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Abstract

OBJECTIVES: In patients with severe pulmonary valve regurgitation or stenosis, pulmonary valve replacement (PVR) has a favourable effect
on right ventricular (RV) volume and pressure unloading. PVR thereby decreases the progression of RV dilatation and/or hypertrophy. This
study investigates RV remodelling patterns after PVR in patients with either pressure, volume or combined volume- and pressure-loaded RVs.

METHODS: We evaluated 79 consecutive patients who had undergone PVR, between 1999 and 2012 beyond the age of 14 years.
Comparisons were made according to the RV loading condition, i.e. isolated volume-loaded (iPR, n = 53), combined volume- and pressure-
loaded (cPR/[PS] pulmonary stenosis, n = 16), and isolated pressure-loaded RVs (iPS n = 10). The main study outcome was the change of the
RV end-diastolic diameter (ΔRVEDD) before and after PVR, measured on echocardiography.

RESULTS: The majority of patients (65%) had a tetralogy of Fallot. After PVR, the RVEDD decreased with 5.3 mm/m2, body surface
area (BSA) (P < 0.001). In addition, the RV end-diastolic volume on cardiac magnetic resonance declines with 40 ml/m2, BSA
(P < 0.001). The change in the RVEDD after PVR was different according to the loading condition (i.e. iPR: −6.6, cPR/PS: −4.7 and iPS:
+0.4 mm/m2, P < 0.001). In a multivariate regression model, pressure load remained a significant predictor of decreased RVEDD
(P = 0.005).

CONCLUSIONS: The current data indicate that the type of right ventricular loading (pressure versus volume) before PVR affects the
RV remodelling pattern after PVR. Right ventricular pressure load has an adverse effect on early RV remodelling after PVR.

Keyword: Right ventricular remodelling after PVR

INTRODUCTION

Several congenital heart anomalies are characterized by abnor-
malities of the right ventricular (RV) outflow tract. Although recon-
structive surgery in early childhood diminished mortality and
morbidity, most of these patients require pulmonary valve re-
placement (PVR) later in life because of residual pulmonary sten-
osis (PS) and/or pulmonary regurgitation (PR) [1, 2].

Severe chronic PR is considered an important cause of
RV dilatation and subsequent failure. Indication and timing
of PVR in these patients has been the focus of numerous
investigations [3].

It appeared that individual longitudinal follow-up data are
more important than single measurements to assist timing for
reintervention [4]. The decision upon which PVR is taken is often

based on a combination of developing symptoms, the develop-
ment of rhythm disturbances, reduced exercise capacity, changes
in function and size of the RV and Doppler measurements across
the pulmonary valve [5, 6].
In patients with PR it has been shown that RV dilatation

decreases after PVR, reflecting the favourable effects of PVR on RV
volume unloading [7]. Previous studies investigated the effect of
PVR on the RV size but primarily in patients with PR after initial
correction of the tetralogy of Fallot (TOF) [8–11]. We have previ-
ously shown that difference in the loading condition of the RV
gives rise to different patterns of RV adaptation [12]. To what
extent PVR has similar effects on RV remodelling in patients with
pressure-loaded RVs is unknown. This study investigates RV re-
modelling after PVR, comparing patients with pressure- and
volume-loaded RVs.

© The Author 2014. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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MATERIALS ANDMETHODS

Patients

This is a single-centre retrospective study, performed in patients
with congenital heart disease, who underwent PVR beyond the age
of 14 years because of PS and/or PR (n = 127), between 1980 and
2012. Children younger than 14 years of age were excluded to min-
imize any effects of patient–prosthesis mismatch as a result of rapid
changes in body size. Patients with congenitally corrected transpos-
ition of the great arteries (n = 2) were excluded because of the dif-
ference in ventricular morphology with the remainder of the study
sample. Patients in whom a PVR was part of the initial correction of
the anomaly (n = 3) were also excluded, because, in these patients,
the decision for PVR was not primarily based on PR and/or PS cri-
teria. Finally, patients with insufficient echocardiographic measure-
ments (n = 43) were excluded, leaving a final study sample of 79
patients who underwent PVR between 1999 and 2012.

