
Introduction

Surgical repair employing a valved homograft con-
duit between the right ventricle (RV) and pulmonary
artery (PA) is now considered to be a standard

procedure for many complex congenital cardiac
anomalies with right ventricular outflow tract
obstruction (RVOTO) and/or pulmonary insuffi-
ciency. Despite progress in methods for preservation
of valved conduits, the progressive degeneration of
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j Abstract Objective Timing of the operation for exchange of right
ventricular (RV) to pulmonary artery (PA) conduits is a matter of
considerable debate. We aimed to study the course of right ventricular
dimension in patients undergoing conduit exchange. Patients and
methods We retrospectively studied all patients who underwent
implantation and or replacement of RV/PA conduits during the time
period between 1990 and 2005. Clinical and echocardiographic data were
recorded as obtained at follow-up visits. Results A total of 229 (144 boys
and 85 girls) underwent surgery for implantation and or replacement of
RV/PA conduits during the study period. Patients were assigned to three
age groups including 37 infants, 125 children aged 1)10 years and 67
patients more than 10 years of age. 185 pulmonary (81%) and 44 aortic
homografts (19%) were implanted. Fifty-eight of these 185 patients (25%)
required exchange of conduits after a median time of 6.4 (8 months–
12 years) (median (range)). The follow-up was 7.55 (0.1–17) years. The
survival of the patients after homograft change was 98%. Freedom from
failure for aortic and pulmonary homografts at an interval of 10 years for
all patients was 38.5% for aortic and 56.2% for pulmonary homografts
(P = 0.018; Mann–Whitney). Age at conduit exchange (coefficient:
)4.917; P < 0.001) and right ventricular end-diastolic dimension (RVDD)
before conduit exchange (coefficient: 8.255; P < 0.001) were related to
RVDD as measured by M-mode echocardiography at follow-up (‘‘best
subset’’ regression analysis; R squared = 0.746). RVDD decreased in 48/
58 patients, remained unchanged in 8/58 and increased in 2/59 patients at
follow-up. An increased RVDD was positively correlated to the duration
of artificial ventilation after the operation for conduit exchange
(R = 0.56; P < 0.001). Conclusions Reoperation for exchange of degen-
erated conduits should be performed early to prevent the development of
irreversible structural myocardial changes and persistence of right
ventricular dilatation.
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allogenic and xenogenic conduits are still an un-
solved problem requiring repeated changes of con-
duit during of the patient’s lifetime. It is widely
accepted that the ideal conduit has not yet been
developed [8]. A distinct subset of patients with
degenerated extracardiac conduits develops pro-
gressive pulmonary insufficiency and/or stenosis that
lead to RV remodeling, causing structural changes of
the heart muscle, impairing diastolic, and systolic
function.

The detrimental effects of long-standing RV vol-
ume overload include diminished exercise perfor-
mance [17], deterioration in right and left ventricular
function [7], and ventricular arrhythmias [21]. How-
ever, most of the patients with degenerated extracar-
diac conduits remain asymptomatic until severe RV
dysfunction develops. The problems arising from
homografts and xenografts have been addressed in
many studies over the past decades [5–8]. When
reflecting these data, it is evident that there is no
common rule concluding the indicators and optimal
timing for conduit replacement. ‘‘Conduit failure’’
and ‘‘dysfunction’’ are not well-defined terms. Criteria
for timing of reoperation show a great variation [2, 8].
We aimed to study the influence of right ventricular
dimension prior to conduit replacement on right
ventricular dimension after conduit replacement and
on patient outcome as surrogate parameters of the RV
remodeling process.

