac-related mortality - ratio’s demonstrate the additional haz-
ard with PPM in relation to a no PPM reference group. Studies that stratified results according 
to the severity of PPM are analyzed individually. HR, hazard ratio; CI, confidence interval; PPM, 
prosthesis-patient mismatch.
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Long-Term Outcomes 

PPM was associated with decreased long-term survival (HR=1.34, 95% CI 1.18-1.51) 
when compared to patients without PPM (Figure 2). In studies that stratified outcomes 
by the severity of PPM, both moderate (HR=1.19, 95% CI 1.07-1.33) and severe (HR=1.84, 
95% CI 1.38-2.45) PPM showed a statistically significant increase of all-cause mortality.

PPM was associated with a 1.51-fold (95% CI 0.88-2.60) non-significant increase of 
cardiac-related mortality (Figure 3). Differentiation by moderate and severe PPM dem-
onstrated HRs of 1.32 (95% CI 1.02-1.71) and 6.46 (95% CI 2.79-14.97), respectively.

There was a constant hazard over time for all-cause mortality (p=0.93) (Figure 4). The 
cardiac-related analysis showed more variation in HRs over time.

Sensitivity analysis with studies that included patients operated after 1990 and after 
1995 demonstrated that the effect was slightly higher with later inclusion, but this dif-
ference was not statistically significant (Table 2). No analyses were performed for the 
moderate and severe PPM group for cardiac-related mortality, due to the low number of 
studies included (n=3).

Sources of Heterogeneity

The subgroup analysis detected statistical heterogeneity between bioprosthetic and 
mechanical valves (Figure 5). There was also a statistical significant heterogeneity in the 
all-cause mortality analysis by determining the EOA, but this is likely due to the low 
number of studied that used echocardiographic measurement because this heteroge-
neity was not significant in other analyses. Again, no analyses were performed for the 
moderate and severe PPM group for cardiac-related mortality.

Figure 4. Hazard of mortality in separate time-intervals - pooled estimates of studies to detect 
variance in all-cause (A) and cardiac-related (B) hazard over separate intervals during follow-up. 
Within the first year of follow-up, studies were excluded if analyses were performed without hos-
pital mortality. The number of studies with corresponding lengths of follow-up are indicated be-
tween brackets. HR, hazard ratio; CI, confidence interval.
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Publication Bias

There was no evidence of publication bias in funnel plots of all-cause and cardiac-related 
mortality survival assessments (Figure 1 of the online-only data supplement).

DISCUSSION

Prosthesis-patient mismatch has been associated with reduced LV mass regression, 
impaired physical recovery, and higher incidence of adverse cardiac events after AVR, 
however, no consistent association between PPM and long-term survival has been 
established (13). The current unprecedented meta-analysis shows a significant reduc-
tion in overall and cardiac-related long-term survival for patients with PPM after AVR. 
Moreover, this association increases with PPM severity and appears constant over time. 
These results have important clinical implications given that PPM is a potentially modifi-
able risk factor.

Table 2. Sensitivity analysis with patient inclusion after 1990 and 1995.

HR (95% CI) P for Heterogeneity

All-cause Mortality

 Any PPM 0.71

  All studies (n=18) 1.34 (1.18-1.51)

  Patient inclusion >1990 (n=13) 1.43 (1.27-1.61)

  Patient inclusion >1995 (n=7) 1.42 (1.13-1.77)

 Moderate PPM 0.87

  All studies (n=10) 1.19 (1.07-1.33)

  Patient inclusion >1990 (n=6) 1.24 (1.03-1.49)

  Patient inclusion >1995 (n=3) 1.27 (0.96-1.69)

 Severe PPM 0.94

  All studies (n=12) 1.84 (1.38-2.45)

  Patient inclusion >1990 (n=8) 1.86 (1.26-2.73)

  Patient inclusion >1995 (n=4) 2.06 (1.33-2.39)

Cardiac-related Mortality

 Any PPM 0.67

  All studies (n=9) 1.51 (0.88-2.60)

  Patient inclusion >1990 (n=6) 1.97 (1.04-3.74)

  Patient inclusion >1995 (n=2) 2.18 (1.13-4.19)

 Moderate PPM …*

 Severe PPM …*

*Not assessed due to low number of studies; PPM, prosthesis-patient mismatch.
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The marked statistical significant heterogeneity in the explorative subgroup analyses 
is mainly related to the type of prosthesis, whether this was a bioprosthetic or mechani-
cal valve. The type of prosthesis could be a confounding factor, as mechanical valves are 
implanted more often in younger patients. These patients generally have a more active 
life-style and higher metabolic rate, thereby increasing the flow and thus the gradient 
across the valve in case of PPM (13). In this regard, some studies have suggested that 
the impact of PPM on postoperative survival is more pronounced in younger patients 

Figure 5. Subgroup analyses to explore the source of heterogeneity - all-cause and cardiac-re-
lated results were analyzed according to baseline- and study-related factors (A). Moderate and 
severe analyses (B) were also performed for all-cause mortality, but not for cardiac-related mor-
tality due to the low number of studies included (n=3). HR, hazard ratio; CI, confidence interval; 
PPM, prosthesis-patient mismatch. *Analysis excluded 1 study because of missing data.
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than in older ones (31, 45). In this study individual patient data was unavailable and the 
results from subgroup analyses should be regarded as hypothesis-generating. Future 
PPM studies should report the incidence and outcomes of patients with a mechanical 
and bioprosthetic valve separately, so that evidence is more substantiated.

Several factors may explain the association between PPM and reduced survival after 
AVR. The persistent LV afterload imposed by PPM may impair the postoperative recovery 
of coronary flow reserve (51) and the regression of LV hypertrophy and dysfunction (8, 
27, 52). Other negative outcomes previously reported in association with aortic PPM 
may have contributed to increase postoperative mortality, including: abnormalities of 
the Von Willebrand factor and associated bleeding complications (53, 54), higher occur-
rence of exercise-induced arrhythmias (44), and higher incidence of late congestive heart 
failure (8). Unger et al. also observed that, in patients with severe aortic stenosis and 
concomitant mild mitral regurgitation, PPM is associated with more important residual 
regurgitation after operation (55). A recent study showed that PPM is an important risk 
factor for early structural valve deterioration of aortic bioprosthesis (5). Finally, PPM may 
also be a surrogate marker for other co-morbidities (e.g. small calcified aortic root).

Prevention of PPM

The observed increased mortality hazard should encourage surgeons to avoid PPM. As 
opposed to most other risk factors for postoperative mortality, PPM may be avoided or 
its severity may be reduced by the application of a preventive strategy at the time of 
operation (6, 56, 57). The first step in this strategy is to calculate the minimal prosthetic 
valve EOA required to avoid PPM by multiplying patient’s BSA by 0.85 (6). The second 
step is to select a prosthetic valve model and size that fits into the patient’s aortic an-
nulus/root and that meets the minimum EOA calculated in the first step. It is important 
to emphasize that the currently available prosthetic valve models are not equivalent in 
terms of sizing and hemodynamic performance (6, 58). For example, the implantation 
of a 21mm valve can produce an EOA ranging between 1.2 ± 0.1 and 2.0 ± 0.7 cm2, 
depending on the type of prosthesis (13, 58). Given the significant improvements in 
prostheses design, contemporary prevention of PPM can largely be accomplished by 
the implantation of prosthetic valve models providing a better hemodynamic perfor-
mance. In cases where severe PPM cannot be avoided with the use of currently available 
prosthetic valves, aortic root enlargement may be contemplated if risk-benefit ratio 
is considered acceptable. Root enlargement is a surgical technique to accommodate 
a valve with a larger EOA and thereby avoiding PPM. This procedure has shown to be 
effective in reducing rates of PPM, although none of these studies have shown that an-
nulus enlargement results in improved long-term survival (59, 60). 

Two recent studies have reported that valve hemodynamics are superior with trans-
catheter aortic valve implantation (TAVI) than with surgical AVR, especially in the subset 
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of patients with small aortic root (61, 62). In these studies, PPM was less frequently pres-
ent in TAVI patients (11% and 17.8%) than those who underwent AVR (27% and 30.5%, 
respectively) (61, 63). TAVI may thus provide another potential alternative to avoid PPM 
in high risk patients and yet provide a less invasive procedure. Although, initial results 
with TAVI are promising, studies to date have only included a small number of patients. 
These results should thus be interpreted with caution and further studies in larger series 
of patients are needed to corroborate the usefulness of this procedure for the preven-
tion of PPM.

Prevention of PPM needs to be stressed especially in younger patients. These patients 
often receive a mechanical valve, and PPM may have a higher impact on survival. 
Other studies have also emphasized the importance of avoiding PPM in patients with 
depressed LV systolic function given that they are most vulnerable to the residual LV 
afterload associated with PPM (7, 64, 65).

Hemodynamics and EOA

There is a strong inverse relationship between pressure gradients and iEOA, which has 
led to widely accepted iEOA cut-off for defining PPM at 0.85 cm2/m2 for moderate and 
0.65 cm2/m2 for severe PPM. Significant valve gradients at rest or during exercise can be 
avoided with an iEOA >0.85 cm2/m2 (13). It has been shown that patients without PPM 
have stable hemodynamics, while an increase in gradients has been demonstrated in 
patients with an iEOA ≤0.85 cm2/m2 which is even worse in patients with severe PPM 
(≤0.65 cm2/m2) (4). Hence, the difference in gradient that is observed at rest between 
patients with PPM versus those with no PPM increases dramatically with exercise and 
associated increase in flow rate. It should however be emphasized that some patients 
may exhibit a relatively low gradient despite the presence of a small iEOA. This “pseudo-
normalization” of gradient is related to the presence of a low flow state, similar to what 
occurs in patients with low flow, low-gradient aortic stenosis. And the patients with PPM 
and low gradient are likely at higher risk for adverse events.

Over time valve companies have developed prosthetic valves with better hemody-
namic performance and thus with larger EOAs. The older generation of prosthesis tends 
to have smaller EOAs for a given prosthesis size (Table 3). This meta-analysis includes 
studies with a long time period of patient inclusion. Many centers, however, are still us-
ing certain popular valves (e.g. St Jude Medical Standard mechanical valve, CarboMedics 
mechanical valve, Perimount bioprosthesis, etc). The use of a newer generation of valve 
prosthesis may influence the prevalence of PPM, but the effect of PPM on mortality will 
not change. 

Company-provided iEAO charts should be interpreted with caution. There are no 
standards for creating these charts and it has been shown that the most optimistic EOA 
values are often chosen to be reported (56, 66, 67). A more reliable and manufacturer-
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independent source of reference EOA data has been published by Pibarot et al. and is 
displayed in Table 3 (68). This table can be used to predict the average postoperative 
EOA for each given model and size of prosthesis. This information is particularly useful to 
anticipate the risk of PPM at the time of operation. If, after calculating the predicted iEOA 
from Table 3 (with information of valve model and sizing) and patient’s body surface 
area, the surgeon concludes that there is risk of PPM, and especially of severe PPM, an 
alternative prosthesis model and/or surgical technique could be used to avoid PPM or, at 
least, reduce its severity. A comparison of the different models of prostheses on a label 
size per size basis in Table 3 may be misleading given that the dimensions of the sizers 
and the correspondence with the label prosthesis size may vary from one manufacturer 
to the other. The establishment of universal sizers and sizing process that would be the 
same for all prosthetic valves of all manufacturers would certainly help to implement 
operative strategies for the prevention of PPM. 

Table 3. Literature derived effective orifice areas of popular valves.

Valve size (mm)

19 21 23 25 27 29

Stented bioprostheses

 Mosaic 1.1 ± 0.2 1.2 ± 0.3 1.4 ± 0.3 1.7 ± 0.4 1.8 ± 0.4 2.0 ± 0.4

 Hancock II … 1.2 ± 0.1 1.3 ± 0.2 1.5 ± 0.3 1.6 ± 0.2 1.6 ± 0.2

 CE Perimount 1.1 ± 0.3 1.3 ± 0.4 1.5 ± 0.4 1.8 ± 0.4 2.1 ± 0.4 2.2 ± 0.4

 CR Magna* 1.3 ± 0.3 1.7 ± 0.3 2.1 ± 0.4 2.3 ± 0.5 … …

 Biocor (Epic)* … 1.3 ± 0.3 1.6 ± 0.3 1.8 ± 0.4 … …

 Mitroflow* 1.1 ± 0.1 1.3 ± 0.1 1.5 ± 0.2 1.8 ± 0.2 … …

Stentless bioprostheses

 Medtronic Freestyle 1.2 ± 0.2 1,4 ± 0.2 1.5 ± 0.3 2.0 ± 0.4 2.3 ± 0.5 …

 SJM Toronto SPV … 1.3 ± 0.3 1.5 ± 0.5 1.7 ± 0.8 2.1 ± 0.7 2.7 ± 1.0

Mechanical prostheses

 Medtronic Hall 1.2 ± 0.2 1.3 ± 0.2 … … … …

 Medtronic Advantage* … 1.7 ± 0.2 2.2 ± 0.3 2.8 ± 0.6 3.3 ± 0.7 3.9 ± 0.7

 SJM Standard 1.0 ± 0.2 1.4 ± 0.2 1.5 ± 0.5 2.1 ± 0.4 2.7 ± 0.6 3.2 ± 0.3

 SJM Regent 1.6 ± 0.4 2.0 ± 0.7 2.2 ± 0.9 2.5 ± 0.9 3.6 ± .13 4.4 ± 0.6

 On-X 1.5 ± 0.2 1.7 ± 0.4 2.0 ± 0.6 2.4 ± 0.8 3.2 ± 0.6 3.2 ± 0.6

 CarboMedics 1.0 ± 0.4 1.5 ± 0.3 1.7 ± 0.3 2.0 ± 0.4 2.5 ± 0.4 2.6 ± 0.4

CE, Carpentier-Edwards; SJM, St Jude Medical; *Results are based on a limited number of patients.
Reproduced with permission of Pibarot et al.67
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Study Limitations

To reduce the limitations inherent to meta-analysis, we included multiple databases in 
the literature search, and used minimal exclusion criteria. As a result, a wide time hori-
zon of patient inclusion is present which some consider problematic due to changes in 
cardiac surgery and echocardiography. However, a sensitivity analysis by years of patient 
inclusion could not demonstrate a difference in HRs when only studies with inclusion of 
patients operated after 1990 and 1995 were used.

First of all, many of the studies were retrospective by design and therefore follow-up 
was incomplete. The method by Williamson et al. (17) to extrapolate HRs from Kaplan-
Meier is a widely-accepted method recommended in the PRISMA guidelines (19), but 
the corresponding HR is not as accurate as to when reported in the original paper. 
Nonetheless, a subgroup analysis by study design was unable to detect a difference in 
effect between retro-and prospective studies. The quality of studies was generally high 
because completion of follow-up was often >95%. 

Second, only 8 of the 34 studies used EOAs determined by echocardiographic mea-
surement. Although direct measurement is considered a more appropriate method, 
the other studies used previously reported reference values of the EOA to calculate the 
iEOA, due to a lack of postoperative echocardiographic data (5, 13). It is possible that 
some patients may thus have been mis-classified with the use of this “projected” iEOA. 
However, the utilization of the iEOA measured by Doppler-echocardiography early after 
operation also has limitations. Its accuracy may be altered by LV outflow or chronotropic 
conditions and by technical pitfalls or measurements errors. Furthermore, data is not 
available in patients who died in the operative or early postoperative periods. Neverthe-
less, the subgroup analysis demonstrated no difference in outcomes in studies using 
measured or reference values, and long-term survival is significantly impaired in both 
categories of studies (Figure 5).

Third, despite significant efforts to instruct authors to report results according to 
guidelines (69), outcome reporting in the included studies differed considerably. In some 
studies hospital or procedure-related mortality was in-or excluded. In several instances 
the in-or exclusion was not even specified. Both authors and editors of journals should 
be encouraged to use uniform definitions and reporting of outcomes. Meta-analysis is 
an important method in clinical research. With standardized methods and reporting, a 
larger number of studies can be included in meta-analyses and evidence can be more 
accurately and less spuriously defined (70). 

Conclusions

Although the adverse effect of PPM on long-term survival has been denied in some 
studies, this meta-analysis of 34 studies with 27,186 patients demonstrates a significant 
increase in all-cause and cardiac-related mortality over long-term follow-up after AVR. 
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Current efforts to prevent PPM should therefore receive more emphasis and a wide-
spread acceptance to improve long-term survival.
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ABSTRACT

Background 

It is suggested that in young adults the Ross procedure results in a better late patient 
survival compared to mechanical prosthesis implantation. We performed a propensity-
score-matched study that assessed late survival in young adult patients after a Ross 
procedure versus mechanical aortic valve replacement with optimal self-management 
anticoagulation therapy.

Methods and Results

We selected 918 Ross patients and 406 mechanical valve patients aged 18-60 years with-
out dissection, aneurysm or mitral valve replacement who survived an elective procedure 
(1994-2008). Using propensity-score matching late survival was compared between the 
2 groups. Two-hundred-fifty-three patients with a mechanical valve (mean follow-up 6.3 
years) could be propensity matched to a Ross patient (mean follow-up 5.1 years). Mean 
age of the matched cohort was 47.3 years in the Ross procedure group and 48.0 years 
in the mechanical valve group (p=0.17), M/F ratio was 3.2 in the Ross procedure group 
and 2.7 in the mechanical valve group (p=0.46). Linearized all-cause mortality rate was 
0.53%/patient-year in the Ross procedure group compared to 0.30%/patient-year in the 
mechanical valve group (matched hazard ratio 1.86, 95% confidence interval 0.58-5.91, 
p=0.32). Late survival was comparable to the general German population.

Conclusions

In comparable patients there is no late survival difference in the first postoperative 
decade between the Ross procedure and mechanical aortic valve implantation with 
optimal anticoagulation self-management. Survival in these selected young adult 
patients closely resembles the general population, possibly as a result of highly special-
ized anticoagulation self-management, better timing of surgery, and improved patient 
selection in more recent years. 
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INTRODUCTION

Survival after aortic valve replacement is reported to be significantly lower compared 
to the general age-matched population—especially in younger adult patients (1-3). An 
exception is survival after the Ross procedure, which seems to be comparable to the 
general age-matched population (4). It remains unclear whether this excellent survival is 
a consequence of the autograft attributes (5) (living valve with superior hemodynamics 
and low valve-related event occurrence rates), or the careful selection of patients for the 
Ross procedure (6). To obtain an answer to this puzzling question, the method of choice 
would be a randomized controlled trial. However, few centers are willing to randomize 
young adult patients between the Ross procedure, a mechanical prosthesis, a stentless 
or stented bioprosthesis. Most surgeons or young adults have a clear preference for a 
particular prosthesis in young adult patients, and only a handful of surgeons are experi-
enced with the Ross procedure. 

In the absence of a randomized trial we performed a propensity score matched study 
that assessed late survival in young adult patients after a Ross procedure versus mechani-
cal aortic valve replacement. Given the fact that optimal postoperative anticoagulation 
treatment can potentially contribute to a better patient survival, we have included in 
this study patients with mechanical valves who receive a specialized self-management 
anticoagulation treatment.

METHODS

Source of study data

For this study we used data from the German-Dutch Ross Registry (7-10) and the ESCAT II 
trial (11, 12). The German-Dutch Ross Registry is a prospective multicenter cohort study 
with 1742 patients. The Registry includes data from 12 departments of cardiothoracic 
surgery in The Netherlands and Germany, and started in February 1991 (7-10). The ES-
CAT II trial is a prospective controlled randomized multicenter study. A total of 2162 
patients were enrolled in the ESCAT II trial between the years 1994 and 2002. Follow-up 
of all patients was assessed for the last time in 2006. Patients were randomized between 
a conventional group (INR target range 2.5 to 4.5) and a low-dose group (for aortic valve 
recipients the INR target range was 1.8 to 2.8). The Bad Oeynhausen concept of INR self-
management consists of a postoperative training, a second training approximately six 
months later, and a 24 h telemedicine care and consultation. The centre provides the 
patients an anticoagulation monitor with test strips and the lancets. A weekly determi-
nation and feedback to the telemedicine centre allows a sensitive INR adjustment dur-
ing the long-term anticoagulation therapy. Two large randomised prospective studies 
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have demonstrated that the Bad Oeynhausen concept results in well-trained patients 
with a high percentage of their measured INR values lying within the predetermined 
therapeutic range, thus resulting in a low rate of complications such as bleeding and 
thromboembolism (11, 13). Six different centers across Germany participated in the 
ESCAT II study (11, 12). We included only patients from the Bad Oeynhausen center 
(881 patients) since this was the only center that had collected the detailed patient and 
peri-operative information that we needed for the purpose of our study. During patient 
selection for the propensity score analysis we didn’t make a distinction between the 
two groups in the ESCAT II trial because there were no differences between the groups 
relevant for this study (14). The authors had full access to and take full responsibility for 
the integrity of the data and the present manuscript.

Study population

Patients with isolated aortic valve pathology aged 18 through 60 years at the time of 
operation that were operated between 1994 and 2008 were included. Patients who 
underwent an urgent operation (within 24 hours after admission), patients with an aor-
tic dissection or aortic aneurysm, and patients who required concomitant mitral valve 
replacement were excluded from this study. Concomitant mitral valve reconstruction 
and concomitant coronary artery bypass graft were not considered as exclusion criteria. 
The remaining study population consisted of 406 patients within the mechanical valve 
group and of 918 patients within the Ross procedure group. The baseline characteristics 
of this initial cohort are shown in Table 1.

Study Outcomes

The outcome of interest was late mortality (defined as any death occurring more than 30 
days after surgery). The occurrence of events during follow-up and the cause of death was 
registered and reported according to the Guidelines for reporting mortality and morbid-
ity after cardiac valve interventions (15). Only grade III thrombo-embolism and grade III 
bleeding complications were used for the analyses. Briefly, grade III thrombo-embolism 
was defined as heart valve prosthesis thrombosis or severe thrombo-embolism requir-
ing inpatient treatment or causing long-term impairment (including transient ischemic 
attacks). Grade III bleeding was defined as severe bleeding, requiring transfusion, surgi-
cal or endoscopic intervention, and inpatient care or causing long-term impairment. 
Moreover, each death and its cause were documented during follow-up (11).

Propensity score construction and analyses

In our initial cohort most baseline characteristics were significantly different between 
the Ross procedure group and the mechanical prosthesis group (Table 1). To achieve a 
more balanced group we used propensity-score balancing. Propensity score matching 
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Table 1. Baseline Characteristics Unmatched Cohort.

Covariates
Cohort

(N = 1324)
Mechanical AVR

(N = 406)
Ross Procedure

(N = 918)
P 

value

Sex (male) 1001 (75.6 %) 310 (76.4 %) 691 (75.3 %) .672

Mean age at surgical intervention (y) 44.0 ± 11.3 49.5 ± 10.3 41.6 ± 11.0 < .001

Cause

 Rheumatic 60 (4.5 %) 23 (5.7 %) 37 (4.0 %) .054

 Missing 58 (4.4 %) 58 (14.3 %)

 Calcified/Degenerative 644 (48.6 %) 311 (76.6 %) 333 (36.3 %) < .001

 Missing 55 (4.2 %) 55 (13.5 %)

Endocarditis

 Active Endocarditis 32 (2.4 %) 0 (0 %) 32 (3.5 %) < .001

Hemodynamic manifestation

 Stenosis 339 (25.6 %) 129 (31.8 %) 210 (22.9 %) < .001

 Regurgitation 401 (30.3 %) 102 (25.1 %) 299 (32.6 %) .028

 Mixed 554 (41.8 %) 155 (38.2 %) 399 (43.5 %) .270

 Missing 30 (2.3 %) 20 (4.9%) 10 (1.1 %)

Preoperative NYHA < .001

 NYHA I / II 813 (61.4 %) 202 (49.8 %) 611 (66.6 %)

 NYHA III / IV 463 (35.0 % ) 191 (47.0 %) 272 (29.6 %)

 Missing 48 (3.6 %) 13 (3.2 %) 35 (3.8 %)

Preoperative creatinin µmol/L 83.8 ± 60.4 93.6 ± 89.1 76.7 ± 20.9 < .001

Preoperative rhythm .003

 Sinus 1268 (95.8 %) 374 (92.1 %) 894 (97.4 %)

 Other 24 (1.8 %) 15 (3.7 %) 9 (1.0 %)

 Missing 32 (2.4 %) 17 (4.2 %) 15 (1.6 %)

Preoperative DM 46 (3.5 %) 20 (4.9 %) 26 (2.8 %) .055

Preoperative Hypertension 406 (30.7 %) 161 (39.7 %) 245 (26.7 %) < .001

Preoperative Lung Disease 29 (2.2 %) 7 (1.7 %) 22 (2.4 %) .441

Preoperative LVEF (%) 64.0 ± 12.3 65.3 ± 13.8 63.2 ± 11.2 .013

 Missing 156 (11.8 %) 24 (5.9 %) 132 (14.4 %)

Preoperative LVH 726 (54.8 %) 354 (87.6 %) 372 (40.5 %) < .001

 Missing 47 (3.5 %) 47 (5.1 %)

Preoperative LVEDD 55.9 ± 10.6 57.2 ± 10.7 55.2 ± 10.4 .009

Preoperative LVESD 37.1 ± 10.1 39.2 ± 10.4 35.8 ± 9.6 < .001

Previous Cardiac Operation 88 (6.6 %) 27 (6.7 %) 61 (6.6 %) .997

Previous Aortic Valve Operation 59 (4.5 %) 9 (2.2 %) 50 (5.4 %) .009

Concomitant  CABG 183 (13.8) 145 (35.7) 38 (4.1) < .001

Concomitant  MV reconstruction 16 (1.2) 0 (0.0) 16 (1.7) < .001

DM, diabetes mellitus; EF, left ventricular ejection fraction; LVEDD, left ventricular end diastolic diameter; 
LVESD, left ventricular end systolic diameters; CABG, coronary artery bypass grafting; MV, mitral valve
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offers a way to achieve more balanced groups by matching treatment and control units 
based on a set of baseline characteristics (16-18). Before matching the two treatment 
groups we excluded all hospital mortality. The overall early mortality in the German-
Dutch registry was 0.8% (7 deaths). The overall early mortality in mechanical prosthesis 
group was 0.5% (2 deaths). After the exclusion of hospital mortality the cohort consisted 
of 918 patients in the Ross procedure group and of 406 patients in the mechanical 
prosthesis group (Figure 1). 

The propensity score for our combined cohort of 1324 patients (with Ross procedure or 
mechanical prosthesis) was constructed using a nonparsimonious multivariable logistic 
regression model. In the model, the choice of operation (Ross procedure or mechanical 
prosthesis) was used as the dependent variable, and all statistically significant baseline 
characteristics displayed in Table 1, except for LVESD, were included as covariates. LVESD 
was not included as covariate in the propensity model because it was highly correlated 
with LVEDD (Spearman correlation coefficient=0.815). 

The propensity score was entered into a Cox proportional hazards model for late 
mortality together with the variable Ross procedure versus mechanical prosthesis. 
Additionally, the patients were matched according to the method of nearest neighbor 
matching (19). Patients within the mechanical valve group were assigned a random 
number. Then, starting with lowest random number, the first patient with a mechanical 
valve was matched to a Ross patient with the closest propensity score. A propensity 
score difference of 0.25 was used as a maximum caliper width for matching the two 
treatment groups. If no Ross patients could be found as a match to a patient with a 
mechanical prosthesis, then this patient with mechanical prosthesis was left unmatched 
and was not used in subsequent analyses. Ross patients that could be matched to pa-
tients with a mechanical prosthesis were no longer considered as a possible match for 
subsequent patients with a mechanical prosthesis. This process was repeated until all 
possible matches were formed. The baseline characteristics of this final matched cohort 
are shown in Table 2.

Statistical Analyses

Using survival analysis power calculation (Power and Precision version 2.1) we estimated 
that approximately 238 patients in each group were needed to reject the null hypothesis 
that there is no late survival difference between the groups. The required sample size of 
238 patients in each treatment group was based on the use of a two-tailed P value of 
0.05 to indicate statistical significance for late survival with a minimum power of 0.80. 
We assumed a late mortality rate of 0.45% per year for patients with the Ross procedure 
(20) and a late mortality rate of 1.40% per year for patients with a mechanical prosthesis 
(6), and study duration of 14 years (1994-2008) with a constant accrual of patients. 
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Continuous data are presented as means (standard deviation; range), and comparison 
in the unmatched cohort was done using the unpaired T-test unless the data were not 
normally distributed (Kolmogorov-Smirnov test); in these instances we used the Mann-
Whitney U-test for comparison. Categorical data are presented as proportions, and 
comparison in the unmatched cohort was done using the Chi-Square test or the Fisher 
Exact test where appropriate. All tests were 2-sided, with an a-level of 0.05. Comparison 
in the matched cohort was done using McNemar’s test and paired sample t-test or 
Wilcoxon signed-rank test, where appropriate. A Cox-regression model, taking pair into 
account (by correcting the standard errors), has been used to compare survival between 
the different surgical techniques. The Cox proportional hazards model was also used for 
univariate and multivariate analysis of late survival. Comparison of patient survival with 
the general age and gender matched population was done using the German popula-
tion life tables (21). All statistical tests were two-sided, and tests with a p-value of 0.05 or 
lower were considered significant. Survival comparison of the matched cohort was done 
using R statistical software (R, version 2.11.1, 2010. R Development Core Team 2006, R 
Foundation for Statistical Computing, Vienna, Austria). All other statistical analyses were 
done using SPSS for windows version 15 (SPSS Inc.; Chicago, IL).

ESCAT II (Mechanical AVR)

2162 patients

German-Dutch Ross Registry

1742 patients

Bad Oeynhausen

881 patients

Bad Oeynhausen

Isolated aortic valve pathology

Age at operation:  18-60 years

Operation date:    1994 – 2002

408 patients

German-Dutch Ross Registry

Isolated aortic valve pathology

Age at operation:   18-60 years

Operation date:    1994 – 2008

925 patients

Exclusion early deaths (<30d) 

N=2 (0.5%)

406 patients

Exclusion early deaths (<30d) 

N=7 (0.8%)

918 patients

Figure 1. Flow chart patient selection.
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Table 2. Baseline Characteristics Matched Cohort.

Covariates
Cohort

(N = 506)
Mechanical AVR

(N = 253)
Ross Procedure

(N = 253)
P 

value

Sex (male) 378 (74.7 %) 185 (73.1 %) 193 (76.3 %) .461

Mean age at surgical intervention (y) 47.6 ± 9.8 48.0 ± 11.0 47.3 ± 8.5  .169

Cause

 Rheumatic 34 (6.7 %) 17 (6.7 %) 17 (6.7 %) .571

 Missing 33 (6.5 %) 33 (13.0 %)

 Calcified/Degenerative 403 (79.6 %) 188 (74.3 %) 215 (85.0 %) >0.99

 Missing 30 (5.9 %) 30 (11.9 %)

Endocarditis

 Active Endocarditis 0 (0.0 %) 0 (0 %) 0 (0.0%) -

Hemodynamic manifestation

 Stenosis 164 (32.4 %) 82 (32.4 %) 80 (31.6 %) .769

 Regurgitation 90 (17.8 %) 44 (17.4 %) 47 (18.6 %) .724

 Mixed 237 (46.8 %) 112 (44.3 %) 126 (49.8 %) .516

 Missing 15 (3.0 %) 15 (5.9%)

Preoperative NYHA .497

 NYHA I / II 297 (58.7 %) 145 (57.3 %) 152 (60.1 %)

 NYHA III / IV 185 (36.6 %) 95 (37.5 %) 90 (35.6 %)

 Missing 24 (4.7 %) 13 (5.1 %) 11 (4.3 %)

Preoperative creatinin µmol/L 82.2 ± 22.8 82.9 ± 16.9 80.7 ± 31.6 .206

Preoperative rhythm .508

 Sinus 480 (94.9 %) 232 (91.7 %) 248 (98.0 %)

 Other 9 (1.8 %) 6 (2.4 %) 3 (1.2 %)

 Missing 17 (3.4 %) 15 (5.9 %) 2 (0.8 %)

Preoperative DM 20 (4.0 %) 9 (3.6 %) 11 (4.3 %) .824

Preoperative Hypertension 166 (32.8 %) 86 (34.0 %) 80 (31.6 %) .645

Preoperative Lung Disease 14 (2.8 %) 5 (2.0 %) 9 (3.6 %) .424

Preoperative LVEF (%) 64.8 ± 12.9 65.6 ± 14.2 64.0 ± 11.2 0.169

 Missing 48 (9.5 %) 22 (8.7 %) 26 (10.3 %)

Preoperative LVH 382 (75.5 %) 194 (76.7 %) 188 (74.3 %) .807

 Missing 5 (1.0 %) 5 (2.0 %)

Preoperative LVEDD 55.3 ± 10.1 55.7 ± 10.2 54.8 ± 10.2 .386

Preoperative LVESD 36.5 ± 8.7 36.7 ± 8.8 36.3 ± 8.6 .745

Previous Cardiac Operation 16 (3.2 %) 10 (4.0 %) 6 (2.4 %) .454

Previous Aortic Valve Operation 9 (1.8 %) 5 (2.0 %) 4 (1.6 %) > 0.99

Concomitant  CABG 67 (13.2 %) 36 (14.2) 31 (12.3) .542

Concomitant  MV reconstruction 0 (0.0 %) 0 (0.0 %) 0 (0.0 %) -

DM, diabetes mellitus; EF, left ventricular ejection fraction; LVEDD, left ventricular end diastolic diameter; 
LVESD, left ventricular end systolic diameters; CABG, coronary artery bypass grafting; MV, mitral valve
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RESULTS

Outcomes in the unmatched cohort

In the initial unmatched cohort of 1324 patients there were 36 late deaths during a 
follow-up of 8,066 patient-years (0.45%/patient year). Late mortality occurred in 0.49%/
patient-year (N=27) in the Ross procedure group compared to 0.32%/patient-year (N=9) 
in the mechanical prosthesis group (unmatched hazard ratio [HR] 1.33, 95% confidence 
interval [CI] 0.61-2.91, p=0.47; Table 3). Addition of the propensity score to the Cox re-
gression model resulted in a propensity matched HR of 3.64 (95% CI 1.22-10.88). Explo-
ration of the propensity score distribution of the 2 treatment groups revealed extreme 
skewness of the propensity score of Ross patients. 

Outcomes in the propensity score matched cohort

Direct matching of patients according to propensity score resulted in a cohort that con-
sisted of 253 patients within the Ross procedure group (mean follow-up time 5.1 years) 
and of 253 patients within the mechanical valve group (mean follow-up time 6.3 years). 
The baseline characteristics of this final matched cohort are shown in Table 2.

Absolute standardized differences for all measured covariates were <10% suggesting 
substantial covariate balance across the groups (Figure 2) (22).

In the 253 matched-pair cohort, during 2,899 patient-years of follow-up, 12 partici-
pants (2.4%) died (Table 3). Valve-related mortality was only observed in patients who 
underwent a Ross procedure. The four valve-related deaths were two sudden, unex-
plained, unexpected deaths without further clinical data or autopsy, one death due to a 
coronary embolus and subsequent myocardial infarction, and one stroke.

During follow-up eight Ross patients in the matched cohort required an aortic valve 
replacement. None of the patients with a mechanical valve required a reoperation in 
the matched cohort. Linearized all-cause reoperation rate was 0.61%/patient-year in 
the Ross procedure group compared 0.00%/patient-year in the mechanical valve group 
(p=0.01). Two bleeding events were observed in the matched cohort of Ross patients 
and six bleeding events were observed in the matched cohort of the patients with a me-
chanical valve. Linearized bleeding rate was 0.15%/patient-year in the Ross procedure 
group compared to 0.36/patient-year in the mechanical valve group (p=0.15). During 
follow-up five Ross patients and one patient with a mechanical valve experienced a 
thromboembolic event. Linearized thromboembolism rate was 0.38%/patient-year in 
the Ross procedure group compared to 0.06/patient-year in the mechanical valve group 
(p=0.10). Endocarditis was diagnosed in two patients who underwent a Ross procedure 
and in none of the patients who underwent a mechanical aortic valve replacement. 
Linearized endocarditis rate was 0.15%/patient-year in the Ross procedure group com-
pared to 0.00%/patient-year in the mechanical valve group (p=0.16). 
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All-cause mortality occurred in 0.54%/patient-year (N=7) in the Ross procedure group 
compared to 0.31%/patient-year (N=5) in the mechanical prosthesis group (matched 
hazard ratio [HR] 1.86, 95% confidence interval [CI] 0.58 to 5.91, p=0.32; Table 3). Cumu-

Table 3. Association of procedure with late mortality.