Baseline variables include demographics, initial diagnosis and
data derived from preoperative assessments (defined as time
period ≤3 years before PVR, T = 0). These preoperative variables
comprised NYHA-class, additional cardiac pathology [i.e. tricuspid
regurgitation (TR) and/or ventricle septal defect (VSD)], echocar-
diographic and cardiac magnetic resonance (CMR) measurements
of the RV, QRS width [on electrocardiogram (ECG)] and exercise
capacity (peak oxygen uptake). Surgical data obtained included
type of valve prosthesis (biological versus mechanical) and prosthet-
ic valve dimension (i.e. internal orifice diameter, IOD). Post-PVR
measurements were obtained between 3 months and 3 years after
PVR (T = 1), to minimize any effects of surgical sequelae (e.g.
anaemia) on study end-points.

The study was assessed by our local Ethical Committee. Because
of the retrospective character of the study, the need for individual
informed consent was waived.

Pulmonary valve replacement

Implantation of valve prosthesis in the pulmonary position was
performed during normothermic beating heart surgery using car-
diopulmonary bypass or, when a percutaneous Melody® stent
valve was implanted, during heart catheterization.

In our centre, the indication for PVR evolved over time, is indivi-
dualized and based on the presence of symptoms unequivocally
due to PR or PS or, in asymptomatic patients, the presence of either
RV dilatation, TR, broadening of QRS on ECG, diminished functional
capacity, objected ventricular tachycardia or a combination of these.

Insertion of mechanical valves in the pulmonary position is con-
troversial [13]. In our centre, we have positive experiences with the
placement of mechanical valves, particularly in adult patients [14].
However, the decision on the valve type (i.e. mechanical pros-
thesis, Contegra graft, bioprosthesis, homograft and percutaneous
stent mounted valve) depends on multiple factors, e.g. patients’
preference, age, anticipated pregnancy, the risk of further reopera-
tions and the presence of contraindications for anticoagulation.

Echocardiographic and cardiac magnetic
resonance protocol

Echocardiographic measurements were obtained retrospectively
from echocardiographic recordings by a single, experienced

echocardiographer ( JvM), who was blinded to the surgical history
and indications for PVR.
Quantitative assessment of PS was based on the trans-

pulmonary pressure gradient (mmHg). This peak gradient (PG)
was derived from the transpulmonary velocity flow curve using
continuous-wave Doppler and the simplified Bernoulli equation
ΔP = 4v2. The severity of pulmonary valve stenosis was graded
according to current guidelines in mild (<36 mmHg), moderate
(36–64 mmHg) and severe stenosis (>64 mmHg) [15].
Assessment of the RV end-diastolic diameter (RVEDD) was per-

formed according to current guidelines [16] and is depicted in
Fig. 1. Both apical four-chamber and subcostal views were used
for this purpose. The RVEDD was subsequently indexed for body
surface area (BSA) according to the simplified calculation of
Mosteller.
Left ventricular (LV) function was assessed using the ‘eyeballing

method’ in three orthogonal longitudinal views and is categorized
as normal, moderate and poor function. Tricuspid annular plane
systolic excursion (TAPSE) was measured by 2D echocardiography-
guided M-mode recordings from the apical four-chamber view,
with the cursor placed at the free wall of the tricuspid annulus [17].
For an estimation of RV function, both longitudinal (i.e. TAPSE)
and radial contraction patterns were integrated.
RV peak pressure (RVP) was assessed by measuring the systolic

pressure gradient across the tricuspid valve with subsequent add-
ition of the estimated jugular venous pressure.
Patients were divided into three subgroups based on the RV

loading condition: Group 1, consisting of patients with an isolated
volume-loaded RV (i.e. isolated moderate or severe PR, but no or
insignificant PS: the iPR group); Group 2, consisting of patients
with a combined volume- and pressure-loaded RV (i.e. ≥moderate
PS and PR: the cPR/PS group); Group 3, consisting of patients with
an isolated pressure-loaded RV (i.e. ≥moderate PS, without signifi-
cant PR: the iPS group). The main objective was to investigate the
difference between pre- and postoperative RVEDD (ΔRVEDD)
among the study groups.
Ventricular volume measurements on CMR were done using

the methods of short-axis multislice acquisition using breath-hold,
ECG-triggered cine MRI. The endo- and epicardial contours of the

