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OBIJECTIVES

The aim of this research was to assess right ventricular diastolic and systolic function before
and after pulmonary valve replacement (PVR) in adult patients after repair of tetralogy of Fallot.
Pulmonary valve replacement (PVR) in adult patients late after repair of tetralogy of Fallot
leads to rapid improvement of right ventricular (RV) systolic function.

A total of 16 patients and 8 healthy subjects were included. Median age at initial repair was
4.9 (0.9 to 13.1) years, and mean age at PVR was 28.7 (19.5 to 45.6) years. Cardiac magnetic
resonance imaging was performed before and 8 and 22 months after PVR. Right ventricular
volumes and function as well as RV in- and outflow patterns were assessed.

The volume of the early filling of the RV (Evol) increased from 49.8 = 14.7 ml to 53.8 =
19.3 ml (not significant) and 62.0 = 18.9 ml, respectively (p < 0.05), whereas the volume of
the atrial contraction (Avol) remained unchanged. Consequently, the Evol/Avol ratio
increased from 1.4 * 0.7 before PVR to 1.6 * 0.7 at 8 months (not significant) and 2.3 *
1.2 at 22 months (p < 0.01). The Evol/Avol ratio was not significantly different from the
healthy subjects at 22 months, indicating late recovery of diastolic function. Systolic function
improved rapidly after PVR; the indexed RV end-systolic volume decreased from 93.7 = 33.0
ml/m? to 60.9 * 18.4 ml/m? (p < 0.01) and 54.8 = 21.0 ml/m? (p < 0.01).
CONCLUSIONS In adult patients late after total repair of Fallot, PVR leads to late improvement of diastolic
function. We speculate that the rapid volume unloading after PVR increases systolic
performance, whereas improvement in diastolic function requires long-term
remodeling. (J Am Coll Cardiol 2005;46:1559-64) © 2005 by the American College of

BACKGROUND

METHODS

RESULTS

Cardiology Foundation

Longstanding pulmonary regurgitation (PR) after total
repair of tetralogy of Fallot in infancy is frequently encoun-
tered and may lead to enlargement of the right ventricle
(1-4) and, consequently, deterioration of systolic and dia-
stolic function (3-7). This right ventricular failure may
ultimately require replacement of the pulmonary valve.
Evaluation of the hemodynamic effects of pulmonary valve
replacement (PVR) in patients with severe PR has shown
that volume unloading of the right ventricle leads to a rapid
improvement of systolic function (8-11).

Recent studies on right ventricular diastolic function in
Fallot patients using cardiac magnetic resonance imaging
have revealed that impaired relaxation and restriction of the
right ventricle are relatively common findings in the long-
term follow-up (6,7). However, the hemodynamic effects of
PVR on right ventricular diastolic function in Fallot pa-
tients have not been studied previously.

Lamb et al. (12) found a short-term deterioration of left
ventricular diastolic function after aortic valve replacement
for aortic regurgitation. The authors speculated that con-
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centric remodeling of the left ventricle after rapid volume
unloading leads to a relatively increased hypertrophy and,
consequently, deterioration of ventricular stiffness and re-
laxation disturbances. However, the late effects of aortic
valve replacement on left ventricular diastolic function are
largely unknown. In analogy to these observations in pa-
tients after aortic valve surgery, similar changes might be
expected for the right ventricle after PVR.

Accordingly, the purpose of this study was to assess the
time course of changes in right ventricular diastolic and
systolic function in the short-term and mid-term follow-up
after PVR in patients late after repair of Fallot.

METHODS

Study group. A total of 16 patients with repaired tetralogy
of Fallot and 8 healthy subjects were studied. All patients
underwent cardiac magnetic resonance examinations before
and 7.9 * 2.0 months and 21.7 * 3.6 months after PVR.
The characteristics of patients and healthy subjects are listed
in Table 1. Median age at total repair was 4.9 years (range
0.9 to 13.1 years). Four patients (25%) had received a
transannular patch during initial repair, and seven patients
(43.8 %) had undergone palliation before primary repair.
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Abbreviations and Acronyms

A = tricuspid inflow peak due to atrial contraction

E = tricuspid early filling peak

EDFF = end-diastolic forward flow in the main
pulmonary artery

EF = ejection fraction

pfr = peak flow rate

PR = pulmonary regurgitation

PVR = pulmonary valve replacement

RV-EDV-I= right ventricular end-diastolic volume,
indexed for body surface area

RV-ESV-I = right ventricular end-systolic volume,
indexed for body surface area

This study has been approved by the local medical ethical
committee, and informed consent was obtained from all
patients. The present study group is a subset of the cohort
studied before (8,13,14).