Events/ total follow-up 
years

Matched hazard 
ratio (95% 
confidence 

interval) P-value
Mechanical 

Valve
Ross  

Procedure

Before matching n=406 n=918

 All-cause mortality 9/2574 27/5492 1.33 (0.61–2.91) 0.47

 Valve-related mortality 0 13/5492

 Non-valve related cardiac mortality 6/2574 6/5492

 Non-valve related non-cardiac mortality 1/2574 7/5492

 Unknown 2/2574 1/5492

After matching n=253 n=253

 All-cause mortality 5/1682  7/1310 1.86 (0.58–5.91) 0.29

 Valve-related mortality 0 4/1310

 Non-valve related cardiac mortality 3/1682 1/1310

 Non-valve related non-cardiac mortality 1/1682 2/1310

 Unknown 1/1682 0

0 10 20 30 40 50 60 70 80 90 10
0

Sex (male)
Rheumatic Valve Disease

Calcified/Degenerative Valve Disease
Active Endocarditis

Aortic Valve Stenosis
Aortic Valve Regurgitation

Mixed Valve Disease
NYHA I / II

NYHA III / IV
Rhythm: other than sinus

Preoperative DM
Preoperative Hypertension
Preoperative Lung Disease

EF < 49
EF > 50

Preoperative LVH
Previous Cardiac Operation 

Previous Aortic Valve Operation
Concomitant CABG

Concomitant reconstruction
Mean age at surgical intervention (y)

Preoperative creatinin µmol/L
Preoperative LVEDD
Preoperative LVESD

00
0

0
0
0

00
0

0
0
0

0
00

0
0

0
0

0
0
0
0

0

 Pre-match
0 Post-match

Absolute standardized differences (%)

Love plot.pzf:Data 1 - Mon Aug 12 17:51:16 2013

Figure 2. Love plots for absolute standardized differences for baseline covariates between pa-
tients with mechanical valve and patients with Ross procedure, before and after propensity score 
matching (DM, diabetes mellitus; EF, left ventricular ejection fraction; CABG, coronary artery by-
pass grafting; MV, mitral valve; LVEDD, left ventricular end diastolic diameter).
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lative survival is displayed in Figure 3. Age and gender matched late survival for young 
adult patients after aortic valve replacement was comparable to the general German 
population (96% vs. 95% at 8 years).

DISCUSSION

Our study results suggest that survival of mechanical valve patients, with highly special-
ized anticoagulation-self-management, is comparable to Ross patients. It also illustrates 
the vast differences in patient characteristics between the 2 patient groups. Finally, the 
present study shows that late survival after both the Ross procedure and mechanical 
prosthesis implantation is excellent and comparable to the general population.

The choice for particular valve prosthesis for aortic valve replacement in young adults 
has an important impact on the lives of these patients. Both the Ross procedure and 
mechanical prosthesis implantation have important advantages and disadvantages. 
Due to the increased thrombogenicity of mechanical prostheses the choice for this valve 
substitute implies lifelong anticoagulation, and is associated with an increased risk for 
thromboembolic and bleeding events. The use of anticoagulation may also complicate 
pregnancy because of the fetal and maternal complications of warfarin (23, 24) and 
may require life style adjustments in this relatively young and active patient group. The 
clinical association between micro-emboli, generated by mechanical valves, and neuro-
cognitive dysfunction is still a source of controversy (25, 26). Furthermore, compared to 
autograft valves, the hemodynamic performance of mechanical valves are less favorable 
(27), and mechanical valve noise can negatively affect patient’s quality of life (28). The 

        














 


   
   
       

   
                                                                 
                                                                      

   








 







 


Figure 3. Kaplan-Meier plot for all-cause mortality by procedure (Ross procedure versus mechan-
ical valve replacement with optimal self-management anticoagulation therapy).
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advantage of a mechanical prosthesis is the excellent durability and low reoperative 
hazard. The choice for a Ross procedure on the other hand would mean a limited dura-
bility of the aortic valve autograft and pulmonary valve allograft, and implies a certain 
risk of reoperation during the patient’s life depending on the technique used and the 
follow-up time. The advantage of the Ross procedure is the superior hemodynamic 
performance, low valve-related event occurrence rates and absent need for lifelong 
anticoagulation (29).

Surprisingly, we did not only find that there was no survival advantage for the Ross 
procedure over the use of mechanical prosthesis with optimal anticoagulation-self-
management, but there was even a tendency toward a survival advantage in patients 
who received a mechanical prosthesis. Of course, given the few late deaths in these 
series, this observation should be interpreted cautiously and a hazard ratio up to 5.91 
cannot be excluded. Possible explanations for our findings include the highly specialized 
anticoagulation-self-management treatment that patients receive in Bad Oeynhausen 
and the advances in recent years in the selection and timing of treatment in this young 
adult patient group. In order to receive anticoagulation self-management treatment 
mechanical valve patients have to be psychically and mentally able to attend the antico-
agulation self-management training session and able to control their INR. Theoretically 
this may have caused selection bias, although the effect of such bias is expected to be 
very small in the present study as we have only included patients between the age of 18 
and 60 years. It should explicitly be stated that our study results cannot automatically 
be generalized to all mechanical valve recipients: In the unmatched subset of ESCAT II 
patients from Bad Oeynhausen mortality is lower than mortality in the entire ESCAT II 
cohort (LOR 2.90/year) (14). This suggests that the innovative postoperative manage-
ment of patients in Bad Oeynhausen is extraordinary effective in terms of complication 
and survival rates. 

Of note, in the mechanical prosthesis group none of the late deaths was valve-related 
while four (two valve related with AMI and stroke, two unknown but attributed as valve 
related according to the guidelines) of the 7 late deaths in the Ross group were. This 
observation suggests that the optimized anticoagulation self-management treatment 
mechanical prosthesis patients receive in Bad Oeynhausen has resulted in a minimiza-
tion of thrombo-embolic and bleeding events and decreased valve-related mortality in 
comparison to older reports (30). 

The definition of previous cured endocarditis differed between the mechanical pros-
thesis cohort and the Ross patient cohort. In the cohort of patients with a mechanical 
prosthesis, the pathologist classified in explanted valves any sign of inflammation that 
might indicate previous endocarditis as cured endocarditis (71% of explanted valves). 
While in the cohort of Ross patients only those who experienced clinically manifest 
endocarditis were classified as having cured endocarditis (12% of the patients). Because 
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of this significant discrepancy in definition of previous cured endocarditis between the 
cohorts we decided to not include this variable in the analyses of present study.

Without using an additional statistical strategy to achieve more comparable treatment 
groups, it was not possible to compare late survival between young adults undergoing 
a Ross procedure and young adults receiving a mechanical prosthesis. Ross patients 
were for example on average seven years younger, had more often aortic valve stenosis 
and had better physical condition compared to patients that received a mechanical 
prosthesis. Patients that received a mechanical prosthesis had more often diabetes, 
hypertension, and next to aortic valve disease also other cardiac conditions requiring 
concomitant cardiac surgery. All these differences have an important impact on late 
survival in these patient groups (31-33). The fact that only 253 out of 406 mechanical 
valve patients (62%) could be matched to a Ross patient illustrates that there is strict 
selection of patients for these 2 treatment options. This is also reflected by the distribu-
tion differences of propensity score between the 2 groups.

It is remarkable that, for the duration of the follow-up period, survival after aortic 
valve replacement was comparable to the age-matched German population in both 
Ross patients and mechanical prosthesis patients. This observation supports the hy-
pothesis that late mortality after aortic valve replacement is mainly driven by patient 
characteristics, and prosthesis selection plays only a minor role, if any.

It implies that in patients who are good candidate for both a Ross procedure and me-
chanical aortic valve replacement, the choice for a particular treatment strategy should 
be determined by patient preferences. One patient’s unacceptable risk may be another 
patient’s acceptable risk: for some a reoperation in the distant future may be more ac-
ceptable than the limitations and risks imposed by anticoagulant treatment, while 
others prefer the opposite. With the ongoing improvement in the current anticoagulant 
treatment and the introduction of novel anticoagulant drugs the rate of bleeding and 
thromboembolic events may further decrease (14, 34). As a consequence in the future 
patient preference may more often shift toward a mechanical valve.

Of course, it needs to be taken into account that the results from the current study 
only apply to the first postoperative decade, and the effect on late survival of the in-
creasing reoperative hazard for the Ross procedure in the second postoperative decade 
still needs to be determined.

Limitations

This study was performed in the setting of elective European patients without aortic dis-
section, aortic aneurysm and concomitant mitral valve replacement. It is possible that 
some baseline differences between the groups were not taken into account (and thus 
are not included in the propensity score). Since the two treatment groups were treated 
in different centers a possible existence of ‘center effect’ cannot be ruled out. However, 
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the purpose of this study was to compare these two patient populations in the setting of 
optimal treatment and we managed to obtain and use data from very dedicated centers. 
Although the power calculation was based on literature, it might have been too optimis-
tic since we have observed fewer deaths than expected. An additional limitation is that 
mechanical valves are from a single center, whereas the Ross patients were from several 
centers. Finally, the generalisability of our study results requires further investigation.

Conclusions

In comparable patients there appears no late survival advantage in the first postopera-
tive decade for the Ross procedure over mechanical aortic valve implantation with highly 
specialized anticoagulation-self-management treatment. In contrast to older reports, 
relative survival in these selected young adult patients closely resembles the general 
population, possibly a result of highly specialized self-management anticoagulation 
treatment, and better timing of surgery and improved patient selection in more recent 
years. Careful prosthetic valve selection remains an important issue to ensure optimal 
patient-tailored quality of life.
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ABSTRACT

Background

Infective endocarditis remains associated with high in-hospital and long-term mortality. 
The outcome of surgically treated infective endocarditis patients has never been put 
into perspective by comparing it to the age- and gender matched general population.

The aim of present study was to evaluate the long-term mortality of surgically treated 
infective endocarditis patients in relation to the age- and gender matched general 
population. 

Methods

A retrospective observational cohort study of all 138 consecutive surgically treated 
infective endocarditis patients (1998-2007) was conducted. Cumulative survival was 
analyzed using the Kaplan-Meier method. Comparison of patient survival with the gen-
eral population was done using the Dutch population life table. Standardized mortality 
ratio was used to assess the degree of late deaths.

Results

Observed in-hospital mortality risk was 10.9%. Observed long-term survival was 85% 
(95% CI 78-90), 74% (95% CI 65-79), 71% (95% CI 62-78) after one, five and ten years, 
respectively. Age- and gender matched survival in the general population was 99%, 93% 
and 80% after a follow-up period of one, five and ten years, respectively. The standard-
ized mortality ratio was 0.99 (95% confidence interval 0.67-1.31). 

Conclusions

Although mortality of surgically treated infective endocarditis patients remains consid-
erable during the immediate post-operative period, the mortality of hospital survivors 
is, with increasing follow-up time, comparable with the general population.
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INTRODUCTION 

During the past decades prognosis of infective endocarditis (IE) improved considerably. 
However, IE still remains a serious condition characterized by high morbidity and mor-
tality. Overall in-hospital mortality has been reported in large series to range between 
15% and 20% (1, 2). 

Approximately fifty percent of the patients undergo surgery, which is often performed 
on an emergent or urgent basis (1, 3). It has been suggested that surgical intervention 
may contribute to a better patient outcome (4-6). The ESC guidelines recommend 
performing surgery in order to avoid progressive heart failure, irreversible structural 
damage caused by severe infection and to prevent systemic embolism (7).

Few investigators have reported long-term outcome of surgically treated IE patients, 
and most of these studies have relatively short follow-up time. It is generally known 
that (long-term) survival after IE is relatively low (2, 8). However, although the long-term 
outcome of patients with IE undergoing cardiac surgery with different types of valve 
substitutes has been studied before (9), the survival of these patients has never been 
put into perspective by comparing the survival rate of these patients with that of the 
matched general population.

The objective of the present study was to evaluate the long-term survival of patients 
with IE undergoing cardiac surgery. Furthermore, we aimed to objectify the survival of 
these patients by comparing it to the matched survival of the general population. 

METHODS

Study population

From January 1998 to December 2007, a total of 191 patients were treated conserva-
tively or surgically for IE at our institution. All consecutive adult patients (n=138), that 
underwent cardiac surgery for IE, were included. Only patients having definite IE ac-
cording to the modified Duke criteria were included in the study (10). Erasmus Medical 
Centre is a tertiary-care university hospital and serves as a referral center for other local 
hospitals. Out of 138 patients surgically treated for infective endocarditis, 94 patients 
were referred for surgery by hospitals in the area. Urgent surgery was defined as surgery 
performed within <48 hours after admission in patients in whom the unfavorable clini-
cal course necessitated surgical intervention (heart failure unresponsive to medication, 
vegetation or repeat embolism).
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Data collection

Using standardized forms, all patient characteristics and perioperative data were col-
lected by retrospectively reviewing the medical records and hospital database. The 
standard of care at our institution is to perform transesophageal echocardiogram in case 
a patient is suspected to have IE. Follow-up started at the day of admission in our centre. 
In March 2010, vital status of all patients was acquired from municipal civil registries 
with a response rate of 100%. The latter was used to assess the long-term survival in pa-
tients who are operated for IE. The causes of late death were obtained from the general 
practitioners.

Endocarditis

Endocarditis was considered active if patients underwent operations before completing 
a 6-week course of antibiotic treatment. Endocarditis was considered recently cured 
if clinical symptoms had resolved (no symptoms of IE), blood cultures were negative, 
antibiotic treatment was complete, and surgery of the valve was needed within one year 
after the diagnosis of IE. 

Operative Technique

All operations were performed on cardiopulmonary bypass with moderate  hypo-
thermia.  Circulatory arrest  with deep  hypothermia  was needed in 3 patients because 
of ascending aorta and arch interventions. The root replacement technique was used in 
all patients who received a homograft. All surgical interventions were performed by the 
same team throughout the study period.

EuroSCORE

The EuroSCORE was calculated based on a set of pre-defined pre-operative risk factors 
(11, 12). The additive and logistic EuroSCORE models were applied to all patients under-
going cardiac surgery for IE. 

Outcome

The main outcome of interest was late mortality. In-hospital mortality was defined as 
mortality during hospitalization. Outcome was reported according to the AATS/EACTS/
STS guidelines (13).

Statistical Analyses

Continuous data are presented as mean (standard deviation; range). Categorical data 
are presented as proportions. To investigate independent risk factors for long-term mor-
tality, the Cox proportional hazard model was used. Risk factors for multivariate model 
were selected with a backward stepwise method (required significance of p>0.10 for 
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elimination from the model and p<0.05 for retention in the model). Correlation between 
variables was assessed with Pearson- or Spearman correlation coefficient, whenever ap-
propriate. In case of significant correlation, the clinically most important variable was 
chosen to be included in the model. Cumulative survival was analyzed using the Ka-
plan—Meier method. The Log-rank test was used to compare survival between different 
groups. Comparison of patient survival with the general age-matched population was 
done using the Dutch population life table (14). In order to assess, in an objective man-
ner, whether mortality rate was indeed higher in our patient population (as compared 
to the general population) the standardized mortality ratio (SMR) method was applied 
(15). SMR represents a proportional comparison to the numbers of deaths that would 
have been expected if the population had been of a standard composition in terms of 
age and gender. An SMR over 1 indicates that the mortality rate is higher than in the 
general population.

Model discrimination (statistical accuracy) of the EuroSCORE was tested with the re-
ceiver operating characteristic (ROC) curve (16). Model calibration (statistical precision) 
of the EuroSCORE was determined with Hosmer–Lemeshow goodness-of-fit statistic 
(17). All statistical tests were two-sided, and tests with p-value of 0.05 or lower were 
considered significant. All statistical analyses were done using the Statistical Package 
for Social Sciences software, version 15.0 (SPSS, Chicago, Illinois). GraphPad Prism 5.00 
for Windows (GraphPad Software, La Jolla, California) was used to obtain life tables and 
corresponding Kaplan-Meier survival curves.

RESULTS

Baseline characteristics of the 138 patients with definite IE are shown in Table 1. The vast 
majority concerned left sided heart valves (Table 2). The indications for performing an 
urgent operation (22 (15.9%) patients) were heart failure unresponsive to medication 
(N=15) and vegetation or repeat embolism (N=7). The mean time between (first) admis-
sion for IE and surgery was 17 days (range, 0-330 days).

Microbiologic characteristics 

The causative microorganisms found in the cohort of patients are described in more 
detail in Table 3.

Echocardiographical findings

Echocardiography was performed in all patients with suspected IE. Table 2 summarizes 
the localization of IE and type of valve affected. In the majority of patients the valves of 
the left side of the heart (n=134) were affected.
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Table 1. Baseline Characteristics and Microbiologic Etiology of 138 Patients Undergoing Cardiac 
Surgery for Infective Endocarditis.
Baseline characteristics Patients, No. (%)

Mean age ± SD (years) 54.4 (14.2)

Gender

 Males 106 (76.8)

 Females 32 (23.2)

Hypertension 34 (24.6)

Diabetes mellitus 12 (8.7)

Myocardial infarction 17 (12.3)

Extracardiac arteriopathy 7 (5.1)

Aorta ascendens aneurysm 3 (2.2)

CVA 19 (13.8)

 Recent CVA 6 (4.4)

TIA 6 (4.3)

Renal failure 10 (7.2)

Hemodialysis dependent 4 (2.9)

COPD 10 (7.2)

Chronic immunosuppressive therapy 1 (0.7)

Cancer 10 (7.2)

Rheumatoid arthritis 2 (1.4)

Pacemaker/ICD 3 (2.2)

Congenital heart disease 16 (11.6)

Native valve predispositiona 28 (20.3)

Previous endocarditis 18 (13.0)

Intravenous drug abuse 1 (0.7)

Dental procedures <60 days to admission 18 (13.0)

Other invasive procedures <60 days to admission 4 (2.9)

Central venous catheter as suspected cause 2 (1.4)

Prior valve surgery or CABGbc 38 (27.5)

  Prior Valve surgery 31 (22.5)

  Prior CABG 7 (5.1)

Prior PCI 5 (3.6)

Fever, temperature >38°C 62 (44.9)

Left ventricular function ≤ 49% 39 (28.2)

Elevated ESR 80 (58.0)

Elevated C-reactive protein 97 (70.3)

Active endocarditis at the time of surgery 103 (74.6)

Urgent operation 22 (15.9)

CABG, Coronary artery bypass grafting; COPD, Chronic Obstructive Pulmonary Disease; CVA, Cerebro 
Vasculair Accident; ESR, Erythrocyte Sedimentation Rate;  HIV, Human Immunodeficiency Virus;  ICD, 
Implantable Cardioverter Defibrillator; PCI, Percutaneous coronary intervention; TIA, Transient Ischaemic 
Attack; aprior valve regurgitation and/or stenosis; bSome patient had a history of both valve surgery and 
CABG. cIn the group of patients with prior valve surgery, 29 were replacements and 2 were repairs
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Type of surgery

In 132 patients the following valve procedures were performed: a single valve was 
replaced in 108 patients, which was combined in nine patients with the reconstruction 
of a second valve that was also affected. In another 10 patients two valves were replaced 
and in 14 patients the affected valve was reconstructed. In total, 72 mechanical valves, 
41 homografts and 15 bioprosthetic valves were implanted (some patients received a 
combination of these valves during a double valve replacement procedure). In 6 patients 
no valve procedure was initiated (see Complications and outcome section). Coronary 
artery bypass graft surgery was performed as a concomitant procedure in 13 patients.

Complications and outcome 

The main indications for surgery were a large persistent vegetation (34.8%), severe 
valve regurgitation (27.5%), heart failure (24.6%), abscess formation (8.0%) and systemic 

Table 2. Type and frequency of affected valves in 138 Patients Undergoing Cardiac Surgery for 
Infective Endocarditis.

Main affected valve

Aortic valvea Mitral valveb Pulmonary valve Tricuspid valve Total

Native valve 66 (47.8%) 41 (29.7%) 1 (0.7%) 2 (1.4%) 110 (79.7%)

Mechanical valve 13 (9.4%) 9 (6.5%) 0 (0%) 0 (0.0%) 22 (15.9%)

Homograft 2 (1.4%) 0 (0%) 1 (0.7%) 0 (0%) 3 (2.2%)

Bioprosthesis 2 (1.4%) 1 (0.7%) 0 (0%) 0 (0%) 3 (2.2%)

Total 83^ (60.1%) 51 (37.0%) 2 (1.4%) 2 (1.4%) 138 (100.0%)
a18 patients with IE of mainly aortic valve had also concomitant mitral valve IE which is not taken into 
account in this table; b2 patients with IE of mainly mitral valve had also concomitant aortic valve IE which 
is not taken into account in this table

Table 3. Type of Microorganisms found in 138 Patients with Definite Endocarditis Undergoing 
Cardiac Surgery.

Cause of Endocarditis No. (%)

 Viridans group streptococci 34 (24.6)

 Other streptococci 33 (23.9)

 S. aureus 27 (19.6)

 Coagulase-negative staphylococci 15 (10.9)

 Enterococcus species 10 (7.2)

 G. morbillorum 3 (2.2)

 P. acnes 2 (1.4)

 Negative culture findings 8 (5.8)

 Othera 6 (4.4)

 Total 138 (100%)
aIncludes 3 patients with missing data
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embolization (4.3%). Eight (5.8%) patients developed atrioventricular block post opera-
tively, and 10 patients needed a rethoracotomy (mainly due to persistent blood loss). 

Fifteen patients (10.9%) died during a median admission of 23 days (range: 0-34). Six 
of these patients died during surgery. Of these six patients, three patients died because 
severe tissue damage prevented valve replacement, two patients died due heart failure 
and one patient died due bradycardia and cardiogenic shock during the initiation of the 
operation. Causes of post-operative in-hospital death were congestive heart failure or 
cardiogenic shock in three patients. Progressive hemodynamic instability in two patients. 
Electromechanical dissociation, basilar artery thrombosis, and hypoxia combined with 
arrhythmia were other causes for death. One patient died due permanent vegetative 
state with sepsis. All patients that died during hospitalization had active endocarditis at 
the time of operation. The hospital mortality for active IE was, therefore, 14.6% (15/103). 
The hospital mortality for treated IE was 0%. In-hospital mortality was similar between 
patients with prosthetic valve IE and patients with native valve IE (p=0.21).

During the follow-up a total of seven patients underwent a valve reoperation. Two of 
these patients were operated within 1 year after the initial operation for IE. Six patients 
underwent a reoperation for aortic valve replacement and one patient underwent a 
reoperation for mitral valve replacement. All re-operations were due non-IE valvular 
causes.

Predictive power of EuroSCORE

The observed hospital mortality in our patient population was 10.9%. The additive Eu-
roSCORE predicted a post-operative in-hospital mortality risk of 8.0% (range 2% - 18%). 
The logistic EuroScore predicted a mortality risk of 17.4% (range 1.5% - 83.8%). The AUC 
for the additive model was 0.85 (95% CI [CI] 0.76-0.95). The AUC for the logistic model 
was 0.84 (95% CI 0.75-0.94) (Figure 1). Calibration of the model resulted in a p-value of 
0.80 for the additive model and a p-value of 0.12 for the logistic model.

Late survival after IE

There were 123 (89.1%) hospital survivors. Median follow-up was 6.8 years and 821 
patient-years accumulated. Twenty-two patients died during the follow-up. Causes of 
late death were various type of malignancies in five patients, congestive heart failure in 
three patients, multiple organ failure in two patients and renal failure in two patients. 
Sepsis, acute heart failure after cardiac transplantation, peritonitis, intra-cerebral bleed-
ing in a patient using anticoagulant medication for a mechanical valve were other causes 
for death, each in one patient. There were two sudden, unexplained, unexpected deaths 
without further clinical data or autopsy. For four patients the cause of death could not 
be retrieved. The overall survival after IE was 85% (95% CI 78-90) at 1 year, 74% (95% CI 
65-79) at 5 years and 71% (95% CI 62-78) at 10 years (Figure 2). 
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Predictors of late mortality

Patients presenting with S. aureus or coagulase-negative staphylococci IE had lower 
survival compared to patients presenting with other microbiological organisms (HR 
3.26, 95% CI 1.70-6.22, p<0.001). An urgent operation indication (OR 2.74, 95% CI 1.07-
7.00) was also associated with a higher long-term mortality rate in the univariate model. 
Patients with IE of a prosthetic valve had a long-term survival comparable to patients 
with native valve endocarditis (p=0.61). 

Multivariate Cox proportional hazards model showed that only cancer (at the time of 
IE diagnosis) was associated with higher mortality during long-term follow up (HR 3.87, 
95% CI 1.38-10.84).

Survival comparison

Age- and gender matched survival in the general population was 99%, 93% and 80% 
after a follow-up period of one, five and ten years, respectively. Compared to age- and 
gender matched Dutch population norms, the survival of patients with IE undergoing 
cardiac surgery was significantly impaired. After 10 years of follow-up only 71% of the 
patients with IE were still alive while the survival rate in the age- and gender matched 
general population was 80% (Figure 3A). 
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Figure 1. Receiver operating characteristic curves for the additive (area = 0.85) and logistic (area 
= 0.84) model.
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After exclusion of in-hospital mortality, the mortality hazard was 5% in the first year for 
patients with IE undergoing cardiac surgery. Thereafter, the annualized mortality hazard 
was 2.3%/year. The survival rate of our patient population was comparable with the 
survival rate of age- and gender matched general population after 10 years of follow-up 
(Figure 3B). 

These results did not changed substantially when we only examined the survival of 
patients with active IE at the time of operation. After excluding in-hospital mortality, the 
survival rate of patients with active IE at the time of operation was 77% after 10 years of 
follow-up, while the survival rate in the age- and gender matched general population 
was 79% after the same period of follow-up time.

During 821 patient-years of follow-up 37 deaths were documented. According to the 
age- and gender matched general Dutch survival rates the expected number of deaths 
should be 37.5. The assessed standardized mortality ratio (SMR) was 0.99 (95% CI 0.67-
1.31).

COMMENT

Mortality of surgically treated IE patients is considerable during the immediate post-
operative period. Nevertheless, our study shows that patients who survive this immedi-
ate period have a relatively low late mortality rate. Although hospital survivors still had 
a higher mortality hazard in the first year (18), the annualized mortality hazard after the 
first year decreased by ~50%. With increasing follow-up time, the survival of hospital 
survivors becomes comparable with that of the general population. Overall, the late 
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mortality rate was comparable to the general population in the first decade after cardiac 
surgery.

Survival after valve surgery for IE

Cumulative long-term survival in the present study was 74% and 71% after respectively 
five and ten years. These survival rates are higher than those reported by other investi-
gators (19, 20) and higher than those reported by our institution two decades ago (21). 
Advancement in the medical treatment, diagnostic tools, development of guidelines, 
and better timing of surgery may have contributed to these improved results. It should, 
however, be noted that direct comparison of different studies is difficult because of the 
variation in the characteristics of patient populations. Our own institutional policy for 
operating on patients with IE follows the ESC guidelines (7).

Compared to the general Dutch population, the survival of patients with IE undergo-
ing cardiac surgery was significantly lower. However, the discrepancy in survival rates 
between our patient population and the general population was mainly due in-hospital 
mortality and mortality during the first year of follow-up. Patients who survived the 
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immediate period after the surgical procedure had a low late mortality rate in the first 
postoperative decade, comparable to the age- and gender matched general population 
(19, 22). Some considerations have to be taken into account when interpreting this ob-
servation. Several investigators have reported that early surgery can be of importance 
in improving survival in patients with definite IE (23, 24). Therefore, the results of present 
study do not apply to the total cohort of patients with IE. The mortality rate may still be 
higher in the group of patients who were only treated medically and did not receive a 
combination of medical and surgical treatment. 

EuroSCORE risk model

While the original EuroSCORE seems to be no longer able to accurately predict the risk 
of in-hospital mortality for the overall group of patients undergoing cardiac surgery, 
the results of present study indicate that EuroSCORE might be very well of use in more 
complex pathologies like IE. This finding is in accordance with a previous publication 
from Mestres and colleagues (25). Both statistical accuracy (discrimination) and statisti-
cal precision (calibration) were good in our series of patients. However, the predictive 
ability of additive EuroSCORE was better than the predictive ability of logistic EuroSCORE 
in our series. The logistic EuroSCORE overestimated the observed in-hospital mortality. 
This was reflected by the observation that the calibration of additive EuroSCORE (HL 
p=0.80) was far better than the calibration of logistic EuroSCORE (HL p=0.12). 

Limitations

The present study has several limitations. First, it is a retrospective observational study 
from a single center. Second, the results are based on patients with IE who were selected 
to undergo surgery and, therefore, could be subject to selection bias. Furthermore, as 
with many other statistics, the standardized mortality ratio has to be interpreted with 
full consciousness of the possible effects of random variation. It should also be noted 
that the size of our patient population is modest and may not be sufficient to accurately 
assess the predictive ability of the EuroSCORE. Future studies with larger sample size are 
needed to confirm the results of present study, and to assess whether our observations 
can be confirmed in other institutions.

Conclusions

In conclusion, although hospital mortality is considerable for patients who are surgi-
cally treated for IE in our institution, those patients who survive the immediate post-
operative period after the diagnosis of IE have a survival rate similar to the age- and 
gender matched general population. Furthermore, both the additive EuroSCORE model 
and the logistic EuroSCORE model were able to accurately predict the risk of in-hospital 
mortality in surgically treated IE patients. 
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ABSTRACT

Objectives

Given the shortage of small-sized cryopreserved homografts for right ventricle (RV) to 
pulmonary artery (PA) reconstructions, more readily available larger-sized homografts 
can be used after size reduction by bicuspidalization. The aim of our study was to de-
termine and compare function over time of standard and bicuspidalized homografts 
in infants younger than 12 months, including patients with a Ross or extended Ross 
procedure.

Methods

All consecutives infants under the age of 1 year, who underwent a surgical procedure in 
which a homograft was placed in the RV-PA position between January 1994 and April 
2009, were included. Prospectively collected data from serial, standardized echocar-
diography from all patients were extracted from the database, and hospital records were 
retrospectively reviewed.

Results

A total of 40 infants had a valved homograft conduit placed in the RV-PA position. In 20 
of those patients, a bicuspidalized homograft was used. Twelve patients underwent a 
Ross procedure, of whom seven had an additional Konno-type aortic annulus enlarge-
ment. Median follow-up was 146 months (interquartile range (IQR), 117-170; total 
patient years: 178) in the group with standard use of the homograft and 95 months (IQR, 
11-104; total patient years: 78) in the group with bicuspidalized conduits. Freedom from 
re-intervention (re-operation or percutaneous) was not different in the standard and 
bicuspidalized groups for all and Ross or Konno-Ross procedures (Tarone-Ware, p=0.65 
and p=0.47, respectively). Consecutive echocardiographic maximum velocities in the 
right ventricular outflow tract were similar in the standard and bicuspidalized groups.

Conclusions

When proper sized cryopreserved homografts for placement in the RV-PA position in 
Ross, Konno-Ross, and other procedures in infants under the age of 1 year are not readily 
available, bicuspidalized homografts provide an acceptable alternative.
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INTRODUCTION

Cryopreserved aortic and pulmonary valve homografts are widely used as a conduit in 
right ventricle (RV) to pulmonary artery (PA) reconstructions for different congenital 
anomalies (1). Given the shortage of small-sized conduits for these reconstructions in 
young infants, more readily available larger-sized grafts can be used after size reduction 
by bicuspidalization (2, 3). The long-term functionality of bicuspidalized grafts in the RV 
outflow tract (RVOT) has been described by few groups (4-7). The results in children with 
Ross or extended Ross (Konno) procedures have only been reported anecdotally (4, 7). 

The aim of this study was to determine and compare long term allograft function after 
surgical procedures in which a standard or bicuspidalized homograft was used in the 
RV-PA position in infants younger than 12 months, including patients with a Ross or 
extended Ross procedure.

MATERIAL AND METHODS

Patient population

All consecutives infants under the age of 1 year, who underwent a surgical procedure 
in which a homograft was placed in the RV-PA position at the Erasmus University Medi-
cal Center in Rotterdam, the Netherlands, between January 1994 and April 2009, were 
included. Since 1987, serial, standardized echocardiography has been carried out on all 
patients, who received human tissue valves (8, 9). The prospective echocardiographic 
database was frozen on July 2009, and echocardiographic data on all studied patients 
was extracted. Hospital records were retrospectively reviewed. The Dutch civil registry 
was consulted for survival data of the patients. Our local ethical committee approved of 
the study and waived the need for informed consent.

Procedure

Two attending surgeons performed all the procedures. The conduits were bicuspidalized 
by excising a longitudinal strip containing one of the three leaflets, and consecutively 
reapproximating the free edges. The homograft was proximally implanted on an autolo-
gous pericardial patch placed in the defect after ventriculotomy in the RVOT, and distally 
connected to the PA. The underlying pathology of the infant determined the other steps 
in the procedure. 

Timing of (re-)intervention was determined in a weekly scheduled heart team meet-
ing between the (congenital) cardiologists and cardiac surgeons during which all cases 
were discussed. The decision to whether operate or not was based on contemporary 
clinical practice.
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Definitions

Early mortality was defined as death within 30 days after the operation. In-hospital 
death was defined as early mortality or mortality within the initial hospitalization. The 
cause of death was registered and reported according to the guidelines for reporting 
mortality and morbidity after cardiac valve interventions (10).

Statistical analyses

Continuous data are presented as mean with standard deviation or median with range 
or interquartile range (25th-75th percentile), and comparison between groups was done 
using the unpaired t-test. Categorical data are presented as proportions, and compari-
son was done using the chi-square test or the Fisher’s exact test, where appropriate. All 
tests were two-sided, with an α-level of 0.05. Gradients over the RVOT were calculated 
from the maximum velocity (4 times the square of the maximum velocity (Vmax). Vmax 
in the RVOT was plotted against days after the initial operation for both patients with 
bicuspidalized and non-bicuspidalized homografts in two different panels. To assess 
the possible association between bicuspidalization and Vmax over time, a linear mixed 
model for longitudinal data was constructed with random effects for slopes. This model 
has proven in the past to provide an appropriate fit for the type of data that we have 
analyzed in the present study (11). Based on the linear mixed model for both groups, 
a mean regression line was calculated and plotted. Freedom from re-intervention and 
freedom from death were calculated using the Kaplan-Meier method. The Tarone-Ware 
test was used to compare Kaplan-Meier curves between surgical techniques (correcting 
for the differences in follow-up time between the groups). All statistical tests were two-
sided, and tests with p value of 0.05 or lower were considered significant. All statistical 
analyses were done using Statistical Package for Social Sciences (SPSS) for Windows 
version 15 (SPSS Inc.; Chicago, IL, USA).

RESULTS

Population and procedures

In the study period, a total of 40 infants under the age of 1 year had a valved homograft 
conduit placed in the RV- position. In 20 of those patients, a bicuspidalized homograft 
was used; the other 20 patients received a non-bicuspidalized homograft. The preopera-
tive diagnoses are shown in Table 1. 

Patient demographics and intra-operative data are shown in Table 2. The use of 
pulmonary grafts was more frequent in the bicuspidalized group. No bicuspidalized al-
lografts were implanted before the year 2000. Other described intraoperative data and 
demographics were similar in both groups. 
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The mean diameter of the bicuspidalized conduits was 14.6 mm (median 14 mm, range 
14-16 mm). The conduits were constructed from homografts with a mean diameter of 
22.6 mm (median 23 mm, range 19-24 mm). The bicuspidalized grafts were relatively un-
dersized with an indexed size of 54 compared with 65 mm m-2 in the non-bicuspidalized 
group (p=0.030).

Follow up

Early death occurred in nine patients. One patient died during initial hospital stay 125 
days post-operatively. There were five in-hospital deaths in both groups (p=1.00). No 
deaths were directly related to homograft dysfunction. Follow-up was complete in 29 
of 30 survivors. One patient was lost to follow-up due to emigration. Median follow-up 
was 146 months (IQR, 117-170; total patient years: 178) in the group with standard use 

Table 1. Preoperative Diagnosis.

