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Background: Turbulent flow patterns distal to Melody® valves are frequently observed by standard
performed MRI. These turbulent flow patterns may have an impact on RV afterload conditions and RV
function. The aim of this study was to compare pulmonary flow patterns between patients who underwent
Melody® and Contegra® implantation and the impact of these flow patterns on pulmonary wall shear rates
and right ventricular morphology and function.

Patients and M ethods:. Fifteen patients after Melody® valve implantation (17.2 + 2.0 years), 15 patients
after Contegra® implantation (15.8 + 1.7 years), and 15 healthy volunteers, as a control group, (16.5+ 1.5
years) were included. All subjects underwent a comprehensive cardiac MRI protocol, assessing RV
morphology, function, pulmonary flow and vortices. From 3D flow analysis pulmonary flow eccentricity
and pulmonary wall shear rate (WSR) were cal culated.

Results: Patients in the Melody® group showed reduced RVEF as compared to controls, eccentric
pulmonary flow (deviation angle from the midline 31 + 10°) with vortex formation (vortex size 73 + 18
%), and a significant asymmetric elevated WSR at focal regions of the conduit. In contrast, those after
surgical Contegra® implantation showed a laminar pulmonary flow with no visible vortex and had
symmetric, although elevated WSR in all conduit regions and an RV function comparable to controls.
Conclusion: Unfavorable pulmonary flow patterns with vortex formation distal from the Melody® valve
lead to abnormal hemodynamic conditions that may influence RV function and might be a predisposing
factor for pulmonary aneurysm formation.

properly cited.

Copyright © Soha Romeih et al. 2015, This is an open-access article distributed under the terms of the Creative Commons
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INTRODUCTION

stent (Melody® valve) has become a less invasive solution for
patients with dysfunction of a homograft in the RVOT position.

Pulmonary valve stenosis and/or incompetence are common
problems in patients after correction of congenital heart
diseases.™ Prolonged pressure or volume overload may lead to
irreversible right ventricular (RV) dysfunction.® Therefore,
right ventricular outflow tract (RVOT) repair by surgical
implantation of a bovine jugular venous valve (Contegra®
conduit) or a pulmonary homograft is commonly performed.*
Recently, percutaneous implantation of the same bovine jugular
venous valve, sutured to a balloon-expandable platinum iridium

*Corresponding author: Soha Romeih

Herewith, the number of open-heart surgeries these patients
have to undergo in their life may be reduced.>” Although mid-
term follow-up of patients who underwent percutaneous bovine
valve implantation seems to be satisfactory, ®® turbulent flow
patterns distal to the valve are often seen. (Figure 1) Recently,
time resolved three dimensiona magnetic resonance velocity
mapping, also known as 4D flow, has gained considerable
interest.”® By application of this technique it is feasible to
assess blood flow velocities in al directions while
simultaneously providing morphological information, which
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allows detailed insights into the local blood flow dynamics. In
addition, 4D flow alows calculation of the wall shear rate
(WSR) i.e, the force per unit area induced by the relative
movement of blood at the endothelium, in the vessel upstream
from the valve, which is considered an important determinant
for vascular remodeling.**** We investigated RV morphology,
RV function and 4D flow dynamics in patients with a
percutaneously implanted bovine jugular venous valve
(Melody® valve) and compared these parameters with patients
who underwent surgical implantation of the bovine jugular
venous valve (Contegra® conduit). We hypothesized that
disturbed flow patterns would be more frequently present and
that WSRs would be higher in patients with a percutaneously
implanted bovine jugular venous valve (Melody® group) than
in patients with a surgically implanted bovine jugular venous
valve (Contegra® group). Furthermore, we hypothesized that
these unfavorable afterload conditions might influence RV
morphology and function.

PATIENTS AND METHODS

Informed consent was obtained from all participants and/or
parents prior to enrolment. Patients who underwent Melody®
valve implantation at our institutions, older than 8 years, and
without contra-indications for MRI examination, were included
in the study. Patients were retrospectively recruited from the
pediatric cardiology database of the “Center for Congenital
Heart Disease Amsterdam Leiden” (www.CAHAL.nl). The
database showed 15 eligible patients (8 male, 17.2 + 2.0 years).
Fifteen age and sex matched patients after Contegra® conduit
implantation (10 male, 15.8 £+ 1.7 years) and 15 age and sex
matched healthy volunteers (6 male, 16.5 + 1.5 years), as a
control group, were included. All subjects underwent a
standard echocardiographic examination using a Vivid 7.0.0
machine (GE Vingmed Ultrasound AS, Horten, Norway) to
assess the maximum flow velocity (Vmax) of the pulmonary
flow and a comprehensive cardiac MRI protocol including 4D
flow assessment across the pulmonary/conduit valve.