Surgical procedures. The mean age at the time of PVR
was 28.7 years (range 19.5 to 45.6 years). All patients were
operated using a median sternotomy with normothermic or
moderately hypothermic cardiopulmonary bypass. Pulmo-
nary valves were inserted on the beating heart. Cannulation
of femoral vessels was performed if considered necessary.
The proximal pulmonary artery was longitudinally opened,
and the incision was slightly extended across the former
pulmonary annulus if necessary. Cryopreserved pulmonary
homografts were used in all patients and inserted in the
orthotopic pulmonary position with one proximal and one
distal end-to-end running suture. Calcified outflow tract patch
material was resected as much as possible. Additional proce-
dures performed during the same session are listed in Table 1.
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Magnetic resonance imaging (MRI). Magnetic resonance
imaging studies were performed with a 1.5-T system (NT15
Gyroscan, Philips Medical Systems, Best, the Netherlands),
according to our clinical protocol. A multiphase,
electrocardiogram-triggered, multishot echoplanar gradient
echo (GRE) technique was used to acquire short-axis
images. Images were acquired during breath holds, each
lasting 10 to 15 s. The scout images were used to acquire 10
to 12 sections that covered both ventricles in the transverse
plane; slice thickness was 10 mm with a 0.8- to 1.0-mm
section gap. The flip angle was 30°, and the echo time was
5 to 10 ms. A total of 18 to 25 frames resulted in a temporal
resolution of 22 to 35 ms. Velocity mapping was performed
with the use of a velocity-encoded phase contrast sequence.
Section thickness was 8 mm, the flip angle was 20°, and the
echo time was 12 ms. For velocity mapping of the pulmo-
nary artery, a plane perpendicular to the vessel was used.
Pulmonary flow measurements were performed halfway
between the pulmonary valve and the bifurcation. The
sequence was encoded for through-plane velocities up to
200 cm/s. A temporal resolution of 25 to 35 ms was
achieved. The magnetic resonance examinations lasted 45 to
60 min. No sedation was used in any of the patients.

Postprocessing. The studies were quantitatively analyzed
on a Solaris workstation (SUN Microsystems Inc., Moun-
tain View, California), using FLOW and MASS software
packages, which were developed at our institution. All
contours were drawn manually. The inter- and intra-
observer variability is well documented (15,16). The FLOW
analytical software package was used to analyze the velocity
maps (17) (Fig. 1). A region of interest was manually traced
along the inner borders of the tricuspid orifice or pulmonary

Table 1. Baseline and Surgical Characteristics of Patients and Healthy Subjects

Variables

Patients (n = 16) Healthy Subjects (n = 8)

Male gender
Previous palliative shunts
Median age at initial repair (yrs, range)
Type of repair

No patch

Right ventricular patch

Transannular patch
Median age (yrs, range) at: PVR (patients),

Magnetic resonance study (healthy subjects)

Indications for PVR

Moderate to severe PR (>20%)

Severe dilatation (RV-EDV-I >150 ml/m?)

NYHA functional class IIT or IV
Coindications for PVR

Arrhythmias

Prolonged QRS complex (>180 ms)

Residual ventricular septal defect
Additional procedures

Resection of infundibulum

Tricuspid valve repair

Closure of ventricular septal defect

10 7
7
4.9 (0.9-13.1)

7
5
4

28.7 (19.5-45.6) 24.0 (18.9-44.2)

16
10

\S]

NYHA = New York Heart Association; PR = pulmonary regurgitation; PVR = pulmonary valve replacement; RV-EDV-I =
right ventricular end-diastolic volume, indexed for body surface area.
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Figure 1. Examples of flow curves of blood flow through pulmonary (A) and tricuspid (B) valve. The pulmonary flow curve shows severe pulmonary
regurgitation and a small amount of end-diastolic forward flow in the main pulmonary artery (EDFF), the latter being a marker of restriction of the right
ventricle. The tricuspid flow curve shows a normal flow pattern with the early filling, peak flow rate (Epfr), slightly higher than the atrial contraction, peak
flow rate (Ag), and no tricuspid regurgitation. A, = atrial contraction, volume; E,; = early filling, volume.

artery wall in each time frame during the cardiac cycle, by
the same observer. For every time frame, spatial averages
and spatial maximum flow velocity within the region of
interest were automatically measured by a computer algo-
rithm. The instantaneous volume flow was calculated by
multiplying the region of interest area and spatial average
flow velocity. Pulmonary regurgitant fraction was calculated
by the formula: regurgitant flow(ml)/systolic forward
flow(ml) - 100%. The presence of end-diastolic forward flow
in the main pulmonary artery (EDFF), a marker for
restriction of the right ventricle, was noted, and EDFF
volume was calculated.