Type of Homograft Conduit

Bicuspidalized Standard

Truncus Arteriosis 6 10

Aortic Stenosis/Regurgitation 10 2

Tetralogy of Fallot/DORV 2 3

Pulmonary Atresia with VSD 2 2

Aortic Atresia with VSD 0 3

DORV, double outlet right ventricle; VSD, ventricle septum defect

Table 2. Patient Demografics and Intraoperative Data.

Type of Homograft Conduit

Bicuspid Standard

n=20 n=20 P Value

Male : Female 14  :  6 13  :  7 0.74

Age, days (range) 144   (20-347) 104   (7-333) 0.24

Weigth, kg 5.3 ± 2.1 4.2 ± 1.8 0.08

BSA, m2 0.29 ± 0.08 0.25 ± 0.07 0.067

CPB time, minutes 153 ± 49 185 ± 100 0.21

Cross-clamp time, minutes 104 ± 33 100 ± 26 0.69

Type of Homograft

 Pulmonary : Aortic 19  : 1 8  :  12 <0.001

Allograft size, mm (range) 14 (14-16) 16 (13-19) 0.16

Indexed allograft size, mm/m2 (range) 54 (35-86) 65 (42-94) 0.030

Operation before the year 2000 0 18 <0.001

BSA, body surface area; CPB, cardio-pulmonary bypass
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of the homograft and 95 months (IQR, 11-104; total patient years: 78) in the group with 
bicuspidalized conduits. No late deaths occurred. 

A total of 214 serial echocardiographic measurements of homograft valve function 
were available in 30 patients (mean seven echocardiographic measurements per patient; 
range 1-13). Initial overall Vmax was 1.7 m s-1 (standard error (SE) 0.13) and overall Vmax 
progression was 0.21 m s-1 year-1 (SE 0.02). The linear mixed model fitted best and was 

Figure 1. Maximum velocity (Vmax) at echocardiographic examinations in patients with bicuspi-
dalized homografts (panel a) and standard (non bicuspidalized) homografts (panel b).
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used. There was a trend toward a smaller initial Vmax in bicuspidalized patients versus 
non-bicuspidalized patients (1.5 vs 2.0 m s-1, respectively; p=0.07) while there was no 
significant difference in annual progression rates (0.23 vs 0.21 m s-1 year-1, respectively; 
p = 0.61). Echocardiographic Vmax in the RVOT for each consecutive investigation for 
patients with non-bicuspidalized and bicuspidalized homografts is shown in Figure 1(A) 
and (B). No significant difference between both groups could be found.

Two patients in the bicuspidalized group versus six patients in the standard group 
underwent a re-operation or percutaneous balloon dilatation for homograft failure due 
to stenosis. No endocarditis occurred. Freedom from reintervention was not different 
between the standard and bicuspidalized group (Tarone-Ware test, p=0.653) (Figure 2).

Ross group

Twelve patients underwent a Ross procedure (12), of whom seven had an additional 
Konno-type aortic annulus enlargement. Ten out of 12 infants received a bicuspidalized 
prosthesis. One of the patients from the Ross group died in hospital (8%). This patient 
concomitantly underwent a mitral valve replacement because of severe mitral valve re-
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gurgitation and stenosis. This was a redo procedure, after a previously performed mitral 
valve repair. Median follow-up in the Ross group was 80 months (IQR, 9-109 months). 
Two of the survivors (18%) were re-operated because of homograft failure at 82 and 106 
months after the first procedure. Both patients had a bicuspidalized conduit.

DISCUSSION

In most institutions, cryopreserved homografts are the first choice for implantation in 
the RV-PA position in many surgical procedures for congenital heart defects. Shortage of 
small-sized homografts for implantation in infants has initiated the search for more read-
ily available alternatives, such as bovine jugular vein grafts (13-16) and bicuspidalisation 
of homografts (2, 3). Especially infants, with inherent small diameter of the conduit, 
are prone to conduit stenosis (17), eventually necessitating re-intervention (18). To our 
knowledge, the performance of bicuspidalized homografts in infants <1 year in whom a 
Ross or extended Ross procedure is performed is only reported anecdotally. 

The results of present study show that stenosis in bicuspidalized homografts in the 
RV-PA position in infants younger than a year does not progress faster than in non-
bicuspidalized homografts. In addition, no difference could be found in freedom from 
re-intervention between these groups of patients. 

Heterogeneity in confounding factors necessitates careful interpretation of the data: 
more pulmonary graft use and more Ross patients in the bicuspidalized group could 
favor the results in that group, whereas, on the other hand, relative undersized conduits 
could be a potential disadvantage in the same group. 

Results of the use of bicuspidalized valves in the RV-PA position in infants <1 year are 
described by few other groups. McMullan et al. (5) show no difference in freedom from 
reintervention in 13 infants with bicuspidalized and 21 infants with standard used ho-
mografts in surgical repair for truncus arteriosus with a median follow-up of 66 months. 
Koirala et al. (4) describe a group of 21 children up to 2.5 years of age compared with 
a matched group of children aged up to 5.1 years in which the use of a bicuspidalized 
graft does not have a worse freedom from re-intervention compared with the matched 
group. Mean follow-up was 54 months and the patients underwent various procedures; 
four of these patients (two in both groups) underwent surgery for aortic regurgitation 
or stenosis. The results of present study show that the bicuspidalisation technique is 
an adequate solution, beside the use of bovine jugular vein grafts, to circumvent the 
shortage of small conduits for Ross or extended Ross procedures in infants.
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Conclusions

When proper sized cryopreserved homografts for placement in the RV-PA position in 
Ross, Konno-Ross, and other procedures in infants are not readily available, bicuspi-
dalized homografts provide an acceptable alternative. Structural deterioration of the 
conduit over time is comparable to non-bicuspidalized valves as are re-interventions for 
graft failure.
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ABSTRACT

Aims

The objective of present study was to report our ongoing prospective cohort of auto-
graft recipients with up to 21 years of follow-up.

Methods and Results

All consecutive patients (n=161), operated between 1988 and 2010, were analyzed. 
Mixed-effects models were used to assess changes in echocardiographic measurements 
(n=1023) over time in both the autograft and the pulmonary allograft. 
Mean patient age was 20.9 years (range 0.05-52.7), 66.5% were male. Early mortality 
was 2.5% (n=4) and 8 additional patients died during a mean follow-up of 11.6 ± 5.7 
years (range, 0-21.5). Patient survival was 90% (95%Confidence Interval [CI], 78-95) up 
to 18 years. During follow-up, 57 patients required a re-intervention related to the Ross 
operation. Freedom from autograft reoperation and allograft re-intervention was 51% 
(95%CI, 38-63) and 82% (95%CI, 71-89) after 18 years, respectively. 
No major changes were observed over time in autograft gradient, and allograft gradient 
and regurgitation. An initial increase of sinotubular junction and aortic annulus diam-
eter was observed in the first 5 years after surgery.
The only factor associated with an increased autograft reoperation rate was preopera-
tive pure aortic regurgitation (hazard ratio 1.88; 95%CI, 1.04-3.39; p=0.037). 

Conclusions

We observed good late survival in patients undergoing autograft procedure without 
reinforcement techniques. However, over half of the autografts failed prior to the end 
of the second decade. The reoperation rate and the results of echocardiographic mea-
surements over time underline the importance of careful monitoring especially in the 
second decade after the initial autograft operation and in particular in patients with 
preoperative aortic regurgitation.
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INTRODUCTION

The Ross procedure (or pulmonary autograft procedure), first introduced by Donald 
Ross in 1967, has become a widely accepted option for aortic valve replacement in a 
selected group of patients (1-3). 

Although the operative mortality and long term survival have been satisfactory, a 
major drawback of this procedure is the progressive dilatation of the autograft root, 
often combined with autograft valve insufficiency, necessitating reoperation (4-8). 

Data on patient survival, durability of the autograft and the pulmonary allograft, 
and the incidence of potential risk factors for valve dysfunction and reoperation after 
the Ross procedure are scarce beyond the first decade (9, 10). In this regard, we report 
the results of the longest and most complete ongoing prospective cohort of autograft 
recipients, with a follow-up now reaching up to an unprecedented 21 years.

METHODS

Patient Population

Between September 1988 and November 2010, 161 consecutive patients underwent 
the autograft procedure in our institution. The patients included in this study are also 
part of the German-Ross registry (11). Approval from the Institutional Review Board 
was obtained for this prospective follow-up study; all patients gave written informed 
consent.

Operative Techniques

Timing of surgery was determined in a regular heart team meeting between (con-
genital) cardiologists and cardiac surgeons during which all cases were discussed. The 
decision whether to operate or not was based on contemporary clinical practice. Most 
procedures (72%) were performed by two surgeons. The remainder of the procedures 
was performed by another 4 surgeons. The surgical procedures were performed using 
standard cardiopulmonary bypass with moderate hypothermia, myocardial protection 
with crystalloid cardioplegia (St. Thomas Hospital solution), and topical cooling. Addi-
tional deep hypothermia with total circulatory arrest was employed for surgery on the 
aortic arch. 

In 155 patients, the root replacement technique was employed, and the pulmonary 
autograft was inserted at the level of the annulus, with care taken to reduce the sub-
annular muscular rim of the autograft to 3 to 4 mm. The proximal suture line of the 
autograft was constructed, with interrupted sutures in 19% (n=30) of the procedures 
and running sutures in the remainder. In 159 of the 161 patients no root reinforcement 
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measures were taken. In 2 patients, an autologous pericardial strip supported the proxi-
mal suture line.

Three patients required concomitant coronary artery bypass grafting (CABG) due to 
a procedural complication. The details of these patients have been previously reported 
(6).

Allograft Properties

In all patients the right ventricular outflow tract (RVOT) was reconstructed using an al-
lograft. The Rotterdam Heart Valve Bank provided most of the allografts (n=131), which 
were allocated by Bio Implant Services, Leiden, The Netherlands. The remaining al-
lografts were shipped from Hospital Clinic I, Barcelona, (N=16), Deutsches Herzzentrum, 
Berlin, Germany (n=7), the Karolinska Homograft bank, Stockholm, Sweden (n=4) and 
the National Heart Hospital, London, England (n=3). In 98% a pulmonary allograft was 
used and 99% of the allografts were cryopreserved. Patient’s body surface area was used 
as a guideline to determine the allograft diameter. No attempt was made to achieve ABO 
blood type or HLA type matching. Previous publication from our center showed that 
blood group compatibility and assignment of quality codes do not have an impact on 
allograft durability (12).

Data collection

Hospital mortality and morbidity were registered and the causes of death were docu-
mented. Hospital mortality was defined as death of the patient within hospital or within 
30 days after surgery. All patients were followed-up prospectively, contacted annu-
ally and interviewed over telephone. Patients over 16 years underwent standardized 
echocardiography biannually (13). In case of suspected complications the attending 
physician was contacted for verification. Total follow-up was 1875 patient years and was 
98.1% complete. Three patients moved abroad and were lost to follow-up (data from 
these patients was included in the analyses until the moment when they moved abroad). 
Valve-related events were defined according to the guidelines for reporting morbidity 
and mortality after cardiac valvular operations (14). Sudden, unexplained, unexpected 
deaths (SUUD) without further clinical data or autopsy were classified as valve-related 
death according these guidelines (14). Failure of the autograft or pulmonary allograft 
was determined at the time of reoperation or death. Patient survival started at the time 
of Ross operation and ended at the time of death or at last follow-up. Survival of the 
autograft or pulmonary allograft started at the time of operation and ended when a 
reoperation or re-intervention was done, when the patient died or at last follow-up. 
Echocardiographic measurements were systematically and prospectively obtained for 
all patients until the time of death or autograft explant. The echocardiographic follow-
up was 94% complete. The database was frozen on December 31, 2010. 
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Statistical analyses

Analyses of clinical data
Patient data were entered into a computerized relational database (Microsoft Access 
2000). Statistical software SPSS for Windows version 10 (SPSS Inc, Chicago, IL.) was used 
for data analysis. Patient survival was estimated using the Kaplan-Meier method (15). 
The log-rank test was used to assess the effect of potential risk factors on patient sur-
vival, freedom from valve-related reoperation, and freedom from valve-related events. 
To investigate independent risk factors for mortality and morbidity caused by allograft 
failure, the Cox proportional hazard model was used. Risk factors were selected with a 
backward stepwise method (required significance of p>0.10 for elimination from the 
model and p<0.05 for retention in the model). Given the relatively small number of 
deaths, no multivariable analysis was performed for mortality in our patient population. 
Kaplan-Meier survival estimates were compared with survival of the general population 
matched for age, sex, year of surgery, and years of follow-up using the Dutch population 
life table (16). 

Analyses of serial echocardiographic data
While the statistical analysis of serial echocardiographic data is often performed by 
means of the Kaplan-Meier method, the echocardiographic data in the present study 
were analyzed with mixed-effects model instead. Mixed-effects modeling allow for more 
accurate analyses of dependent data such as hierarchical data, observations taken on 
related individuals (e.g. siblings) or measurements collected over time on the same 
individuals (e.g. echocardiographic measurements) (17, 18). This approach of longitu-
dinal data analyses is also proposed by the 2008 guidelines for reporting mortality and 
morbidity after cardiac valvular interventions (14).

Mixed-effects models were used to assess changes in echocardiographic measure-
ments over time while accounting for the correlation between repeated follow-up 
measurements in each patient. For the continuous outcomes, linear mixed models were 
used, whereas for the ordinal outcomes mixed-effects continuation ratio models were 
employed. To allow for more flexibility in the specification of the patient-specific lon-
gitudinal trajectories we utilized natural cubic splines with three internal knots placed 
at the corresponding percentiles of the follow-up times. Residual plots were used to 
validate the model’s assumption, and when appropriate transformations of the outcome 
variables were performed. Missing echocardiogram measurements were assumed to be 
missing at random (19, 20). In both the univariable and multivariable analyses, F-tests 
were used to assess which variables/prognostic factors were most associated with the 
echocardiographic measurements. 
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All analyses were performed with the R statistical software (version 2.13.2, R Develop-
ment Core Team 2011, R Foundation for Statistical Computing, Vienna, Austria). 

All statistical tests with a p-value of 0.05 or lower were considered significant.

RESULTS

Patient and operation characteristics

The mean age of the patients was 20.9 ± 13.7 years (range, 0.05-52.7). Patient charac-
teristics are shown in Table 1. Twelve patients underwent previous AVR: six subcoronary 
allografts, three biological prostheses, and three mechanical prostheses were used. 
Perioperative data are shown in Table 2.

Hospital mortality and late survival

Hospital mortality was 2.5% (four patients) (Table 2). Two patients, both female, died 
peri-operatively. One 26-year-old male patient died due to massive pulmonary emboli 
shortly after the operation. Furthermore, one 24-year-old female patient with Turner 
syndrome and extreme LV hypertrophy died due to mediastinitis and sepsis 13 days 
after surgery.

Mean follow-up duration was 11.6 ± 5.7 years (range 0-21.5 years; median, 12.7 years; 
interquartile range, 8.6-15.3 years). During follow-up eight more patients died. There 
were three valve-related. One patient suddenly died 13.9 years after autograft operation 
at the age of 50 years. The other patient with sudden, unexplained, unexpected death 
died 10.7 years after autograft operation at the age of 39 years. The third patient with 
valve-related death was a 12-year-old girl with severe juvenile rheumatic disease and 
severe aortic valve regurgitation and mitral valve incompetence resulting in progressive 
heart failure. She died 6 months after operation. Furthermore, there were five non-
valve-related deaths of which four were cardiac deaths. Causes of the non-valve-related 
deaths included septic shock (Candida albicans) in one infant 51 days after autograft 
operation, heart failure resulting in cardiogenic shock in another infant 1.7 years after 
autograft operation, gastroenteritis (Staphylococcus aureus) resulting in septic shock 
and multi-organ failure 14.6 years after autograft operation, heart failure due restrictive 
cardiomyopathy 16.3 years after autograft operation, and an acute myocardial infarction 
in an adult patient 4.7 years after autograft operation and 2 months after autograft reop-
eration for structural valve deterioration with implantation of a mechanical prosthesis.

Overall, survival was 89% (95% Confidence Interval [CI] 78-95) up to 18-years of follow-
up (Figure 1A). 
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Table 1. Preoperative Characteristics of 161 patients.

Baseline characteristics All patients 
(n=161), No. (%)

< 18 years (n=75)
No. (%)

18-30 years 
(n=43) No. (%)

> 30 years (n=43)
No. (%)

Median age [± SD; range 
(years)]

20.9±13.7  
(0.05-52.7)

8.6±5.9  
(0.05-17.8)

24.7±3.3  
(18.33-24.69)

38.5±6.1  
(30.0-52.7)

Gender

 Males 107 (66.5) 54 (72.0) 26 (60.5) 27 (62.8)

 Females 54 (33.5) 21 (28.0) 17 (39.5) 16 (37.2)

Prior cardiac surgery

 Prior AVR 12 (7.5) 0 (0.0) 6 (14.0) 6 (14.0)

Etiology

 Endocarditis 8 (4.9) 3 (4.0) 1 (2.3) 4 (9.4)

 Congenital 
 (including bicuspid)

123 (76.4) 70 (93.3) 30 (69.8) 23 (53.5)

 Other (mainly 
 prosthetic valve)

18 (11.2) 2 (2.7) 10 (23.3) 6 (14.0)

 Degenerative/
 rheumatic

11 (6.8) 0 (0.0) 1 (2.3) 10 (23.3)

 Aneurysm/
 dissection

1 (0.6) 0 (0.0) 1 (2.3) 0 (0.0)

Diagnosis

 Aortic valve 
 regurgitation (AR)

46 (28.6) 13 (17.3) 15 (34.9) 18 (41.9)

 Aortic valve stenosis
  (AS)

47 (29.2) 19 (25.3) 14 (32.6) 14 (32.6)

 AR + AS 68 (42.2) 43 (57.3) 14 (32.6) 11 (25.6)

Systolic LVF

 Good (EF > 50%) 135 (83.8) 63 (84.0) 36 (83.7) 35 (81.4)

 Impaired 
 (EF 40-50%)

17 (10.6) 9 (12.0) 3 (7.0) 5 (11.6)

 Moderate/bad 
 (EF < 40%)

9 (5.5) 2 (2.6) 4 (9.3) 3 (7.0)

Sinus rhythm 161 (100) 75 (100) 43 (100) 43 (100)

Creatinine (µmol/L) 61.7±24.4 (12-157) 41.4±15.9 (12-89) 75.6±19.5 (49-157) 78.6±15.4 (42-121)

NYHA class

 I 68 (42.2) 42 (56.0) 15 (34.9) 11 (25.6)

 II 60 (37.3) 20 (26.7) 18 (41.9) 22 (51.2)

 III 25 (15.5) 7 (9.3) 9 (20.9) 9 (20.9)

 IV 8 (4.9) 6 (8.0) 1 (2.3) 1 (2.3)

Type of operation

 Emergency 2 (1.2) 1 (1.3) 1 (2.3) 0 (0.0)

 Urgent 25 (15.5) 18 (24.0) 2 (4.7) 5 (11.6)

 Elective 134 (83.2) 56 (74.7) 40 (93.0) 38 (88.4)

AS, Aortic Stenosis; AR, Aortic Regurgitation; AVR, Aortic Valve Replacement; EF, Ejection Fraction; LVF, Left 
Ventricular Function
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The instantaneous hazard of mortality was highest in the immediate postoperative 
period. This hazard then declined in the first 6 years after surgery, but started to slightly 
increase again after this period (Figure 1A). 

At most recent follow-up, 81 (54%) of our patients were in NYHA functional class I, 38 
(26%) were in NYHA functional class II, 16 (11%) were in NYHA functional class III and 
5 (3%) were in NYHA functional class IV. NYHA functional class was unknown in 9 (6%) 
patients at most recent follow-up.

Table 3 displays the risk factors associated with long-term mortality after autograft 
procedure that were identified in univariate analyses. 

Long-term mortality rates of our patient population are relatively low and comparable 
with that of the general population in the first decade. However, the survival rate of 
Ross patients shows, in our experience, a decline in the second postoperative decade 
compared with the general population (Figure 1B).

Table 2. Perioperative Characteristics of 161 patients.

All patients 
(n=161), No. (%)

< 18 years (n=75)
No. (%)

18-30 years
No. (%)

> 30 years
No. (%)

Aortic valve

 Bicuspid 99 (61.5) 49 (65.3) 27 (62.8) 23 (53.5)

 Tricuspid 51 (31.7) 26 (34.7) 10 (23.3) 15 (34.9)

 Prosthesis 11 (6.8) 0 (0.0) 6 (13.9) 5 (11.6)

Surgical technique

  Autograft root 
replacement

155 (96.3) 75 (100) 43 (100) 37 (86.0)

 Inlay autograft 6 (3.7) 0 (0.0) 0 (0.0) 6 (14.0)

Concomitant procedures

 CABG 3 (1.9) 0 (0.0) 1 (2.3) 2 (4.7)

 LVOT enlargement 16 (9.9) 10 (13.3) 4 (9.3) 2 (4.7)

 Mitral valve surgery 2 (1.2) 1 (1.3) 0 (0.0) 1 (1.3)

 Other* 20 (12.4) 12 (16.0) 4 (9.3) 4 (9.3)

CPB time (min) 200±68 (114-685) 175±54 (118-465) 214±55 (114-366) 227±84 (142-685)

Cross-clamp time (min) 141±32 (90-240) 125±28 (90-240) 151±33 (90-238) 156±27 (117-225)

Circulatory arrest (min) 30±29 (11-64) (n=3) 15 (n=1) 64 (n=1) 11 (n=1)

Complications

 Bleeding/Tamponade 21 (13.0) 2 (2.7) 10 (23.3) 9 (20.9)

 Pacemaker 2 (1.2) 1 (1.3) 0 (0.0) 1 (2.3)

 Perioperative MI 1 (0.6) 0 1 (2.3) 0 (0.0)

Early mortality 4 (2.5) 1 (1.3) 2 (4.7) 1 (2.3)

* Includes patients requiring tailoring of the ascending aorta or subvalvular membrane resection. CABG, 
Coronary Artery Bypass Graft; CPB, Cardiopulmonary Bypass; LVOT, Left Ventricular Outflow Tract; MI, 
Myocardial Infarction
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Survival rate in different age categories

Patient survival in the age category 2 weeks to 18 years was 94% (95% CI 87-99) at both 
10 years as well as up to 18 years of follow-up. Univariate analyses indicated that previous 
aortic valve surgery (p-value 0.030) and preoperative aortic annulus aneurysm (p-value 
0.048) were associated with impaired survival during follow-up in this patient group.
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Figure 1. Kaplan-Meier plot of: A) patient survival after autograft procedure (* represents in-
stantaneous hazard of death); B) survival comparison of autograft patients with that of general 
population; C) freedom from autograft reoperation; D) freedom from allograft reoperation; E) 
freedom from autograft or allograft reoperation; F) freedom from any valve related event.
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Patient survival in the age category 18 to 30 years was 98% (95% CI 84-99) after 10 
years of follow-up and 95% (95% CI 80-98) up to 18 years of follow-up. Hypertension (p-
value 0.011), previous aortic valve surgery (p-value 0.030), bicuspid aortic valve (p-value 
0.007) and preoperative aortic annulus aneurysm (p-value 0.043) were correlated with 
impaired survival in this patient group.

Patient survival in the age category 30 years and older was 100% after 10 years of 
follow-up and 76% (95% CI 24-95) up to 18 years of follow-up. The use of inclusion tech-
nique (p-value 0.038) and preoperative aortic annulus aneurysm (p-value 0.043) were 
associated with impaired survival in this group of patients.

Table 3. Potential predictors of mortality, autograft reoperation and allograft reoperation. Results 
obtained from univariate analyses.

Predictor Survival

HR (95% CI) p-value

Autograft 
reoperation
HR (95% CI) p-value

Allograft 
reoperation
HR (95% CI) p-value

Gender 1.78 (0.44-7.17) 0.24 0.63 (0.32-1.22) 0.16 0.87 (0.33-2.30) 0.77

Age 0.99 (0.94-1.05) 0.99 1.02 (0.99-1.04) 0.20 0.98 (0.95-1.02) 0.29

NYHA

 I reference reference reference

 II 2.39 (0.22-26.44) 0.29 1.17 (0.60-2.29) 0.67 0.59 (0.18-1.96) 0.38

 III or IV 10.58 (1.23-90.67) 0.02 1.88 (0.90-3.95) 0.11 1.55 (0.51-4.76) 0.45

Hypertension 11.07 (1.23-99.42) 0.03 1.08 (0.15-7.85) 0.95 NA NA

Previous AV surgery 0.02 (0.00-11.37) 0.24 0.53 (0.27-1.06) 0.48 0.60 (0.20-1.83) 0.49

Creatinine 1.01 (0.97-1.04) 0.84 1.01 (0.99-1.03) 0.13 0.99 (0.97-1.01) 0.29

LV function 1.03 (0.39-2.75) 0.87 1.34 (0.92-1.94) 0.13 1.04 (0.55-1.97) 0.91

Timing

 Elective reference reference reference

 Urgent 3.13 (0.74-13.25) 0.99 0.89 (0.37-2.11) 0.99 1.97 (0.65-6.01) 0.99

Inclusion technique NA NA 0.45 (0.06-3.24) 0.42 - -

Cross-clamp time 1.01 (0.99-1.03) 0.89 1.00 (0.99-1.01) 0.83 1.00 (0.98-1.02) 0.99

Perfusion time 1.01 (0.99-1.02) 0.17 1.00 (0.99-1.01) 0.79 1.00 (0.99-1.01) 0.73

Bicuspid AV 0.33 (0.08-1.38) 0.27 0.97 (0.52-1.78) 0.88 - -

Aorta ascendens 
aneurysm

NA NA 1.58 (0.67-3.75) 0.30 1.15 (0.27-5.03) 0.85

Aortic regurgitation 7.40 (1.49-36.85) 0.03 1.88 (1.04-3.39) 0.03 - -

Adult age 
(>18 years)

1.05 (0.25-4.47) 0.86 1.63 (0.84-3.17) 0.15 0.75 (0.30-1.89) 0.55

AV, Aortic Valve; CI, Confidence Interval; HR, Hazard Ratio; LV, Left Ventricle; NA, not assessable; NYHA, New 
York Heart Association Class.
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Reoperation

Fifty-seven patients required a re-intervention related to the Ross operation. Of these, 
33 patients required isolated pulmonary autograft replacement, 9 patients required 
simultaneous replacement of both the pulmonary autograft and allograft, 5 patients 
required isolated pulmonary allograft replacement, 2 patients with neo-aortic root 
dilatation required re-implantation of the autograft after replacement of aortic root 
with Vascutec prostheses, 1 patient underwent autograft repair according to Yacoub’s 
method (21), and 1 patient underwent reoperation after a recurrent episode of rheu-
matic fever involving the autograft. Furthermore, 2 patients underwent a reoperation 
without valve replacement (one patient underwent enlargement of the pulmonary 
outflow tract due to supravalvular pulmonary stenosis and the other patient required 
reoperation for constrictive pericarditis). In addition, two patients underwent balloon 
valvuloplasty of the RVOT to relieve supravalvular pulmonary stenosis.

Percutaneous pulmonary allograft replacement with the Melody valve was required 
in 2 patients. 

Progressive dilatation of the neo-aortic root was the main cause for autograft reopera-
tion (n=40). Causes for pulmonary allograft reintervention were mainly structural failure, 
calcification, or degeneration of the valve. In our study group, 4 patients required a 
second reintervention on the pulmonary allograft during follow-up.

All reoperations on the autograft were performed through a median sternotomy, with 
cardiopulmonary bypass and moderate hypothermia. We mostly used central canulation 
in the ascending aorta and right atrium or caval veins. To anticipate possible perforation 
of the heart or aorta when reopening the chest, we instituted cardiopulmonary bypass 
with canulation of the femoralvessels and deep cooling in 4 patients before performing 
the sternotomy. Crystalloid cardioplegia and topical cooling were used for myocardial 
protection. Total circulatory arrest with deep hypothermia was needed in 11 patients, 
with ascending aorta or arch reconstruction. In patients without aortic root dilatation, 
the valve leaflets were excised, followed by mechanical valve implantation. The neo-
aortic root was in most cases dilated without any signs of root or valve calcification. 
After opening the autograft root, the autograft valve leaflets were inspected, and most 
of them were excised and the coronary buttons mobilized. Excess autograft wall tissue 
was removed, leaving parts of the autograft at the annular level in situ. Standard valved 
conduit implantation was performed. When appropriate, the valve leaflets were spared, 
using the aortic valve reimplantation technique.

Freedom from reoperation for autograft failure was 84% (95% CI 77-92) and 51% (95% 
CI 38-62) after 10 and 18 years, respectively (Figure 1C). Freedom from reintervention for 
allograft failure was 90% (95% CI 83-94) and 81% (95% CI 71-88) after 10 and 18 years, 
respectively (Figure 1D). Freedom from reintervention for autograft or allograft failure 
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was 80% (95% CI 72-86) and 41% (95% CI 28-53) after 10 and 18 years, respectively 
(Figure 1E). 

Risk factors that were associated with autograft reoperation in the univariate analyses 
are shown in Table 3. There was no reoperative mortality.

Reoperation rate in different age categories

In young patients up to 18 years of age at the time of the Ross procedure, freedom from 
reoperation for autograft failure was 84% (95% CI 71-92) and 62% (95% CI 39-79) after 
10 and 18 years of follow, respectively. In the univariate analyses, preoperative aortic 
regurgitation (p-value 0.041), higher creatinin (p-value 0.031) and higher age (p-value 
0.009) were associated with autograft failure in these young patients. However, none 
of these factors remained significant in the multivariate analyses. Freedom from rein-
tervention for allograft failure was 86% (95% CI 71-94) and 81% (95% CI 64-91) after 10 
and 18 years of follow-up, respectively. No potential risk factors could be identified for 
allograft failure in this specific patient group. Freedom from reintervention for autograft 
or allograft failure was 77% (95% CI 62-87) and 49% (95% CI 25-68) after 10 and 18 years, 
respectively. 

In young adults patients between 18 and 30 years of age, freedom from reoperation 
for autograft failure was 80% (95% CI 64-90) and 37% (95% CI 19-56) after 10 and 18 
years of follow, respectively. Preoperative aortic sinus aneurysm (p-value 0.025) was the 
only risk factor found to be associated with autograft failure. Freedom from reinterven-
tion for allograft failure was 87% (95% CI 72-94) and 81% (95% CI 64-91) after 10 and 18 
years of follow-up, respectively. No risk factors were found for allograft failure. Freedom 
from reintervention for autograft or allograft failure was 73% (95% CI 56-84) and 32% 
(95% CI 15-50) after 10 and 18 years, respectively.

In patients of 30 years and older, freedom from reoperation for autograft failure was 
90% (95% CI 76-96) and 58% (95% CI 19-56) after 10 and 18 years of follow, respectively. 
Freedom from reintervention for allograft failure was 98% (95% CI 84-99) and 76% (95% 
CI 40-92) after 10 and 18 years of follow-up, respectively. No risk factors were found for 
autograft or allograft failure. Freedom from reintervention for autograft or allograft fail-
ure was 90% (95% CI 76-96) and 45% (95% CI 22-66) after 10 and 18 years, respectively.

Other valve-related events

Two patients developed endocarditis of the autograft during follow-up (0.11%/patient 
year). In one patient the endocarditis was complicated by stroke. Furthermore, one 
patient developed endocarditis of the allograft (0.05%/patient-year) which was treated 
with antibiotics. One patient developed pulmonary emboli (0.05%/patient year). Bleed-
ing events, valve thrombosis, or non-structural failure were not observed.
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Freedom from any valve related event was 79% (95% CI 71-85) and 40% (95% CI 27-52) 
after 10 and 18 years, respectively (Figure 1F). 

Functional performance of the autograft and allograft over time

During the study period, 1023 echocardiograms were reviewed for 161 subjects. Figure 2 
shows time-related changes in autograft gradient (Figure 2a), allograft gradient (Figure 
2b), autograft regurgitation (Figure 2c) and allograft regurgitation (Figure 2d). Figure 3 
shows time-related changes in aortic annulus diameter (Figure 3a) and STJ (Figure 3b). 

Figure 2. Mixed-effects models of echocardiogram variables after autograft procedure: A) trans-
aortic gradients; B) transpulmonary gradient; C) marginal probability of aortic insufficiency 
grades; D) marginal probability of pulmonary insufficiency grades.
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Figure 3. Mixed-effects models of: A) aortic annulus diameter increase over time; and B) 
Sinotubular Junction diameter increase over time.

Table 4. Risk factors associated with changes in echocardiographic measurements during follow-
up.

Echocardiographic 
Measurement

Risk factors Univariable Analyses
Estimate (±SE)  

p-value

Multivariable analyses
Estimate (±SE) 

p-value

Aortic Gradient Female gender 0.39 (0.14) 0.007 0.40 (0.14) 0.005

Older age 0.01 (0.01) 0.014 0.01 (0.01) 0.009

Aortic Regurgitation Impaired LVF -0.70 (0.24) 0.003 # #

Aortic Annulus Female gender -4.54 (0.81) <0.001 -3.77 (0.79) <0.001

Preoperative 
creatinine

0.06 (0.02) 0.015 0.04 (0.02) 0.02

Preoperative AR 2.24 (0.90) 0.01 1.83 (0.83) 0.028

STJ Female gender -5.31 (1.02) <0.001 # #

Allograft Gradient Female gender -0.63 (0.29) 0.029 # #

Allograft Regurgitation Hypertension 2.21 (1.02) 0.030 0.02 (0.01) 0.02

Older age 0.03 (0.01) 0.008 # #

# No longer significant in the multivariable model; AR, Aortic Regurgitation; LVF, Left Ventricular Function; 
SE, Standard Error; STJ, Sinotubular Junction
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Risk factors associated with changes in echocardiographic measurements during 
follow-up are shown in Table 4. Female gender was found to be consistently associated 
with better echocardiographic outcomes. Preoperative AR was found to be consistently 
associated with worse echocardiographic outcomes

DISCUSSION

The present study is the first to show that long-term patient survival after the Ross 
procedure is relatively good in contemporary practice, even at the end of the second 
postoperative decade. Compared to the original pioneer series by Donald Ross (1967-
1984), that reported an early mortality of 13% and a 20-year survival of only 61% in 
hospital survivors, our results illustrate the tremendous innovations that have taken 
place in cardiac surgery over the past decades. The present study also shows that, with 
increasing follow-up time, in particular the autograft has a limited durability. In addition, 
mixed-effects models analyses of echocardiographic measurements do not show major 
changes in transaortic gradients during the follow-up period. The results of mixed-
effects models do, however, show that freedom from autograft regurgitation grade 3–4 
was only 66% after 18 years of follow-up. Regarding neo-aortic dimensions the mixed-
effects model shows an initial increase in STJ diameter in the first 5 postoperative years, 
which was then followed by a constant phase. Furthermore, an initial slight increase in 
aortic annulus diameter was observed in the first 10 postoperative years.

Survival after the Ross procedure

Although initially there was concern about the outcome of the Ross procedure, several 
short and mid-term studies have proven that the procedure can be performed with low 
operative risk and survival rates comparable to the general population (6, 22, 23). 

It remains unclear whether this excellent survival is a consequence of autograft attri-
butes (living valve with superior hemodynamics and low valve-related event occurrence 
rates) (20), or the careful selection of patients for the Ross procedure (24).

The present study adds to current knowledge that although long-term mortality rates 
are relatively low and comparable with that of the general population in the first decade, 
as reported by several other authors (6, 11, 23), the survival rate of Ross patients in our 
experience shows a decline in the second postoperative decade compared with the 
general population. Of the 4 observed deaths in the second postoperative decade, 2 
were valve-related (SUUD). Although the numbers are small, this observation suggests 
that valve-related mortality hazard may increase in the second postoperative decade 
after the Ross procedure. 
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Autograft performance

The longevity of the autograft within our patient population is a point of concern. At the 
end of the second decade, over half of patients were re-operated for autograft failure. 