Cardiac MRI

Cardiac MRI was performed on a Philips Panorama 1.0 T open
MRI scanner (Panorama, Philips Medical Systems, Best, the
Netherlands). Two and 4-chamber views, RVOT views in two
orthogonal planes, and short-axis views consisting of 12 to 14
contiguous dlices, covering both ventricles from the base of the
heart till the apex were acquired using a retrospective ECG-
gated steady-state free precession sequence during breath
holding at end-expiration. For choosing a correct velocity-
encoded MRI in the 4D MRI flow sequence, the flow across
the pulmonary/conduit valve was first assessed using a free-
breathing retrospective 2D ECG-gated through plane velocity
encoded MRI. Scan parameters were: TR/TE 9/5 msec, FOV
370 — 400 mm, flip angle (FA) 15 - 20° dlice thickness 6-8
mm, matrix 128 x 256, temporal resolution approximately 20
msec. Standard velocity encoding of 1.5 m/sec was initially
chosen. When a higher velocity encoding was required based
on the 2D velocity encoded sequence, this higher velocity
encoding was used for the 4D flow acquisition.

For 4D flow mapping, a 60-mm dab was placed at the RVOT,
from the pulmonary valve to the pulmonary bifurcation,
verified to encompass this region throughout the cardiac cycle
(this was visually verified in the two orthogonal views of the
RVOT). Velocity was encoded in three orthogonal directions
and the images were acquired during free breathing by an
imaging sequence with retrospective gating (10% acceptance
window, 30 reconstructed cardiac phases). Imaging parameters
were as follows: TR/TE 9.3/5.2 msec, FOV 370 — 400 mm, FA
10°, acquisition voxel size: 2 x 2 x 4.0 mm, reconstructed into
avoxel size of 1.2 x 1.2 x 4.0 mm, two signal averages, and a
237 Hz sampling bandwidth. The 60-mm dab was
reconstructed into 15 sections of 4 mm thickness.

I mage post-processing

Right ventricular systolic function and mass were analyzed
using the MASS ® research software package (Version V2012-
EXP, Leiden University Medical Center, the Netherlands). The
RV systolic function was assessed by drawing endocardial
contours at end-systole and end-diastole in all sections of the
cine short axis data to obtain end-systolic volume (ESV), end-
diastolic volume (EDV), stroke volume (SV) and gjection
fraction (EF). An RVEF < 47% was defined as abnormal.***
RV mass was assessed by drawing RV epicardial borders for
each dice level where the area of the interventricular septum
was allocated to the LV. Masses were summed from apex to
base with subsequent indexation for body surface area. A RV
mass > 22 g/m’ was defined as a hypertrophied RV.'4*
Diameters of the pulmonary artery/conduit were assessed as the
mean of two measurements of the RVOT in two orthogonal
cine imaging view at the pulmonary valve level, in the Melody
group a the mid of the stent: Dpoama, just before the
bifurcation: Dggy, and at haf the distance between the
pulmonary artery and the bifurcations: Dy,g. In the Contegra®
group, the symmetry of the conduit valve opening was visually
assessed, while this was not possible in the Melody® group
due to the stent artifacts. Pulmonary artery/conduit distension
(Pulmys) was measured at the location of D,q as the difference
between pulmonary artery/conduit areain the peak systolic and
in the early diastolic phase. Flow patterns were qualitatively
and quantitatively assessed using color-coded streamlines
visualization in both orthogona RVOT views in each
individual time frame. All traces were color-coded according to
the local blood flow velocity.'®*’