Figure 1: Modified four-chamber apical view on echocardiography. L2 = RV
end-diastolic diameter (RVEDD). First, a line was drawn from the middle of the
tricuspid valve annulus (L1) to the apex (L3). RVEDD is the length of the line
(perpendicular to L3 and located in the widest basal part of the right ventricle
(RV) between the valve free wall and the inter-ventricular septum.
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LV and RV were traced manually on all phases and slices using
QMass MR (Medis®, Leiden, Netherlands). On the most basal slice,
the right atrium and the pulmonary artery were avoided. The end-
systole and end-diastole frames were defined as the phases with
the highest and lowest volumes. Ejection fraction (EF), stroke
volume (SV) and end-diastolic LV and RV mass (LVm and RVm)
were then automatically calculated.

The normal RVEDD on echocardiography was, unadjusted for
BSA, considered to be 28 mm (95% confidence interval (CI) 23–
33) [18] and the normal right ventricular end diastolic volume
(RVEDV) on CMR for young adults (20–29 years) was considered
to be 88 ml/m2 (95% CI 72–104) [19].

Statistical analysis

Data were reported as mean ± SD or n (%). The change in
NYHA-classification, LV and RV parameters, QRS width (ECG) and
VO2-max before and after PVR were analysed using paired-samples
t-tests. Differences in continuous and dichotomous baseline vari-
ables between the three groups were calculated using one-way
analysis of variance. Furthermore, we compared the effects in vari-
ables after PVR between the subgroups using one-way analysis of
covariance (corrected for baseline). In a univariate regression
model, correlations were made between preoperative demograph-
ic and echocardiographic parameters, and ΔRVEDD. Variables with
a P-value of <0.1 were added in the multivariate regression model
and ΔRVEDD was corrected for the preoperative RVEDD. Statistical
significance was considered achieved at a P value of <0.05.

RESULTS

Patients

Baseline characteristics and preoperative clinical variables of the
total study population (n = 79) and of the three subgroups are out-
lined in Table 1. The majority of patients (n = 51, 65%) were diag-
nosed with tetralogy of Fallot (TOF). Fifty-three patients (67%) had
isolated PR (7 patients with moderate and 46 with severe PR).
Sixteen patients had a combination of PR and PS. Ten patients had
isolated PS. The mean preoperative RVEDD was 28.9 mm/m2 and
the mean RVEDV was 148 ml/m2.

Patients with isolated volume load of the RV more often had TOF
(P = 0.014), underwent PVR at an older age (P = 0.019) and more
often received mechanical valves (P = 0.038), compared with
patients with (additional) pressure-loaded RVs. There was no differ-
ence in preoperative RV dilatation (RVEDD or RVEDV) between the
groups (P = 0.486 and 0.279, respectively). Preoperative TAPSE was
lowest in the group with combined RV load (P = 0.032).

Surgical intervention

Mechanical valvar prostheses were implanted in 31 patients
(39%), while stented valvar bioprostheses were used in 30 patients
(38%), Contegra grafts in 12 patients (15%) and a homograft in 1
patient (1%). Five patients (6%) were treated with a percutaneous
mounted stent valve. Additional procedures during PVR were pul-
monary artery plasty in 5 patients (6%), residual VSD closure in 6
patients (8%) and tricuspid valve annuloplasty (TVP) in 9 patients
(12%). In 4 of 6 patients with additional VSD closure, implantation
was performed under non-beating heart surgery.

Effects of pulmonary valve replacement

Clinical and functional effects of PVR were assessed after PVR
(T1, median time after PVR 11 months, 95% CI 9.2–12.8 months).
As seen in Table 2, all patients, in the total patient group, RV
volumes decreased both at echocardiography (RVEDD) and at
CMR (RVEDV) after PVR. ΔRVEDD and ΔRVEDV were correlated
with each other (P = 0.023), while both did not correlate with the
time interval since PVR (P = 0.280 and 0.932, respectively). Also,
the RV mass decreased significantly after PVR where this reduc-
tion did not correlate with the time interval since PVR
(P = 0.385). LV volume and function did not change after PVR.
The changes in RV volumes and mass were associated with
improved RV EF, shortening of the QRS duration on ECG and
improved NYHA functional class, whereas VO2-max did not
change.