Patients and methods

j Patient population

From 01/1990 to 12/2005, a total of 229 patients with
congenital heart disease underwent right ventricular
outflow tract (RVOT) reconstruction with cryopre-
served homograft conduits at the Department of
Cardiac Surgery of the University of Heidelberg
Medical Centre. Clinical data were collected from the

patients’ medical records. The total patient popula-
tion (primary implanted homografts and conduit
reoperation) consisted of 144 boys and 85 girls.
Thirty-seven out of 229 patients were infants, 125/229
were 1–10 years old, and 67/229 were >10 years old. A
total of 185 pulmonary (81%) and 44 aortic homo-
grafts (19%) were implanted. Clinical and demo-
graphic data of the patients are shown in Table 1 and
Fig. 1. All patients undergoing primary RV–PA con-
duit implantation were assigned to a Group A. Fifty-
eight (25%) patients required explantation of their
original RV–PA homograft and implantation of a new
cryopreserved homograft conduit during the period
of observation. These 58 implants were assigned to a
Group B, which forms the basis for the subsequent
analysis. Patient demographics for this group are
shown on Table 2. Children undergoing reconstruc-
tion of the RVOT with bovine jugular vein conduits
were excluded from this study. The time interval from
the original repair to the replacement of the conduit
was 6.4 years (range: 8 months to 12 years).

Clinical and demographic data for this retrospec-
tive study were collected from patients’ records.
Length of hospital stay and duration of artificial ven-
tilation were recorded. Echocardiographic data were
reviewed and M-mode measurements of right ven-
tricular diameter on a parasternal long axis view were
recorded. These measurements were related to data for
the right ventricular diameter as obtained in healthy
controls of corresponding body surface area [13].

j Indication for re-operation and conduit exchange

During the period of observation, it was the policy of
our center to re-operate on patients with RV–PA
conduits whenever the following criteria were met:

• pulmonary regurgitation (grade III as determined
by angiography),

• stenosis of the homograft exceeding peak systolic
gradient of >40 mmHg,

Table 1 Type of congenital heart defect and age distribution

Anatomy Age: 0–1 years (n = 37) Age: 1–10 years (n = 125) Age > 10 years (n = 67)

Primary
implant

Conduit change
n/(Dt years)*

Primary
implant

Conduit change
n/(Dt years)

Primary
implant

Conduit change
n/(Dt years)

DORV 5 0 25 5/6.6 10 5/8.2
Complex TGA 5 0 10 4/4.5 4 5/12
TOF 7 0 33 9/8.6 24 7/7.9
TAC 11 1/0.8 4 7/4.3 0 1/6.2
PA 7 1/0.9 16 12/3.8 10 1/7.2
Total 35 2 88 37 48 19

Dt*: time interval between primary conduit implantation and re-operation (years)
Abbreviations: DORV: double outlet right ventricle; TGA: transposition of the great arteries; TOF: tetralogy of Fallot; TAC: truncus arteriosus communis; PA: pulmonary
atresia
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• progressive right ventricular dysfunction associated
with pulmonary regurgitation or stenosis of any
degree.

j Operative technique

Repeat sternotomy was performed with special care to
avoid bleeding caused by adherence of the calcified
homograft to the sternum. Central cannulation was
preferred whenever possible but femoral artery and
vein cannulation was required in selected cases with
the aim to establish cardiopulmonary bypass before
or during repeat sternotomy. Our preferred technique
was to cannulated the aorta and both caval veins with
mild to moderate hypothermia without clamping the
aorta when the atrial and ventricular septum were
intact. Aortic occlusion was used for additional pro-
cedures that would require cardioplegic arrest. When
perfusion was established the conduit was identified
and partially dissected. The obstructed conduit was

excised distally including the anastomotic site with
the pulmonary arteries and proximally to the right
ventricular wall. The origins of the left and right
pulmonary arteries was carefully inspected and mea-
sured with Hegar dilators. Severe PA stenoses were
relieved surgically. Glutaraldehyde-preserved autolo-
gous pericardium was used to reconstruct stenosed
pulmonary branches when necessary. Alternatively
pulmonary branch stenosis was relieved with the new
conduit cut into the appropriate shape. The new
homograft was anastomosed distally with the PA so
that the homograft valve was positioned as close as
possible to the distal anastomosis to prevent geo-
metrical changes at the valve level by compression by
the sternum. The reconstruction was completed by
anastomosing the homograft to the RVOT. For the
roof of this anastomosis, we used PTFE patches. After
rewarming and discontinuation of cardiopulmonary
bypass right ventricular and PA pressures were
measured.