Analysis focused on the presence of vortices and eccentricity of
the pulmonary flow. A vortex was defined as particles
revolving around a point within the vessel with a rotation
direction deviating by more than 90° from the physiological
flow direction. The relative period of the vortex existence
(number of cardiac phases with vortex divided by the total
number of imaged cardiac phases) was determined visually.
The vortex size was measured as a percentage of the vessel
diameter in the phase showing the maximal diameter of the
vortex. Eccentric pulmonary flow jets were defined as
predominantly periphera high-velocity vectors, away from the
pulmonary artery midline; the flow deviation angle from the
midline was measured. Pulmonary flow quantification was
directly derived from the measured 4D flow data and measured
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at the location of Dy,q (half the distance between the pulmonary
valve and the bifurcation) in the control and the Contegra®
groups. In the Melody® group pulmonary flow was quantified
just distally to the stent to avoid stent artifacts, in al patients
approximately at the same level as in the other groups. A
reformatting plane was generated perpendicular to the
pulmonary artery/conduit on both orthogonal RVOT cine
views. The 4D velocity encoded images were reformatted to
yield 30 through-plane vel ocity-encoded images with which the
flow analysis was performed. For each phase the luminal
border was traced and flow velocity curves were derived by
multiplying the lumen area in each time frame by the average
flow velocity to yield the following parameters. pulmonary
forward flow volume, pulmonary backward flow volume, and
pulmonary effective flow volume (forward minus backward
flow volume), and pulmonary Vmax.'®* WSRs were measured at
the same site of the reformatting plane in the phase of
maximum velocity as described by the Stalder et al.” WSRs
were calculated at four local anatomical positions starting from
the pulmonary artery/ conduit wall facing the aorta (aortawall),
anterior wall, lateral wall, and posterior wall. (Figure 2)

Statistical Analysis

A one-way analysis of variance (ANOV A) was used to analyze
differences in quantitative parameters between groups. Post hoc
least significant difference (LSD) testing was performed for
parameters that proved datistically significant on ANOVA.
The Pearson correlation coefficient was calculated to evaluate
the potential correlation between RV systolic function, RV
mass, time after Contegra® conduit and Melody® valve
implantation, pulmonary artery/conduit diameters, pulmonary
artery/ conduit distension, pulmonary flow deviation angle,
vortex existence, vortex size, pulmonary Vmax, and WSRs. P-
values less than 0.05 were considered significant. SPSS®
version 20 was used for statistical analysis.

RESULTS
Patient characteristics

Baseline data are summarized in Table 1. All patients were in
New York Heart Association (NYHA) class| or Il and received
no medication. Melody® valves were implanted in homografts
(time from implantation 13.5 + 4 years); one patient (7%) had a
second Melody® valve implantation. In the Contegra® group,
five patients (33%) had a replacement of the Contegra®
conduit after previous Contegra® placement.

Figure 1 2D through plane flow just above the Melody® valve
demonstrating turbulent flow with both forward (solid arrow) and
backward (dashed arrow) directed flow during systole. Phase contrast
image (left) and modulus image (right).

Table 1 Baseline data over the Patients characteristics

Contegra® group Melody® group
Parameter (15 patients) (15 patients)
Age (years + SD) 158+1.7 172+ 20
Diagnosis
TOF-PA/VSD ! (417 %) 8 (53%)
PA/IVS 3 2
Rastelli operation 4 2
Ross operation 3
Number of thoracotomies
One thoracoatomy 0 3
Two thoracotomies 10 12
Three thoracotomies 5 0
NYHA classfication
| 10 (67%) 9 (60%)
I 5 (33%) 6 (40%)

TOF: Tetralogy of Fallot, PA/VSD: pulmonary atresia and ventricular septum defect, PA
pulmonary atresia and intact ventricular septum

Time after Contegra® conduit implantation was 7.4 + 4.3
years, and after Melody® valve implantation was 2.9 + 1.3
years, (p < 0.001). All patients successfully underwent cardiac
MRI examination.

Comparison between the three groups

Results are summarized in Table 2. Patients in the Contegra®
and the Melody® groups had a normal RV systolic function.
However, RV-EF in the Melody® group was significantly
lower than in the control group. Both the Contegra® and the
Melody® groups showed RV hypertrophy and the RV mass
was comparable in both groups. No correlation between RV-EF
and time after Contegra® conduit implantation (R =- 0.17, p =
0.5) or Melody® valve implantation (R = 0.01, p = 0.9) was

Figure 2 (A) Quantification of wall shear rates (WSRs) in the phase of
maximum velocity (phase 6), the luminal boundary of the pulmonary
artery (green contour) was drawn and a concentric contour was
generated automatically at afixed distance of 5 mm inside the lumen
(red contour). Radial velocity profiles within the region defined by the
two contours were analysed to obtain local WSR values. WSRs were
calculated at four local anatomical positions starting from the
pulmonary wall facing the aorta (at the yellow cross) aortawall (1),
anterior wall (2), lateral wall (3), and posterior wall (4). (B) WSRs
measurements.