Difference in right ventricular remodelling
pattern between subgroups

The effects of PVR on RV volumes differed between the sub-
groups: where RVEDD before PVR did not differ between the sub-
groups; RVEDD after PVR decreased only in subgroup 1 (iPR) and
2 (cPR/PS), but not in subgroup 3 (iPS) (Table 2 , subgroups, and
Fig. 2). The extent of early RVEDD decrease was most pronounced
in the iPR group (−6.6 mm/m2) compared with the cPR/PS and iPS
groups (P < 0.001). Of note, ΔRVEDD did not correlate with the
historical time period of PVR (i.e. PVR <2006 vs ≥2006, P = 0.923).
The RVEDV on CMR decreased only in the iPR group (P < 0.001).
This decrease was not seen in subgroups 2 and 3. There was no
difference in the RVEDV at T0 (P = 0.279) and T1 (P = 0.919) or the
ΔRVEDV (P = 0.847) between the three subgroups. However,
numbers of CMR measurements were small. The RV mass
decreased significantly in the isolated volume group (P = 0.007).
This decrease was absent in the cPR/PS and iPS groups. There was
no difference in the RV mass at baseline between the three groups
(P = 0.642).

Linear regression model

A linear regression model showed both the preoperative PG
across the native pulmonary valve (P < 0.001) and the type of
RV loading condition (i.e. iPS, P < 0.001) to be significantly
correlated with the ΔRVEDD (Table 3). After adjustment for the
preoperative RVEDD, pressure load remained a predictor of
ΔRVEDD in the multivariate regression model (P = 0.005). The
presence of pressure load was associated with less decrease in
RVEDD after PVR.

Neo-valve function after pulmonary valve
replacement

One patient developed severe PR shortly after implantation of a
bioprosthesis and therefore received a percutaneous mounted
valve 1.5 years after the first PVR. Another patient developed
significant PS of the Contegra graft before postoperative echo-
cardiography was performed. All other patients were free of sig-
nificant PR and/or PS at the first postoperative echocardiography
assessment.
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DISCUSSION

This study investigated the remodelling pattern of the RV after
PVR in patients with pressure- and/or volume-loaded RVs. After
PVR, both CMR and echocardiographic measurements showed a
significant decrease in the RVEDV and the RVEDD, respectively.

We showed that, in patients with volume-loaded RVs, the
RVEDD decreased after PVR. A significant decrease, although to a
lesser extent, was also shown in patients with pressure-loaded RVs
with additional volume load. In patients with isolated pressure-
loaded RVs, early decrease in the RVEDD after PVR was absent.
Our results point to a differential pattern of RV remodelling after

Table 1: Baseline characteristics of the total study population and of the three subgroups

Demographics Total (n = 79) iPR (n = 53) cPR/PS (n = 16) iPS (n = 10) P–value

Sex, male 45 (57) 33 (62) 10 (63) 2 (20) 0.041
Diagnosis
Tetralogy of Fallot 51 (64.6) 41 (77.4) 8 (50.0) 2 (20.0) 0.014
Truncus arteriosus 6 (7.6) 2 (3.8) 2 (12.5) 1 (10.0)
Pulmonary atresia 7 (8.9) 1 (1.9) 2 (12.5) 4 (40.0)
Pulmonary stenosis 12 (15.2) 9 (17.0) 1 (6.3) 3 (30.0)
Ross procedure in aortic stenosis 3 (3.8) 0 (0.0) 3 (18.7) 0 (0.0)

PVR
Age at PVR (years) 29.6 ± 11.6 (14.0–59.2) 31.9 ± 11.1 (14.2–59.2) 23.6 ± 9.9 (14.0–54.6) 25.1 ± 13.5 (14.1–46.5) 0.019
BSA at PVR 1.87 ± 0.26 (1.21–2.51) 1.94 ± 0.25 (1.21–2.51) 1.7 ± 0.2 (1.43–2.12) 1.7 ± 0.3 (1.41–2.24) 0.001
BMI at PVR 23.8 ± 4.5 (14.8–38.7) 24.6 ± 4.1 (15.6–33.1) 21.8 ± 3.8 (16.9–29.2) 22.7 ± 6.8 (14.8–38.7) 0.066
Prosthetic valve type, biological 48 (60.8) 27 (50.9) 13 (81.3) 8 (80.0) 0.038
IOD 12.0 ± 1.7 11.8 ± 1.8 12.2 ± 1.3 12.3 ± 1.9 0.559