The main cause for reoperation after the Ross operation is dilatation of the neo-aortic 
root. Due to this dilatation, coaptation of the cusps is lost and AR occurs. The exact 
cause of autograft root dilatation is unknown. It is speculated that several factor may 
contribute to dilatation of the aortic root. Younger patient age (22), congenital aortic 
valve disease (25), rheumatic valve disease (26), and preoperative AR (27) and dilatation 
(22) are the most commonly reported patient-related determinants of durability of the 
autograft valve. It should also be noted that the outcome of the Ross procedure varies 
considerably between different centers (23) and surgical techniques employed and by 
individual variation of the application of the root replacement technique (28). Further-
more, due to significantly increased mechanical stress postoperatively hypertension 
may potentially have a negative effect on autograft durability (29, 30). 

The presence of preoperative AR was independent risk factor of autograft failure 
during follow-up. Furthermore, the longitudinal analyses of echocardiographic data in-
dicated that the presence of preoperative AR was significantly associated with increased 
aortic annulus diameter during follow-up. Preoperative AR was not associated with STJ 
diameter during follow-up at all. This suggests that preoperative AR might specially be a 
risk factor for the dilatation of the aortic annulus after the Ross procedure. 

The association between preoperative aortic regurgitation and autograft failure is in 
agreement with other recent publications on this subject (10, 27, 31, 32). Two studies 
hypothesize that annular dilatation associated with aortic regurgitation may be a factor, 
and 1 suggests a role for altered geometry and tissue characteristics of the subvalvular 
left ventricular outflow tract resulting from chronic aortic regurgitation (27, 32). 

Allograft performance

In contrast to autograft performance, the allografts performed adequately within our 
patient population with freedom from reoperation for allograft failure of 81% after 18 
years of follow-up. Although there are no studies at the moment with such a long-term 
follow-up as the present study, the freedom from allograft failure that we have observed 
after 10 years of follow-up in our patient population was comparable to that of the other 
series (4, 33). The main reason for allograft reoperation in the present study was degen-
eration with calcification of the allograft. Pulmonary allograft stenosis is indeed another 
important issue that has to be taken into account when considering the Ross procedure. 
The stenosis appears to represent an early postoperative inflammatory reaction to the 
pulmonary allograft that leads to extrinsic compression and/or shrinkage and is charac-
terized by intimal hyperplasia at the distal anastomosis and an inflammatory-mediated 
external compression by fibrous tissue (34).
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Clinical Implications

The observed high reoperation rate after the Ross procedure has tempered our initial 
enthusiasm for the procedure: in our early experience we applied the Ross procedure 
generously in children and young adults performing up to 18 Ross procedures per year, 
while in more recent years this number has gone down to 1 or 2 per year, mainly in 
young children.

In most of our patients (n=159, 99%) no reinforcement procedures were taken. It has 
been shown that in patients undergoing the Ross procedure autograft reinforcement 
procedures are associated with lower AR development rates and reduced reoperation 
rates for autograft failure (35). This is of particular importance since autograft reop-
eration rate in the present study was mainly driven by root dilatation. Furthermore, 
it should be noted that surgical techniques employed can considerably influence the 
outcome after the Ross procedure. In a recent publication from the German-Dutch Ross 
registry showed that freedom from autograft or allograft reoperation was 92% at 10 
years and 87% at 15 years in young and middle-aged patients operated with the sub-
coronary technique (36). These reported results are better than those observed in our 
study population where mainly (96%) root replacement technique was used. The widely 
varying durability results obtained with different surgical techniques applied in the Ross 
procedure illustrates the technical complexity of the procedure and the requirement of 
a particular surgical expertise with this procedure.

The Ross procedure represents only a fraction of all aortic valve replacement in 
contemporary practice (37). Obviously, surgical expertise required to perform a Ross 
procedure is a limiting factor, although one may hypothesize that by avoiding this tech-
nically challenging procedure with potentially increased early risks, we are withholding 
young adult patients from a potentially better solution in the long run (37). Several 
other options exist in replacement of the diseased aortic valve in young adult patients: 
mechanical prostheses, biological prostheses or homografts. 

Although mechanical valves provide excellent durability and low reoperative hazard 
(38, 39), the choice for the mechanical valve implies lifelong anticoagulation and is as-
sociated with an increased risk for thromboembolic and bleeding events (40, 41). The 
use of anticoagulation may also complicate pregnancy because of the fetal and ma-
ternal complications of taking warfarin (42, 43), and may require lifestyle adjustments 
in this relatively young and active patient group. Also the hemodynamic performance 
of mechanical valves is less favorable compared to autograft valves (44). Furthermore, 
prosthetic valve endocarditis occurs in up to six percent of mechanical valve recipients 
and is associated with considerable mortality (38). However, it still remains unclear 
whether the excellent survival observed in Ross patients is a consequence of autograft 
attributes (living valve with superior hemodynamics and low valve-related event occur-
rence) or the careful selection of patients for the Ross procedure. A recent publication 
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from our group showed that in comparable patients there is no late survival difference in 
the first postoperative decade between the Ross procedure and mechanical aortic valve 
implantation with optimal anticoagulation self-management (24).

Bioprostheses are frequently used as an aortic valve substitute and have a low throm-
bogenicity and absent need for lifelong anti-thrombotic therapy. Recently published 
studies reporting the results of Hancock II bioprosthesis have shown a freedom from 
reoperation of only 30%-50% after 20 years of follow-up (45, 46).

Homograft valves have, similar to the autograft procedure, the advantage of a low risk 
for thromboembolism and absent need of lifelong anticoagulation. However, the results 
of a recently published prospective randomized trial between the Ross procedure and 
the aortic homograft, both implanted as full roots, showed that the performance of 
allografts was inferior to that of autografts (23). Furthermore, the performance of the 
homograft valves have also been shown to be inferior compared to xenografts with 
more modern tissue processing including anticalcification processes (47).

In light of the limitations of contemporary prosthetic valve options, the optimal 
prosthesis choice for young adults remains controversial. Therefore, an individualized 
approach is needed in the selection of the optimal prosthetic valve. This approach 
should combine the evidence on outcome with different therapeutic strategies with the 
preferences of the informed patient since the inherent limitations of each prosthetic 
valve can be valued differently by individual patients.

Strengths and Limitations 

The present study is the longest and most complete prospective cohort study allowing 
for new insights into patient outcome and autograft and pulmonary allograft function 
well into the second postoperative decade. In addition of reporting hard clinical end-
points, the number of available echocardiograms and the powerful longitudinal data 
analysis techniques enabled us to be the first to provide insight into autograft and al-
lograft valve function over time until the end of second decade. The long-term evidence 
of patient outcome and valve performance is helpful in the selection of most optimal 
prosthetic aortic valve since it provides an unprecedented time horizon regarding the 
Ross procedure.

The present study has several limitations. The survival of patients is reported at 18 years 
of follow-up and future studies are required to confirm the results of present study. An 
additional limitation is the absence of a control group in the present study. Furthermore, 
the results of present study only apply to the unsupported root replacement technique, 
which is both a strength and a limitation of the data. Finally, the generalizability of our 
study results requires further investigation.



LONG-TERM OUTCOME OF THE ROSS PROCEDURE

197

13

Conclusions

The present study shows that, in patients that undergo autograft procedure without 
any reinforcement techniques, the autograft procedure indeed meets the prospect with 
respect to relatively good long-term survival. However, the observation that over half 
of the autografts failed prior the end of the second decade is a point of concern. The 
reoperation rate and echocardiographic function over time underline the importance of 
careful monitoring, especially in the second decade after the initial autograft operation 
and particularly in patients with preoperative AR. 
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To the Editor,
There is insufficient published evidence about the potential degenerative effects of 
pregnancy on the homograft and pulmonary autograft in the aortic position. To assess 
the association between pregnancy and accelerated degeneration of human aortic 
valve substitutes, we conducted a retrospective analysis of a prospective cohort study of 
female patients who received a human tissue valve in the aortic position at our institu-
tion.

All patients who have received a homograft or autograft in the aortic position in our 
center since 1987 are enrolled in an ongoing prospective follow-up study (1). Patients 
undergo annual clinical follow-up and biennial standardized serial echocardiography 
(aortic gradient [Vmax]), aortic regurgitation (AoI), and annular and sinotubular junction 
diameter (AD and STJ). We identified 108 female patients who underwent 59 homograft 
and 49 autograft procedures, and who were ≤50 years old at the time of surgery and 
at least 16 years old at the time of study (age 29 ± 13 years). Informed consent was 
obtained from the patients to interview them (December 2010) for additional informa-
tion on pregnancy and cardiac status (institutional review board number 2010–272).

Freestanding root replacement with reimplantation of the coronary arteries was 
performed in most patients. Fifteen homograft patients underwent a subcoronary 
homograft implantation, and 2 autograft patients had an inclusion cylinder aortic root 
replacement.

Outcome was reported according to the 2008 American Association of Thoracic 
Surgery/European Association of Cardio-Thoracic Surgery/Society of Thoracic Surgeons 
guidelines for reporting mortality and morbidity after cardiac valve interventions. 
Mixed-effects models were used to assess changes in echocardiographic measurements 
over time while accounting for within-patient correlation between repeated follow-up 
measurements (2). Total follow-up was 1,448 patient years and 99% complete. Ninety-
nine patients had ≥1 echocardiographic examinations (median 6; range 1 to 11).

Thirty-one patients (13 homografts and 18 autografts) experienced 55 pregnancies, 
including 48 completed pregnancies, 4 elective abortions for noncardiac reasons, and 
3 miscarriages. Homograft recipients without pregnancies were older than homograft 
recipients who became pregnant (35 vs. 28 years; p=0.02). There were no other differ-
ences in patient characteristics between homograft and autograft patients without 
pregnancies and those who became pregnant.

During follow-up, 9 homograft patients and 4 autograft patients died. Fifteen-year 
survival in homograft patients was 80.0 ± 7.3% for patients without pregnancies and 
100% for patients with pregnancies; in autograft patients, this was 94.1 ± 4.0% for pa-
tients without pregnancies and 94.4 ± 5.4% for patients with pregnancies (p = NS).

Fifteen homograft patients required reoperation for a calcified and degenerated ho-
mograft; 2 additional homograft patients were reoperated for paravalvular leak. Twelve 
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autograft patients were reoperated for neoaortic regurgitation and dilation of the neo-
aortic root, including 11 autograft replacements and 1 valve-sparing aortic root replace-
ment (Yacoub procedure). Freedom from aortic valve reoperation at 15 years was 63% 
(95% confidence interval [CI]: 57% to 69%) in homograft patients; in autograft patients, 
this was 75% (95% CI: 63% to 87%). Freedom from reoperation was comparable between 
patients who experienced pregnancy and those who did not, in both homograft and 
autograft recipients (p = NS).

Figure 1 shows progression of Vmax, STJ diameter, AD, and AoI over time. Pregnancy 
was not associated with changes in Vmax over time, STJ diameter over time, AD over time, 
or AoI grade over time for either valve type.

Pregnancy is known to produce significant hemodynamic changes, with an increase 
in heart rate, plasma volume, and cardiac output (3). This may impose a burden on bio-
logical valve substitutes, accelerating degeneration. However, we found that pregnancy 
was not associated with either homograft or pulmonary autograft valve reoperation and 
echocardiographic valve function over time. This is in concordance with previous, but 
very limited, evidence (4 and 5).

The question remains as to what the best valve substitute choice is for young female 
patients who require aortic valve replacement, and who may contemplate pregnancy. 
Bioprosthetic valves are an option, but valvular deterioration seems to accelerate during 
pregnancy (6). Mechanical prostheses are far from ideal during pregnancy because of 

2. Parodi G, Memish G, Bellandi B, et al. Effectiveness of primary
percutaneous coronary interventions for stent thrombosis. Am J Cardiol
2009;103:913–6.

3. Ergelen M, Gorgulu S, Uyarel H, et al. The outcome of primary
percutaneous coronary intervention for stent thrombosis causing ST-
elevation myocardial infarction. Am Heart J 2010;159:672–6
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Figure 1 Vmax, STJ Diameter, AD, and AoI Marginal Probability of AoI Grade Over Time

(Top row) Homograft models. (Bottom row) Autograft models. (Shaded grey areas) 95% confidence intervals. AD � annulus diameter; AoI � aortic regurgitation;
STJ � sinotubular junction; Vmax � peak velocity,
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Figure 1. Vmax, STJ Diameter, AD, and AoI Marginal Probability of AoI Grade Over Time
(Top row) Homograft models. (Bottom row) Autograft models. (Shaded grey areas) 95% con-
fidence intervals. AD , annulus diameter; AoI, aortic regurgitation; STJ, sinotubular junction; 
Vmax, peak velocity.
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anticoagulation therapy-related complications, although in some patients mechanical 
valves are the only option. Human tissue valves do not require anticoagulation therapy 
and have good hemodynamic performance, but homografts—in contrast to auto-
grafts—do not increase in size with the growing child. In addition, autografts have a 
superior hemodynamic profile (7), which particularly during pregnancy has potential 
beneficial effects on cardiac function. In contrast, neoaortic root dilation and neoaortic 
regurgitation cause an increased need for reoperation (8).

Because human tissue valve durability is not influenced by pregnancy, it offers an at-
tractive biological option for aortic valve replacement in young female patients. Young 
female patients who (may) contemplate pregnancy should consider human tissue valves 
as a suitable aortic valve substitute.
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ABSTRACT

Aim

To report our experience with the Ross operation in patients with predominant aortic 
stenosis (AS) using an inclusion cylinder (IC) method.

Methods and Results

Out of 324 adults undergoing a Ross operation, 204 patients of mean age of 41.3 years 
(limits 16 – 62) underwent this procedure for either AS or mixed AS and regurgitation (AS/
AR) between October, 1992 and February, 2012, implanting the PA with an IC method. 
Clinical follow up and serial echo data for this group is 97% complete with late mortality 
follow up 99% complete. There has been zero (0%) early mortality, and late survival at 
15 years is 98% (96%, 100%).  Only one re-operation on the aortic valve for progressive 
aortic regurgitation (AR) has been required with freedom from re-operation on the aor-
tic valve at 15 years being 99% (96%, 100%). The freedom from all re-operations on the 
aortic and pulmonary valves at 15 years is 97% (94%, 100%). Echo analysis at the most 
recent study shows that 98% have nil, trivial or mild AR. Aortic root size has remained 
stable, shown by long term (15 year) echo follow up.

Conclusions

In an experience spanning 19 years, the Ross operation used for predominant AS using 
the IC method described, results in 99% freedom from re-operation on the aortic valve 
at 15 years, better than any other tissue or mechanical valve. For adults under 65 years 
without significant co-morbidities who present with predominant AS, the pulmonary 
autograft inserted with this technique gives excellent results.
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INTRODUCTION

For younger adult patients requiring AVR, the Ross procedure has many proven benefits 
in comparison to other valve substitutes, including absence of need for oral anticoagu-
lation drugs, i.e. Coumadin, better durability than other tissue valve alternatives (1-4), 
excellent haemodynamic function (5), improved exercise tolerance (6), and possibly 
improved long term survival (2, 7, 8).

However, its use has been restricted to relatively small numbers of centres with 
sufficient expertise to achieve good results (9-11), and most long term results thus far 
reporting on implantation of the PA by an unsupported root replacement method, have 
shown increasing risk of regurgitation of the PA in the second decade, leading to aortic 
valve re-operation being required (12-14). Also, the freestanding root replacement 
method for PA implantation has shown significant increases in aortic root size (15) with 
time. The risk for aortic valve re-operation increases when the indication for surgery has 
been a patient presenting with AR, male gender, and in younger patients presenting 
with rheumatic valve disease (10, 12). In addition, the pulmonary valve allograft inserted 
into the right ventricular outflow tract provides an additional hazard for valve-related 
complications (12, 13).

With regard to more recent techniques to improve the PA durability, these mainly 
have utilised either wrapping the autograft with prosthetic materials to prevent the 
development of later aneurysmal enlargement of the neo-aortic root, thus helping pre-
venting late AR, or inserting the PA inside a Dacron graft (16-18). Both of these measures 
have insufficient follow up duration to determine their success, and involve insertion of 
significant amounts of prosthetic material, which is against the Ross principle and which 
may place more strain on the neo-aortic valve leaflets over time as they open and close 
within a more rigid aortic root. Alternatively, subcoronary implantation of the PA has 
been proven durable in one particular centre in Germany, but is technically challenging 
(9). 

The IC method used in this series involves insertion of the PA inside the patient’s aortic 
root, giving it autologous support without need for excessive prosthetic material. This 
IC method (19, 20) is conceptually different to the technique usually referred to when 
describing an IC technique (21, 22), and is the first long term study reported of any IC 
method involving more than 100 patients and allowing for estimates of outcome far 
into the second postoperative decade. Patients with predominant aortic stenosis are the 
focus of this report.
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METHODS

Between October, 1992 and February, 2012, 324 patients underwent AVR utilising the 
Ross procedure. Of these, in 217 the indication for surgery was predominant AS (either 
pure AS, or mixed AS/AR). The remaining 107 patients presented with pure AR. Of 217 
with predominant AS, 13 patients had the PA inserted using other known techniques 
(7 root replacements, one subcoronary technique, and in 5, the PA was inserted inside 
a Valsava dacron graft). For the purposes of this study, the remaining 204 patients with 
predominant AS who had the PA inserted using an IC method were analysed. The Ethics 
Committee at the Royal Melbourne Hospital approved the study of these patients and 
each individual patient gave informed consent for participation in this study.

The demographics of the patients operated on as well as concomitant procedures 
performed can be seen in Table 1. All operations were performed via median sternotomy 
using cardiopulmonary bypass, aortic cross-clamping and a combination of antegrade 
and retrograde cardioplegia for myocardial protection. The technique has previously 
been described (19, 20), with the sequence of events being:

· Aortic transection and excision of the aortic valve, vertical extension of incision into 
the non-coronary sinus.

· Narrowing of the aortic root if required to allow for aortic valve/pulmonary valve 
size mismatch, using quadrangular or wedge excision of the non-coronary sinus. 
If either the aortic annulus or sinotubular junction diameter exceeds 34 mm, this 
would contra-indicate use of the inclusion cylinder method because of excessive 
pulmonary valve/aortic valve mismatch.

· Narrowing and stabilisation of the aortic annulus, if required, using partial circumfer-
ence external Dacron ring.

· Marking of neocommissural points around the aortic annulus.
· Excision of pulmonary autograft root and insertion of a Cryopreserved pulmonary 

allograft. These were used exclusively, sourced from tissue banks within Australia.
· Insertion of the PA into aortic root using interrupted 4/0 Prolene sutures at the level 

of the annulus.
· Detachment of coronary ostial buttons, which are brought inside the aortic root and 

anastomosed to holes created in the pulmonary autograft root.
· Closure of aortic root with direct suture in non-coronary sinus region, enclosing the 

PA cylinder.
· Distal anastomosis of the PA to patient’s native ascending aorta or if the ascending 

aorta replaced, to the lower end of the Dacron graft used.
· De-airing, removal of aortic cross-clamp and weaning from bypass.
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· Check left ventricular (LV) function and aortic valve function with transoesophageal 
echo (TEE).

There have been some minor changes in technique since the previously described 
method (19). The distal autograft to ascending aortic anastomosis now includes the 
lower aortic root remnant only in the region immediately cephalad to the left coronary 
ostium. Please see Figure 1 showing the completed IC method.

All patients have been followed up with review by surgeon and/or cardiologist yearly 
and echocardiograms have been obtained before hospital discharge and 6 - 12 months 
after surgery, thereafter every second year. The following echocardiographic measures 
were assessed: aortic and pulmonary valve function and aortic root size by maximal 
aortic sinus diameter (mm).

Table 1. Patient Demographics and Concomitant Procedures.

No. of Patients 204

Age Mean 41.3 years

Limits 16 – 62 years

Gender Male 127 (62%)

Female 77 (38%)

Aortic Valve Lesion AS 137 (67%)

AS / AR 67 (33%)

Bicuspid Valve Aetiology 193 (94.6%)

NYHA Class I 24 (12%)

II 134 (67%)

III 44 (22%)

IV 2 (1%)

Previous Heart Surgery 22 (11%)

Aortic Valve Repair 14 (6.9%)

AVR 7 (3.4%)

Other Heart Surgery 1 (0.5%)

Concomitant Procedures 90 (44%)

Ascending Aorta 77 (38%)

 - Replacement 31 (15.2)

 - Tailoring Aortoplasty 46 (22.5)

Subaortic Resection 3 (1.5%)

CABG 3 (1.5%)

ASD/PFO 2 (1%)

Miscellaneous 5 (2.5%)

AS, Aortic Valve Stenosis; AR, Aortic Valve Regurgitation; AVR, Aortic Valve Replacement; CABG, Coronary 
Artery Bypass Graft Surgery; ASD, Atrial Septal Defect
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Statistical Analyses

Continuous variables are displayed as mean (SD), discrete variables as counts and pro-
portions. Kaplan-Meier analysis was done to study time-related events such as death 
and re-operation. In order to calculate 95% confidence limits, the standard error of the 
estimate of the survival curve was estimated using Greenwood’s formula (23). 

Analyses of the echocardiographic data

Categorical echocardiographic measurement

To assess the temporal trend of likelihood of conduit regurgitation grades over time 
after surgery, follow-up transthoracic echocardiograms were analyzed longitudinally for 
change in percentages of patients in each regurgitation grade across time. A non-linear 
cumulative logit mixed model (24, 25) was used to resolve a number of time phases 
on cumulative odds domain to form a temporal decomposition model and to estimate 
the shaping parameters at each phase. Longitudinal cumulative logistic mixed model 
(26, 27) for repeated measurements (SAS® PROC NLMIXED) was used to implement the 
temporal decomposition model and to estimate the patient-specific probabilities for 
being in each conduit regurgitation grade. These patient-specific estimates were then 
averaged to obtain the percentages of patients (prevalence) in each grade. 

Continuous echocardiographic measurement

To assess the temporal trend of conduit gradient over time after surgery, follow-up 
transthoracic echo-cardiographic measurements were analyzed longitudinally for 
change in mean response across time (28). A non-linear longitudinal mixed model re-
gression (26, 29) (SAS® PROC NLMIXED) was used to analyze these continuous repeated 
measurements. 

Figure 1. Completed inclusion cylinder method – diagram of aortic root with coronary ostia anas-
tomosed to PA root.
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Variable selection and risk factor analyses
Patient characteristics, conduit properties and procedure related variables were 
screened for association with postoperative autograft regurgitation, mean and peak 
autograft gradient, pulmonary allograft regurgitation, and mean pulmonary allograft 
gradient. In addition, year of surgery (calculated as time interval between first and last 
surgical procedure) and various transformations (e.g. inverse, natural logarithm) of the 
available continuous variables were also screened as potential risk factors. 

Variable selection, with a P value criterion for retention of variables in the model of 0.05, 
utilized bootstrap bagging (bootstrap aggregation) (26, 30). This was a four-step process. 
First, a patient was randomly selected from the original data set to begin a new data set. 
The original data set continued to be sampled until the new data set was 100% the size of 
the original. Second, risk factors were identified using automated forward stepwise selec-
tion. Third, results of the variable selection were stored. These three steps were repeated 
1000 times. Finally, the frequency of occurrence of variables related to group member-
ship was ascertained and indicated the reliability of each variable (aggregation step). All 
variables with bootstrap reliability of 50% or greater were retained in the guided analysis. 

Because of the limited capability of PROC NLMIXED to explore multivariable relations, 
we initially screened the variables using ordinary multivariable linear regression (PROC 
REG SAS) and the assumption of independence of observations with liberal entry criteria 
(0.2) and stay criteria (0.12). This analysis was performed simply to identify possible can-
didates for our repeated measurements model. These candidates and their transforma-
tions, if any, were entered at once into our model, and then eliminated one by one until 
all variables remaining had a P value of 0.05 or less. Parametric estimates of continuous 
postoperative echocardiography measurements are accompanied by asymmetric 95% 
confidence limits, comparable to ± 2 SE, obtained by a bootstrap percentile method 
(31). All statistical tests with a p-value of 0.05 or lower were considered significant. The 
longitudinal analyses of echocardiographic data were performed using SAS9.2 (SAS®, 
Cary, N.C.).

The deadline for data capture was 15th February, 2012.

RESULTS

Early and late mortality

There have been no early deaths either in hospital or within 30 days post-operative. 
The 204 surviving patients have been followed up, with only 7 patients lost to late fol-
low up, i.e. 97% complete clinical follow up. An Australian Death Index search confirms 
that 6 of these patients are alive.  The remaining patient lives overseas in Asia and last 
contact was 6 years after surgery. Thus late mortality follow up is 99% complete. As can 
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be seen from Figure 2a, 15 year survival is 98% (96%, 100%), with only 3 late deaths, all 
from malignant neoplastic disease (i.e. non-cardiac), occurring at 3, 5 and 10 years post-
operatively. Mean late follow up time is 7.84 years (0.1 – 17.8 years), and encompasses 
1576 patient years. 

In-hospital complications 

Early complications after surgery occurred in 50 patients and included the following: 
acute renal failure defined as doubling of serum creatinine (none required haemofiltra-
tion or dialysis) 3 (1.5%), bleeding requiring return to operating theatre 3 (1.5%), late 
pericardial effusion requiring drainage 2 (1%), atrial arrhythmias 23 (11%), ventricular 
arrhythmias 1 (0.5%), pneumothorax 2 (1%), acute myocardial infarction 1 (0.5%), low 
cardiac output syndrome 1 (0.5%), and deep sternal wound infection 1 (0.5%). There 
were no cases of post-operative CVA or TIA, respiratory or multisystem failure. 

Late re-operation on aortic and pulmonary valves

(a) Neo-aortic valve for progressive AR. One patient developed moderate aortic regurgi-
tation 3 years following surgery, and this resulted in symptomatic, enlarging left ven-
tricular dimensions, leading to re-do AVR at 7 years. The freedom from re-operation 
on the neo-aortic valve for this problem can be seen in Figure 2b, which reveals 99% 
(96%, 100%) freedom at 15 years post-operatively.

(b) Endocarditis of aortic and pulmonary valves (3 patients). There was one case of 
aortic valve endocarditis, one case of pulmonary valve endocarditis, and one case 
of both aortic and pulmonary valve endocarditis occurring at 3, 7 and 9 years post-
operatively. All three cases underwent re-operation successfully. Except for the case 
of lone endocarditis affecting the aortic valve in which the infection was peri-aortic 
and the pulmonary autograft valve preserved (as it was functioning normally), the 
other three infected valves (in 2 patients) required replacement. The cumulative 
incidence of endocarditis is 0.19%/pt/yr of follow up.

(c) Pulmonary valve for structural valve degeneration: there have been no re-operations 
necessary for this complication. Thus the freedom from all re-operations on aortic 
and pulmonary valves (see Figure 2c) is 97% (94%, 100%) at 15 years.

Late non-aortic or pulmonary valve cardiac re-operations

During the period prior to 1997, bicuspid aortic valve related aortopathy was not fully 
appreciated as an entity that could lead to later further dilatation of the mid ascend-
ing aorta. Four patients operated on between 1992 -1996 (inclusive) exhibited mild 
enlargement of the mid ascending aorta (maximum 4.5 cm. diameter). In these patients, 
none of whom underwent a procedure on the ascending aorta at their initial surgery, 
progressive later enlargement of the ascending aorta was noted, without any change in 
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aortic root size or aortic valve function. In each case, the ascending aorta was replaced 
electively once the ascending aortic diameter exceeded 5.0 cm. diameter. Two of these 
cases required hemi-arch replacement as well, and in the other two cases, near total arch 
replacement was required. These secondary operations were performed 7, 11, 12 and 
15 years respectively after the primary operation. None of these cases required further 

Figure 2a. Actuarial survival of entire cohort of 204 patients presenting with predominant AS 
(Kaplan-Meier).

Figure 2b. Percent freedom from re-operation on the aortic valve in patients presenting with 
predominant AS (Kaplan-Meier).

Figure 2c. Percent freedom from re-operation on both aortic and pulmonary valves for patients 
presenting with predominant AS (Kaplan-Meier).
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surgery to either the aortic or pulmonary valves. Thus, these cases were not considered 
to be in the category of re-operations on either aortic or pulmonary valves. In addition, 
a further 5th patient developed severe mitral valve regurgitation two years after surgery, 
and required a mitral valve replacement using a mechanical prosthesis.

Late echo-doppler data

(a) Aortic valve function: Echocardiographic follow-up on autograft regurgitation. Re-
gurgitation was graded as 0 for no regurgitation, 1+ trivial, 2+ mild, 3+ for moderate, 
and 4+ for severe. Because of low frequency (2 patients with a total of 7 observations) 
in grade 3+ this grade was collapsed together with 2+ and is treated as one category. 
None of the patients had 4+ AR. As can be seen in Figure 3a there is no general trend 
for increasing severity of post-operative AR over time. Mean aortic valve (autograft) 
gradients are between 4-5 mmHg, with no change over time (see Figure 3b).

(b) Aortic root size: The maximum aortic root diameter has been assessed, with measure-
ments in mm. The assessments have been performed before surgery, one week after 
surgery, at one year post-operative, and then second yearly intervals. Because echocar-
diograms are performed every second year routinely, after three years, results for year 
4, 5 post-operative, are included under 5 years, etc. As can be seen from Figure 4, mean 
aortic root size, as measured by maximum aortic size diameter increases very slowly 
with time. The mean pre-operative diameter is 33 (28, 38) mm and this increases to 35 
(32, 38) mm at 15 years post-operative. This equates to 0.13mm increase in aortic root 
size per year, i.e. minimal increase in aortic size over time.

(c) Pulmonary valve function: The mean late pulmonary valve gradient, measured by 
Doppler study is 10 mmHg (limits 2 – 44). There are 6 patients with mean gradient 
between 20 to 30 mmHg, and 3 where this gradient exceeds 30 mmHg, i.e. only 
4.4% in excess of 20 mmHg. Analysis of patients with pulmonary valve gradients in 
excess of 20 mmHg mean, shows that these gradients have appeared between 6 – 18 
months after surgery, and then plateaued without further elevation over time. Right 
ventricular size, function and wall thickness have remained normal in these patients. 
Please see Figure 5a for the temporal change in pre-operative pulmonary valve 
gradient with time. Risk factors associated with increased post-operative pulmonary 
allograft gradient can be seen in Table 2. In summary, older recipient age, male 
patient gender, and earlier year of surgery were found to be associated with higher 
pulmonary allograft gradient during follow-up of patients after the Ross procedure. 
Older donor age, on the other hand, was associated with a lower allograft gradi-
ent. However, older donor age was found to be associated with an increased risk of 
higher PR (Table 3). The temporal trend in pulmonary valve regurgitation grade can 
be seen in Figure 5b.

NYHA Class: 99% are NYHA Class I, at most recent evaluation, 1% in NYHA Class II.
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Figure 3a. Temporal trend of aortic regurgitation after the Ross procedure. Solid lines represent 
percentage of patients (mean effect) in each grade at various time points. Symbols represent 
crude estimates of grouped raw data without regard to repeated measures and are presented 
here just to verify the model fitting. Aortic regurgitation was graded as 0 for no regurgitation, 1+ 
trivial, 2+ mild, 3+ for moderate, and 4+ for severe. Because of low frequency (2 patients with a 
total of 7 observations) in grade 3+ this grade was collapsed together with 2+ and is treated as 
one category. None of the patients had 4+ AR.

Figure 3b. Solid lines are parametric estimates of mean autograft gradient from non-linear lon-
gitudinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence 
bands, equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without re-
gard to repeated measures and are presented here just to verify the model fitting. 
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Figure 5a. Solid lines are parametric estimates of pulmonary allograft gradient from non-linear 
longitudinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence 
bands, equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without re-
gard to repeated measures and are presented here just to verify the model fitting. Pulmonary 
allograft regurgitation (PR) was graded as 0 for no regurgitation, 1+ trivial, 2+ mild, 3+ for mod-
erate, and 4+ for severe. Because of low frequency (9 patients with a total of 14 observations) in 
grade 3+ this grade was collapsed together with 2+ and is treated as one category. None of the 
patients had 4+ PR.

Figure 4. Temporal trend of echo derived maximum aortic root size, as assessed by maximum 
aortic sinus diameter (mm.). Solid lines are parametric estimates of mean aortic sinus diameter 
from non-linear longitudinal mixed model and are enclosed within dashed 95% bootstrap per-
centile confidence bands, equivalent to 2 SD. Symbols represent crude estimates of grouped raw 
data without regard to repeated measures and are presented here just to verify the model fitting.
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Figure 5b. Temporal trend of pulmonary allograft regurgitation after the procedure. Solid lines 
represent percentage of patients (mean effect) in each grade at various time points. Symbols 
represent crude estimates of grouped raw data without regard to repeated measures and are 
presented here just to verify the model fitting.

Table 2. Pre-OP Risk factors associated with post-op pulmonary allograft gradient.

Factor Estimate ± SE P Reliability

Recipient age* 0.0254±0.0070 0.0004 100

Male patient gender 0.0934±0.0207 <.0001 82.9

Donor age# -0.1040±0.0293 0.0005 100

Timing/period of surgery^ 0.1618±0.0319 <.0001 89.1

*During bootstrap analyses inverse of age was found to be most reliable and this variable was used in 
the multivariate analyses. #During bootstrap analyses the natural logarithm of donor age was found to 
be most reliable and this variable was used in the multivariate analyses. ^During bootstrap analyses the 
natural logarithm of ‘timing of surgery’ was found to be most reliable and this variable was used in the 
multivariate analyses

Table 3. Pre-OP Risk factors associated with post-op pulmonary allograft regurgitation.

Factor Estimate ± SE P Reliability

Donor age* 0.7521±0.2840 0.0088 96.9

*During bootstrap analyses inverse of donor age was found to be most reliable and this variable was 
used in the multivariate analyses

1+

0

1+

0

2+ or 3+

0

2+ or 3+
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DISCUSSION

This is the first report of a large and long-term experience with the Ross procedure 
employing an inclusion cylinder technique, with results extending far into the second 
post-operative decade. It shows that the use of this surgical technique in patients with 
predominant aortic stenosis provides a durable solution that is far superior to any other 
surgical technique and any other biological or mechanical valve substitute. Originally 
described as a method for implantation of the PA or an aortic allograft, the author has 
modified the technique (19) in order to retain the root replacement principle which 
ensures early neo-aortic valve competence.

With this technique, the patient’s aortic root, rather than being discarded or substi-
tuted by prosthetic material to wrap around the PA, is retained as an autologous support 
around the autograft, the main advantage being to prevent its later enlargement which 
has been shown to lead to neo-aortic root aneurysm, and also, in an unsupported root 
replacement, to progressive aortic regurgitation, the main reason for late left-sided re-
operation after the Ross procedure (13). The method employed is different to previous 
descriptions of the inclusion cylinder or intra-aortic implant techniques.

Late echo-Doppler assessment in this series shows that the IC method used limits ex-
pansion of the autograft root, with only 2 mm increase in maximum diameter during 15 
years of follow up. There have been no cases of neo-aortic root aneurysmal enlargement 
noted in the follow up period either. This would appear to be the reason for excellent late 
results with this technique, with only one re-operation being necessary for progressive 
AR or structural valve degeneration of the autograft, leading to 15 year freedom from 
re-do AVR for this problem, of 99% (96%, 100%), as well as trivial incidence of moderate 
or greater late AR shown in 2 (1%) patients only, during the follow up period.

Late survival in this series is excellent also, with only 3 late deaths 98% (96%, 100%) 
survival at 15 years, none of which are cardiac related, all due to cancer. Many late deaths 
after tissue AVR have been shown in various series to be due to cardiac causes including 
heart failure, arrhythmias, re-operation and endocarditis. By minimising late aortic valve 
dysfunction and re-operation, presumably this should improve survival. It has been 
shown that in particular younger adult patients who undergo aortic valve replacement, 
there is a considerable excess mortality compared to the general population (32). This 
observation is not confirmed in our experience with the Ross procedure where we 
observe a late survival comparable to the general age and gender matched population.

Endocarditis remains an infrequent, although serious hazard for all patients undergo-
ing AVR (16, 33, 34), regardless of the prosthesis used. In this series, there have been 3 
patients who developed this complication, either on the aortic or pulmonary valves, or 
on both.  Thus, the cumulative incidence of endocarditis in the patients with predomi-
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nant AS is 0.19%/pt/yr, which is less than the overall rate of prosthetic valve endocarditis 
associated with other bioprostheses and mechanical valve prostheses (33-35).