The conduit diameters were smaller in the Contegra® group as
compared to the Melody® and the control groups. Conduit

distension was lower in the Contegra® group. (Table 2)
Thirteen patients in the Contegra® group (87%) showed
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symmetrical opening of the conduit valve, while 2 patients
(13%) showed an asymmetrical valve opening. None of the
subjects had clinically relevant pulmonary valve incompetence.
Contegra® group patients had a significantly lower pulmonary
Vmax, measured by 4D flow, as compared to those with
Melody® vave (26 £ 0.6 m/sec vs. 3.3 + 0.6 m/sec
respectively, p = 0.009).

In the Contegra® group, WSRs were symmetrical, but
elevated, compared to the control and the Melody® groups
(Table 2, Figure 5). In the Melody® group, the anterior wall
WSR was elevated whereas the other wall regions (lateral,
posterior, and aorta wall) showed no differences in comparison
with the control group. (Table 2) There was no correlation
between WSRs and pulmonary Vmax in the three groups.

Table 2 Comparison of MRI data between the three groups

Control group Contegra® group M elody® P value (Between P value (Between P value (Between
Parameter (15 subjects) (15 patients) group Contegra® and M elody® and M elody® and
(15 patients) control groups) control groups) Contegra® groups)
RV-EF (%) 55+5 52+7 50+ 6 03 0.03 05
RV- EDV (ml/m?) 105+ 14 114+ 26 119+ 20 03 0.07 0.5
RV mass (g/m?) AO+2 30+7 33+6 <0.001 < 0.000 05
Dproxima (Mm) 23+3 18+5 22+2 <0.001 0.4 0.002
Disa (Mm) 23+2 18+4 23+3 <0.001 04 <0.001
Drig (mm) 23+1 19+6 25+5 <0.001 0.02 0.005
PulMgis cm) 1.7+05 0.02+0.09 18+05 <0.001 0.7 <0.001
QF- PA (ml/heart beat) 75+15 80+9 76+11 09 0.9 0.8
WSR of aortawall (sec ™) 16+3 39+22 8+9 <0.001 0.3 <0.001
WSR of anterior wall (sec™) 16+4 38+ 16 33+19 0.001 0.009 0.6
WSR of lateral wall (sec ™) 15+4 37+21 16+ 18 0.002 0.9 0.003
WSR of posterior wall (sec ™) 15+3 34+26 7+5 0.004 0.3 <0.001

RV: right ventricle, EF: gection fraction, WSR: wall shear rate, QF = quantitative flow, Dyoxima: pulmonary artery/conduit diameter at the pulmonary valve level, Dgiga: pulmonary
artery/conduit diameter just before the bifurcation, Dyg: pulmonary artery/conduit diameter at mid distance between Dpoxima @d Daisa, and QF-PA: quantitative flow of pulmonary
flow. Pulmg= Pulmonary artery/conduit distension.

There was no difference between pulmonary Vmax measured
by 4D flow and echocardiographic measurement (2.6 + 0.6
m/sec vs. 25 = 0.5 m/sec, respectively p = 0.6 in the
Contegra® group, and 3.3 = 0.6 m/sec vs. 3.4 + 0.3 m/sec,
respectively p = 0.6 in the Melody® group). (Figure 3) No
correlation between pulmonary Vmax and the time after
Contegra® conduit implantation (R = 0.28, p = 0.4), or
Melody® valve implantation (R = 0.13, p = 0.6) was observed.
Pulmonary flow was laminar with no visible vortex, and
without angle deviation of the pulmonary flow from the
midline in all subjects in the control group (100%) and 13
patients (87%) in the Contegra® group. The 2 patients (13%)
in the Contegra® group with an asymmetric conduit valve
opening, and all the Melody® group patients (100%) had an
eccentric flow towards the anterior wall with a deviation angle
from the midline of 31 + 10°. Vortices were seen in al patients
with eccentric flow. (Figure 4, movie 1) Vortex size was
positively correlated with pulmonary flow deviation angle (R =
0.97, p < 0.001) and with pulmonary Vmax (R = 0.54, p =
0.02).
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Figure 3 Bland Altman plot that show comparison maximum pulmonary
flow velocity measured by 4D flow and echocardiographic measurements
in Contegraand in Melody groups.