NYHA-class
NYHA-I 17 (21.5) 14 (26.4) 2 (12.5) 1 (10.0) 0.318
NYHA-II 51 (64.6) 32 (60.4) 10 (62.5) 9 (90.0)
NYHA-III 11 (13.9) 7 (13.2) 4 (25.0) 0 (0.0)
NYHA-IV 0 (0.0) NA NA NA

Echocardiography
LV function

Normal 67 (84.8) 44 (83.0) 14 (87.5) 9 (90.0) 0.812
Moderate 12 (15.2) 9 (17.0) 2 (12.5) 1 (10.0)
Poor 0 (0.0) NA NA NA

RV function
Normal 60 (75.9) 42 (79.2) 11 (68.7) 7 (70.0) 0.691
Moderate 16 (20.3) 9 (17.0) 4 (25.0) 3 (30.0)
Poor 3 (3.8) 2 (3.8) 1 (6.3) 1 (10.0)

RVEDD 28.9 ± 4.9 29.2 ± 4.6 29.3 ± 4.8 27.2 ± 6.6 0.486
PG 34.7 ± 27.3 17.9 ± 9.7 65.7 ± 19.1 74.4 ± 13.0 <0.001
TAPSE (n = 64) 18.4 ± 5.3 19.5 ± 5.7 15.4 ± 3.0 17.8 ± 5.3 0.032
RVP (n = 55) 46.0 ± 26.1 35.4 ± 14.6 70.1 ± 23.4 94 ± 33.2 <0.001

Severity of PS
Absent or mild 53 (67.1) 53 (67.1) NA NA <0.001
Moderate 12 (15.2) NA 9 (56.3) 3 (30.0)
Severe 14 (17.7) NA 7 (43.7) 7 (70.0)

Severity of PR
Absent or mild 11 (13.9) NA NA 100 (100.0) <0.001
Moderate 17 (21.5) 7 (13.2) 11 (86.7) NA
Severe 51 (64.6) 46 (86.8) 5 (31.3) NA

CMR (n = 42)
RVEDV 149 ± 42 156 ± 39 136 ± 48 129 ± 50 0.279
RVEF 34 ± 10 34 ± 8 36 ± 18 34 ± 2 0.844
RVm 30.0 ± 8.8 29.2 ± 7.3 31.6 ± 13.4 32.6 ± 7.1 0.642
LVEDV 87 ± 21 86 ± 22 88 ± 19 88 ± 15 0.978
LVEF 52 ± 9 53 ± 8 55 ± 17 53 ± 7 0.697
LVm 51.9 ± 10.6 51.6 ± 10.4 52.4 ± 13.7 52.9 ± 4.0 0.965

Electrocardiogram
QRS width (mm) 141 ± 35 146 ± 34 137 ± 40 118 ± 29 0.053

Exercise testing (n = 59)
VO2-max 26.6 ± 7.4 26.6 ± 7.5 28.5 ± 6.5 21.9 ± 8.9 0.327
pVO2-max 66.4 ± 16.8 67.5 ± 17.0 66.6 ± 17.5 54.0 ± 8.0 0.309

BMI: body mass index (kg/m2); BSA: body surface area (m2); IOD: internal orifice diameter (mm/m2); LVm: left ventricular mass (g/m2); NA: not applicable;
NYHA: New York Heart Association; PS: pulmonary stenosis; PR: pulmonary regurgitation; PG: peak gradient (mmHg); pVO2-max: predicted peak oxygen
uptake (%); RVEDD: right ventricular end-diastolic diameter (mm/m2); RVm: right ventricular mass (g/m2); RVP: right ventricular peak pressure (mmHg);
TAPSE: tricuspid annular plane systolic excursion (mm); VO2-max: peak oxygen uptake (ml/min/kg); VSD: ventricular septal defect; PVR: pulmonary valve
replacement, LV: left ventricle, RV: right ventricle, cPR/PS: combined volume- and pressure-loaded RVs; iPR: isolated volume-loaded RVs; iPS: isolated
pressure-loaded RVs; CMR: cardiac magnetic resonance; RVEDV: right ventricular end diastolic volume; RVEF: right ventricular ejection fraction; LVEDV: left
ventricular end diastolic volume; LVEF: left ventricular ejection fraction.
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PVR, with a significant smaller decline in RVEDD in patients with
pressure-loaded RVs when compared with their volume-loaded
counterparts, who showed more beneficial RV remodelling. Of
note, also the RV mass decreased after PVR in patients with