The pulmonary valve replacement (PVR) remains the Achilles’ heel of the Ross 
procedure.  A proportion of patients after PVR with a pulmonary allograft (the PVR of 
choice in the Ross procedure) develop stenosis of the pulmonary allograft, probably 
of immunological or inflammatory basis. In this series, six of 204 patients have mean 
pulmonary valve (PV) gradients between 20 and 30 mmHg, and two between 30 
and 40 mmHg. One patient was found to have an allograft gradient of 44mmHg two 
years postoperative, unfortunately this patient was lost to follow up. No patients have 
required re-intervention for this problem with the threshold for re-operation being 
the development of a mean PV gradient in excess of 40 mmHg, development of right 
ventricular enlargement or hypertrophy or development of symptoms. There is a slight 
trend for increasing pulmonary allograft regurgitation with time. It is highly probable 
that some patients will require re-operation on the PV in the future. Options will include 
percutaneous PVR or surgical PVR. If surgical PVR is required, it can be performed with 
cardiopulmonary bypass support, although without the need for aortic cross-clamping, 
with the heart continuing to beat throughout the procedure. This minimizes mortality 
and morbidity, if required in the future.

Thus, the freedom from all surgical re-interventions on either the aortic and pulmo-
nary valves in this series of 204 patients presented, utilising the IC method is 97% (94%, 
100%) at 15 years. This is better than many series of mechanical AVR patients (33-35), 
with the latter group not infrequently requiring late re-operation for issues such as 
prosthetic valve endocarditis, pannus obstruction and paravalvular leak.

Of course, the freedom from re-operation on the neo-aortic valve in this series will 
require further study, and it is assumed that some degree of valve degeneration could 
be expected after 15 years even if the pulmonary autograft valve remains viable, with 
no leaflet degeneration. Of course, Ross operation recipients have an advantage vs. 
mechanical valve subjects in that patients undergoing a Ross operation do not require 
anticoagulation with Coumadin and have better haemodynamic performance of the 
aortic valve than mechanical valve recipients (5).

Important limitations of this study include the fact that not all patients who are re-
ferred for a Ross procedure, ultimately have this operation performed. The reasons for 
exclusion include older age and excessive co-morbidities (especially in patients in their 
late 50s and 60s), because of the increased operation risk that would entail, patients 
with Marfan’s syndrome and other connective tissue disorders, patients with more than 
minor coronary artery disease or mitral valve disease. Also patients with excessively 
dilated aortic roots. As mentioned in the methods section, if either the patient’s aortic 
annulus or sinotubular junction exceeds 34 mm diameter, a Ross operation utilising the 
inclusion cylinder method described is not appropriate because of excessive pulmonary 
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valve/aortic valve size mismatch. The author would still manage a number of these cases 
by utilising the Ross principle, inserting the pulmonary autograft inside a Valsava dacron 
graft. Approximately 2% to 3% of patients have a structurally abnormal pulmonary 
valve, precluding a Ross operation. It is estimated that approximately 10% of all patients 
referred for a Ross procedure do not have a Ross utilising an inclusion cylinder method. 
However, if one looks at younger patients under the age of 50 years, the exclusion rate 
would fall to less than 5%.

In summary, long term follow up extending to 19 years in adult patients having a Ross 
operation for predominant aortic stenosis using an IC method, shows excellent patient 
survival and outstanding autograft durability. Enclosing the pulmonary autograft root 
in the patient’s own aortic root provides autologous support for the autograft and has 
been shown to prevent late enlargement of the neo-aortic root with very low rate of late 
progressive AR, such that only 1 re-operation has been required for this problem, and 
with the remaining patients showing stable aortic valve function at late echo-Doppler 
assessment. In young adult patients with predominant AS who require AVR, the option 
of a Ross procedure employing the IC method should be considered in a centre of exper-
tise that is successful in applying this method.  

ACKNOWLEDGEMENTS

The authors would like to thank Tonia Iacuone for assistance with retrieval of references 
and typing of the manuscript. Also Mardi Malone for assistance with submission of the 
manuscript.



INCLUSION CYLINDER METHOD FOR ROSS OPERATION

223

15

REFERENCES
 1. Puvimanasinghe JP, Takkenberg JJ, Eijkemans MJ, Steyerberg EW, van Herwerden LA, Grunke-

meier GL, Habbema JD, Bogers AJ. Prognosis after aortic valve replacement with the Carpentier-
Edwards pericardial valve: use of microsimulation. Ann Thorac Surg 2005; 80(3):825-831.

 2. El-Hamamsy I, Eryigit Z, Stevens LM, Sarang Z, George R, Clark L, Melina G, Takkenberg JJ, Yacoub 
MH. Long-term outcomes after autograft versus homograft aortic root replacement in adults with 
aortic valve disease: a randomised controlled trial. Lancet 2010; 376(9740):524-531.

 3. David TE, Puschmann R, Ivanov J, Bos J, Armstrong S, Feindel CM, Scully HE. Aortic valve replace-
ment with stentless and stented porcine valves: a case-match study. J Thorac Cardiovasc Surg 
1998; 116(2):236-241.

 4. O’Brien MF, Stafford EG, Gardner MA, Pohlner PG, Tesar PJ, Cochrane AD, Mau TK, Gall KL, 
Smith SE. Allograft aortic valve replacement: long-term follow-up. Ann Thorac Surg 1995; 60(2 
Suppl):S65-70.

 5. Oury JH, Doty DB, Oswalt JD, Knapp JF, Mackey SK, Duran CM. Cardiopulmonary response to 
maximal exercise in young athletes following the Ross procedure. Ann Thorac Surg 1998; 66(6 
Suppl):S153-154.

 6. Porter GF, Skillington PD, Bjorksten AR, Morgan JG, Yapanis AG, Grigg LE. Exercise hemodynamic 
performance of the pulmonary autograft following the Ross procedure. J Heart Valve Dis 1999; 
8(5):516-521.

 7. Yacoub MH, Klieverik LM, Melina G, Edwards SE, Sarathchandra P, Bogers AJ, Squarcia U, Sani G, 
van Herwerden LA, Takkenberg JJ. An evaluation of the Ross operation in adults. J Heart Valve Dis 
2006; 15(4):531-539.

 8. Brown JW, Ruzmetov M, Shahriari A, Rodefeld MD, Mahomed Y, Turrentine MW. Midterm results of 
Ross aortic valve replacement: a single-institution experience. Ann Thorac Surg 2009; 88(2):601-
607; discussion 607-608.

 9. Sievers HH, Hanke T, Stierle U, Bechtel MF, Graf B, Robinson DR, Ross DN. A critical reappraisal of 
the Ross operation: renaissance of the subcoronary implantation technique? Circulation 2006; 
114(1 Suppl):I504-511.

 10. David TE, Woo A, Armstrong S, Maganti M. When is the Ross operation a good option to treat 
aortic valve disease? J Thorac Cardiovasc Surg 2010; 139(1):68-73; discussion 73-65.

 11. Sievers HH, Stierle U, Charitos EI, Hanke T, Gorski A, Misfeld M, Bechtel M. Fourteen years’ experi-
ence with 501 subcoronary Ross procedures: surgical details and results. J Thorac Cardiovasc Surg 
2010; 140(4):816-822, 822 e811-815.

 12. Elkins RC, Thompson DM, Lane MM, Elkins CC, Peyton MD. Ross operation: 16-year experience. J 
Thorac Cardiovasc Surg 2008; 136(3):623-630, 630 e621-625.

 13. Klieverik LM, Takkenberg JJ, Bekkers JA, Roos-Hesselink JW, Witsenburg M, Bogers AJ. The Ross 
operation: a Trojan horse? Eur Heart J 2007; 28(16):1993-2000.

 14. Frigiola A, Ranucci M, Carlucci C, Giamberti A, Abella R, Di Donato M. The Ross procedure in 
adults: long-term follow-up and echocardiographic changes leading to pulmonary autograft 
reoperation. Ann Thorac Surg 2008; 86(2):482-489.

 15. Hanke T, Stierle U, Boehm JO, Botha CA, Matthias Bechtel JF, Erasmi A, Misfeld M, Hemmer W, Rein 
JG, Robinson DR, Lange R, Horer J, Moritz A, Ozaslan F, Wahlers T, Franke UF, Hetzer R, Hubler M, 
Ziemer G, Graf B, Ross DN, Sievers HH, German Ross R. Autograft regurgitation and aortic root 
dimensions after the Ross procedure: the German Ross Registry experience. Circulation 2007; 
116(11 Suppl):I251-258.



224

CHAPTER 15

 16. Juthier F, Banfi C, Vincentelli A, Ennezat PV, Le Tourneau T, Pincon C, Prat A. Modified Ross opera-
tion with reinforcement of the pulmonary autograft: Six-year results. J Thorac Cardiovasc Surg 
2010; 139(6):1420-1423.

 17. Slater M, Shen I, Welke K, Komanapalli C, Ungerleider R. Modification to the Ross procedure to 
prevent autograft dilatation. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu 2005:181-
184.

 18. Koul B, Al-Rashidi F, Bhat M, Meurling C. A modified Ross operation to prevent pulmonary auto-
graft dilatation. Eur J Cardiothorac Surg 2007; 31(1):127-128.

 19. Skillington PD, Fuller JA, Grigg LE, Yapanis AG, Porter GF. Ross procedure. Inserting the autograft 
using a fully supported root replacement method; techniques and results. J Heart Valve Dis 1999; 
8(6):593-600.

 20. Skillington PD, Grigg LE. Insertion of the pulmonary autograft as an inclusion cylinder--modifica-
tions to existing techniques. J Heart Valve Dis 1995; 4(4):374-378.

 21. Elkins RC, Santangelo K, Stelzer P, Randolph JD, Knott-Craig CJ. Pulmonary autograft replacement 
of the aortic valve: an evolution of technique. J Card Surg 1992; 7(2):108-116.

 22. Pacifico AD, Kirklin JK, McGiffin DC, Matter GJ, Nanda NC, Diethelm AG. The Ross operation--
early echocardiographic comparison of different operative techniques. J Heart Valve Dis 1994; 
3(4):365-370.

 23. Collett D. Modelling Survival Data in Medical Research, Chapman and Hall, London, 1994;22-26.
 24. Blackstone EH, Rajeswaran J., A non-linear cumulative logit mixed model with time varying 

phases and coefficients, Conference proceedings, XXIII International Biometric Conference, 
Montreal, Canada 2006

 25. Gillinov AM, McCarthy PM, Blackstone EH, Rajeswaran J, Pettersson G, Sabik JF, Svensson LG, 
Cosgrove DM, Hill KM, Gonzalez-Stawinski GV, Marrouche N, Natale A. Surgical ablation of atrial 
fibrillation with bipolar radiofrequency as the primary modality. J Thorac Cardiovasc Surg 2005; 
129(6):1322-1329.

 26. Blackstone EH. Breaking down barriers: helpful breakthrough statistical methods you need to 
understand better. J Thorac Cardiovasc Surg 2001; 122(3):430-439.

 27. Diggle PJ, Heagerty PJ, Liang KY, Zeger SL. Analysis of longitudinal data. 2nd ed. New York: Oxford 
University Press, 2002

 28. Mason DP, Rajeswaran J, Murthy SC, McNeill AM, Budev MM, Mehta AC, Pettersson GB, Blackstone 
EH. Spirometry after transplantation: how much better are two lungs than one? Ann Thorac Surg 
2008; 85(4):1193-1201, 1201 e1191-1192.

 29. Diggle PJ, Heagerty PJ, Liang KY, Zeger SL. Analysis of longitudinal data. 2nd ed. New York: Oxford 
University Press, 2002.

 30. Breiman L. Bagging predictors. Machine Learning. 1996;24:123-140.
 31. Efron B, Tibshirani RJ. An introduction to the bootstrap. New York: Chapman and Hall/CRC; 1998.
 32. Kvidal P, Bergstrom R, Horte LG, Stahle E. Observed and relative survival after aortic valve replace-

ment. J Am Coll Cardiol 2000; 35(3):747-756.
 33. Zellner JL, Kratz JM, Crumbley AJ, 3rd, Stroud MR, Bradley SM, Sade RM, Crawford FA, Jr. Long-term 

experience with the St. Jude Medical valve prosthesis. Ann Thorac Surg 1999; 68(4):1210-1218.
 34. Butchart EG, Li HH, Payne N, Buchan K, Grunkemeier GL. Twenty years’ experience with the 

Medtronic Hall valve. J Thorac Cardiovasc Surg 2001; 121(6):1090-1100.
 35. Lund O, Nielsen SL, Arildsen H, Ilkjaer LB, Pilegaard HK. Standard aortic St. Jude valve at 18 years: 

performance profile and determinants of outcome. Ann Thorac Surg 2000; 69(5):1459-1465.



Chapter 16

The Faith of Pulmonary Conduit after the Ross  
Operation: Longitudinal analysis of the 

German-Dutch Ross Registry Experience

M. Mostafa Mokhles, Efstratios I. Charitos, Ulrich Stierle,  
Jeevanantham Rajeswaran, Eugene H. Blackstone,  

Ad J.J.C. Bogers, Johanna J.M. Takkenberg, 

Hans-Hinrich Sievers

Heart, in press



226

CHAPTER 16

ABSTRACT

Objective: To assess the allograft function over time after the Ross procedure.
Design: Prospective multi-center registry.
Setting: 10 cardiac surgery departments in Germany and The Netherlands.
Patients: Among 1775 consecutive adult patients (mean age 43.7 ± 12.0) who under-
went the Ross procedure, 1645(93%) received an allograft (pulmonary=1612, aortic=12, 
unknown=21), 120(6%) a bioprosthesis, and 5(0.3%) a bovine jugular vein for right 
ventricular outflow tract reconstruction.
Intervention: Ross procedure.
Main outcome measures: Using non-linear longitudinal models, serial echocardio-
graphic records (N=6950) were studied to assess pulmonary conduit function over time 
in Ross patients, with a maximum echocardiographic follow-up of 22.4 years (5.5 ± 4.3 
years). 
Results: A slight increase in pulmonary conduit regurgitation grade was observed dur-
ing follow-up. Freedom from regurgitation grade ≥2+ was 95% after 14 years. Female 
patient gender, allograft use (compared to bioprosthesis), male donor gender, antibiotic 
treatment of the allograft, and specific surgical adjustments were associated with a sig-
nificantly higher regurgitation grade.

Mean conduit gradient increased from 4.7mmHg at 1 month to 10mmHg by 14 years, 
while peak gradient increased from 8.4mmHg to 18.5mmHg. 

Smaller conduit diameter, male patient gender, younger patient age, younger donor 
age, and use of bioprosthesis were associated with a significantly higher mean and peak 
gradient.

During follow-up 76 re-interventions were required on the pulmonary conduit in 67 
patients. Freedom from pulmonary conduit re-intervention or dysfunction was 90.6% 
(87.7–93.6%) and 79.5% (75.2–84.0%) at 15 years, respectively. 
Conclusions: Echocardiographic follow-up of pulmonary conduits shows outstanding 
conduit durability. Clinically important conduit regurgitation and stenosis is rare in adult 
patients after the Ross operation. 
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INTRODUCTION

Although initially there was concern about the outcome of the Ross procedure, several 
short and mid-term studies have proven that the procedure can be performed with low 
operative risk and survival rates comparable to the general population (1-4). The need 
for specific surgical expertise to perform this complex operation and concerns about 
early and late failure led to its limited usage (3). With growing experience, however, the 
advantages of the Ross procedure have become more fully appreciated.

The long-term fate of the pulmonary conduit is largely unknown but it’s crucial for 
more comprehensive judgment of this operation since this procedure results in treat-
ment of a single aortic valve disease with a two valve procedure subsequently placing 
two valves at risk for failure. In this regard, it is crucial to understand how the pulmonary 
conduits in Ross patients function over time and to determine the factors associated 
with poor conduit performance. This knowledge can potentially lead to a better patient 
management and improved outcomes in these young adult patients.

The durability of the pulmonary autograft depends on an appropriate surgical tech-
nique applied systematically and tailored to the individual patient (5-8). The long-term 
durability of the reconstructed right ventricular outflow tract is predominantly related 
to non-surgical factors including degenerative processes.

The prevalence and predictors of late pulmonary conduit failure after the Ross procedure 
in adults have been addressed only in few reports with small patient numbers (3, 9-11). 
The natural dynamics of conduit stenosis and/or regurgitation are poorly understood. 

In the present multi-center study the availability of large number of patients and sys-
tematically collected echocardiographic records, and the use of sophisticated statistical 
methods offer the unique opportunity to extensively study the pulmonary conduit 
function over time in Ross patients and to the explore potential risk factors associated 
with poor performance of the pulmonary conduits.

METHODS

Study population

Data from 2038 patients who underwent a Ross operation between November 1988 
and September 2011 were collected and analyzed from the German-Dutch Ross Registry 
database. All patients aged ≥ 16 years (n=1775) were subject of this study. Baseline char-
acteristics are shown in Table 1. The prospective registry was started in January 2002 
and includes patient data from 10 cardiac surgery departments in Germany and The 
Netherlands. Institutional Review Board approval was obtained to conduct this prospec-
tive follow-up study in each participating center (Clinical trial ID NCT 00708409).
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Table 1. Baseline patient characteristics.
Characteristic Patient cohort (n=1775)

Data avalaible
n(%)*

No. (%) or 
Mean ± SD

Demography

 Age (y) 1775 (100) 43.7 ± 12

 Height 1698 (96) 175 ± 9.42

 Weight 1698 (96) 78.2 ± 14.5

Gender 1775 (100)

 Male 1326 (75)

 Female 449 (25)

Symptoms

 NYHA functional class 1657 (93)

 I 453 (27)

 II 744 (45)

 III 406 (25)

 IV 54 (3.3)

 Ventilation support 1775 (100) 2 (0.11)

Predominant aortic hemodynamics 1775 (100)

 Regurgitation 430 (24)

 Stenosis 411 (23)

 Combined 898 (51)

 Other 36 (2)

Aortic valve type 1775 (100)

 Bicuspid 1116 (63)

 Tricuspid 411 (23)

 Other 159 (9)

 Unknown 89 (5)

Timing of surgery 1775 (100)

 Surgery within 24h 32 (1.8)

 Elective surgery 1739 (98)

Cardiac comorbidity

 History of angina 1696 (96) 411 (24)

 Preoperative coronary artery disease 1775 (100) 57 (3.2)

 Previous heart operations  
 (e.g. aortic valve and arch surgery, VSD repair)

1775 (100) 161 (9.1)

Rhythm 1775 (100)

 Sinus rhythm 1753 (99)

 Atrial Fibrillation 16 (0.9)

 Other (e.g. heart block, pacemaker) 6 (0.34)

Left Ventricular Function 1189 (67)

 Ejection Fraction ≥ 50 % 1051 (88)

 Ejection Fraction 26 – 49 % 134 (11)

 Ejection Fraction ≤ 25 % 4 (0.34)

 Ejection Fraction (continuous, %) 1276 (72) 63.5 ± 11.3

*Number of patients from whom data is available.
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Surgical technique

The surgical technique was determined by the responsible surgeon at each center. 
Details of the operative technique have been described elsewhere (6, 7). Perioperative 
and pulmonary conduit characteristics are shown in Table 2. The presence of allograft 
sclerosis or fibrosis were determined by the tissue bank (pathology finding) during 
the harvesting and treatment of the homograft (the vast majority) or as noted by the 
surgeon intraoperatively (minority). Of the implanted allografts, approximately 1.5% of 
fresh pulmonary allografts and approximately 15% of cryopreserved allografts received 
antibiotic treatment. 

Clinical follow-up and Echocardiographic Data Acquisition and Measurements

Follow-up investigations were scheduled at discharge and on a yearly basis thereafter. 
Conduit regurgitation was graded by mapping the dimensions of the regurgitation jet 
with pulsed and color flow Doppler echocardiography, analogous to the semi quanti-
tative method described by Perry and colleagues (12). The width of the proximal pul-
monary regurgitation jet and the density and deceleration rate of the spectral Doppler 
flow signal were included in the assessment of regurgitation severity. This was graded 
from 0 to 4 (0-none, 1-mild, 2-moderate, 3-moderate-to-severe, 4-severe). Additionally, 
trace (trivial) insufficiency defined as a very tiny regurgitation jet in early diastole near 
the detection limit was included in the analyses as grade 0.5. Because of low frequency 
of patients in grade 4 (n=7), this grade was collapsed with grade 3 and treated as one 
category. Since this is a multi-center study, the final decision of regurgitation grading 
was left to the decision of the attenting echocardiographer. Maximum velocities across 
the pulmonary conduit were obtained by continuous Doppler in the basal short axis. 
Pressure gradients across the right ventricular outflow tract were calculated by the 
modified Bernoulli equation.

The prospective echocardiographic database was frozen on November 1st 2011, and 
echocardiographic data on all patients aged ≥ 16 years at the time of the Ross procedure 
were extracted (n=1775, mean age 43.7 ± 12.0, range 16.1-70.5 years). The number of 
patients and echocardiographic measurements available for analyses at each follow-up 
point are shown in Table 3. Based on the distribution of the echocardiographic measure-
ments, we can reliably assess overall temporal trend up to 14 years postoperatively.

A total of 6950 standardized echocardiographic measurements were analyzed. The 
mean echocardiographic follow-up duration was 5.5 years (median 4.8 years; SD 4.25, 
range 0-22.4 years). At least one echocardiographic follow-up was obtained in 93.5% 
of patients (166 patients did not have any follow-up due to various reasons e.g. did not 
reach 12 months postoperative follow-up at the time of database freeze, lost to follow-
up) (Figure 1). 
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The mean clinical follow-up duration was 7.2 years (median 6.7 years; SD 4.6, range 
0-22.4 years). 

Valve-related events were defined according to the guidelines for reporting morbidity 
and mortality after cardiac valvular operations (13).

Table 2. Perioperative characteristics.

Characteristic Patient cohort (n=1775)

Data available
n(%)*

No. (%) or
Mean ± SD

Type of conduit implanted 1770 (99.7)

 Allograft 1645 (93)

 Bioprosthesis 120 (6.8)

 Bovine vein 5 (0.28)

Conduit diameter (mm) 1700 (96) 26 ± 2.15

Allograft properties (n=1645)

 Female gender donor allograft 1301 (79.0) 440 (34)

 Age donor allograft 1275 (77.5) 45.9 ± 12.2

 Presence of sclerosis or fibrosis donor allograft 1645 (100) 338 (20.5)

 Presence of fenestrations donor allograft 1645 (100) 298 (18.1)

 Cryopreserved donor allograft 1645 (100) 1411 (85.8)

 Antibiotic treatment of donor allograft 1645 (100) 216 (13.1)

Donor Allograft  length† 1583 (96.2)

 Short 779 (47.4)

 Long 804 (48.9)

Type of allograft implanted 1624 (98.7)

 Pulmonary allograft 1612 (98.0)

 Aortic allograft 12 (0.7)

Procedure

 Perfusion Time 1583 (89) 191 ± 45.7

 Cross Clamp Time 1595 (90) 151 ± 35.2

 Circulatory Arrest 82 (100) 17.5 ± 8.83

Concomitant procedures

 CABG 1775 (100) 100 (5.6)

 Mitral Valve Surgery 1775 (100) 52 (2.9)

 Tricuspid Valve Surgery 1775 (100) 3 (0.17)

 Aorta Ascendens and or Arch reconstruction 1775 (100) 601 (34)

 Specific surgical adjustments of the allograft# 1775 (100) 215 (12)

CABG, Coronary Artery Bypass Grafting; *Number of patients from whom data is available; † distance be-
tween pulmonary artery bifurcation resection line and sinutubular junction of the pulmonary valve ≤ 20 
mm (short) or > 20 mm (long); #resection of the allograft’s subvalvular muscle with or without replace-
ment with a stripe of pericardium, GoreTex membrane, or Dacron prosthesis.
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Statistical Analyses

Simple descriptive statistics were used to summarize the data. Continuous variables 
are presented as mean ± standard deviation. Categorical data are described using 
frequencies and percentages. Parametric estimates of the post-op echo derivatives are 
accompanied by an asymmetric 95% confidence interval, comparable to ± 2 SE. The 
confidence interval is obtained by bootstrap percentile method (14).
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Figure 1. Number of echoes available per patient.

Table 3. Number of patients with echocardiograms available at and beyond various time points, 
and number of echocardiograms available for analysis.

Time

Regurgitation Mean gradient Peak gradient

# of Patients # of Echoes # of Patients # of Echoes # of Patients # of Echoes

> 0 1516 6784 1320 5523 1442 6253

≥ 6 Months 1456 6194 1261 5103 1389 5767

≥ 1 Year 1379 5644 1193 4669 1315 5266

≥ 3 Years 1135 4192 986 3515 1081 3933

≥ 5 Years 907 3003 793 2536 875 2832

≥ 7 Years 683 1978 591 1680 657 1873

≥ 10 Years 375 845 324 724 364 797

≥ 12 Years 212 408 185 360 203 386

≥ 14 Years 89 155 79 136 84 143
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Analyses of clinical data
Actuarial estimates of freedom from conduit reintervention and conduit failure were 
accomplished with Kaplan-Meier methods (SPSS 11.0 for Windows, SPSS Inc., Chicago, 
Ill.). The indications for reintervention were clinically overt right heart failure, medically in-
tractable infective endocarditis or maximal pressure gradients across the right ventricular 
outflow tract of one half of the systemic systolic pressure even in asymptomatic patients 
but with right ventricular hypertrophy and dilatation. Conduit dysfunction was defined as 
conduit reintervention, mean pressure gradient ≥ 25 mmHg or regurgitation grade III or IV. 

Analyses of echocardiographic data

Categorical echocardiographic measurement

To assess the temporal trend of likelihood of conduit regurgitation grades over time 
after surgery, follow-up transthoracic echocardiograms were analyzed longitudinally for 
change in percentages of patients in each aortic regurgitation grades across time.

Continuous echocardiographic measurement

To assess the temporal trend of mean conduit gradient and peak conduit gradient over 
time after surgery, follow-up transthoracic echo-cardiographic measurements were 
analyzed longitudinally for change in mean response across time (15). A non-linear 
longitudinal mixed model regression (16, 17) (SAS® PROC NLMIXED) was used to analyze 
these continuous repeated measurements. 

Variable selection and risk factor analyses
Patient characteristics, conduit properties and procedure related variables that are 
shown in Tables 1 and 2 (and various transformations of these variables) were screened 
for association with postoperative conduit regurgitation, mean conduit gradient, and 
peak conduit gradient. In addition, year of surgery and recipient-donor blood group 
mismatch were also included in the model as a potential risk factor. 

Variable selection utilized bootstrap bagging (bootstrap aggregation) (16, 18). The 
purpose behind the use of bootstrapping is simply to test the reliability of P values that 
are generated via statistical models. If bootstrap reliability of a variable is, for example, 
calculated as 30%, then - even though the P value is significant - it is judged to be signifi-
cant in only ~30% of datasets pertaining to the Ross operation. Our over-arching aim is 
to be as conservative as possible when reporting significant variables

A detailed description of the statistical analyses can be found in the statistical appendix. 
All statistical tests with a p-value of 0.05 or lower were considered significant. The longitu-
dinal analyses of echocardiographic data were performed using SAS9.1 (SAS® , Cary, N.C.). 
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RESULTS

Reinterventions on the pulmonary conduit

During follow-up 76 reinterventions (56 explants, 20 reconstructions) were required on 
the pulmonary conduit in 67 patients. Mean time to reintervention was 5.6 ± 4.5 years 
(range 0.1–16.7 years). Structural valve failure was present in 53 reinterventions and 
non-structural failure in 7 reinterventions. Pulmonary conduit endocarditis was present 
in 16 reinterventions. 

Freedom from pulmonary conduit reintervention was 99.4% at 1 year (95% CI 
99.1–99.8%), 94.7% at 10 years (95% CI 93.3–96.2%), and 90.6% at 15 years (95% CI 87.7–
93.6%). Freedom from pulmonary conduit dysfunction (defined as conduit intervention 
or regurgitation > 2 or mean gradient > 25) was 98.5% at 1 year (95% CI 97.9–99.1%), 
88.5% at 10 years (95% CI 86.4–90.6%), and 79.5% at 15 years (95% CI 75.2–84.0%). 

With regard to allografts, during follow-up 63 reinterventions (48 explants, 15 re-
constructions) were required on the pulmonary conduit in 54 patients. Mean time to 
reintervention was 6.9 ± 4.5 years (range 0.04–16.3 years). Structural valve failure was 
present in 43 reinterventions and non-structural failure in 6 reinterventions. Pulmonary 
conduit endocarditis was present in 14 reinterventions. The mean time for endocarditis 
incidence was 6.3 years (SD 4.5, range 0.06-16.25). Freedom from pulmonary conduit 
reintervention was 99.5% at 1 year (95% CI 99.2–99.9%), 95.5% at 10 years (95% CI 94.1–
97.0%), and 91.4% at 15 years (95% CI 88.5–94.3%). Freedom from pulmonary conduit 
failure was 98.4% at 1 year (95% CI 97.8–99.0%), 88.4% at 10 years (95% CI 86.4–90.5%), 
and 78.1% at 15 years (95% CI 74.6–83.1%). 

With regard to bioprostheses, during follow-up 13 reinterventions (8 explants, 5 
reconstructions/dilatation) were required on the pulmonary conduit in 13 patients. 
Mean time to reintervention was 1.8 ± 0.9 years (range 0.17–3.4 years). Structural valve 
failure was present in 10 reinterventions and non-structural failure in 1 reinterventions. 
Pulmonary conduit endocarditis was present in 2 reinterventions. In patients with bio-
prostheses freedom from reintervention was 98.2% at 1 year (95% CI 95.8–100.0%) and 
85.4% at 10 years (95% CI 78.0–93.6%). Freedom from dysfunction was 91.4% at 1 year 
(95% CI 86.8–96.2%) and 66.8% at 5 years (95% CI 55.3–80.6).

Pulmonary conduit Regurgitation with Time

Percentage of patients in each grade of pulmonary conduit regurgitation changed 
significantly over time (p=0.003). During follow-up, the percentage of patients with 
pulmonary conduit regurgitation grade 0 or trace decreased from about 88% at 1 month 
to about 66% by 14 years after the procedure. The percentage of patients with grade 1+ 
increased from about 11% to about 29% during the same time period. The percentage 
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of patients with grade 2+ or higher increased from about 1.1% to about 4.7 % during the 
same time period. 

Figure 2(a). Temporal trend of pulmonary regurgitation grade after the Ross procedure. Solid 
lines represent percentage of patients (mean effect) in each grade at various time points. 
Symbols represent crude estimates of grouped raw data without regard to repeated measures 
and are presented here just to verify the model fitting.

Figure 2(b). Predicted percentages of patients in regurgitation grade 2 or higher stratified by 
specific surgical adjustments of the allograft. The nomogram was solved for patients with high 
risk profile with the following values for variables in the model:  Type of prosthesis = allograft, 
antibiotic treatment of the allograft = yes, female donor gender, female recipient gender, ab-
sence of sclerosis or fibrosis, and absence of fenestrations.

Adjustment

 No adjustment

1+

0

1+

0

2+ or 3+

0

2+ or 3+

trace

3+ or 4+
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The temporal trend of pulmonary regurgitation over time is non-linear. There is an 
early hazard phase evident within the initial 2 years; beyond that, the risk is relatively 
constant and low (Figure 2(a))

The risk factors associated with a greater risk of higher pulmonary conduit regurgita-
tion grade are shown in Table 4. Overall, female patient gender was associated with a 
significantly greater risk of higher pulmonary conduit regurgitation grade compared to 
males (p<0.001). Furthermore, with respect to allograft properties, antibiotic treatment 
of the allograft (p<0.001) and male donor gender (p=0.032) were associated with higher 
risk of higher pulmonary conduit regurgitation grade. In addition, the use of allograft (as 
compared to bioprosthesis) was correlated with a significantly higher grade of pulmo-
nary conduit regurgitation grade during follow-up of Ross patients (p<0.001). Specific 
surgical adjustments of the allograft (resection of the allograft’s subvalvular muscle with 
or without replacement with a stripe of pericardium, GoreTex membrane, or Dacron 
prosthesis) were associated with a significantly higher regurgitation grade (p<0.001) 
(Figure 2(b)).

The presence of allograft sclerosis or fibrosis appeared to be associated with a lower 
pulmonary conduit regurgitation grade (p<0.001). However, this effect was only signifi-
cant in the first 2 years after the Ross operation. The presence of allograft fenestration, 
on the other hand, was only significantly associated (p=0.012) with a lower regurgitation 
grade late in the follow-up (> 2 years after surgery).

Figure 3. Solid lines are parametric estimates of mean gradient from non-linear longitudinal 
mixed model and are enclosed within dashed 95% bootstrap percentile confidence bands, 
equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without regard to 
repeated measures and are presented here just to verify the model fitting.
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Table 4. Risk factors associated with increased likelihood of higher conduit regurgitation grade 
and increased mean/peak conduit gradient.

Factor Estimate ± SE P Reliability

Pulmonary conduit regurgitation grade

Overall phase

Risk factors related to all conduits

Use of allograft (as compared to bioprosthesis) 1.35 ± 0.34 <0.001 50.8

Female patient gender 0.90 ± 0.16 <.001 89.3

Risk factors related to allografts only

Surgical adjustment of the allograft 0.64 ± 0.20 0.001 100

Antibiotic treatment of the allograft 1.01 ± 0.23 <.001 83.3

Male gender of donor allograft 0.33 ± 0.15 0.032 99.4

Early phase

Absence of allograft sclerosis or fibrosis -2.30 ± 0.39 <.001 69.9

Late phase

Absence of allograft fenestrations -0.57 ± 0.23 0.012 92.3

Mean conduit gradient

Risk factors related to all conduits

Male patient gender 0.07 ± 0.01 <.001 95

Younger patient age* - 0.16 ± 0.02 <.001 100

Use of bioprosthesis (as compared to allograft) 0.21 ± 0.04 <.001 96

Smaller conduit diameter† - 0.27 ± 0.06 <.001 96

Risk factors related to allografts only

Younger age of allograft donor‡ - 0.07 ± 0.02 0.012 100

Peak conduit gradient

Risk factors related to all conduits

Smaller conduit diameter† - 1.42 ± 0.27 <.001 98

Use of bioprosthesis (as compared to allograft) 0.81 ± 0.17 0.002 76

Younger patient age* - 0.75 ± 0.08 <.001 100

Male patient gender 0.41 ± 0.05 <.001 59

Recent date of surgery§ 0.16 ± 0.08 0.039 73

Interrupted proximal sutureline 0.42 ± 0.18 0.017 100

Risk factors related to allografts only

non-heart beating donor of allograft 0.14 ± 0.07 0.024 96

Younger age of allograft donor‡ - 0.35 ± 0.10 <.001 100

*[Patient age / 40], †[Conduit diameter /25], ‡[Donor age /47], §[Interval first-last surgery in database/15]
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Pulmonary Conduit Obstruction with Time

Mean pulmonary conduit gradient
Mean pulmonary conduit gradient increased from about 4.7 mmHg at 1 month to about 10 
mmHg by 14 years after the procedure (Figure 3). The change in mean gradient was mainly 
observed in the first 2 years after surgery. The increase was statistically significant (p<0.001).

Both younger age of the recipient (p<0.001) and younger age of the allograft donor 
(p=0.012) were associated with a significantly higher mean pulmonary conduit gradi-
ent. Male patient gender (p<0.001) and the use of smaller conduit diameters (p<0.001) 
were correlated with a higher mean pulmonary conduit gradient. Furthermore, the use 
of bioprosthesis (as compared to allografts) (p<0.001) appeared to be associated with 
higher pulmonary conduit gradient.

Donor gender, allograft quality (presence of fenestrations, sclerosis or fibrosis), al-
lograft adjustments by surgical means (yes vs. no, different surgical techniques), allograft 
length (distance between pulmonary artery bifurcation resection line and sinutubular 
junction of the pulmonary valve ≤ 20 mm (short) or > 20 mm (long)), allograft diameter 
(absolute value), year of surgery and recipient-donor blood group mismatch had no 
substantial effect on the annual progression of the mean pulmonary conduit gradient.