Figure4 (A) Pulmonary artery in anormal subject; upper left (sagittal
view), and upper right (coronal view). (B) Contegra® conduit; upper left
(sagittal view), upper right (coronal view). Lower rows show traces of
color-coded streamlines demonstrating laminar flow, no visible vortex,
and no deviation of the flow from the mid line. (C) Melody® valve,
upper left (sagittal view), upper right (coronal view). Middle rows show
traces of colour-coded streamlines demonstrating eccentric flow,
pulmonary flow is deviated from the midline, and vortex is seen. The
lower rows are magnification of the vortex in a phase with the maximal
vortex diameter.
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Figure 5Box plot shows the wall shear rate (WSRs) in the three grou
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DISCUSSION

Here we show that pulmonary flow patterns differ significantly
between patients with a surgical and percutaneously implanted
bovine jugular venous valve in the RVOT. We found that all
patients in Melody® group showed an eccentric pulmonary
flow with vortex formation and a significant asymmetric
elevated WSR at focal regions of the conduit. In contrast, those
in Contegra® group and with symmetrical opening of the
conduit valve showed a laminar pulmonary flow with no
visible vortex and symmetric (although elevated) WSR values.
Vortex formation leads to generation of dynamic actions on the
surrounding structures and energy loss in forward flow. A
vortex may thus be considered as an obstacle that partially
obstructs the free flowing of the fluid inside a vessel. In the
absence of any vortex formation, pressure would change as
dictated by the Bernoulli balance. However, development of a
vortex provokes an additional pressure drop (or energy 10ss)
due to the transformation of energy into vortex inertia® These
abnormal hemodynamics due to the vortex formation distal to
the percutaneous implanted valve might be related to lower RV
systolic function in the patients who underwent Melody®
implantation. The asymmetric elevated WSR values were
related to the pulmonary flow jet direction (the direction of the
jet matched the regions with elevated WSR values). The
eccentric flow could lead to changes in endothelial function, a
predisposing factor for vascular remodeling and great vessel
dilatation.”* Although still controversial, changes in WSR
values have been suggested to play a role in the development
and growth of aneurysms.®* Previous studies reported that an
asymmetric elevated WSR may be regarded as a trigger for
aneurysmal formation in the ascending aorta of patients with a
bicuspid @orta valve exhibiting eccentric aorta flow.”%®
Francois et al,’ confirmed the presence of vortices in the
dilated segments of the pulmonary artery in surgical corrected
TOF patients.

Elevated but symmetrical WSR values in the Contegra® group
are probably caused by the smaller lumen size and impaired
distension of the venous conduit. Gober et al”® suggested that
the foreign body reaction (excessive intimal peel formation,
severe perigraft scarring reaction, fibrointimal proliferation) on
the outside layer of the Contegra® conduit could lead to an
increase in stiffness of the Contegra® conduit and therefore,
impaired elasticity of the conduit.

The hypertrophied RV in both patients groups, as compared to
the controls, is probably caused by the underlying disease and
past pressure overload but probably also due to higher
resistance to outflow; in the Contegra® group due to relatively
narrow unelastic conduits, and in the Melody® group due to
unfavorable flow patterns with vortex formation distal from the
Melody® valve.

It is worth mentioning that, in this study, the maximum flow
velocities across the pulmonary valve determined by 4D flow
were comparable to those determined by echocardiography. An
important pitfall of standard 2D phase contrast magnetic
resonance flow mapping is underestimation of the maximum
flow velocity.”® More studies may help to validate this concept
especially within the context of stenotic valves.

Similar to previous publications?*** norma heathy

volunteers in this study exhibited a laminar pulmonary flow
pattern with no visible vortex. Our findings contradict with
findings of Bachler et al, who demonstrated two counter-
rotating vortices in the pulmonary flow of healthy volunteers.®
However, a difference in vortex definition might explain this
contradiction. Bachler et al defined the vortex as a rotation or
swirling motion in the flow field, while in our study and in
other studies,” %" a vortex was defined as a regional circular
flow pattern deviating by more than 90° from the physiological
flow direction along the vessel lumen.

Study Limitations

The relatively small number of patients in the cohort limits this
study. Larger patient cohorts and more long term studies will
be essential to learn more about the pathophysiological
changes. A further difficulty of the 4D flow sequence is the
long overall scan times of about 20 minutes. However, future
improvement in scanning techniques will lead to a reduction in
scanning time and hopefully the widespread use of 4D flow
may help to unravel the complex flow patterns after surgery for
congenital heart disease.

CONCLUSION

Pulmonary flow patterns differ significantly between patients
with a surgical and percutaneously implanted bovine jugular
venous valve in the RVOT. Unfavorable pulmonary flow
patterns with vortex formation distal from the Melody® valve
lead to abnormal hemodynamics that may influence RV
function and might be a predisposing factor for a pulmonary
aneurysm formation. Longer follow up studies are required to
determine the implications of such knowledge for prognosis
and therapy.
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