j Echocardiographic examinations

Preoperative and postoperative two-dimensional
echocardiograms were reviewed. Right ventricular
end-diastolic dimension (RVDD) was measured by
M-mode echocardiography using the parasternal long
axis view at the level of the left ventricular papillary
muscles. Values were related to the mean RVDD as
observed on controls of corresponding body surface
area [13]. RVDD at the last follow-up visit was related
to preoperative measurements before conduit
implantation.
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Fig. 1 Age of patients at implantation of right
ventricular to pulmonary artery conduit

Table 2 Demographic data and type of the homograft in patients requiring
conduit change (Group B)

Patient age No Sex Type of homograft

Male Female PA HG AO HG

Age <1 year 2 2 0 2 0
1–10 years 37 24 13 30 7
Age >10 years 19 14 5 15 4
Total 58 40 18 47 (81%) 11 (19%)

Abbreviations: AO HG: aortic homograft; PA HG: pulmonary artery homograft
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j Electrocardiographic examinations

The duration of the QRS complex was measured re-
lated to the RVDD prior to conduit change.

j Statistics

Data are reported as median (range). Non-para-
metric testing (Mann–Whitney) was used to test for
differences between groups. Linear regression was
used to tests the correlation between RVDD and
QRS duration and the correlation between RVDD
and duration of artificial ventilation. Regression
analysis (best subset regression) was used to study
the influence of clinical and echocardiographic
parameters on RVDD at follow-up. Statistical anal-
ysis was performed using the Sigma Stat software
version 3.0 (SPSS Inc., USA) Statistical significance
was considered at P < 0.05.

Results

j Clinical and demographic data

In the whole study group freedom from failure of
function for aortic and pulmonary homografts as
defined above was 38.5% for aortic and 56.2% for
pulmonary homografts as assessed at follow-up of
7.55 years (range 0.1–17 years) after the primary
operation (P = 0.018; Mann–Whitney). Younger pa-
tients were found to require earlier conduit replace-
ment than older patients (Table 3 and Fig. 2) and
aortic homografts showed a higher rate of failure of
function in all age groups (Table 3). Predominant
pressure overload due to conduit stenosis was the
reason for conduit exchange in 22/58 patients whereas
36/58 patients required conduit exchange for signifi-
cant pulmonary regurgitation. In group B, there was
no operative mortality. The survival rate of the pa-
tients with changed conduits was 98%. There was one
late death.

j Echocardiographic measurements

Postoperative echocardiographic measurements were
available in 58 patients at a median follow-up of
7.55 years (range 0.1–17 years). Most patients showed
considerable right ventricular dilatation before conduit
exchange (Fig. 3). RVDD related to the mean value of
normal controls with corresponding body surface area
disclosed that the right ventricular diameter before
operation was increased up to 3.8 times. At the last
follow-up visit after conduit exchange RVDD decreased
in 48/58 patients, remained unchanged in 8/58 patients
and increased in 2/58 patients (Fig. 4).

Age at operation for conduit exchange (coefficient:
)4,917; P < 0.001) and right ventricular diameter be-

Table 3 Freedom from RV–PA conduit exchange (in % of total implanted
conduits)

Type of homograft implanted

Aortic homograft
(%)

Pulmonary homograft
(%)

Age 0–1 years (n = 37) 16.8 25.2
Age 1–10 years (n = 125) 29.0 32.2
Age >10 years (n = 67) 51.0 79.0
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Fig. 2 Kaplan–Meyer curve of probability for need of conduit replacement in
different age groups
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Fig. 3 Right ventricular end-diastolic dimension (RVDD) before and after
conduit replacement. The boxes represent the median and the 25th and 75th
percentiles. Whiskers mark the 10th and the 90th percentiles. Outliers are
plotted as full circles
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fore conduit exchange (coefficient: 8.255; P < 0.001)
were the single most important factors predicting right
ventricular diameter at follow-up (best subset regres-
sion analysis; R squared = 0.746).