Flow versus time curves of the tricuspid flow were
analyzed using Microsoft Excel (version 2000) for the
following parameters of diastolic function: E peak filling
rate (Epfr), A peak filling rate (Apfr), E/A peak flow ratio,

E-wave volume (Evol), A-wave volume (Avol), Evol/Avol
ratio. The Evol and Avol were calculated by integration of
the flow curves.

The short-axis gradient echo sequences of the ventricles
were analyzed using the MASS software package (17). The
endocardial contours were manually drawn in the images of
all slices of the end-diastolic and end-systolic phase.
Right ventricular end-diastolic volumes indexed for body
surface area (BSA) (RV-EDV-I) according to the Hay-
cock formula (BSA [m?] = Wt [kg] 0.5378 X Ht [cm]
0.3964 X 0.024265) and right ventricular end-systolic
volumes indexed for body surface area (RV-ESV-I) were
measured. Stroke volume and right ventricular ejection
fraction (EF) were calculated from the end-diastolic and
end-systolic volumes of the right ventricle. The EF cor-
rected for regurgitation was calculated by dividing the net
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pulmonary flow (forward flow minus diastolic regurgitant ratio did not increase at 8 months (1.2 = 0.4 [not signifi-
flow) by the RV-EDV-1. cant]), but increased to 1.5 = 0.6 at 22 months (p < 0.01),
Statistical analysis. The SPSS for Windows Software  which was comparable with the Epft/Apfr ratio in the
(version 10.0, SPSS Inc., Chicago, Illinois) was used for healthy subjects. Moreover, the same recovery patterns were
data analysis. Data are expressed as mean = SD unless observed for the Evol, Avol, and Evol/Avol ratio as for the
otherwise stated. We used a linear mixed model analysis Epfr, Apfr, and Epfr/Apfr ratio, respectively. These results

Witb least significant difference criterion for POSt_}}OC com- indicate that the late improvement of both E/A peak flow
parisons for all MRI parameters on 8, respectively, 22

months versus baseline (pre-PVR). Predicted values scatter
plots showed no conspicuous deviation from the usual
distribution assumptions (e.g., normality). A p value of
<0.05 was considered statistically significant.

ratios and E/A volume ratios can be explained by an increase
in volume of the early diastolic filling, a decrease of the pfr,
and volume of the atrial contraction, respectively.
Restriction. Before PVR, significant EDFF was detected
in eight patients, whereas eight patients did not have
RESULTS EDFF. At follow-up, EDFF was not found in any patient.
Patients with EDFF had a mean volume of EDFF of 5.3 +
All hemodynamic parameters are shown in Table 2. Mean ~ 4.2% (range 1.7 to 14.9 ml) of right ventricular stroke
PR before surgery was 47.9 £ 10.2%. None of the healthy  volume; E/A volume and peak flow ratios did not differ
subjects had PR. At follow-up, almost no residual PR was between patients with and without EDFF at baseline.
found. Furthermore, an equal improvement in both diastolic and
Diastolic function. The Evol/Avol ratio and Epfr/Apfr systolic function was found in both groups.
ratio before PVR were lower in the pfltient group compared Systolic function. Mean RV-EDV-I decreased from 164.2
to the healt}}y subjects (Evol/Avol ratio 1.4 * 0.7'and 2.7 + + 42.8 ml/m? before PVR to 112.7 + 26.2 ml/m> (o <
0.8, respectively [p < 0.01], and Epfr/Apfr ratio, respec-
tively, 1.1 = 0.4 and 1.6 * 0.3, respectively [p < 0.01]).
After PVR, the Evol/Avol ratio remained essentially un-
changed at 1.6 * 0.7 at 8 months (not significant), followed
by an increase to 2.3 = 1.2 at 22 months (p < 0.01).
Furthermore, the Epfr/Apfr ratio did not increase at 8
months (1.2 * 0.4 [not significant]), but increased to 1.5 *
0.6 at 22 months (p < 0.05). These results indicate a late

improvement of diastolic function after surgery. ) .