Peak pulmonary conduit gradient
Peak pulmonary conduit gradient appears to be slightly increased from about 8.4 
mmHg at 1 month to about 18.5 mmHg by 14 years after the procedure (Figures 4(a)). 
The increase was statistically significant (p<0.001) and was mainly observed in the first 
2 years after surgery.

As with the mean pulmonary conduit gradient, younger age of the recipient (p<0.001) 
(Figure 4(b)) and the use of bioprosthesis (as compared to allograft) (p<0.001) (Figure 
4(b)) were associated with a significantly higher peak pulmonary conduit gradient after 
14 years of follow-up. Figure 4b shows on the x-axis that younger patient age (for both 
allograft and bioprosthesis recipients) is correlated with a higher peak conduit gradient 
after 14 years of follow-up (shown on the y-axis). The older the patient at the time of 
procedure, the lower the peak gradient is after 14 years of follow-up. In addition, this 
figure also shows that although younger patient age is correlated with higher peak 
conduit gradient after 14 years of follow-up, the use of bioprosthesis is correlated with a 
higher gradient compared to the use of allografts, independent of how old the patient 
is at the time of z (shown by the two stratified lines in the figure).

Younger age of the allograft donor (p=0.012), male patient gender (p<0.001), and 
smaller conduit diameter were associated with a significantly higher peak pulmonary 
conduit gradient (p<0.001). In addition, it appears that the use of interrupted suturline 
(as compared to continuous) (p=0.017), allografts harvested from non-heart beating 
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donors (p=0.024) and a recent date of surgery (p=0.039) were also associated with a 
higher peak gradient after right ventricular outflow tract reconstruction with a conduit.

Donor gender, allograft quality, allograft adjustments by surgical means, allograft 
length, and recipient-donor blood group mismatch had no substantial effect on the 
annual progression of the peak pulmonary conduit gradient.

Figure 4(a). Solid lines are parametric estimates of peak gradient from non-linear longitudinal 
mixed model and are enclosed within dashed 95% bootstrap percentile confidence bands, equiv-
alent to 2 SD. Symbols represent crude estimates of grouped raw data without regard to repeated 
measures and are presented here just to verify the model fitting.

Figure 4(b). 14-Year predicted peak gradient by age, stratified by type of prosthesis used. The 
nomogram was solved for the following values for variables in the model:  Mean conduit diam-
eter (25 mm), continuous proximal sutureline, allograft harvested from non-heart beating donor, 
male patient gender, and mean donor age (47 years).

Bioprosthesis

Allograft

Bioprosthesis

Allograft
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DISCUSSION

The results of the present study show that both pulmonary conduit pressure gradient 
and pulmonary conduit regurgitation grade increases predominantly within the first 
two postoperative years. Clinically important pulmonary conduit regurgitation is rare 
in adult patients after the Ross procedure with the number of patients with clinically 
significant pulmonary conduit regurgitation being less than 5% after 14 years of follow-
up. In addition, conduit obstruction of potential clinical impact occurs in a minority of 
patients (3.2%). Furthermore, in the present study we were able to identify several pa-
tient, donor and procedure related factors influencing the pulmonary conduit function 
during follow-up of the Ross patients.

The use of allografts in the reconstruction of the right ventricular outflow tract is 
widely accepted and this conduit is considered as the ‘gold standard’ in patients under-
going the Ross operation. However, the limited availability and the high costs involved in 
preparation and storage of this valves, have led to the use of bioprostheses as a suitable 
alternatives. Some studies investigating hard clinical end-points showed comparable 
intermediate results between allograft and bioprosthesis (19, 20), while other reported 
a significantly higher risk of reintervention for bioprosthetic valves as compared to al-
lografts (21). The results of the present study show that the use of bioprosthetic valves is 
correlated with significantly higher mean and peak gradient as compared to allografts. 
Patients with an allograft, on the other hand, had a significantly greater risk of higher 
regurgitation grade as compared to patients with bioprosthetic valves. The difference in 
regurgitation grade and gradient between allografts and bioprosthetic valves occurred 
mainly in the first 2 years after surgery and remained constant after this period.

An allograft-related factor that has been found to play a role in the chronic degen-
eration process of the allograft is younger donor age (9, 10, 22). We observed a clear 
age-dependent association between donor age and mean/peak allograft gradient: the 
younger the donor allograft, the higher allograft mean and peak gradient. This is in ac-
cordance to communications in the literature which reported on the entire age range 
from infants to adults (23). In most studies, younger donor age is also related to a smaller 
allograft diameter. The present report includes only young adult and adult patients, thus 
the issue of age-related small allografts in children and adolescents does not play any 
role. It may be speculated that this age dependency is related to the amounts of viable 
cells with pronounced immunogenic properties (23). 

The effect of conduit diameter on valve failure has been extensively studied, but no 
generally accepted consensus has been reached (24, 25). Previous reports have shown 
that smaller conduit diameter is associated with limited longevity while others did not 
find any relation between absolute allograft diameter and its longevity (26-28). In the 
present study, smaller conduit diameter was correlated with a significantly increased 
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risk of higher mean and peak conduit gradient over time. We can only speculate that 
with larger implanted allografts, the expected shrinkage process induced by immuno-
logical active material is less obstructive since a diameter reserve works protective. The 
length of the allograft had no effect on the changes of the pressure gradient or allograft 
regurgitation grade. This is in contrast to other studies which stressed the occurrence of 
an extensive fibroproliferative process with consecutive compression and/or shrinkage 
of the tubular part of the allograft as a major mechanism of deteriorating graft hemo-
dynamics (11).

Shrinkage of the allograft was pronounced in the proximal annulus area (29), suggest-
ing that implantation of a glutaraldehyde fixated pericardial strip after donor muscle 
resection might reduce allograft annulus shrinkage with a hemodynamic benefit. In the 
present study allograft adjustments resulted in a significantly greater risk of higher al-
lograft regurgitation grade compared to the allografts without any surgical adjustment 
interventions. Allograft adjustments were not correlated at all with allograft stenosis. 
Since no large scale reports on allograft adjustments to prevent the occurrence of 
allograft shrinkage are available, long-term echocardiographic follow-up studies are 
necessary to confirm the modeled results. 

A more recent year of operation was correlated with a significantly higher peak con-
duit gradient. This finding has also been previously reported by other investigators (22).

There is uncertainty about the role of blood group compatibility in relation to ac-
celerated allograft failure. While some investigators have suggested that blood group 
incompatible allografts have a significantly higher early reoperation rate compared to 
blood group compatible allografts(30), other investigators were not able to find any as-
sociation at all (31-33). In the present study, we were not able to identify any correlation 
between recipient-donor blood group mismatch and allograft function over time.

Clinical Implications

Thus far the number of reinterventions on the pulmonary conduits for hemodynamic 
deterioration is low, although a considerable number of conduit failures were due to 
infective endocarditis. Strict adherence to endocarditis prophylaxis guidelines and high 
clinical suspicion to detect and diagnose non-fulminant homograft endocarditis may 
decrease the incidence of endocarditis and further improve the postoperative out-
comes. Our echocardiographic analyses showed that a small but not negligible subset 
of patients is at risk for progressive valve failure. Thus, not only overt failures (with the 
need of reoperation) have to be reported, but also the number of conduits at risk with 
an expected high failure rate in the longer term. An almost linear increase of the mean 
transvalvular gradient occurred within the first two years and flattened out in a steady 
state afterwards. In contrast, a small gradual increase in conduit regurgitation with time 
is detectable, but the progression rate is sustained and clinically insubstantial. Using 
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non-linear longitudinal models, we were able to define several patient and conduit 
related factors that are associated with increased dysfunction and/or progression of 
conduit dysfunction over time. These insights may be helpful in applying the optimal 
surgical technique (conduit type, suturing, donor/patient characteristics mismatch, siz-
ing, and surgical adjustments) and to monitor patients more adequately who present 
with an increased risk of allograft failure.

We find that the pulmonary allograft with consideration of allograft related risk factors 
constitutes the most appropriate valve substitute in the setting of the Ross operation, 
although it is challenging to take into account risk related allograft factors given the lim-
ited availability of pulmonary allografts. Alternative valve substitutes depict no optimal 
right ventricular outflow tract substitute so far, due to the lacking scientific evaluation 
with respect to large patient cohorts and mid-term or even long term observation.

Strengths and Limitations

Some reports on institutional experiences tried to define prognostic factors for pulmo-
nary conduit dysfunction in the mid-term run. These reports have included relatively 
low numbers of patients, they mainly focused on the development of allograft stenosis, 
the follow up time is limited and serial longitudinal analysis of hemodynamic conduit 
function over time was not considered.

One of the major strengths of the present study is systematic echocardiographic 
follow-up of a large group of Ross patients. In addition, the surgical procedure was 
performed in 10 cardiac surgery departments in Germany and The Netherlands which 
increases generalisability of the results presented. Furthermore, the statistical analysis 
of serial echocardiographic data in the previously mentioned studies is often performed 
by means of the Kaplan-Meier method. However, this method considers follow-up time 
as a continuous variable while echo data are usually available within a certain time 
frame and are often incomplete in one or more time frames. In addition it considers 
valve dysfunction as an irreversible endpoint, while severity of regurgitation is often 
variable over time. Furthermore, only a snapshot image of valve function is expressed 
by this approach (34). Using longitudinal methods in the present study we were able 
to explicitly model the temporal trend of the echocardiographic measurements. Using 
this method we were able to visualize the temporal trend of each conduit regurgitation 
grade over time during follow up which enables the clinicians to exactly determine how 
conduit regurgitation develops over time after valve implantation. These methods are 
superior to dichotomizing outcomes and analyzing them with actuarial methods as if 
they were events, such as freedom from grade 1+ or 3+ conduit regurgitation after valve 
surgery (35, 36). Modeling of the temporal trend and identifying factors that influence 
this temporal trend can be of particular importance since it can help the clinicians un-
derstand how a certain process changes over time and thus can contribute to a better 
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patient management (e.g. by determining which patients should be monitored more 
closely by their physicians and at which time interval).

The current study presents several limitations. The mean echocardiographic follow-up 
time is 5.5 ± 4.2 years. Furthermore, a slow-going hemodynamic deterioration of the 
right ventricular outflow tract conduit is well compensated clinically for a long time. 
Therefore, long-term studies are necessary. As with all multi-centre echocardiographic 
follow-up studies, a bias cannot be excluded and may have influenced the results. The 
lack of an echo core lab is an additional potential weakness of the present study. Finally, 
the applied longitudinal statistical methods are relatively new and therefore there is no 
widespread general knowledge about it. 

Conclusions

In conclusion, echocardiographic follow-up of pulmonary conduits shows outstanding 
conduit durability. Clinically important pulmonary conduit regurgitation is rare in adult 
patients after the Ross operation. Conduit obstruction of potential clinical impact occurs 
in a minority of patients. While conduit pressure gradient development occurs predomi-
nantly during the first two years postoperatively, conduit regurgitation increases gradu-
ally across time yet clinically insignificant on average. Consideration of risk associated 
predictors may improve both conduit and patient outcome.
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LIST OF ABBREVIATIONS

CABG   Coronary Artery Bypass Graft
NYHA  New York Heart Association Functional Classification 
SD  Standard Deviation
SE  Standard Error
VSD  Ventricular Septal Defect 
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APPENDIX: DETAILS OF STATISTICAL ANALYSES

Missing values

In the present study, some variables have missing values. We have used multiple 
imputation (37) using Markov Chain Monte Carlo technique to impute the missing 
values. We have used 5-fold multiple imputation using PROC MI (SAS v9.1, Cary, N.C.). 
In multivariate modeling, for each imputed complete dataset, we have estimated the 
regression coefficients and their variance-covariance matrix. Then following Rubin (16), 
we have combined the estimates from the 5 models. This was implemented using PROC 
MIANALYZE.

Analyses of categorical echocardiographic measurement

A non-linear cumulative logit mixed model(38, 39) was used to resolve a number of time 
phases on cumulative odds domain to form a temporal decomposition model and to 
estimate the shaping parameters at each phase. Longitudinal cumulative logistic mixed 
model(16, 40) for repeated measurements (SAS® PROC NLMIXED) was used to implement 
the temporal decomposition model and to estimate the patient-specific probabilities for 
being in each conduit regurgitation grade. These patient-specific estimates were then 
averaged to obtain the percentages of patients (prevalence) in each grade. 

Variable selection and risk factor analyses

Variable selection, with a P value criterion for retention of variables in the model of 
.05, utilized bootstrap bagging (bootstrap aggregation) (16, 41). This was a four-step 
process. First, a patient was randomly selected from the original data set to begin a new 
data set. The original data set continued to be sampled until the new data set was 100% 
the size of the original. Second, risk factors were identified using automated forward 
stepwise selection. Third, results of the variable selection were stored. These three steps 
were repeated 1000 times. Finally, the frequency of occurrence of variables related to 
group membership was ascertained and indicated the reliability of each variable (ag-
gregation step). All variables with bootstrap reliability of 50% or greater were retained 
in the guided analysis. 

Because of the limited capability of PROC NLMIXED to explore multivariable relations, 
we initially screened the variables using ordinary multivariable linear regression (PROC 
REG SAS) and the assumption of independence of observations with liberal entry criteria 
(0.2) and stay criteria (0.12). This analysis was performed simply to identify possible can-
didates for our repeated measurements model. These candidates and their transforma-
tions, if any, were entered at once into our model, and then eliminated one by one until 
all variables remaining had a P value of 0.05 or less. Parametric estimates of continuous 



248

CHAPTER 16

postoperative echocardiography measurements are accompanied by asymmetric 95% 
confidence limits, comparable to ± 2 SE, obtained by a bootstrap percentile method (42).
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ABSTRACT

Objective

This study describes echocardiographic allograft valve function over time in a cohort 
of patients who were prospectively followed after allograft aortic valve or root replace-
ment, illustrating the use of longitudinal data analysis for assessing valve function over 
time.

Methods

Serial, standardized echocardiographic measurements of aortic regurgitation, aortic 
gradient, annulus diameter, left ventricular outflow tract (LVOT) diameter and aortic 
diameter in 301 hospital survivors (mean age 46 years; range 16-83) after allograft aortic 
valve (N=77) or root replacement (N=224) were analyzed using non-linear longitudinal 
models. The association between temporal allograft valve function patterns, patient age 
and surgical technique was studied. 

Results

Aortic regurgitation increased over time. At 15 years 41% of patients had at least moder-
ate AR. Younger patient age and subcoronary implantation technique were associated 
with increased aortic regurgitation. Aortic gradient increased over time (from 9.4 mmHg 
at 6 months to 21.3 mmHg at 15 years); both initial and increase in aortic gradient were 
greater in younger patients and after subcoronary implantation technique. Annulus 
diameter slightly increased (from 21.9 mm at 6 months to 22.4 mm at 15 years) while 
aortic diameter slightly decreased over time (from 34.3 mm at 6 months to 32.7 mm at 
15 years). LVOT diameter remained constant at 22 mm. Younger patients in the subcoro-
nary implantation group had a larger annulus diameter. 

Conclusions 

Both aortic regurgitation and stenosis increase over time after allograft aortic valve or 
root replacement. Younger patient age and use of the subcoronary implantation tech-
nique are associated with increased regurgitation and stenosis. The use of non-linear 
longitudinal models allows for an insightful analysis of allograft valve function over time.
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INTRODUCTION

Allografts have been used for the replacement of the diseased aortic valve for over 5 
decades (1). Initially thought to be superior to xenografts, today there is increasing 
evidence that allograft durability is comparable to other biological valve substitutes (2, 
3). Nowadays their application is mainly in patients with complex cardiac and aortic root 
pathology in the setting of an active endocarditis.

The assessment of allograft valve performance over time is, however, difficult. 
Echocardiographic measurements obtained over time after allograft implantation are 
usually dichotomized by using time-to-event methods and are reported as, for example, 
freedom from aortic regurgitation grade 1+ or 3+ at a certain follow-up time (4, 5). 
Dichotomization of longitudinal data is however often inappropriate as it leads to loss 
of information and incorrect statistical inferences. The 2008 guidelines for reporting 
mortality and morbidity after cardiac valvular interventions (6) propose the use of lon-
gitudinal data analysis for series of assessments like repeated echocardiographic mea-
surements of valve function to estimate it’s average temporal pattern and variability in 
a group of patients. Repeated measurement data have several important characteristics 
that are taken into account by longitudinal analyses methods but which are not taken 
into account by time-to-event methods.

The aim of this study is to describe echocardiographic allograft valve function over 
time in a prospective cohort of patients who underwent allograft aortic valve or root 
replacement. This will be done by employing and illustrating the use of advanced longi-
tudinal data analysis techniques. 

PATIENTS AND METHODS

Patients

Between April 1987 and September 2010 a total of 347 patients underwent 356 aortic 
valve or root replacement with an allograft in Erasmus MC, Rotterdam, The Netherlands 
(Table 1). After these 356 procedures, 301 hospital survivors had one or more stan-
dardized echocardiographic examinations. The small number of patients with repeat 
operations (n=9) were considered as independent patients since the primary focus of 
this study was allograft valve function over time. Approval from the Institutional Review 
Board (IRB number EMC00-813) was obtained for this prospective follow-up study and 
all patients provided informed consent. The clinical outcome of the total cohort was 
previously reported (3). 
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Surgical procedures

Surgical procedures were performed through a median sternotomy on cardiopulmo-
nary bypass with moderate hypothermia (Table 2). Crystalloid cardioplegia and topical 
cooling were used for myocardial protection. Deep hypothermia and circulatory arrest 
were used in 32 patients with ascending aorta or arch pathology. Early in our experi-
ence the subcoronary technique was used; since 1998, root replacement has become 
the technique of choice. Of the 356 procedures, subcoronary allograft implantation 
was done in 94 patients (7) and root replacement was performed as a freestanding root 
with reimplantation of the coronary arteries in 262 patients. From these patients one or 
more standardized echocardiographic examination was available for 77 patients with 
subcoronary allograft implantation technique and for 224 patients with root replace-
ment technique.

Clinical Follow up

All patients who receive a human tissue valve in Erasmus MC are enrolled in an ongo-
ing prospective follow-up study. They are followed systematically and actively through 
direct annual patient contact by telephone. Clinical follow-up was based on the data 
obtained from the total cohort of 356 aortic valve or root replacement that were per-
formed during the study period. 

Valve-related complications and their consequences were defined according to the 
2008 guidelines for reporting morbidity and mortality after cardiac valvular operations 
(6) after confirmation of the event by the patient’s treating physician. The database was 
frozen on September 30, 2010. Clinical follow-up was 95% complete (the ratio of total 
observed person time to potential person time of follow-up to the closing date of the 
study) (8). The mean clinical follow-up duration was 10.8 years (median 10.8 years; range 
0-23.9 years), with a total follow-up of 3842 patient years.

Echocardiographic follow-up

Serial, standardized echocardiography is done in our center in all patients age 16 years 
and older who received human tissue valves since 1987. Postoperative echocardio-
graphic examinations were scheduled at 6 months, at 1 year and thereafter once every 
2 years (9).

Of the 356 aortic valve or root replacements that were performed during the study pe-
riod, 301 hospital survivors had one or more standardized echocardiographic examina-
tions. The analyses of echocardiographic valve function over time were based on these 
301 patients. Preoperative characteristics of these “Echo cohort” patients are displayed 
in Table 1. A total of 1765 echocardiographic records were available for 301 patients. 
The mean echocardiographic follow-up was 5.6 years (median 4.9 years, and range: 1 
week- 17 years) with 5% of the records collected after 15 years.
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Postoperative transthoracic echocardiographic records were utilized to assess hemo-
dynamic stability of the prosthesis. The severity of aortic stenosis (mmHg) and aortic 
regurgitation were estimated according the guidelines (10, 11). Aortic regurgitation was 
graded as 0 for no regurgitation, 1+ for mild, 2+ for moderate, 3+ for moderately severe, 
and 4+ for severe. Because of low frequency in grade 4+, this grade was collapsed 
together with 3+ and is treated as one category. Also, annulus diameter (mm), LVOT 
diameter (mm) and aortic diameter at the sinotubular junction (mm) were recorded 
with the “leading-edge to leading-edge” method (12). At least one echocardiographic 
follow-up was obtained in 95% of eligible patients (301/318; 318 = 352 minus 5 patients 
who are still younger than 16 years minus 25 patients who died in hospital or within the 
first 6 postoperative months minus 4 patients who had not yet reached the 6 month 
postoperative point in time). Reasons for not participating in the remaining 5% of eli-
gible patients were emigration, refusal, and bad quality of echo measurements (usually 
due to obesity).

The echocardiographic examinations were initially performed with different echo-
cardiographic equipment. Since January 1993 all examinations are performed by two 
experienced technicians. 

Statistical analyses

All the analyses were performed using SAS9.1 (SAS® , Cary, N.C.) and some plots were 
created using S-Plus6.2 (Insightful corporation, Lucent Technologies Inc. Palo Alto, CA, 
USA) statistical software.

Analyses of clinical data

Presentation

Continuous variables are summarized as mean ± standard deviation, and comparison 
was done using the unpaired T-test unless the data were not normally distributed 
(Kolmogorov-Smirnov test); in these instances we used the Mann-Whitney U-test for 
comparison. Categorical data are presented as proportions, and comparison was done 
using the Chi-Square test or the Fisher Exact test where appropriate. All tests were 
2-sided, with an a-level of 0.05. 

Survival analyses

Overall nonparametric survival estimates were obtained by the method of Kaplan and 
Meier. A parametric method was used to resolve the number of phases of instantaneous 
risk of death (hazard function) and to estimate the shaping parameters (13). To identify 
risk factors for death, multivariable analyses were performed in the multi-phase hazard 
function domain. 



278

CHAPTER 18

Ta
bl

e 
2.

 P
er

io
pe

ra
ti

ve
 c

ha
ra

ct
er

is
ti

cs
 o

f p
at

ie
nt

s 
us

ed
 fo

r c
lin

ic
al

 fo
llo

w
-u

p 
(=

to
ta

l c
oh

or
t)

 a
nd

 fo
r e

ch
oc

ar
di

og
ra

ph
ic

 fo
llo

w
-u

p 
(=

ec
ho

 c
oh

or
t)

.

Ch
ar

ac
te

ri
st

ic
To

ta
l c

oh
or

t 
(n

=3
56

)
Ec

ho
 c

oh
or

t 
(n

=3
01

)
Su

bc
or

on
ar

y 
 (S

)
(n

=7
7/

30
1)

Ro
ot

 R
ep

la
ce

m
en

t (
R)

 (n
=2

24
/3

01
)

S 
vs

. R

n(
%

)*
N

o.
 (%

)
or

M
ea

n 
± 

SD
n(

%
)*

N
o.

 (%
)

or
M

ea
n 

± 
SD

p-
va

lu
e

N
o.

 (%
)

or
M

ea
n 

± 
SD

p-
va

lu
e

Fe
m

al
e 

do
no

r g
en

de
r

34
5 

(9
7)

13
0 

(3
8)

29
4 

(9
8)

10
9 

(3
7)

24
 (3

2)
85

 (3
9)

0.
34

A
llo

gr
af

t d
ia

m
et

er
35

3 
(9

9)
22

.7
 ±

 2
.0

5
30

0 
(1

00
)

22
.7

 ±
 1

.9
2

23
.3

 ±
 2

.1
3

22
.5

 ±
 1

.8
2

0.
00

7

Pr
oc

ed
ur

e

Pe
rf

us
io

n 
Ti

m
e

35
5 

(9
9)

19
7 

± 
77

.6
30

0 
(1

00
)

19
4 

± 
76

.8
17

7 
± 

41
.7

20
0 

± 
85

0.
21

Cr
os

s 
cl

am
p 

tim
e

35
5 

(9
9)

14
1 

± 
57

.8
30

0 
(1

00
)

14
1 

± 
58

.7
13

4 
± 

31
.7

14
3 

± 
65

.4
0.

77

Ci
rc

ul
at

or
y 

A
rr

es
t

35
3 

(9
9)

3.
55

 ±
 1

4.
5

30
0 

(1
00

)
3.

79
 ±

 1
5.

2
0 

± 
0

5.
1 

± 
17

.4
<0

.0
01

Ty
pe

 o
f a

llo
gr

af
t i

m
pl

an
te

d
35

5 
(1

00
)

30
0 

(1
00

)
.3

1

Ao
rt

ic
29

7
29

8 
(9

9%
)

76
 (9

9)
22

2 
(9

9)

Pu
lm

on
ar

y
6

2 
(1

%
)

1 
(1

)
1 

(1
)

A
llo

gr
af

t p
re

se
rv

at
io

n 
m

et
ho

d
35

6 
(1

00
)

30
1 

(1
00

)
.1

Cr
yo

pr
es

er
ve

d
34

9 
(9

8)
29

8 
(9

9)
75

 (9
7.

4)
22

3 
(9

9.
6)

Fr
es

h
7 

(2
)

3 
(1

)
2 

(2
.6

)
1 

(0
.4

)

Co
nc

om
ita

nt
 p

ro
ce

du
re

s
29

9 
(9

9)
<0

.0
01

CA
BG

35
4 

(9
9)

34
 (9

.6
)

30
 (1

0)
10

 (1
3)

20
 (9

)

M
itr

al
 v

al
ve

 s
ur

ge
ry

35
4 

(9
9)

25
 (7

.1
)

17
 (5

.7
)

7 
(9

.1
)

10
 (4

.5
)

Ex
te

nd
ed

 ro
ot

 s
ur

ge
ry

35
4 

(9
9)

48
 (1

4)
44

 (1
5)

0 
(0

)
44

 (2
0)

O
th

er
 P

ro
ce

du
re

s
35

4 
(9

9)
65

 (1
8)

50
 (1

7)
7 

(9
.1

)
43

 (1
9)

Rh
yt

hm
 a

t d
is

ch
ar

ge
34

5 
(9

7)
30

0 
(1

00
)

0.
16

Si
nu

s 
rh

yt
hm

30
5 

(8
8)

27
6 

(9
2)

68
 (8

8)
20

8 
(9

3)

A
tr

ia
l fi

br
ill

at
io

n
11

 (3
.2

)
11

 (3
.7

)
5 

(6
.5

)
6 

(2
.7

)



ALLOGRAFT VALVE FUNCTION AFTER AVR

279

18

Ta
bl

e 
2.

 (C
on

ti
nu

ed
).

Ch
ar

ac
te

ri
st

ic
To

ta
l c

oh
or

t 
(n

=3
56

)
Ec

ho
 c

oh
or

t 
(n

=3
01

)
Su

bc
or

on
ar

y 
 (S

)
(n

=7
7/

30
1)

Ro
ot

 R
ep

la
ce

m
en

t (
R)

 (n
=2

24
/3

01
)

S 
vs

. R

n(
%

)*
N

o.
 (%

)
or

M
ea

n 
± 

SD
n(

%
)*

N
o.

 (%
)

or
M

ea
n 

± 
SD

p-
va

lu
e

N
o.

 (%
)

or
M

ea
n 

± 
SD

p-
va

lu
e

H
ea

rt
 b

lo
ck

12
 (3

.5
)

10
 (3

.3
)

2 
(2

.6
)

8 
(3

.6
)

O
th

er
 rh

yt
hm

6 
(1

.7
)

3 
(1

)
2 

(2
.6

)
1 

(0
.4

5)

Co
m

pl
ic

at
io

ns
 

Po
st

op
er

at
iv

e 
bl

ee
di

ng
34

7 
(9

7)
46

 (1
3)

30
1 

(1
00

)
36

 (1
2)

11
 (1

4)
25

 (1
1)

0.
47

Po
st

op
er

at
iv

e 
pa

ce
m

ak
er

34
6 

(9
7)

16
 (4

.6
)

30
1 

(1
00

)
9 

(3
)

2 
(2

.6
)

7 
(3

.1
)

0.
81

*N
um

be
r o

f p
at

ie
nt

s 
fr

om
 w

ho
m

 d
at

a 
is

 a
va

ila
bl

e.



280

CHAPTER 18

In the multivariable analysis, factors modulating both hazard phases were considered 
simultaneously. Early risk factors are those found to increase the area beneath the early 
decreasing hazard phase, and late risk factors are those that increase the level of un-
derlying increasing hazard. Within each hazard phase, we assume proportional hazards, 
but because the two hazard phases are operative across all time, this produces overall 
a non-proportional hazard model. Such a model is particularly appropriate for strongly 
time-varying hazard, as is evident for these events.

Reoperation analyses

Reoperation and multivariable analyses of patients who underwent reoperation were 
performed in a similar method used to study survival.

Competing outcomes 

The earliest occurrence after aortic allograft surgery of one of the mutually exclusive 
outcomes (assumed absorbing states) was identified: 1). reoperation, 2). death before 
reoperation. The common interval of the analysis was either interval between date of 
reoperation and earliest occurrence of one of these outcomes, or the duration to last 
follow-up date of being alive without any reoperation. Freedom from each event was 
then estimated by the non-parametric product limit method (14).

Variances of the estimates were based on Greenwood formula (15). The instantaneous 
risk (hazard function) for each competing event was estimated by a parametric method 
(16). Consequences of the independent transition rates (hazard functions) from the 
category “alive, at risk” into the event categories were calculated by integrating the 
parametric equations (17).

Analyses of echocardiographic data

Categorical echocardiographic measurement

To assess the temporal trend of likelihood of AR grades over time after surgery, follow-
up transthoracic echocardiograms were analyzed longitudinally for percentages of 
patients in each aortic regurgitation grade across time. A non-linear cumulative logit 
mixed model(18, 19) was used to resolve a number of time phases on cumulative odds 
domain to form a temporal decomposition model and to estimate the shaping param-
eters at each phase. A longitudinal cumulative logistic mixed model (20, 21) for repeated 
measurements (SAS® PROC NLMIXED) was used to implement the temporal decomposi-
tion model and to estimate the patient-specific probabilities for being in each AR grade. 
These patient-specific estimates were then averaged to obtain the percentages of 
patients (prevalence) in each grade. 
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Continuous echocardiographic measurement

To assess the temporal trend of aortic valve gradient, annulus diameter, aortic diameter, 
and LVOT diameter over time after surgery, follow-up transthoracic echo-cardiographic 
measurements were analyzed longitudinally for change in mean response across time 
(22). A non-linear longitudinal mixed model regression (20, 23) (SAS® PROC NLMIXED) 
was used to analyze these continuous repeated measurements. 

Variable selection and risk factor analyses
Baseline characteristics (Table 1) and perioperative characteristics (Table 2) were 
screened for association with death, reoperation, postoperative aortic regurgitation, 
aortic gradient, annulus diameter, LVOT diameter and aortic diameter. In addition, year 
of surgery was also included in the model as a potential risk factor.

Variable selection, with a P value criterion for retention of variables in the model of .05, 
utilized bootstrap bagging (bootstrap aggregation) (20, 24). This was a four-step process. 
First, a patient was randomly selected from the original data set to begin a new data set. 
The original data set continued to be sampled until the new data set was 100% the size of 
the original. Second, risk factors were identified using automated forward stepwise selec-
tion. Third, results of the variable selection were stored. These three steps were repeated 
1000 times. Finally, the frequency of occurrence of variables related to group member-
ship was ascertained and indicated the reliability of each variable (aggregation step). All 
variables with bootstrap reliability of 50% or greater were retained in the guided analysis. 

Because of the limited capability of PROC NLMIXED to explore multivariable relations, we 
initially screened the variables using ordinary multivariable linear regression (PROC REG  
SAS) and the assumption of independence of observations with liberal entry criteria (0.2) 
and stay criteria (0.12). This analysis was performed simply to identify possible candidates 
for our repeated measurements model. These candidates and their transformations, if any, 
were entered at once into our model, and then eliminated one by one until all variables 
remaining had a P value of 0.05 or less. Parametric estimates of continuous postoperative 
echocardiography measurements are accompanied by asymmetric 95% confidence limits, 
comparable to ± 2 SE, obtained by a bootstrap percentile method (25).

RESULTS

Peri-operative details

Table 2 displays peri-operative details. There were 4 patients (all root replacements) 
who required coronary artery bypass grafting due to problems related to the reinser-
tion of the coronary arteries. The detailed causes were as follows: In one patient the 
left coronary artery button was too small, causing coronary ostium stenosis. Another 



282

CHAPTER 18

patient had annular calcifications extending up to the right coronary ostium that was 
very thin-layered and ruptured after reimplantation. A third patient experienced right 
ventricular dysfunction due to kinking of the reimplanted right coronary artery. Finally, 
in one patient the coronary artery buttons were very big, probably causing malperfu-
sion of both the right and left coronary artery. Hospital mortality was 5.9% (21 out of 356 
surgical procedures).

Clinical follow-up

During follow-up another 79 patients died (2.1%/patient year): 28 were not valve related 
and non-cardiac, 16 were not valve-related cardiac, 23 were valve-related (15 sudden 
unexpected unexplained deaths, 1 intracranial bleeding, 4 endocarditis, and 3 deaths 
due to structural valve deterioration (1 after reoperation and 2 due to heart failure), and 
the cause of death was unknown in 12 patients. The overall parametric estimates of sur-
vival at 1 year, 5 years, 10 years and 15 years were 93%, 86%, 78%, and 65% respectively 
(Figure 1a and 1b). Risk factors associated with early and late death are shown in Table 3.

During follow-up, 103 patients required a reoperation, of which 81 were done for 
structural valve deterioration, 18 for non-structural valve failure, and 4 for allograft 
endocarditis. After taking the competing occurrence of death into account, the overall 
parametric estimates of freedom from reoperation at 1 year, 5 years, 10 years and 15 
years were 97%, 92%, 80%, and 56% respectively (Figure 1a and 1b). Risk factors associ-
ated with early and late reoperation are shown in Table 3.

Figure 1(a). Competing risks of outcomes. Prevalence (parametric estimates with non-parametric 
points) of death and reoperation at each moment in time of patients in each of 3 mutually exclu-
sive categories in the overall group. Each symbol represents a death or reoperation positioned 
on the vertical axis by the nonparametric Kaplan-Meier estimator, error bars are asymmetric 95% 
confidence limits (equivalent to ±2 standard error). Solid lines are parametric estimates enclosed 
within 95% confidence limits.

Alive and not being reoperated

Reoperation

Death
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Echocardiographic follow-up 

Aortic Regurgitation 
A total of 1728 echocardiographic measurements of aortic regurgitation in 300 patients 
were available; 37 patients had 1 or more echocardiographic measurements of aortic 

Figure 1(b). Instantaneous risks of death and reoperation (hazard function). Solid lines are para-
metric estimates enclosed within 95% confidence limits.

Table 3. Incremental risk factors for death and reoperation after aortic valve implantation.

Death Coefficient ± SD P-Value Reliability* (%)

Early hazard phase

Age# 1.85± 0.48 0.0001 76

History of endocarditis 1.58 ± 0.60 0.0092 63

Renal disease 2.82 ± 0.60 <.0001 91

Late hazard phase

Age# 1.33 ± 0.21 <.0001 100

Renal disease 0.48 ± 0.26 0.041 59

Reoperation Coefficient ± SD P-Value Reliability* (%)

Early hazard phase

Early date of surgery† -0.97 ± 0.25 <.0001 55

Renal disease 2.21 ± 0.65 0.001 66

Late hazard phase

Age -0.05 ± 0.01 <.0001 100

Aorta ascendens aneurysm 0.91 ± 0.26 0.001 66

*Percentage of occurrence out of 1000 bootstrapped models; #Exp[age/50], exponential transformation; 
†Log (time interval interval [Date of surgery – 1 / 3/ 1987])

Reoperation

Death
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regurgitation beyond 15 years. 
Temporal trend analyses yielded only one phase. Figure 2(a) shows the temporal 

change in the percentages of patients in each AR grades over time. Percentage of pa-
tients in each grade of AR has changed significantly over time. While the percentage of 
patients with AR grade 0 decreased sharply from 38% at 6 month to 20% by 15 years 
after the procedure and percentage of patients with grade 1+ remained the same at 
about 40% during the same time period, percentage of patients with grade 2+ increased 
sharply from 19% to 31%. Percentage of patients with grade 3+/4+ increased gradually 
from 3.6% to 10% during the same time period.