isolated volume-loaded RVs. This decrease was not seen in
patients with (additional) pressure load.
A decrease in RV dimensions after PVR was previously reported

in several other studies. A reduction in RVEDD (parasternal view,

Table 2: Changes in clinical parameters after pulmonary valve replacement

n of subjects T0 T1 Delta P-value

All patients
NYHA-class 79 1.9 ± 0.6 1.2 ± 0.4 −0.7 ± 0.5 <0.001
RVEDD 79 28.9 ± 4.9 23.6 ± 4.1 −5.3 ± 5.0 <0.001
TAPSE 64 18.4 ± 5.3 15.7 ± 3.0 −2.7 ± 4.9 <0.001
RVEDV 27 159 ± 45 119 ± 29 −40 ± 39 <0.001
RVEF 27 32.3 ± 12 38.6 ± 10 +6.3 ± 8.0 0.002
RVm 27 30.1 ± 6.8 28.2 ± 8.0 −2.7 ± 5.5 0.016
LVEDV 27 90 ± 25 94 ± 19 +4 ± 23 0.425
LVEF 27 51.0 ± 9.0 52.9 ± 10.9 1.8 ± 10.4 0.433
LVm 27 51.6 ± 11.4 51.9 ± 11.2 +0.35 ± 12.9 0.896
QRS width 79 142 ± 35 133 ± 32 −8 ± 16 <0.001
VO2-max 41 27.9 ± 7.0 27.9 ± 6.1 −0.0 ± 16.4 0.994
pVO2-max 41 69 ± 17 70 ± 15 +1 ± 15 0.655

Subgroups
Subgroup 1: iPR

NYHA-class 53 1.9 ± 0.6 1.3 ± 0.4 −0.6 ± 0.6 <0.001
RVEDD 53 29.2 ± 4.6 22.5 ± 4.0a −6.6 ± 4.5a <0.001
TAPSE 44 19.5 ± 5.7a 15.7 ± 3.1 −3.9 ± 5.2a <0.001
RVEDV 18 163 ± 43 115 ± 29 −48.1 ± 31.1 <0.001
RVEF 18 31.9 ± 7.9 37.5 ± 10.0 +5.5 ± 9.7 0.027
RVm 18 31.4 ± 6.5 27.3 ± 8.0 −4.1 ± 5.7 0.007
LVEDV 18 91 ± 27 90 ± 19 −0.9 ± 20.7 0.860
LVEF 18 51.9 ± 6.5 52.9 ± 9.6 +1.1 ± 8.6 0.602
LVm 18 52.8 ± 11.1 51.9 ± 10.9 −0.9 ± 13.5 0.802
QRS width 52 147 ± 34 140 ± 31a −8 ± 17 0.002
VO2-max 32 28.0 ± 7.2 27.8 ± 6.4 −0.2 ± 5.8 0.879
pVO2-max 32 69.8 ± 17.6 70.7 ± 15.6 +1.0 ± 14.8 0.709

Subgroup 2: cPR/PS
NYHA-class 16 2.1 ± 0.6 1.3 ± 0.4 −0.9 ± 0.5 <0.001
RVEDD 16 29.3 ± 4.8 24.6 ± 3.0a −4.7 ± 4.3a 0.001
TAPSE 15 15.4 ± 3.0a 15.7 ± 3.3 +0.3 ± 2.2a 0.586
RVEDV 7 139 ± 44 114 ± 31 −25.0 ± 47.0 0.208
RVEF 7 35.3 ± 17.1 46.1 ± 13.4 +10.9 ± 6.3 0.004
RVm 7 30.1 ± 8.8 30.8 ± 9.2 +0.8 ± 4.3 0.653
LVEDV 7 90 ± 21 100 ± 16 +10.6 ± 29.6 0.380
LVEF 7 50.3 ± 12.8 54.6 ± 16.9 +4.3 ± 15.8 0.499
LVm 7 49.4 ± 13.2 54.8 ± 10.8 +5.4 ± 10.5 0.223
QRS width 16 137 ± 40 126 ± 30a −11.4 ± 19.0 0.030
VO2-max 7 27.5 ± 6.4 28.6 ± 5.0 +1.1 ± 8.3 0.737
pVO2-max 7 68.6 ± 18.9 71.4 ± 15.4 +2.9 ± 17.7 0.684