j Duration of the QRS complex and RVDD

For the whole study population, the correlation be-
tween QRS duration and RVDD was not significant
(P = 0.30). However, duration of QRS complex was
related to RVDD for the subgroup of patients with
tetralogy of Fallot requiring conduit exchange for
significant pulmonary regurgitation (R = 0.61;
P = 0.020; Fig. 5).

j Time of postoperative mechanical ventilation and
duration of hospital stay

Prolonged ventilatory support was observed in pa-
tients with high RVDD and—on linear regression
analysis—the relation of RVDD before conduit ex-
change was positively correlated with the duration of
artificial ventilation after the operation (days of
artifical ventilation = )1.687 + (0.0358 * (relative
RVDD (in % of expected normal value) before con-
duit exchange)); R = 0.56; P < 0.001; Fig. 6). Hospital
stay was 17 (10)32) days after surgery for conduit
replacement. Postoperative complications Postopera-
tive complications occurred in 22 (38%) patients
(Table 4). The most prevalent complications were
infection (n = 16) and neurological problems such as
transient neuropsychatric injury (n = 8) which were
more often to be observed in the group of patients
with RVDD >25 mm.
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Fig. 4 Right ventricular end-diastolic dimension (RVDD) prior to surgery for
conduit replacement and at follow-up

350

300

250

200

150

100
0,10

Ri
gh

t v
en

tr
ic

ul
ar

 e
nd

di
as

to
lic

 d
im

en
si

on
(in

 %
 o

f n
or

m
al

 v
al

ue
 fo

r b
od

y 
su

rf
ac

e 
ar

ea
)

0,12 0,14 0,16

QRS duration (sec)

R = 0.61; p=0.02

Fig. 5 Right ventricular end-diastolic dimension (RVDD) related to duration of
QRS-complex prior to conduit replacement in patients with tetralogy of Fallot
and volume overload due to pulmonary regurgitation
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Table 4 Postoperative complications related to the RVDD prior to conduit
exchange

Specific problems Mean preoperative
RVDD £25 mm
(n = 31)

Mean preoperative
RVDD >25 mm
(n = 27)

Infections (n = 16) 6 10*
Neuro-psychatric

problems (n = 8)
2 6*

Bleeding (n = 2) 0 2
Hemidiaphragm

paralysis (n = 4)
2 2

*P-value < 0.05 between groups (Mann–Whitney)

T. Loukanov et al. 173
Replacement of valved RV to PA conduits



Discussion

Since the original description of reconstruction of the
RVOT with an extracardiac valved conduit by Ross
and Somerville [16] the search for ‘‘an ideal’’ conduit
to establish subpulmonary ventricle—PA continuity
has been a significant challenge for congenital cardiac
surgeons. The extracardiac valved conduit has al-
lowed the routine repair of complex anomalies that
include tetralogy of Fallot (TOF), truncus arteriosus,
complex transposition of the great arteries (TGA)
with pulmonary stenosis (PS), pulmonary atresia,
double-outlet right ventricle (DORV) with PS, and
other forms of complex congenital heart diseases.
Data reflecting the long-term follow-up after
replacement of the systemic arterial valve in children
by using a mechanical prosthesis have been reported
[20] but mechanical prostheses rarely are suitable for
replacement of the pulmonary valve in children.

The implanted conduit ideally would possess the
following characteristics: optimal hemodynamic
function, long-term structural durability and func-
tional capacity, low immunological competence, no
thrombogenic surfaces, low infectious potential,
growth potential and low costs [8]. However such an
ideal conduit still does not exist and therefore a
progressive structural degeneration process over the
years develops in almost all implanted valved con-
duits [9].