Subcoronary implantation group was associated with higher post-op AR grade than 
the root replacement group (p=0.0001) (Figure 2(b)). The potential risk factors associated 
with AR grade over time are shown in Table 4. Younger age was associated with higher 
grade of post-op AR (p=0.0007) and the effect is significantly large in the subcoronary 
group (Figure 2(c)). Furthermore, endocarditis seems to be associated with lower likeli-
hood of postoperative AR grade (p=0.0250). 

Aortic gradient 
A total of 1609 echocardiographic measurements of aortic gradient in 292 patients were 
available; 34 patients had 1 or more echocardiographic measurements of aortic gradient 
beyond 15 years. 

Figure 2(a). Temporal trend of aortic regurgitation (AR) after the procedure. Solid lines represent 
percentage of patients (mean effect) in each grade at various time points. Symbols represent 
crude estimates of grouped raw data without regard to repeated measures and are presented 
here just to verify the model fitting.

1+

0

1+

0

2+ or 3+

0

2+ or 3+

3+ or 4+
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Temporal trend analyses yielded only one phase. Aortic gradient appears to be 
increasing from 9.4mmHg at 6 months to 21.3mmHg by 15 years after the procedure 
(Figures 3(a)).

Figure 2(b). Predicted percentages of patients in AR grade 3+/4+ stratified by operative tech-
nique. Symbols represent crude estimates of grouped raw data without regard to repeated mea-
sures and are presented here just to verify the model fitting.

Figure 2(c). 15-Year Predicted percentages of patients in AR grade 3+/4+ by age, stratified by 
operative technique. Symbols represent crude estimates of grouped raw data without regard to 
repeated measures and are presented here just to verify the model fitting.

Subcoronary implantation

Subcoronary implantation

Root replacement

Root replacement
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Subcoronary implantation group appears to be associated with higher aortic gradient than 
the root replacement group (p= 0.0005). Younger age appears to be associated with higher 
aortic gradient (p=<0.0001) (Figure 3(b)). Male donor gender (P=0.0015) and concomitant 
mitral valve surgery (P=0.0011) were associated with higher aortic gradient during follow-up. 
The potential risk factors associated with aortic gradient over time are shown in Table 4.

Annulus diameter
A total of 1445 echocardiographic measurements of annulus diameter in 284 patients 
were available; 31 patients had 1 or more echocardiographic measurements of annulus 
diameter beyond 15 years. 

Table 4. Preoperative risk factors associated with postoperative longitudinal echocardiographic 
measurement (results from the multivariate analyses).

Echocardiographic 
Measurement

Factor Estimate ± SE P Reliability* 
(%)

Aortic 
Regurgitation 

 Younger age# -1.44± 0.42 0.0007 90.0

 Subcoronary AVR (vs. Root Replacement) 2.48 ± 0.33 <.0001 100

 Endocarditis -0.70 ± 0.31 0.0250 73.2

Aortic Gradient  Male donor 0.17 ± 0.05 0.0015 98.0

 Subcoronary AVR (vs. Root Replacement) 0.21 ± 0.06 0.0005 100

 Younger age -0.01 ± 0.00 <.0001 93.5

 Concomitant mitral valve surgery 0.25 ± 0.12 0.0445 91.5

Annulus Diameter  Larger allograft diameter 0.03 ± 0.01 <.0001 96.7

 Male donor 0.05 ± 0.02 0.0047 52.8

 Male recepient 0.09 ± 0.02 <.0001 58.3

 Root Replacement AVR (vs. Subcoronary) 0.07 ± 0.02 <.0001 65.2

LVOT Diameter  Male gender 0.10 ± 0.02 <.0001 84.2

 Aortic annulus aneurysm 0.08 ± 0.03 0.0011 82.1

 Tricuspid vs bicuspid aortic valve 0.08 ± 0.03 0.0011 67.3

 Smaller allograft diameter -0.04 ± 0.02 0.0123 59.4

Aortic Diameter  Male donor gender 0.07 ± 0.01 <.0001 99.3

 Calcified aortic annulus 0.04 ± 0.02 0.0061 94.6

 Preoperative aortic regurgitation 0.05 ± 0.01 <.0001 78.8

 Male patient gender 0.09 ± 0.01 <.0001 65.7

 Elective surgery 0.03 ± 0.01 0.0106 99.3

 Concomitant mitral valve surgery -0.05 ± 0.03 0.0496 61.3

*Percentage of occurrence out of 1000 bootstrapped models; #Log[age], logarithmic transformation
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Temporal trend analyses yielded only one phase. Annulus diameter increased from 
21.9mm at 6 months to 22.4mm by 15 years after the procedure. This increase was 
statistically not significant (P=0.5460) (Figures 4(a)). 

There appears to be a procedure effect on the annulus diameter. Root replacement 
technique appears to be associated with larger annulus diameter (P<.0001) (Figure 4(b)).

Figure 3(a). Solid lines are parametric estimates of mean aortic gradient from non-linear longitu-
dinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence bands, 
equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without regard to 
repeated measures and are presented here just to verify the model fitting.

Figure 3(b). 15-Year Predicted mean aortic gradient by age, stratified by operative techniques.

Subcoronary implantation

Root replacement
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Figure 4(a). Solid lines are parametric estimates of mean annulus diameter from non-linear lon-
gitudinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence 
bands, equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without re-
gard to repeated measures and are presented here just to verify the model fitting.

Figure 4(b). 15-Year Predicted mean of annulus diameter, stratified by operative technique.

Subcoronary implantation

Root replacement
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Figure 5. Solid lines are parametric estimates of mean LVOT diameter from non-linear longitu-
dinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence bands, 
equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without regard to 
repeated measures and are presented here just to verify the model fitting.

Figure 6. Solid lines are parametric estimates of mean aortic diameter from non-linear longitu-
dinal mixed model and are enclosed within dashed 95% bootstrap percentile confidence bands, 
equivalent to 2 SD. Symbols represent crude estimates of grouped raw data without regard to 
repeated measures and are presented here just to verify the model fitting.
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Male donor gender (p<0.0047), male patient gender (p<0.0001) and higher allograft 
diameter (p<0.0001) were associated with larger annulus diameter during follow-up. The 
potential risk factors associated with annulus diameter over time are shown in Table 4.

LVOT diameter
A total of 1463 echocardiographic measurements of annulus diameter in 286 patients 
were available; 32 patients had 1 or more echocardiographic measurements of annulus 
diameter beyond 15 years. 

Temporal trend analyses yielded only one phase. No significant change in the LVOT 
diameter was observed (p=0.6582) with a diameter of about 21.8mm at 6 months and 
22.0mm at 15 years after the procedure (Figure 5).

Male donor gender (p<0.0001), Aortic annulus aneurysm (p=0.0011) and tricuspid 
aortic valve (p=0.0011) were associated with larger LVOT diameter during follow-up. 
Larger allograft diameter was associated with larger LVOT diameter during follow-up. 
The potential risk factors associated with LVOT diameter over time are shown in Table 4.

Aortic diameter
A total of 1603 echocardiographic measurements of aortic diameter in 294 patients 
were available; 34 patients had 1 or more echocardiographic measurements of aortic 
diameter beyond 15 years. 

Temporal trend analyses yielded only one phase. Aortic diameter appears to decrease 
slightly from 34.3mm at 6 months to 32.7mm by 12 years after the procedure. Even 
though the decrease is statistically significant (p<0.0001), it may not be clinically signifi-
cant (Figure 6). 

Male donor gender (p<0.0001), calcified aortic annulus (p=0.0061), preoperative AR 
(p<0.0001), male patient gender (p<0.0001) and elective surgery (p=0.0106) were as-
sociated with larger aortic diameter during follow-up. Concomitant mitral valve surgery 
(p=0.0496) was associated with smaller aortic diameter during follow-up. The potential 
risk factors associated with aortic diameter over time are shown in Table 4.

DISCUSSION

This study describes echocardiographic allograft valve function over time in a cohort 
of patients who were followed prospectively after allograft aortic valve or root replace-
ment, illustrating the use of longitudinal data analysis for the assessment of valve func-
tion over time.
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Clinical outcomes

In our patient population, patient survival was 68% after 15 years of follow-up. Freedom 
from reoperation was 56% after same time period. These results are comparable to other 
series that report survival and freedom from reoperation after allograft aortic valve and 
root replacement (26-30). 

Echocardiographic outcomes

Among patients that underwent allograft aortic valve or root replacement 41% had 2+ 
or higher AR after 15 years of follow-up. In patients in whom the complete aortic root 
was implanted instead of the aortic valve in the subcoronary position, the risk of higher 
AR grade was considerably lower during follow-up. Furthermore, we observed more of-
ten higher AR grades during follow-up in younger patients. Although it has been shown 
previously that younger patients are at higher risk of aortic allograft degeneration (31), 
the results of our longitudinal echocardiographic study show that younger patients are 
especially at risk for valve degeneration when the subcoronary implantation technique 
is used to implant the allograft. 

The aortic gradient increased during follow-up from 9.4 mmHg at 6 months to 21.3 
mmHg at 15 years. Comparable with AR, the severity of aortic gradient during follow-
up was primarily influenced by younger patient age and the use of subcoronary im-
plantation technique. Furthermore, male donor gender was found to be significantly 
correlated with higher aortic gradient during follow-up which confirms the results of 
previous studies where it has been shown that immunological reaction might be (partly) 
responsible for valve failure (32).

We have not observed major changes in the annulus diameter, LVOT diameter and 
aortic diameter during follow-up.

The results of our longitudinal data analyses of echocardiographic valve function over 
time indicate that both younger patient age and subcoronary implantation technique 
are important risk factors of allograft degeneration. This is in accordance with previous 
studies that investigated the clinical outcomes of patients with aortic allograft (31, 33-
35). 

Methodology

The described methodology for the analyses of echocardiographic data was applied in 
the present study because of several reasons. 

Longitudinal analyses versus time-to-event analyses
The assessment of allograft valve performance (and other valve substitutes) is compli-
cated by several factors. First of all, valves are implanted in patients, who themselves have 
a limited survival. This creates a situation in which the risk of patient death competes 
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with valve durability. Second, valve failure is a continuous process, not a hard end point. 
Time-to-event analysis is therefore inappropriate when assessing echocardiographic 
valve function, since it considers time of follow-up as a continuous variable while echo 
data are usually available within a certain time frame and are often incomplete in 
one or more time frames. In addition, it considers valve dysfunction as an irreversible 
endpoint, while severity of valve dysfunction (for example aortic regurgitation) is often 
variable over time. Third, the means by which echocardiographic follow-up is obtained 
may influence the results: opportunistic versus standardized follow-up, experience of 
the observer, and intervals between measurements may all cause bias. Finally, allograft 
dysfunction may present in different ways: through regurgitation, stenosis or a combi-
nation, further complicating valve performance analysis. The challenge in analyzing lon-
gitudinal data is, therefore, estimating the average pattern of outcome over time and its 
variability in the group of patients. In addition, this average must take several sampling 
characteristics into account (e.g. censoring by death, unequal number of observations 
per patient, different follow-up intervals between observations). 

In the present study, non-linear longitudinal analysis techniques were used to model 
the trend of various echocardiographic measurements over time after the procedure. 
This enabled us in turn to visualize the temporal trend of, for example, each aortic re-
gurgitation grade over time during follow up. Clinicians can use such methods/graphs 
to determine how for example aortic regurgitation on average develops over time after 
aortic allograft implantation. From a statistical perspective, the employed methods are 
superior and more informative compared to the methods where repeated outcomes are 
dichotomized and analyzed with actuarial methods as if they were events, such as free-
dom from grade 1+ or 3+ aortic regurgitation after aortic valve surgery (4, 5). Assessing 
the trend of outcomes of interest and identifying factors that influence these outcomes 
over time can be of particular importance since it can help the clinicians understand 
how a certain process changes over time and thus can contribute to a better patient 
management (e.g. by determining which patients should be monitored more closely by 
their physicians and at which time interval).

Although the use of time-to-event methods is less time and effort consuming, these 
methods have major limitations that may result in loss of information and wrong sta-
tistical inferences which can lead to inadequate conclusions, depending on the type of 
research question investigated. Researchers should, therefore, be encouraged in taking 
into account the important characteristics of longitudinally collected data when choos-
ing the method of data analysis.

The methods applied in present study versus other typical longitudinal analyses methods
Several longitudinal analyses methods exist. Both linear and non-linear structures can 
be used to analyze longitudinal data. In linear methods, the degree of the outcome (y) 
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is determined by the degree of the input (x), which can be written as a y=ax+b equa-
tion. An important characteristic of linear methods is proportionality since there is a 
straight-line relationship between the input value and the outcome. Therefore, the 
behavior of linear methods can be fully predicted. However, the cardiovascular system 
is a complex mechanical, chemical, and hemodynamic system in which the processes 
are often related via a variety of mechanisms. Therefore, these processes are often non-
linearly structured (36-38). Since the principle of proportionality may not be valid, using 
linear methods may mean simplification of the real process and therefore inaccurate 
results and inferences. For example, the analyses of our study shows that aortic gradient 
is non-linearly shaped. During follow-up, the increase in aortic gradient mainly occurred 
in the first 5 years after the surgery. If we had modeled the aortic gradient as a linear 
process we would not be able to see the difference between how the aortic gradient 
increased before and after this 5 year period. We emphasize that not the data but the 
model determines the shape of the relationship between the input and the outcome. 
However, further validation is necessary to confirm whether the non-linear pattern is 
indeed the better description of aortic gradient measurements.

The statistical methods that we applied are also able to simultaneously model the risk 
factors for each time phase, while in case when one has to use the usual longitudinal 
methods to identify time-dependent risk factors several transformations of time along 
with their interaction effects are needed in the equation. In the latter scenario, it would 
be very difficult for the model to handle 40 or 50 covariates and the combination of 
them with different transformations of time and the interpretation of such model would 
be difficult. The statistical technique that has been illustrated in this study is able to 
explicitly model the non-linear trend and divides it in different overlapping time phases, 
which in turn enable us to simultaneously identify risk factors that are of particular 
importance shortly after the procedure and those that are of particular importance on 
the long-term. 

The approach of longitudinal data analyses that is used in the present study is also 
proposed by the 2008 guidelines for reporting mortality and morbidity after cardiac 
valvular interventions (6). 

Conclusions

Both aortic regurgitation and stenosis increase over time after allograft aortic valve 
or root replacement, and are the most important cause for allograft failure. Younger 
patient age and use of the subcoronary implantation technique are associated with 
increased regurgitation and stenosis. The analysis of allograft valve function is complex, 
and requires advanced longitudinal models for adequate statistical analysis.
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To the Editor,
Drs Huang and Rahimtoola (1) presented an interesting clinician update discussing 
several factors that have to be taken into consideration in choosing a prosthetic heart 
valve. However, the authors’ considerations for prosthetic heart valve selection are, in 
our opinion, not complete and deserve further discussion. 

With respect to section on biological valves that need additional aortic root replace-
ment: the Ross procedure and stentless xenograft valve implantation can also be per-
formed successfully and durably using the subcoronary implantation technique, which 
do not necessitate root replacement. These techniques can also provide patients with a 
hemodynamically superior valve substitute (2, 3). 

However, the main point we would like to address concerns the position of the patient 
in the selection of the most appropriate prosthesis. The factors that the authors discuss 
are mainly related to clinical status and patient characteristics, while patient preferences 
are also important in choosing the most appropriate prosthesis. The patient that served 
as an example in the clinician update was a 55-year-old interventional cardiologist, a 
highly educated individual who through his extensive experience in the field of cardiol-
ogy was clearly able to by himself make an informed decision according to his values 
and preferences in life. However, the average patient who faces this difficult decision is 
less well educated and has no knowledge of heart valves. There are many replacement 
options, uncertain outcomes, and benefits and harms in choosing a particular prosthetic 
heart valve, especially in patients who are middle-aged and in whom life expectancy is 
comparable between mechanical and bioprosthetic heart valve substitutes (4). There-
fore, there is no single ‘best choice’ in selecting a prosthetic valve for an individual 
patient since all these factors can be valued differently by individual patients: a patient 
may very well prefer a 60% life time risk of a reoperation with a bioprosthesis over a 20% 
life-time risk of a major TE or bleeding with a mechanical valve, or vice versa, depend-
ing on his or her preferences. Although doctors are the ones responsible for applying 
evidence-based medicine, patients should be informed adequately and according to 
their educational background and next be able to discuss their preferences with their 
doctors. The concept of shared-decision making recognizes the importance of having 
patients and doctors work together in the selection of most appropriate treatment 
option. Using this concept, well-informed patients and doctors can determine which 
option best matches what is most important to patients. This approach will not only 
result in providing evidence-based care, but also in providing patient-centered care. 
We plead for a patient-centered approach that incorporates evidence on outcome with 
different therapeutic strategies with preferences of the informed patient. In this respect 
in Table 1 of the clinician update the item “patient’s wishes and expectations” should be 
on top of the list, and renamed “informed patient’s wishes and expectations”.
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GENERAL DISCUSSION

The aim of this thesis was to illustrate the use of innovative statistical methods for the 
assessment of patient outcome and heart valve function after aortic- and/or pulmonary 
valve replacement. This final chapter discusses the results in a broader context and 
presents implications for clinical practice and further research. Firstly, the prognosis of 
patients undergoing heart valve replacement will be discussed. Secondly, the implica-
tions that innovative statistical methods have in the assessment of valve function over 
time after cardiac surgery will be delineated. Thirdly, innovative statistical methods 
which enable us to combine patient outcome, valve durability and valve function over 
time will be discussed. Finally, the clinical implications of the results presented in this 
thesis and future prospects will be proposed.

Patient outcome after aortic and pulmonary valve replacement

Survival after aortic and/or pulmonary valve replacement
The evaluation of our data on the use of allografts and autografts in the aortic position, 
and allografts in the pulmonary position showed satisfactory results with regard to both 
early and late patient mortality. Several studies presented in this thesis showed that 
long-term patient survival after the autograft procedure is relatively good in contem-
porary practice and in the first postoperative decade even comparable with the general 
population, a finding that is in accordance with data reported by several other investiga-
tors (1-3). However, this thesis also illustrates that although long-term mortality rates of 
autograft patients are relatively low and comparable with that of the general population 
in the first decade, the survival rate of these patients shows a decline in the second post-
operative decade compared with the general population. This observation indicates the 
importance of careful monitoring of autograft patients, especially in the second decade 
after the initial autograft operation when the need for autograft reintervention is in-
creasing. The autograft procedure is considered to be the only procedure being capable 
of providing patients a survival rate that is comparable to the general age- and gender-
matched population (4). However, it remains unclear whether this excellent survival is 
a consequence of the autograft attributes (5) or the careful selection of patients for the 
Ross procedure (6). In this thesis an attempt was made to find an answer to this puzzling 
and clinically important question by performing a propensity score matched study that 
assessed late survival in young adult patients after a Ross operation versus mechanical 
aortic valve replacement with optimal anticoagulation self-management. The results of 
this study suggest that survival of mechanical valve patients, with highly specialized 
anticoagulation-self-management, is comparable to autograft patients. This is a clini-
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cally relevant observation since the choice for particular valve prosthesis for aortic valve 
replacement in young adults has an important impact on the lives of these patients.

The long-term results after pulmonary valve replacement with an allograft conduit are 
being presented in several chapters of this thesis. The survival of patients after pulmo-
nary valve replacement with an allograft conduit is good and in our center even slightly 
better than those reported by other centers (7-11). These results suggest that RVOT 
reconstruction with an allograft conduit can be performed with low operative mortality 
(12-14). Quality of life has emerged as an increasingly important outcome parameter for 
several reasons: it provides a precise indicator of overall health status of the individual 
patient and higher quality of life is associated with improved disease specific prognosis 
and also with increased survival (15, 16). This thesis describes the results of a cross 
sectional assessment of the quality of life of patients receiving an allograft for the recon-
struction of RVOT (Chapter 2). Although the overall perceived quality of life was good 
in this patient population, the quality of life of young adult patients after pulmonary 
valve replacement with an allograft was impaired on subscale ‘physical functioning’. 
Furthermore, this patient group has an impaired score on the ‘general health’ subscale, 
indicating that they evaluate their overall health to be lower than in the general popula-
tion. It was interesting to see that with increasing age the perceived quality of life was 
more in accordance with the quality of life of the general Dutch population. This can be 
caused by the fact that older patients are physically less active and, therefore, are less 
impaired in their functioning.

Freedom from events after aortic and/or pulmonary valve replacement
The assessment of echocardiographic function of allografts over time showed that 
durability of allografts in the aortic position is limited and the majority of patients will 
require a re-operation later in life. Almost half of the patients have moderate or severe 
aortic regurgitation (AR) after 15 years of follow-up. 

With regard to autografts in the aortic position, an increasing rate of reoperation in 
the second postoperative decade was noticed. The main cause for the reoperation is the 
progressive dilatation of the autograft root, often combined with autograft valve insuf-
ficiency, necessitating reoperation (2, 17-20). Due to this dilatation, coaptation of the 
cusps is lost and AR occurs. The exact cause of autograft root dilatation is unknown. It 
is speculated that several factor may contribute to dilatation of the aortic root. Younger 
patient age (21), congenital aortic valve disease (22), rheumatic valve disease (23), and 
preoperative AR (24) and dilatation (21) are the most commonly reported patient-
related determinants of limited durability of the autograft valve. Furthermore, due to 
significantly increased mechanical stress postoperatively hypertension may potentially 
have a negative effect on autograft durability (25, 26). In a recent publication, Mookhoek 
and colleagues reported that explanted failed autografts consistently show fibrous 
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hyperplasia of the ventricularis and cellular and extracellular matrix characteristics of ac-
tive remodeling which in the long-term can result in failure of the pulmonary autograft 
valve (27).

Progressive allograft dysfunction with increasing patient follow-up can be expected 
after implantation of an allograft at the pulmonary position. Longitudinal analyses of 
echocardiographic allograft function over time shows that that both pulmonary conduit 
pressure gradient and pulmonary conduit regurgitation grade increases over time. In 
patients with congenital heart disease, progressive allograft conduit regurgitation and 
stenosis can be expected after RVOT reconstruction, especially at the end of the first 
decade after the initial procedure. In patients who underwent the autograft procedure, 
the pulmonary conduit pressure gradient and pulmonary conduit regurgitation grade 
increases predominantly within the first two postoperative years. However, clinically 
important pulmonary conduit regurgitation is rare in adult patients after the autograft 
procedure. This indicates that the outcome of patients with congenital heart defects in 
need of allograft conduit for RVOT reconstruction differs from those that received an 
allograft as part of the autograft procedure.

Clinical factors influencing patient outcome
The different studies in this thesis show that patient outcome is strongly influenced by 
specific clinical factors. Significant differences were found in patients who received an 
allograft in the aortic position concerning the mode of implantation. In patients in whom 
the complete aortic root was implanted instead of the aortic valve in the subcoronary 
position, the risk of higher AR grade was considerably lower during follow-up. These 
observations were also reported by several other investigators (28-31). However, next 
to the implantation mode, there are several other factors that potentially influence pa-
tient and valve outcome after allograft aortic valve replacement. This thesis shows that 
younger patient age is correlated with an accelerated allograft failure, an observation 
which has also been reported in several other studies examining the clinical outcome of 
allografts in the aortic position (32-34). Furthermore, immunological rejection, allograft 
donor characteristics, the use of pulmonary allografts and mechanical stress are also 
correlated with failure of the allograft in the aortic position (35, 36). The cause of al-
lograft failure in the aortic position seems, therefore, to be complex and multifactorial.

With regard to the autograft procedure, outcome varies considerably between differ-
ent centers (1) and surgical techniques employed and by individual variation of the 
application of the root replacement technique (1-4, 37). The autograft was originally 
implanted by Donald Ross using the subcoronary implantation technique. However, 
other methods have been developed for the implantation of the autograft in the aortic 
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position. The other two often employed methods are the implantation of the autograft 
using the freestanding root replacement technique with re-implantation of the coronary 
arteries (using a variety of surgical techniques) and the insertion of the autograft using 
the inclusion cylinder technique. In our institution, the root replacement technique 
was mainly used. A recent publication from the German-Dutch Ross registry showed, 
however, better patient and autograft outcomes using the subcoronary implantation 
technique (38). Although it should be noted that this technique can only be applied in 
patients with isolated valve disease and has its technical limitations. The third method 
often used for autograft implantation, called inclusion cylinder technique (39), was also 
evaluated in this thesis. We have observed excellent patient survival and outstanding 
autograft durability with this method, especially in patients operated for predominant 
aortic stenosis. The use of this surgical technique in patients with predominant aortic 
stenosis may provide a durable solution with better results as compared to other surgi-
cal techniques and other biological or mechanical valve substitutes. In contrast to the 
root replacement technique, no cases of neo-aortic root aneurysmal enlargement were 
noted during the follow-up of patient in whom the inclusion cylinder technique was em-
ployed. Particularly the variant of the inclusion cylinder technique which incorporates 
autologous support of the pulmonary autograft seems to lead to excellent durability 
with very low re-operation rates and near perfect long term aortic valve function as 
determined by echocardiography (Chapter 6). This is an encouraging observation as it 
may improve the outcomes of patients undergoing the autograft procedure. However in 
the younger pediatric age group this method cannot be applied because of limited size 
of the aorta, while in older children and adults a size mismatch between the aorta and 
pulmonary artery also may prohibit this technique.

Furthermore, a more recent finding is that the presence of preoperative aortic regurgi-
tation seems to be a strong predictor of autograft failure (24, 31-33), which would make 
this procedure less suitable for patients presenting with pure aortic regurgitation.

Young female patients in need of aortic valve replacement and who (may) contemplate 
pregnancy require special attention. Although these patients would benefit from the 
longevity of mechanical valves, the use of anticoagulant medication creates additional 
risks during pregnancy for both the mother and the fetus. As previously mentioned, 
warfarin use can result in complications during pregnancy (40, 41). Pregnancy is a hy-
percoagulable state, and pregnant women with a mechanical prosthesis are at increased 
risk for thrombo-embolic complications (42, 43). The other potential option of for aortic 
valve replacement in patients with a pregnancy wish would be the bioprosthetic valve. 
These valves are, however, associated with accelerated deterioration during pregnancy, 
leading to higher rates of reoperation, morbidity and mortality (44-46). Finally, human 
tissue valves can also be an option for young females who need to undergo aortic valve 
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replacement but want to become pregnant in the future. Since pregnancy leads to sig-
nificant hemodynamic (e.g. increase plasma volume and cardiac output) and hormonal 
changes, it has been suggested that these alterations during pregnancy can negatively 
affect a human valve substitute like allograft or autograft (47-50). Due to insufficient 
published evidence on the possible degenerative effects of pregnancy on the allograft 
and pulmonary autograft in aortic position (44), the potential association between 
pregnancy and accelerated degeneration of human aortic valve substitutes in young 
female patients was investigated in this thesis. A considerable proportion of female pa-
tients became pregnant during the study period. No association was observed between 
pregnancy and human tissue valve substitute durability and function. These results are 
encouraging since human tissue valves seem to be a very attractive alternative for aortic 
valve replacement in female patients who are planning to become pregnant in the near 
future and want to avoid the negative effect of anticoagulation medication which inher-
ent to mechanical prosthesis implantation. This choice should, however, be made in the 
awareness that human tissue valve are less durable than mechanical valves and the risk 
of reoperation later in life is, therefore, potentially higher. Young female patients in need 
of aortic valve replacement and with pregnancy wish should be well informed about the 
risk and benefits of the available valve substitutes and the decision of which prosthesis 
is the most suitable one should be a shared decision of both the doctor and the patient.

During the past decades the prognosis of infective endocarditis (IE) improved consider-
ably and the disease is no longer by definition fatal (51, 52). However, IE still remains a 
serious condition characterized by high morbidity and mortality (53, 54). In Chapter 7, 
the long-term outcome of patients after the diagnosis of IE is described. Although the 
overall long-term survival after diagnosis of IE is relatively low, considerable difference 
were observed between the long-term survival of patients with IE and the survival of 
age and gender matched general population. The discrepancy in survival rates between 
patients with IE and the general Dutch population also remained considerable after the 
exclusion of in-hospital mortality. It has been suggested that surgical intervention may 
contribute to a better patient outcome (55-57). The European Society of Cardiology 
guidelines recommend performing surgery in order to avoid progressive heart failure, 
irreversible structural damage caused by severe infection and to prevent systemic em-
bolism (58). The results of a systematic review and meta-analyses, described in Chapter 
8, showed that in-hospital mortality results are either in favor of surgical therapy over 
medical therapy or there is no statistically significant difference. The long-term survival 
of patients operated for infective endocarditis is described in Chapter 11. Although 
hospital mortality is considerable for patients who are surgically treated for IE in our 
institution, those patients who survive the immediate post-operative period after the 
diagnosis of IE seem to have a good prognosis. With increasing follow-up time, the 
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survival of hospital survivors becomes comparable with that of the general population. 
Advancement in the medical treatment, diagnostic tools, development of guidelines, 
and better timing of surgery may have contributed to these improved results. Although 
these results are based on patients with IE who were selected to undergo surgery and, 
therefore, could be subject to selection bias, they do indicate that IE is a potentially 
curable disease if surgical cure is achieved. Surgical intervention needs, therefore, to be 
considered early in the process of the disease in order to improve the outcome of these 
patients. Future studies with larger sample size are needed to further confirm these re-
sults. In addition, while the original EuroSCORE seems to be no longer able to accurately 
predict the risk of in-hospital mortality for the overall group of patients undergoing 
cardiac surgery, it seems that EuroSCORE might be very well of use in more complex pa-
thologies like IE. Both the additive EuroSCORE model and the logistic EuroSCORE model 
were able to accurately predict the risk of in-hospital mortality in surgically treated IE 
patients. These results suggest that the EuroSCORE is still applicable as a predictive 
model in a selected subgroup of high-risk patients (59).

The concept of patient-prosthesis mismatch (PPM) was introduced by Rahimtoola in 
1978 (60). PPM is used to describe a condition in which the effective orifice area (EOA) 
of the implanted prosthesis may be inadequate for the patient’s body size which can 
result in in continuous left ventricular outflow tract obstruction. The potential negative 
effect of PPM on transvalvular gradients and left ventricular mass regression has been 
shown in several studies (61-63). However, contradicting results have been published 
with regard to potential negative effect of PPM on patient survival (64, 65). The results 
of a systematic review and meta-analyses that assessed the effect of PPM on patient 
survival are described in Chapter 9, which shows a significant reduction in overall and 
cardiac-related long-term survival for patients with PPM after aortic valve replacement. 
Moreover, this association increases with PPM severity and appears constant over time. 
This clinically important observation should encourage surgeons to avoid PPM, espe-
cially in younger patients who often receive a mechanical valve and PPM, therefore, may 
have a higher negative impact on their survival.

The studies presented in this thesis found several potential risk factors for accelerated 
allograft failure in the RVOT position. Younger patient age was found to be an indepen-
dent risk factor for accelerated allograft failure. A plausible explanation for this observa-
tion is the fact that the heart will outgrow the allograft after a few years, resulting in 
the need for reoperation. To prevent this some authors advise using an allograft with a 
relatively large diameter (66). However, implanting too large an allograft entails a risk 
for compression or kinking of the allograft. Furthermore, the use of aortic allograft (as 
compared to pulmonary allografts) is also correlated with allograft failure. The finding 
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that aortic allografts are more prone to failure, have also been reported in several other 
studies (7, 8, 11, 67). It has been postulated that a lower content of elastic tissue and a 
lower amount of total calcium in the wall of the pulmonary allograft in comparison to 
the aortic allograft can be responsible for this difference (68). It has also been suggested 
that ABO blood group incompatibility can have a negative impact on the durability of 
allograft conduits and on the reoperation rate. Chapter 4 shows that blood group com-
patibility and assignment of quality codes do not have an impact on allograft durability 
after pulmonary valve replacement with a donor allograft.

Statistical methods used for the assessment of patient outcome

In this thesis several novel statistical methods were used for the assessment of patient 
outcome after aortic and pulmonary valve replacement. These methods will be briefly 
discussed here.

Propensity Score analyses
The propensity score was defined by Rosenbaum and Rubin and reflects the prob-
ability of treatment assignment conditional on observed baseline characteristics (69) 
(70, 71). The propensity score is a balancing score which means that conditional on the 
propensity score, the distribution of measured baseline variables is similar between the 
treatment and control group. 

In contrast to randomized clinical trials, investigators have no control over the treat-
ment assignment in observational studies. Propensity score can, therefore, be used to 
reduce the potential bias in estimated effects obtained from observational studies. Most 
widely used propensity-score methods are covariate adjustment using the propensity 
score, propensity score matching and stratification of the study population based on 
the propensity score (72). 

The application of both propensity score adjustment and propensity score matching 
is illustrated in Chapter 10, where it is shown that without using the propensity score 
method it would not be possible to compare late survival between young adults under-
going an autograft procedure and young adults receiving a mechanical prosthesis. Auto-
graft patients were for example on average seven years younger, had more often aortic 
valve stenosis and had better physical condition compared to patients that received a 
mechanical prosthesis. Patients that received a mechanical prosthesis had more often 
diabetes, hypertension, and next to aortic valve disease also other cardiac conditions 
requiring concomitant cardiac surgery. All these differences have an important impact 
on late survival in these patient groups (73-75). The additional advantage of calculating 
the propensity scores for the different group of patients is that it elegantly can illustrate 
the strict selection of patients for a particular procedure.



310

CHAPTER 20

Although the propensity score method offers an elegant solution for reducing bias 
in observational studies, the main limitation of this method is that the propensity score 
can only make a balance based on registered or measured baseline characteristics be-
tween treated and untreated subjects. Hence, it is theoretically possible that there are 
important unregistered or unmeasured characteristics for which the matched groups 
are not balanced. These unmeasured baseline characteristics and subsequently unbal-
anced propensity score can result in biased estimation of the true treatment effect and, 
therefore, wrong conclusions.

Matching patient survival
The analyses of outcome of patients after a certain treatment can be relatively easy. 
However, putting these results into a perspective is much more difficult. The evalua-
tion of long-term survival of patients can be difficult to interpret since several other 
causes of death compete with those that are a direct consequence of the disease or 
treatment studied. This is particularly the case when the study population consists of 
elderly patients. Therefore, in order to be able to correctly assess the degree of mortality 
in a certain patient population it is important to compare the mortality of this group 
with that of a reference group.

The method of ‘relative survival’ was introduced by Ederer et al. in 1961 (76). Relative 
survival is defined as the ratio between observed cumulative survival rate in a group of 
patients during a specified follow-up period, and the expected cumulative survival rate 
in a reference population. The relative survival can be estimated by using the national 
life table for individuals from general population while matching by age, gender, the 
calendar year in which the patient was followed within the study and, when possible, 
race. This method has been used in Chapter 11 to evaluate the long-term mortality 
of patients with infective endocarditis who undergo operation in relation to the age-
matched and gender-matched general population. Using this method, we were able 
to illustrate that, although hospital mortality is considerable for patients that were 
operated for infective endocarditis in our institution, those patients who survived the 
immediate postoperative period after the diagnosis of infective endocarditis had a 
survival rate similar to the age- and gender-matched general population.

The main advantage of the ‘relative survival’ method is that it provides a measure of 
excess mortality observed in a group of patients even when the exact causes of death 
are not known. Since relative survival provides clinically important information, the 
comparison of patient survival with that of general population should be performed 
in each clinical study that assesses the (long-term) patient survival in order to make a 
distinction between mortality as a direct consequence of the disease or treatment and 
mortality due to all other causes. Patient survival should be matched with survival of the 
general population based on age, gender, follow-up period, and (whenever possible) 
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race and socio-economic status. In addition, because of the exponential relationship 
between increasing patient age and mortality hazard, it is important that the relative 
survival of the patients is calculated based on the individual patient age and not the 
average age of the entire patient population.