The Epfr was 320.3 = 115.8 ml/s before PVR and did ~ anges in all patients before PVR. After PVR, the end-
not change at 8 and 22 months after PVR. However, the diastolic volume remained unchanged. Moreover, the left
Apfr decreased from 322.8 * 89.5 ml/s before PVR to ventricular EF did not change after PVR. However, six
291.0 * 78.0 ml/s (not significant) and 252.8 + 78.4 ml/s patients had a preoperative left ventricular EF of <50%,
(p < 0.05) at 8 and 22 months, respectively. The Apfr in the whereas after PVR four of these six patients had a left
patients at 22 months was similar to the Apfr in the healthy ~ ventricular EF of more than 50%. In one patient the left
subjects (252.8 * 78.4 ml/s and 222.6 * 81.0 ml/s, ventricular EF had increased from 28% to 42% (p < 0.001),
respectively [not significant]). Consequently, the Epfr/Apfr ~ while in another patient the left ventricular EF remained

0.01) at 8 months follow-up, while no further change was
observed at 22 months (107.1 = 35.8 ml/m* [not signifi-
cant]). The RV-ESV-I followed the same recovery pattern.
Furthermore, the right ventricular EF corrected for regur-
gitation improved significantly from 23.6 * 4.8% to 46.0 =
11.1% (p < 0.01) and remained essentially unchanged at
47.6 £ 7.1% (not significant), respectively.

Left ventricular end-diastolic volume was within normal

Table 2. Right Ventricular Function Before and After Pulmonary Valve Replacement

Before PVR 8 Months After PVR 22 Months After PVR
Mean = SD Mean = SD Significance Mean = SD Significance Healthy Subjects
(n = 16) (n = 16) 0-8 Months (n = 16) 0-22 Months (n =8)
PR 479 *+10.2 27*54 p <001 39x73 p <001 =
EDFF (ml) 38x52 04=*11 p < 0.01 04=*11 p <0.01 -
Epfr/Apfr ratio 1.1+04 12*+04 NS 1506 p < 0.01 1.6 0.3
Epfr (ml/s) 320.3 + 115.8 333.3£77.9 NS 352.1 = 80.7 NS 327.9 + 80.6
Apfr (ml/s) 322.8 £89.5 291.0 = 78.0 NS 252.8 £ 78.4 p <0.01 222.6 £ 81.0
Evol/Avol ratio 14+0.7 1.6 = 0.7 NS 23+12 p < 0.05 27x08
Evol (ml) 49.8 = 14.7 538193 NS 62.0 = 18.9 p <0.05 58.7+15.1
Avol (ml) 414 =156 37.7 £ 121 NS 31.7 £ 11.0 NS 242 *£85
RV-EF (%) 43.6 = 8.0 46.6 = 11.7 NS 495+95 p < 0.05 *
RV-EDV-I (ml/m?) 164.2 = 42.8 112.7 = 26.2 p <001 107.1 = 35.8 p <001 *
RV-ESV-I (ml/m?) 93.7 = 33.0 60.9 = 18.4 p < 0.01 54.8 = 21.0 p < 0.01 *

*Not assessed.

A = atrial contraction; E = Early filling; EDFF = end-diastolic forward flow; pfr = peak flow rate; PR = pulmonary regurgitation; PVR = pulmonary valve replacement;
RV-EDV-I = right ventricular end-diastolic volume, indexed for body surface; RV-EF = right ventricular ejection fraction; RV-ESV-I = right ventricular end-systolic volume,
indexed for body surface; vol = volume.
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essentially unchanged (45% before and 47% at the last
follow-up).

DISCUSSION

In the present study, we found a delayed normalization of
diastolic function parameters in adult Fallot patients who
underwent PVR, as compared to the rapid improvement of
systolic function. Possibly different mechanisms play a role
in the improvement of diastolic and systolic function after
valve replacement.

Diastolic function. Left ventricular diastolic function in
patients and healthy volunteers has been studied extensively
(18-21). Analysis of mitral flow velocity curves acquired
using echo-Doppler have contributed to the understanding
of ventricular filling characteristics. Nowadays, there is
growing recognition that an abnormal left ventricular diastolic
function is an important risk factor for the development of
systolic dysfunction and congestive heart failure (22).