Probably the most important mechanisms for
conduit failure in RVOT reconstruction are immu-
nogenicity of the allograft [1], chronic inflammatory
process, younger recipient age [3], and small homo-
graft size [11]. Our data confirm that implantation of
homografts in infants is associated with a higher rate
of reoperation for conduit exchange. Likewise, aortic
homografts showed a higher tendency for conduit
failure compared with pulmonary homografts [6, 8,
11, 12]. The existence of pathologic pressure—flow
relation in abnormal RVOT configuration and per-
sisting pulmonary hypertension in some cases were
also reported to be responsible of extracardiac con-
duit failure [10]. Surgical technical factors like non-
anatomic placement and conduit compression [22]
play an additional important role in the development
of conduit dysfunction and failure.

Right ventricular pressure overload is frequently
well tolerated for many years. However, review of
experience made in simple tetralogy of Fallot [4]
suggests that patients with chronic pulmonary
regurgitation, consequent RV dilatation and hyper-
tension have a definite risk of ventricular ectopy and
sudden death. Others have shown that right ventric-
ular recovery following pulmonary valve replacement
for chronic significant pulmonary regurgitation may
be compromised in the adult population with tetral-

ogy of Fallot [19]. Evaluating clinical and echocar-
diographic findings, Discigil and co-workers [7]
reported 7% sudden deaths despite of implantation of
competent pulmonary valve and 44% incidence of
moderate to severe RV dilatation postoperatively.
Many authors therefore have advocated that the
timing of inserting a homograft is controversial at
present: According to Brown and co-workers [2]
conduit stenosis—(P > 40 mmHg, presence of a right
ventricular systolic pressure (75% of left ventricular
systolic pressure, progressive right ventricular dila-
tation or tricuspid valve regurgitation or both, asso-
ciated with right heart failure were the indications of
conduit change. In contrast, Forbess and co-workers
[8] stated that homograft obstruction was the single
indication for replacement. In their study, no homo-
graft was replaced for isolated homograft regurgita-
tion.

According to Stark [18] reoperation was indicated
if RV pressure approaches systemic pressure in the
presence of obstruction. If RV function was already
compromised lower degrees of RV hypertension
would warrant reintervention. According to Stark [18]
usually the decrease in RV function would suggest
that patients were candidates for placement of a
competent valve as valved conduit. Our data show
that—once considerable right ventricular dilatation
due to pulmonary regurgitation is present—the best
that can be anticipated is a reduction in RV size but
normalization of RV diameter rarely is to be ob-
served. As observed by other groups recently QRS
duration correlated with RV size in patients with
tetralogy of Fallot and volume overload prior to
conduit replacement [10]. In this series, right ven-
tricular dilatation prior to surgery was associated with
the need for longer mechanical ventilation postoper-
atively. This association most likely is explained by
right ventricular dysfunction, which will lead to
longer convalescence [14]. These findings are sup-
porting the results of Dave and co-workers [5] who
showed that the degree of improvement in ventricular
dimension and function was directly dependent on
the preoperative state of the progressive pathophysi-
ological and pathomorphological alterations of the
RV, which should be taken into account when
assessing the timing of reoperation.

Limitations: Due to the retrospective study we did
not perform a detailed analysis of right ventricular
geometry and function as provided by MRI or 3D
echocardiography. RVDD as an M-Mode parameter
certainly is not the ideal parameter to assess all as-
pects of right ventricular remodeling. As reflected in a
recent review there clearly is a need for serial studies
in large numbers of patients assessing right ventric-
ular volume, function and pulmonary regurgitation
by MRI to get more information on the ideal timing
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for pulmonary valve replacement [4]. Moreover, we
cannot present data on the functional capacity of
these patients as assessed by exercise testing or the
ability index [15]. Additional laboratory surrogate
parameters such as brain natriuretic peptide (BNP)
were not available in this retrospective study.

In summary we demonstrate that right ventricular
diameter and age at operation are important factors
that influence the capability of the dilated RV to re-

duce its size after conduit change in patients with
congenital heart disease and RV–PA homograft. In
addition, the time of mechanical ventilation was sig-
nificantly longer for the group with a higher degree of
preoperative RV dilatation. Reoperation for changing
degenerated conduits should be performed early to
prevent the development of irreversible structural
myocardial changes and persistence of right ventric-
ular dilatation.
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