Multiple imputation of missing values
Missing values are commonly encountered in observational studies and can result in 
major issues with regard to obtaining valid estimates. Since several types of analyses 
require complete data, researchers often decide to delete observations with missing 
values. This approach, however, does not only result in loss of data and power reduction, 
but can also result in obtaining biases estimates (77). The other approach is to impute 
missing values in order to avoid deleting incomplete observations. Although several 
alternatives exist for imputing missing values, the method of multiple imputation has 
shown in simulation studies to result in estimates which are efficient and valid (78). The 
application of multiple imputation method is illustrated in Chapters 16 and 17. Mul-
tiple imputation uses existing values of other variables to predict the missing values of 
the variable of interest. The process of imputing the missing values is performed several 
times which ultimately results in multiple imputed data sets (hence the term “multiple 
imputation”). Each of these imputed datasets is then used for statistical analyses produc-
ing multiple analysis results. Then following Rubin (79), the results of multiple analyses 
are combined to an overall analyses. An important advantage of multiple imputation 
is that it accounts for missing data by restoring not only the natural variability in the 
missing data, but also by incorporating the uncertainty caused by estimating missing 
data. This uncertainty is taken into account because the multiple imputation procedure 
replaces each missing value with a set of plausible values, and not with just a single 
value for each missing value, resulting in statistically valid inferences that adequately 
reflect the uncertainty caused by missing values. The method of multiple imputation is 
not often applied in cardiovascular surgical community or even the medical community. 
Not only this method requires theoretical knowledge but also advanced statistical soft-
ware in order to perform the analyses. However, this method does offer the researchers 
an important tool for dealing with missing values and should therefore be more often 
applied in medical research, especially since the additional value of this method has 
been proven in several studies (80, 81). Although imputation technique offer good solu-
tions of the missing data problem, it is still important that researchers explicitly indicate 
which variables had missing data and how much of the data was missing.

Variable Selection using bootstrap
The selection of a correct set of variables is an important part of the process of iden-
tifying independent risk factors associated with an outcome. Researchers often use 
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automated methods like forward selection, backward elimination and stepwise regres-
sion in order to identify potential risk factors associated with a certain outcome or in 
order to construct a parsimonious regression model. However, it has been shown that 
the application of these type of methods can result in suboptimal models (82, 83). 
These suboptimal models can be the consequence of omitting an important predic-
tor, resulting in biased predictions, or selecting certain variables which are wrongly 
identified as an independent predictor of the outcome of interest. In addition, it has 
been shown that the application of these types of methods can result in models which 
are unstable and not reproducible (84). Chapters 15-18 illustrate the use of bootstrap 
method for the selection of potential variables for the multivariable model. Instead of 
making predictions from a single model fit to the observed data, bootstrap samples 
are taken of the data, then the model is fit to each sample, and finally predictions are 
averaged over all of the fitted models to get the bagged prediction. Bootstrap bagging, 
although demanding huge amounts of computer cycles, removes much of the human 
arbitrariness from multivariable analysis and provides an important statistic: a measure 
of reliability of a risk factor. Bootstrap bagging provides a balance between selecting risk 
factors that are not reliable (type I error) and overlooking variables that are reliable (type 
II error). It has been shown that the use of bootstrap with automated selection methods 
results in models with excellent performance which are superior in predictive accuracy 
as compared to models applying Aikaike’s Information Criterion, Schwartz’s Bayesian 
Information Criterion or cross-validation (85). Within the cardiovascular surgical com-
munity, the bootstrap method has been particularly applied by dr Eugene Blackstone 
(86, 87). However, the application of this method should be encouraged more widely as 
it can provide an additional value of correctly identifying potential risk factors associ-
ated with an outcome.

Assessment of (allograft) valve function over time

The assessment of valve performance is complicated by several factors. First of all, valves 
are implanted in patients, who themselves have a limited survival. This creates a situa-
tion in which the risk of patient death competes with valve durability. Secondly, valve 
failure is a continuous process, not a hard end point. Time-to-event analysis is therefore 
inappropriate when assessing echocardiographic valve function, since it considers time 
of follow-up as a continuous variable while echo data are usually available within a 
certain time frame and are often incomplete in one or more time frames. In addition, it 
considers valve dysfunction as an irreversible endpoint, while severity of valve dysfunc-
tion (for example aortic/pulmonary regurgitation) is often variable over time. Thirdly, 
the means by which echocardiographic follow-up is obtained may influence the results: 
opportunistic versus standardized follow-up, experience of the observer, and intervals 
between measurements may all cause bias. Finally, allograft dysfunction may present in 
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different ways: through regurgitation, stenosis or a combination, further complicating 
valve performance analysis.

The challenge in analyzing longitudinal data is, therefore, estimating the average 
pattern of outcome over time and its variability in the group of patients. In addition, 
this average must take several sampling characteristics into account (e.g. censoring 
by death, unequal number of observations per patient, different follow-up intervals 
between observations). In contrast to time-to-event methods, linear and non-linear 
longitudinal models are able to adequately deal with these important characteristics of 
longitudinal data (88).

The 2008 guidelines for reporting mortality and morbidity after cardiac valvular inter-
ventions (88) propose the use of longitudinal data analysis for series of assessments like 
repeated echocardiographic measurements of valve function to estimate it’s average 
temporal pattern and variability in a group of patients. The application of linear and 
non-linear longitudinal methods enables the researchers to model the trend of various 
repeatedly collected data such as echocardiographic measurements over time after al-
lograft implantation. Using these methods it is possible to visualize the temporal trend 
of, for example, each aortic regurgitation grade over time during follow up. Clinicians can 
use such temporal trends to determine on average how for example aortic regurgitation 
develops over time after aortic allograft implantation. From statistical perspective, these 
types of methods are superior and more informative compared to the methods where 
repeated outcomes are dichotomized and analyzed with actuarial methods as if they 
were events, such as freedom from grade 1+ or 3+ aortic regurgitation after aortic valve 
surgery (89, 90). Assessing the trend of outcomes of interest and identifying factors 
that influence these outcomes over time can be of particular importance since it can 
help the clinicians understand how a certain process changes over time and thus can 
contribute to a better patient management (e.g. by determining which patients should 
be monitored more closely by their physicians and at which time interval).

Several methods for longitudinal analyses exist. Both linear and non-linear structures 
can be used to analyze longitudinal data. In linear methods, the degree of the outcome 
(y) is determined by the degree of the input (x), which can be written as a y=ax+b 
equation. An important characteristic of linear methods is proportionality since there 
is a straight-line relationship between the input value and the outcome. Therefore, the 
behavior of linear methods can be fully predicted. In non-linear methods, the model 
uses parameters that are allowed to vary. Therefore, the assumption of proportionality is 
absent in non-linear models and the behavior of such model cannot be fully predicted. 
The cardiovascular system is a complex mechanical, chemical, and hemodynamic system 
in which the processes are often related via a variety of mechanisms. Therefore, these 
processes are often non-linearly structured (91-93). Since the principle of proportional-
ity may not be valid, using linear methods may result in simplification of the real process 
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and therefore inaccurate results and inferences. On the other hand, the application of 
non-linear models is relatively time-consuming and more advanced. 

Both the linear and non-linear methods are more advanced and time consuming 
compared to application of for example actuarial methods for the analyses of serial data. 
However, these methods are more reliable and reproducible, and can be done using 
standard available software. Currently, it is not entirely clear whether the non-linear pat-
tern indeed results in better description of echocardiographic (allograft) valve function 
over time and further validation is necessary to confirm whether linear models are also 
suitable for the analyses of echocardiographic valve function over time.

Combining patient outcome and valve outcome and function

Patients are at risk of several types of events during follow-up after a certain treatment 
and they may experience a certain event which is not the one of interest but which 
does alter the probability of experiencing the event of interest. The situation where the 
occurrence of one event competes with the occurrence of the other events is described 
as competing risks analyses. The application of competing risks analyses is illustrated in 
Chapter 18 where the competing risks of reoperation and death before reoperation are 
evaluated.

Actuarial methods like the Kaplan-Meier method assume that only one type of event 
of interest occurs and provide rate estimates for a certain event without taking into 
account the potential presence of other competing risks. As for many other diseases 
and treatments, taking into account competing risks can be important for the correct 
assessment of patient and prosthesis outcome after heart valve replacement. The appli-
cation of actuarial methods in case of an allograft will answer the question of how high 
the the time-varying failure rate of the allograft is, while the application of competing 
risks analyses will answer the question of how likely the probability of allograft failure 
is while the recipient of this allograft is still alive. The assessment of the latter question 
does not only require the estimation of the intrinsic probability of allograft failure, but 
also the likelihood that the patient will still be alive in order to experience the allograft 
failure. Analyzing and evaluating each event separately in a certain patient population 
can result in misleading conclusions. This is because not taking into account compet-
ing events, while they are present, will result in an overestimation of the cumulative 
incidences, particularly in the context of the Kaplan-Meier method. Researcher should 
be encouraged to present both the results of the the event of interest and the results 
of competing risks in order to being able to objectively assess the outcome of patients.

Over the last two decades an increased attention has been given to combining longi-
tudinal data with time-to-event data. This approach is called joint-modeling and enables 
us to investigate for example in which degree serial echocardiographic measurements 
(or certain biomarkers) are capable of predicting events (e.g. death or reoperation) that 
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patients might experience after a certain treatment (94-96). Several well established 
classical models exist for the separate analyses of longitudinal data and time-to-event 
data. However, these classical models do not consider dependencies between these two 
different data types (longitudinal data and time-to-event data) which can lead to ineffi-
cient or biased results when the longitudinal data is correlated with time-to-event data. 
In case where these two types of data are correlated, the application of joint modeling 
is more appropriate. In joint-modeling, typically a mixed-effects model is used for the 
longitudinal data and a Cox model for the survival data in order to build a single model 
where dependency and association between these types of data is taken into account 
(97). This approach can ultimately lead to a less biased and more efficient identification 
of potential prognostic factors of a certain outcome (97). The problem with the applica-
tion of joint modeling is currently the complexity of the analyses and lack of appropriate 
software. It can be expected, however, that this issues will become less important when 
freely available and easy applicable software will become more readily available.

Future perspectives

The ideal substitute for the diseased aortic valve is yet to be found. While currently sev-
eral types of prosthesis exist, they all have one or more properties (e.g. hemodynamics, 
durability, thrombogenicity) limiting their use in clinical practice. The development of 
novel techniques in aortic valve replacement may contribute to the search of the ideal 
prosthesis for the individual patients. Although on-pump aortic valve replacement still 
remains the procedure of choice, it can be expected that less invasive approaches cur-
rently used in surgical high-risk patients (e.g. percutaneous aortic valve replacement) 
may become a serious alternative for a certain group of patients. Furthermore, while 
prosthesis implantation offers an elegant solution for the native valve disease, the 
patients face the consequences of prosthetic valve disease during the remaining years 
of their lives. Particularly young adult patients are at risk of several repeat valve replace-
ments because of the failing prosthesis. Consideration of risk factors associated with 
prosthesis failure can considerably improve the outcome of patients after heart valve 
prosthesis implantation. The application of modern and novel statistical techniques 
can significantly contribute to a better risk factor assessment and outcome modeling of 
patients undergoing cardiac surgery. In this regard, it is important that researchers and 
clinicians are encouraged to educate themselves in these techniques and apply them 
whenever there are more appropriate than conventional statistical methods.

Although allografts are currently the preferred type of conduit for pulmonary valve 
replacement and most experience has been acquired with these allografts, other op-
tions will probably become more established in basic clinical care. Pulmonary valve 
replacement using percutaneous approach is a very promising technique from which 
many patients may benefit without undergoing multiple redo surgeries (98). Most pa-
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tients with an indication for pulmonary valve replacement have undergone at least one 
surgical procedure and will need to undergo one or more redo valve replacements in the 
future. The introduction of new minimally invasive techniques can further improve the 
survival and quality of life of this group of patients. It’s inevitable that minimally invasive 
procedures will be further developed. However, it remains uncertain whether these 
techniques can replace conventional methods on short term since an important aspect 
of these new developments is the durability of the prosthesis (99). Long-term follow-up 
studies have to prove whether the performance of these novel devices is comparable 
with the allografts. Furthermore, associated lesions (e.g. tricuspid regurgitation, residual 
ventricular septal defects, branch pulmonary artery stenosis) in patients with congenital 
heart disease in whom the pulmonary valve needs to be replaced cannot be neglected 
when deciding between the conventional surgical approach, percutaneous approach, 
and other minimally invasive alternatives. 

Currently, there is no evidence-based consensus on optimal timing for (redo) valve 
replacement in (young adult) patients with human tissue prosthesis in the aortic or 
pulmonary valve position (e.g. patients with congenital heart disease and autograft pa-
tients). In order to determine the optimal timing of prosthesis replacement in a particular 
patient population, ideally all patients should be followed over time until everybody has 
died and all events (not only the first) that took place over time should be analyzed. Fur-
thermore, this should be combined with periodically assessed prosthesis (dys)function 
over time. In real life, the former is usually not a realistic option and the latter is difficult to 
achieve since there is no statistical test at this moment which combines clinical outcome 
with longitudinal prosthesis (dys)function (e.g. echocardiographic outcome). Our future 
studies will explore the feasibility to statistically combine clinical outcomes (discrete 
endpoints like death and reoperation) with longitudinal echocardiographic outcome 
(point estimates of continuous data gathered over time). This statistical method may 
significantly contribute to the decision of what optimal timing of aortic or pulmonary 
valve replacement is for a single patient with particular risk factors combined with 
echocardiographic valve (dys)function at that particular time. Furthermore, this type of 
statistical method can take into account the morbidity and mortality that the patient 
may experience according to predefined estimates of operative mortality, event occur-
rence and their consequences (death or reoperation), the probability of dying of other 
non-valve-related causes, risk factors responsible for valve dysfunction or event, and 
echocardiographic measurements of pulmonary valve (dys)function. Development of a 
clinical decision support tool that takes into account the estimated clinical outcome of 
the patient and the estimated echocardiographic progression of valve failure will enable 
clinicians to predict the pattern of further functional deterioration of allografts and to 
determine, evidence-based, the optimal timing of aortic or pulmonary valve replace-
ment. 
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Advances in medical science have resulted in having many replacement options for 
patients in need of heart valve replacement. Although the application of evidence 
based medicine in some instances clearly indicates which treatment option is the best 
for a particular patient, often there are several reasonable options available which 
are all associated with uncertain outcomes, benefits and harms. With regard to heart 
valve replacement, this is for example the case in patients who are middle-aged and 
in whom life expectancy is comparable between mechanical and bioprosthetic heart 
valve substitutes (100). For these patients there is no single ‘best choice’ in selecting 
a prosthetic valve since patients may very well prefer a 60% life time risk of a reopera-
tion with a bioprosthesis over a 20% life-time risk of a major thromboembolic event or 
bleeding with a mechanical valve, or vice versa, depending on his or her preferences. 
Although patient-centered care and shared decision making has gained increased 
awareness among the healthcare community, it still remains elusive to many health care 
providers. Evidence-based individualized shared decision making should, therefore, be 
more widely adopted in routine clinical practice by informing patients adequately and 
according to their educational background and by enabling patients to discuss their 
preferences with their doctors. In order for shared decision making to become part of 
mainstream clinical practice it is important to develop and implement decision aids 
(e.g. prognostic models) which can be used to provide evidence based information to 
doctors and patients in a balanced manner about the benefits and harms of different 
treatment options (101). Furthermore, future physicians should not only be educated 
in knowing the outcomes of different treatment options but should also be able to 
adequately inform their patients about these outcomes in the context of patient’s 
educational background and patients preferences towards the pros and cons of the 
available treatment options. Shared decision making may also contribute to a reduction 
of health care costs. We live in an era where the growth in health care expenditures and 
changes in the current economic environment have made the cost of health care a ma-
jor policy priority. Health care is no longer by definition financed based on the number 
of procedures performed (quantity), but more often based on the quality of care that 
is provided to patients. Involving patients in treatment decision making processes can 
increase patient’s perceived quality of care. In addition, it has been shown that shared 
decision making can also contribute to cost reduction since patients may choose less 
costly alternative as treatment than their doctors initially would (102, 103).

Concluding remarks

This thesis provides further knowledge about the outcome of patients undergoing aortic 
or pulmonary valve replacement. The different studies presented show that, although 
patients undergoing aortic or pulmonary valve replacement with human tissue valves 
have a good late survival probability which is in most instances comparable with the 
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general population, an increasing rate of valve failure can be expected in the second 
post-operative decade. These results underline the importance of careful monitoring 
of patients after heart valve replacement irrespective of the type of surgical technique 
applied. This thesis also illustrates that the application of novel statistical methods can 
contribute to a better understanding of patient and valve outcome after heart valve 
replacement procedures and can help clinicians to better tailor surgical treatment and 
improve the outcome of their patients. 
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SUMMARY

Chapter 1 gives a general introduction to the topics studied in this thesis. The aims of 
our studies are presented and an outline of this thesis is given.

Chapter 2 describes the Rotterdam long-term experience with the use of allograft 
conduits for reconstruction of the right ventricular outflow tract in congenital heart 
malformations and autograft procedures. The results of this study show that this pro-
cedure can be performed with good patient survival (93% at 10 years and 88% at 15 
years), acceptable long-term allograft durability (89% at 10 years and 81% at 15 years) 
and good perceived quality of life.

Chapter 3 concerns the long-term experience with the use of allograft conduits for right 
ventricular outflow tract reconstruction after correction of tetralogy of Fallot in our insti-
tution. Allograft implantation after previous tetralogy of Fallot repair can be performed 
with low risk and a low reintervention rate (freedom from allograft replacement was 
83% at 10 years and 70% at 15 years). The results of allograft durability are acceptable 
at long-term follow-up (freedom from any valve related event was 80% at 10 years and 
67% at 15 years). Functional improvement after allograft implantation in patients with 
a previous correction of tetralogy of Fallot is good, even after a relatively long period of 
follow-up. However, there is concern about the long-term patient survival (80% at 15 
years) and the occurrence of heart failure as a cause of late mortality.

Chapter 4 describes the impact of ABO blood group compatibility and assignment of 
quality codes on the reoperation rate of allograft conduits used for right ventricular out-
flow tract reconstruction. In our experience blood group compatibility and assignment 
of quality codes do not have an impact on allograft durability.

Chapter 5 is a letter to the editor underlining the importance of using correct statistical 
methods and having an appropriate number of subjects being at risk in order to achieve 
reliable estimates of the 3 major functions (survival, probability density, hazard) and to 
ensure that the standard error of the survival estimate is less than 10%.

Chapter 6 describes the long-term results of autologous support of the pulmonary 
autograft in the Ross procedure. This study shows that application of a variant of the 
inclusion cylinder technique, whereby the aortic root size was adjusted to match the 
pulmonary autograft, leads to excellent results in the groups of patients presenting 
with aortic stenosis and mixed aortic stenosis/regurgitation, and good results for those 
presenting with pure aortic regurgitation. 
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Chapter 7 describes the long-term survival of patients with infective endocarditis. This 
study shows that despite diagnostic and therapeutic advances, infective endocarditis 
is associated with a high long-term mortality. Compared to the general Dutch popula-
tion, the survival of patients with infective endocarditis was significantly lower. Even in 
the event of infective endocarditis being cured, the survival of these patients may be 
diminished compared to that of the general population. Hence, a careful follow up of 
these patients is warranted.

Chapter 8 presents a systematic literature review that was undertaken to assess the 
timing of surgery in the treatment of infective endocarditis. Although endocarditis 
has been extensively described over the last decades and treatment with surgery is 
established for certain indications associated with improved survival, surgical treat-
ment of prosthetic valve endocarditis carries quite a high mortality and requires close 
follow-up due to a continued postoperative risk of heart failure, renal failure, recurrent 
endocarditis and neurologic disorders. The selection of patients who benefit most from 
valve replacement is becoming more transparent, but treatment often remains biased 
because of several reasons (e.g. surgeon preferences, cardiologist preferences, referral 
patterns, institutional policies). A large number of ongoing studies and randomized tri-
als will produce stronger evidence.

Chapter 9 describes the results of a systematic review and meta-analysis of observational 
studies assessing the impact of prosthesis–patient mismatch on long-term survival after 
aortic valve replacement. Prosthesis–patient mismatch was associated with an increase 
in all-cause and cardiac-related mortality over long-term follow-up, in particular in 
younger patients and those receiving a mechanical prosthesis. Current efforts to prevent 
prosthesis–patient mismatch should therefore receive more emphasis and widespread 
acceptance to improve long-term survival after aortic valve replacement.

Chapter 10 concerns a propensity score–matched study that assessed late survival in 
young adult patients after a Ross procedure versus that after mechanical aortic valve 
replacement with optimal self-management anticoagulation therapy. In comparable 
patients with isolated aortic valve disease, there is no late survival difference in the 
first postoperative decade between the Ross procedure and mechanical aortic valve 
implantation with optimal anticoagulation self-management. Survival in these selected 
young adult patients closely resembles that of the general population, possibly as a 
result of highly specialized anticoagulation self-management, better timing of surgery, 
and improved patient selection in recent years.
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Chapter 11 describes the long-term mortality of patients with surgically treated 
infective endocarditis in relation to the age-matched and gender-matched general 
population. Although mortality of infective endocarditis patients who have undergone 
operation remains considerable during the immediate postoperative period, the mortal-
ity of hospital survivors is, with increasing follow-up time, comparable with the general 
population.

Chapter 12 describes the long-term allograft function after surgical procedures in which 
a standard or bicuspidalized homograft was used in the right ventricle-pulmonary artery 
position in infants younger than 12 months, including patients with a Ross or extended 
Ross procedure. The results of this study show that when properly sized cryopreserved 
homografts for placement in the right ventricle-pulmonary artery position in Ross, 
Konno—Ross, and other procedures in infants under the age of 1 year are not readily 
available, bicuspidalized homografts provide an acceptable alternative.

Chapter 13 describes the long-term results of our ongoing prospective cohort of 
autograft recipients. We observed good late survival in patients undergoing autograft 
procedure without reinforcement techniques (90% at 18 years). However, over half of 
the autografts failed prior to the end of the second decade. The reoperation rate and 
the results of echocardiographic measurements over time underline the importance of 
careful monitoring especially in the second decade after the initial autograft operation 
and in particular in patients with pre-operative aortic regurgitation.

Chapter 14 describes the influence of pregnancy on durability of homografts and 
pulmonary autografts. This study shows that pregnancy is not associated with impaired 
durability of human tissue valve substitutes. Thus, young female patients who are 
planning to start a family may consider human tissue valves as a suitable aortic valve 
substitute, although at the cost of a reoperation later in life.

Chapter 15 details the Melbourne experience with the Ross operation in patients with 
predominant aortic stenosis using an inclusion cylinder method. In an experience span-
ning 19 years, the Ross operation used for predominant aortic stenosis using the inclu-
sion cylinder method described, results in 99% freedom from re-operation on the aortic 
valve at 15 years, better than any other tissue or mechanical valve. For adults under 65 
years without significant co-morbidities who present with predominant aortic stenosis, 
the pulmonary autograft inserted with this technique gives excellent results.

Chapter 16 describes the pulmonary conduit function over time in Ross patients using 
sophisticated statistical methods. Echocardiographic follow-up of pulmonary conduits 
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shows outstanding conduit durability. Clinical important pulmonary conduit regurgita-
tion is rare in adult patients after the Ross operation. Conduit obstruction of potential 
clinical impact occurs in a minority of patients. While conduit pressure gradient develop-
ment occurs predominantly during the first two years postoperatively, conduit regurgi-
tation increases gradually across time yet clinically insignificant on average. 

Chapter 17 describes the echocardiographic allograft valve function over time in a 
cohort of patients that underwent right ventricular outflow tract reconstruction with an 
allograft conduit. Although the allograft valve function over time is acceptable, progres-
sive allograft conduit regurgitation and stenosis can be expected in the second decade 
after right ventricular outflow tract reconstruction with an allograft, in particular when 
implanted in the extra-anatomic position.

Chapter 18 describes echocardiographic allograft valve function over time in a cohort 
of patients who were prospectively followed after allograft aortic valve or root replace-
ment, illustrating the use of longitudinal data analysis for assessing valve function over 
time. Both aortic regurgitation and stenosis increase over time after allograft aortic valve 
or root replacement. Younger patient age and use of the subcoronary implantation tech-
nique are associated with increased regurgitation and stenosis. The use of non-linear 
longitudinal models allows for a useful analysis of allograft valve function over time.

Chapter 19 is a letter to the editor underlining the importance of involving the patients 
in the selection of most appropriate treatment option. Although patient-centered care 
and shared decision making has gained increased awareness among the healthcare 
community, it still remains elusive to many health care providers. Evidence-based indi-
vidualized shared decision making should, therefore, be more widely adopted in routine 
clinical practice by informing patients adequately and according to their educational 
background and by enabling patients to discuss their preferences with their doctors. 

In Chapter 20, the general discussion, the results that were presented in this thesis are 
discussed and the research questions that were posed in Chapter 1 are answered.
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In Hoofdstuk 1, de algemene introductie, wordt de achtergrond van het onderzoek 
beschreven en worden het doel en de onderzoeksvragen uiteengezet. 

Hoofdstuk 2 beschrijft de ervaring met het gebruik van donorkleppen bij patiënten 
met een aangeboren afwijking van de pulmonaalklep en bij patiënten die de autograft 
procedure hebben ondergaan. De resultaten van deze studie laten zien dat deze patiën-
ten een goede overleving hebben van 93% na 10 jaar en 88% na 15 jaar. De duurzaam-
heid van de donorkleppen kan als acceptabel worden beschouwd met een vrijheid van 
heroperatie van 89% na 10 jaar en 81% na 15 jaar. Tevens geven deze patiënten aan dat 
ze een goede kwaliteit van leven hebben met weinig beperkingen bij het uitvoeren van 
dagelijkse bezigheden.

Hoofdstuk 3 betreft de lange termijn resultaten van het gebruik van donorkleppen op 
de pulmonaalklep positie na eerdere reconstructie in verband met tetralogie van Fallot. 
Het implanteren van donorkleppen bij deze patiënten kan plaats vinden met een laag 
operatief risico. Het risico van heroperatie op de lange termijn is relatief laag met een 
vrijheid van reoperatie van 83% na 10 jaar en 70% na 15 jaar. De duurzaamheid van de 
donorkleppen bij deze groep patiënten is tevens acceptabel. Echter, gezien de relatief 
lage overleving van 80% na 15 jaar waarbij hartfalen relatief frequent de doodoorzaak 
was dienen deze patiënten nauwgezet vervolgd te worden.

Hoofdstuk 4 beschrijft het verband tussen ABO bloedgroep incompatibiliteit en het 
toekennen van kwaliteitscodes enerzijds, en de duurzaamheid van donorkleppen op de 
pulmonaalklep positie anderzijds. De analyses van onze ervaring laten zien dat er geen 
significant verband is tussen ABO bloedgroep incompatibiliteit en de duurzaamheid 
van de donorkleppen. Tevens werd er geen verband gevonden tussen het toekennen 
van kwaliteitscodes bij het prepareren van donorkleppen en de duurzaamheid van deze 
kleppen na implantatie.

Hoofdstuk 5 is een brief aan de editor waarin het belang van het toepassen van de 
juiste statistische methodes bij het analyseren van de data wordt benadrukt.

Hoofdstuk 6 betreft de lange termijn resultaten van de pulmonalis autograft in patiën-
ten die de Ross procedure hebben ondergaan en waarbij er additionele technieken zijn 
gebruikt om de pulmonalis autograft extra te ondersteunen. Deze studie toont aan dat 
het aanpassen van de aortawortel aan de grootte van de pulmonalis autograft tot een 
uitstekende duurzaamheid van de deze kleppen leidt bij patiënten die zich voorname-
lijk presenteren met een aorta stenose of een combinatie van zowel aorta stenose en 
aorta insufficiëntie. 
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Hoofdstuk 7 beschrijft de lange termijn overleving van patiënten met een infectieuze 
endocarditis. Ondanks de ontwikkelingen op het gebied van diagnostiek en therapie, 
blijft infectieuze endocarditis een ziekte welke gepaard gaat met een relatief hoge 
mortaliteit. Vergeleken met de overleving van de algemene Nederlandse bevolking 
was de overleving van deze groep patiënten aanzienlijk lager. Zelfs in het geval men 
geneest van deze ziekte, blijft de overleving nog steeds significant lager vergeleken met 
voor een leeftijd en geslacht gecorrigeerde overleving van een persoon in de algemene 
Nederlandse bevolking. Deze patiënten dienen dan ook nauwgezet vervolgd te worden.

Hoofdstuk 8 betreft een literatuurstudie naar het optimale tijdstip van chirurgie bij 
patiënten met infectieuze endocarditis. Hoewel er afgelopen decennia vele studies 
zijn gepubliceerd met betrekking tot de behandeling van patiënten met infectieuze 
endocarditis, blijft cardiochirurgie bij deze groep patiënten nog steeds gepaard gaan 
met een relatief hoge mortaliteit en dienen deze patiënten postoperatief zeer nauwlet-
tend gecontroleerd te worden in verband met complicaties. Naarmate de tijd vordert 
wordt het steeds duidelijker welke subgroepen patiënten met infectieuze endocarditis 
in potentie het meest van chirurgische interventies profiteren, maar duidelijke indicaties 
voor chirurgie zijn er op dit moment niet mede gezien de persoonlijke voorkeuren van 
de afzonderlijke chirurgen, afzonderlijke cardiologen en institutionele richtlijnen. Op dit 
moment worden verschillende gerandomiseerde studies uitgevoerd welke meer duide-
lijkheid zullen verschaffen over de vraag welke patiënten met infectieuze endocarditis 
het meest van chirurgische interventies zullen profiteren.

Hoofdstuk 9 beschrijft de resultaten van een literatuurstudie en meta-analyse van 
observationele studies met betrekking tot de invloed van ‘kunstklep-patiënt-mismatch’ 
op de lange termijn overleving van patiënten die een aortaklepvervanging ondergaan. 
De resultaten van de deze studie tonen aan dat het bestaan van ‘kunstklep-patiënt-
mismatch’ gepaard gaat met een verhoogde kans op algehele- en cardiale mortaliteit 
wanneer patiënten gedurende een lange tijd vervolgd worden, met name als het gaat 
om relatief jonge patiënten en patiënten die een mechanische kunstklep krijgen. Het 
fenomeen van ‘kunstklep-patiënt-mismatch’ dient dan ook meer aandacht te krijgen 
van de artsen om de overleving van de patiënten na een aortaklepvervanging verder 
te verbeteren.

Hoofdstuk 10 betreft de resultaten van een studie waarin de overleving van jongvol-
wassen patiënten die een Ross procedure hebben ondergaan vergeleken is met de 
overleving van patiënten die een mechanische aortaklep vervanging hebben onder-
gaan waarbij men streefde naar een optimale antistollingstherapie. De resultaten van 
deze studie tonen aan dat Ross procedure geen overlevingsvoordeel biedt wanneer er 
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gekeken wordt naar vergelijkbare patiënten die een mechanische aortaklepvervanging 
hebben ondergaan met een optimale antistollingsbehandeling. De overleving van 
deze beide groepen jongvolwassen patiënten is vergelijkbaar met een voor leeftijd en 
geslacht gecorrigeerde overleving van de algemene bevolking.

Hoofdstuk 11 beschrijft de lange termijn overleving van patiënten die een operatie 
hebben ondergaan in verband met infectieuze endocarditis. Patiënten met infectieuze 
endocarditis die een klepoperatie ondergaan lopen een aanzienlijk sterfterisico tijdens 
de direct postoperatieve periode. Patiënten die het eerste jaar overleven hebben echter 
dezelfde overlevingskansen als gezonde mensen.

Hoofdstuk 12 beschrijft de resultaten van gebicuspidaliseerde kleppen welke geïm-
planteerd zijn op de pulmonaalklep positie. Deze studie toont aan dat deze in grootte 
gereduceerde donorkleppen een goed alternatief kunnen zijn bij patiënten jonger dan 
1 jaar indien er een tekort is aan donorkleppen met een kleine diameter.

Hoofdstuk 13 betreft de lange termijn resultaten van de pulmonalis autograft operatie. 
Hoewel de overleving van de patiënten uitstekend is (90% na 18 jaar), is de levensduur 
van de kleppen beperkt en dient de helft van deze kleppen opnieuw vervangen te wor-
den voor het eind van de tweede decade na de operatie. Deze resultaten benadrukken 
het belang van het feit dat deze patiënten nauwgezet gecontroleerd dienen te worden, 
voornamelijk in de tweede decade na de initiële operatie en met name bij patiënten die 
geopereerd zijn in verband met aortaklep insufficiëntie. 

Hoofdstuk 14 beschrijft de invloed van zwangerschap op de duurzaamheid van 
donorhartkleppen. De resultaten van deze studie tonen aan dat zwangerschap geen 
negatieve invloed heeft op de duurzaamheid van donorkleppen. Donorkleppen kunnen 
dan ook als een goed alternatief beschouwd worden bij vrouwelijke patiënten die een 
hartklepvervanging moeten ondergaan en voornemens zijn zwanger te worden na de 
operatie. 

Hoofdstuk 15 rapporteert de ervaringen van de cardiochirurgen in Melbourne met de 
Ross procedure bij patiënten die geopereerd zijn in verband met voornamelijk aorta 
stenose en waarbij een speciale techniek (inclusion cylinder method) is gebruikt voor 
het implanteren van de pulmonalis autograft. De resultaten van deze studie tonen aan 
dat deze techniek gepaard gaat met uitstekende uitkomsten waarbij de vrijheid van 
reoperatie 99% was na 15 jaar. Deze techniek dient dan ook sterk in overweging geno-
men te worden bij patiënten jonger dan 65 jaar met weinig co-morbiditeit die zich met 
voornamelijk aorta stenose presenteren.
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Hoofdstuk 16 beschrijft de functie van de pulmonalis allograft in Ross patiënten door 
gebruik te maken van geavanceerde statistische methoden. De analyses van de echo-
cardiografische data van deze allografts tonen aan dat deze kleppen een uitstekende 
duurzaamheid hebben. Klinisch revelante allograft insufficiëntie komt zelden voor bij 
volwassen patiënten die een Ross procedure hebben ondergaan. Klinisch relevante ste-
nose van de allograft wordt voornamelijk in de eerste twee postoperatieve jaren gezien 
en treedt alleen bij een zeer klein aantal patiënten op. 

Hoofdstuk 17 beschrijft de functie van de allografts in de loop van de tijd na de ope-
ratie bij patiënten die een pulmonaalklepvervanging hebben ondergaan. Hoewel het 
analyseren van de echocardiografische data aantoont dat de duurzaamheid van deze 
donorkleppen acceptabel is, wordt een progressieve toename van klepinsufficiëntie 
en klepstenose gezien in de tweede decade na de initiële operatie. Deze toename van 
klepinsufficiëntie en klepstenose wordt vaker gezien wanneer de donorklep geïmplan-
teerd is in de extra-anatomische positie.

Hoofdstuk 18 beschrijft de echocardiografische functie van de allografts na een aor-
taklep- of aortawortelvervanging waarbij innovatieve statistische methodes worden 
geïllustreerd die gebruikt kunnen worden voor het bepalen van klepfunctie in de loop 
van de tijd na een hartklepvervanging. Zowel insufficiëntie als stenose van de allografts 
wordt na een aortaklep- of aortawortelvervanging steeds vaker gezien naarmate de tijd 
vordert. Het gebruik van innovatieve statistische methodes, zoals longitudinale metho-
des, kan zeer behulpzaam zijn bij het bepalen van de klepfunctie in de loop van de tijd 
na een hartklepoperatie.

Hoofdstuk 19 is een brief aan de editor waarin het belang van het betrekken van 
patiënten bij het vaststellen van beleid benadrukt wordt. Hoewel een aantal artsen de 
benadering van gezamenlijke besluitvorming hebben geaccepteerd, zijn er ook relatief 
veel artsen die patiënten niet op deze manier benaderen en betrekken bij het vaststellen 
van het beleid rondom medische behandelingen. Binnen de klinische praktijk dienen de 
artsen vaker te streven naar een gezamenlijke besluitvorming waarbij de patiënten niet 
alleen geïnformeerd dienen te worden over de beschikbaar alternatieven, maar waarbij 
er ook rekening gehouden wordt met het kennisniveau van de patiënten zodat ze in 
staat gesteld worden om adequaat mee te discussiëren over de keuze van behandeling.

Hoofdstuk 20 bevat de algemene discussie, worden de bevindingen die zijn beschreven 
in dit proefschrift bediscussieerd en worden de onderzoeksvragen die geformuleerd zijn 
in hoofdstuk 1 beantwoord. 
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