Subgroup 3: iPS
NYHA-class 10 1.9 ± 0.3 1.2 ± 0.4 −0.7 ± 0.5 0.001
RVEDD 10 27.2 ± 6.6 27.6 ± 4.0a +0.4 ± 4.1a 0.783
TAPSE 5 17.8 ± 5.3a 16.2 ± 2.0 −1.6 ± 4.7a 0.486
RVEDV 2 150 ± 66 81 ± 4 −69.1 ± 69.4 0.939
RVEF 2 35.0 ± 1.4 46.0 ± 17.0 +11 ± 18.4 0.553
RVm 2 29.1 ± 1.2 26.2 ± 1.6 −2.9 ± 0.3 0.053
LVEDV 2 79 ± 14 70 ± 11 −8.5 ± 3.1 0.163
LVEF 2 50.5 ± 6.4 55.5 ± 12.0 +5.0 ± 18.4 0.766
LVm 1 48.4 32.9 NA NA
QRS width 10 118 ± 29 111 ± 27a −6.6 ± 4.3 0.001
VO2-max 2 29.4 ± 1.2 25.1 ± 5.4 −4.3 ± 4.2 0.387
pVO2-max 2 60.0 ± 0.0 55.5 ± 3.5 −4.5 ± 3.5 0.323

NA: not applicable; pVO2-max: predicted peak oxygen uptake (%); RVEDD: right ventricular end-diastolic diameter (mm/m2); NYHA: New York Heart
Association; RVm: right ventricular mass (g/m2); LVm: left ventricular mass (g/m2); TAPSE: tricuspid annular plane systolic excursion (mm); VO2-max: peak
oxygen uptake (ml/min/kg); PVR: pulmonary valve replacement; cPR/PS: combined volume-and pressure-loaded RVs; iPR: isolated volume-loaded RVs; iPS:
isolated pressure-loaded RVs; RVEDV: right ventricular end diastolic volume; RVEF: right ventricular ejection fraction; LVEDV: left ventricular end diastolic
volume; LVEF: left ventricular ejection fraction.
aSignificant difference between subgroups, P < 0.05.
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at the level of the LV papillary muscles, on echocardiography)
from 30.1 to 18.6 mm/m2 after PVR was reported in 34 patients
with TOF [20]. Recently, Jang et al. [21] demonstrated that the
RVEDV, assessed with CMR, decreased after PVR from 171 to 100

ml/m2 in 15 adult patients. Buechel et al. [7] showed also RV re-
modelling after PVR in childhood. The previously mentioned
studies focused primarily on patients with residual PR after initial
repair of Fallot. Bove et al. [22] included patients with PS (n = 3), but
no difference was being made between pressure- and volume-
loaded RVs.
The response of the RV to different loading conditions has pre-

viously been studied. Recently, our research group demonstrated
in an animal model that both pressure and volume load induces
similar degrees of RV hypertrophy but results in different function-
al and molecular adaptations of the RV [12]. Mice with pressure-
loaded RVs developed moderately increased RV volumes,
whereas stroke volume of the RV remained unchanged, suggesting
a harbinger of decompensating RV hypertrophy. In contrast, mice
with volume-loaded RVs had higher RV stroke volumes, indicating
a pattern of adequately compensated RV hypertrophy. This ex-
perimental study showed a differential pattern of RV hypertrophy
in pressure- and volume-loaded RVs.
Diastolic function is a major determinant of ventricular per-

formance. As described by Leeuwenburgh et al. [23] in a study
with lambs, RV diastolic function is initially preserved with RV
pressure overload, however after chronic pressure load, early re-
laxation of the RV is prolonged and diastolic stiffness is increased.
Both are indicative of impaired diastolic function and are most
likely to be related to hypertrophy of the RV wall. The impaired
diastolic function due to developing wall thickness in pressure-
loaded RVs may play a crucial role in the different response to the
observed loading conditions.
The cited studies focused primarily on the differential adapta-

tion of the RV muscle wall to abnormal loading conditions.
However, remodelling of the RV when the abnormal loading con-
dition has been terminated, has not extensively been studied to
date. We showed that (additional) pressure load of the RV has an
adverse effect on early RV remodelling after PVR. A pressure-
loaded RV adapts to this load in terms of decompensating myo-
cardial hypertrophy and dilatation, which may be the link to less
favourable remodelling after PVR. However, this link needs to be
confirmed in future studies.
The present study shows improved NYHA functional class after