Filling characteristics of the right ventricle have been
assessed in healthy subjects by means of tricuspid flow
velocity patterns derived form echo-Doppler imaging (23)
and by cardiac magnetic resonance flow mapping (24). In
patients with congenital heart disease affecting the right
ventricle, diastolic dysfunction is a common finding. Hel-
bing et al. (7) found impaired relaxation and restriction to
filling in children with repaired tetralogy of Fallot. In several
other studies, abnormal right ventricular filling patterns
have been demonstrated in patients with different cardiac
conditions, such as pulmonary stenosis (25,26), myocardial
infarction (27), and restrictive cardiomyopathy (28). To our
knowledge, the effects of PVR on right ventricular diastolic
function have not been studied before.

In our group, only small volumes of EDFF were found
(the largest volume was 14.9% of right ventricular stroke
volume in one patient). In the study by Helbing et al. (7),
the authors found a correlation between small amounts of
EDFF and diminished exercise capacity. The amount of
EDFF in their patients was comparable to our patients with
a mean of 3.6 = 3.5%. In another study, Gatzoulis et al. (6)
reported less cardiomegaly in patients with restrictive phys-
iology. They speculate that this phenomenon reflects the
limited right ventricular end-diastolic volume they found in
these patients. However, in the present study, patients with
EDFF in the main pulmonary artery, a marker for restrictive
physiology of the right ventricle, showed the same recovery
pattern as patients without EDFF. Furthermore, baseline
characteristics between patients with and without EDFF
did not differ.

Concentric remodeling. In a recent study, Lamb et al. (12)
studied the effects of aortic valve replacement in patients
with either aortic valve stenosis or regurgitation. They
found a discrepancy in the recovery patterns between both
groups. Patients operated for aortic valve stenosis showed
rapid diastolic function improvement after surgery, whereas
in patients with preoperative aortic regurgitation, a deteri-
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oration of diastolic function was observed at up to nine
months follow-up. The authors concluded that this discrep-
ancy is most likely caused by concentric remodeling of the
left ventricle, due to the slow decrease of left ventricular
mass reduction compared to the rapid decrease of left
ventricular dilatation. In the present study, we found a lack
of early improvement of diastolic function parameters,
followed by a late improvement of E/A volume and peak
flow ratios.

Concentric remodeling is, by definition, not possible in
the right ventricle because the right ventricular morphology
is not concentric. It is not clear whether some form of
remodeling plays a role in the time course of recovery of
right ventricular diastolic function after valve replacement.
However, the lack of early improvement of diastolic func-
tion parameters in our study is in accordance with the
findings of Lamb et al. (12). Furthermore, the late normal-
ization of E/A volume and peak flow ratios could be the
result of a late decrease of right ventricular mass. However,
right ventricular mass was not quantified in the present
study because accurate delineation of the borders of the
right ventricular wall using standard gradient echo se-
quences is difficult to appreciate in patients in whom no wall
can be visualized due to (severe) right ventricular dilatation.
Systolic function. The rapid improvement of systolic func-
tion of the right ventricle is in accordance with previous
studies. Bove et al. (29) found an improvement of right
ventricular EF in 11 patients who underwent PVR for PR
or stenosis. In a recent study by our group in 26 adult Fallot
patients undergoing PVR for severe regurgitation, we found
a dramatic increase in right ventricular EF when corrected
for regurgitation from 25.2 * 8.0% to 43.3 = 13.7% (p <
0.001) (8). We speculate that diminishing the PR fraction
and, thus, unloading of the right ventricle leads to increased
systolic performance.

The left ventricular systolic function as expressed by the
EF did not change after PVR. In previous studies it was
found that severe right ventricular dysfunction could lead to
impairment of left ventricular function (30). In our group six
patients had a left ventricular EF of <<50%, and one patient
had a preoperative EF of 28%. These patients showed an
improvement of EF at 22 months follow-up; however, EF
remained below 50%. Further studies are required to eval-
uate the left ventricular function late after PVR.
Conclusions. This study shows that right ventricular dia-
stolic function normalizes after PVR in patients late after
primary repair of Fallot. However, in contrast to the rapid
improvement of systolic function, the improvement of
diastolic function is delayed, possibly due to the rapid
volume unloading after PVR leading to a relative hypertro-
phy of the right ventricle. Furthermore, restriction to filling of
the right ventricle before operation did not seem to hamper the
improvement of diastolic function after PVR. Therefore, PVR
should be considered in patients with severe PR in combina-
tion with diastolic and/or systolic dysfunction.
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