PVR, whereas VO2-max did not improve. It has previously been
reported that functional class correlates poorly with objective ex-
ercise capacity [24], and that VO2-max may not improve after PVR
[21]. However, also difference in the loading condition may affect
functional outcome. Freling et al. [25] demonstrated that patients
with additional pressure load had lower exercise capacity com-
pared with patients with isolated volume load, despite favourable
RV volumes. However, whether the type of RV loading condition
affects exercise capacity after PVR remains unknown.
This current study is a retrospective study in a small population

and therefore goes with inherent limitations. Whereas both RV
diameter and mass may be important in interpreting RV remodel-
ling patterns. In this study however, RV mass measured with CMR
was available for only a small number of patients. However, the
available data on RV mass support our hypothesis and, despite dif-
ference in the loading condition, regression of RV mass could
have been expected within a median follow-up period of almost
one year after PVR. Although CMR is the gold standard for meas-
uring RV volumes, a limited number of patients had pre- and post-
operative CMR data. In our institution, CMR imaging has been
systematically implemented in this patient group from 2005.
Therefore, CMR data are not complete. Yet, both CMR and echo-
cardiographic results on RV diameters showed strong correlations

Table 3: Linear regression model of the ΔRVEDD

Variables Univariate Multivariate

β P-value β P-value

Sex 0.002 0.985
Diagnosis
PS vs TOF −0.129 0.257
PA vs TOF −0.176 0.122
TA vs TOF 0.166 0.146
Ross vs TOF 0.097 0.386
Age −0.069 0.546
BSA 0.032 0.783
Prosthetic valve type 0.071 0.535
TR 0.025 0.828
VSD 0.172 0.129
TR and VSD −0.324 0.747
PG pre-PVR −0.393 <0.001 −0.171 0.067
PG post-PVR −0.133 0.248
TAPSE 0.172 0.173
RVP −0.146 0.286
RV loading condition
cPR/PS vs iPR −0.155 0.137
iPS vs iPR −0.472 <0.001 −0.266 0.005
Interval PVR-echo 0.123 0.280

BSA: body surface area (m2); PA: pulmonary atresia; PG: peak gradient
(mmHg); PS: pulmonary stenosis; PVR: pulmonary valve replacement;
RVP: right ventricular peak pressure (mmHg); TA: truncus arteriosus;
TAPSE: tricuspid annular plane systolic excursion (mm); TOF: tetralogy
of Fallot; TR: tricuspid valve regurgitation; VSD: ventricular septal
defect; RV: right ventricle; cPR/PS: combined volume- and
pressure-loaded RVs; iPR: isolated volume-loaded RVs; iPS: isolated
pressure-loaded RVs.

Figure 2: The difference in ΔRVEDD between the three subgroups. RVEDD:
right ventricular end-diastolic diameter (mm/m2); T0: pre-PVR; T1: post-PVR;
PVR: pulmonary valve replacement; cPR/PS: combined volume- and pressure-
loaded RVs; iPR: isolated volume-loaded RVs; iPS: isolated pressure-loaded RVs.
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and pointed into the same direction. Finally, 9 patients underwent
additional TVP. Therefore, change in TAPSE after PVR could not be
used in these patients.

In conclusion, the current study suggests that the type of RV
load affects the RV remodelling pattern after PVR. Patients with
either isolated RV pressure load (iPS) or a pressure load additional
to volume load (cPR/PS) showed less favourable RV remodelling
after PVR than patients with an isolated volume-loaded RV (iPR).
This less favourable RV remodelling pattern after PVR was charac-
terized by either no change in RV diameters in patients with iPS or
a less pronounced decrease in RV diameter in patients with cPR/
PS. In future studies, we recommend to discriminate pressure-
loaded right ventricles from volume-loaded right ventricles, to in-
vestigate whether the optimal timing of PVR is dependent on the
type of loading.

Conflict of interest: none declared.
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