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Abstract

Background: Percutaneous pulmonary valve replace-
ment (PPVR) candidacy is limited by right ventricular
outflow tract (RVOT) diameter.

Objective: We examined the correlation and agree-
ment of RVOT minimal diameter measured by MRI and
balloon waist diameter (BWD) during PPVR.

Methods: This is a single center, retrospective study of
patients undergoing PPVR who had a cardiac MRI per-
formed within one year prior to the procedure. All MRI
measurements were made by a single investigator at
the narrowest location of the RVOT during peak systo-
le in two orthogonal planes using three separate MRI
sequences. BWD was defined as the narrowest point in
the sizing balloon at full inflation within the RVOT. The
primary outcome was the agreement of MRl and BWD
measurements of the RVOT.

Results: Twenty-three patients were included in the
analysis. Twelve (52%) were male, 17 (74%) had a diag-
nosis of tetralogy of Fallot, 4 (17%) did not have a valve
placed due to RVOT size. The average age was 31 years
(9-56 years old). BWD measurements had a significant
correlation with both planes of stacked cine steady-
state free precessionimaging MRl and the larger diame-
ter of MR angiography. BWD had significant agreement

with both stacked cine steady-state free precession im-
aging MRI planes by Bland-Altman analysis.

Conclusions: MRI measurements show moderate cor-
relation and agreement with BWD of the RVOT. While
the mean difference is small, the range of agreement is
quite wide. This suggests MRI is only moderately effec-
tive in determining RVOT diameter candidacy in PPVR.
Further study is warranted to determine the most ef-
fective method for RVOT diameter selection in PPVR.

Copyright © 2019 Science International Corp.
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Introduction

Corrective surgery for patients with diseases of the
pulmonary valve (PV) and right ventricular outflow
tract (RVOT), has improved significantly over recent
decades. Despite advances in techniques that have
led to significant improvements in morbidity, mor-
tality, and quality of life for these patients, many will
require future procedures due to residual pulmonary
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Figure 1. Examples of RVOT measurements. Panel A. BWD in AP fluoroscopy. Panel B. BWD in lateral flouroscopy. Panel C. cine steady-
state free precession imaging (cSSFP) in oblique sagittal plane. Panel D. cSSFP in oblique coronal plane.

regurgitation [1]. The past two decades have seen the
emergence of percutaneous valve replacement pro-
cedures. This has given new options to those patients
whom have undergone surgical and catheter based
procedures on their PV and RVOT. Unfortunately with
the current devices, the patient population eligible

for this procedure is limited by the size and shape of
the outflow tract [2]. For the most part, these devic-
es have been limited to right ventricle to pulmonary
artery conduits or valve in valve replacements, with
some use in native outflow tracts [3, 4].
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Despite the constraints to which patients are eli-
gible for percutaneous pulmonary valve replacement
(PPVR), there is still no consensus about whom to
recommend for PPVR rather than surgery. The main
reason for replacing the pulmonary valve in this pop-
ulation is the deleterious effects of pulmonary regur-
gitation, including arrhythmia risk, decline in right
ventricular function, exercise intolerance, and risk of
sudden death [2, 5]. Cardiac MRI is considered to be
the gold standard in evaluating right ventricular size
and function in patients with repaired RVOT lesions.
Cardiac MRl is also considered the most reliable mo-
dality in clinical decision making regarding timing of
pulmonary valve replacement; thus many of these
patients will undergo this procedure as part of rou-
tine management [5, 6]. However, there are few stud-
ies evaluating the effectiveness of cardiac MRI as a
screening tool for PPVR candidacy and no studies to
our knowledge that evaluated the ability of cardiac
MRI to determine candidacy based on RVOT size.

Balloon waist diameter (BWD) is still the gold stan-
dard measurement that determines if a PPVR can be
performed, but this requires an invasive procedure.
While the risk of diagnostic catheterization is low, it
is not negligible [7]. The aim of this study is to de-
termine the correlation and agreement of the RVOT
minimal diameter between pre-procedural cardiac
MRI and the measured BWD of the RVOT in patients
undergoing attempted or successful PPVR.

Methods

This was a single center, retrospective study of pa-
tients undergoing PPVR who had a cardiac MRI per-
formed within one year prior to the procedure. The
Institutional Review Board at the Medical University
of South Carolina approved the project. All patients
who underwent catheterization for attempted PPVR
were eligible. Patients were excluded if they did not
have a cardiac MRI within one year prior to the cath-
eterization at this institution, the PPVR was done via
perventricular technique, or BWD measurements
were not available.

The cardiac MRl studies were performed usinga 1.5
T system (Magnetom Avanto, Siemens Healthineers,
Erlangen, Germany), following a standard institution-
al clinical protocol. Measurements were made from

three different MRI sequences: stacked cine steady-
state free-precession imaging (cSSFP) through the
RVOT in two planes, contrast-enhanced magnetic
resonance angiography (MRA), and a self-navigat-
ed three-dimensional steady-state free-precession
(3D-SSFP) technique. The cSSFP planes were select-
ed for measurement from stacked “4-chamber” slices
(oblique coronal plane) and slices taken through the
RVOT perpendicular to the “4 chamber” view (oblique
sagittal plane). The MRA and 3D-SSFP images were
uploaded to a separate workstation for 3D recon-
struction (Aquarius iNtuition, TeraRecon, San Mateo,
Calif.) Cardiac cycle was gated for ¢SSFP and 3D-SSFP
protocols. cSSFP images were retrospectively gated
with 25 phases per cardiac cycle taken during an ex-
piratory breath hold. The field of view was adjusted
for body size. All cardiac MRl measurements were per-
formed by a single investigator (JDK). Measurements
from cSSFP images were made during peak systo-
le at the narrowest diameter of the RVOT (Figure 1).
MRA and 3D-SSFP measurements were made of the
cross-sectional diameter at the narrowest portion of
the RVOT. Two measurements of the cross sectional
diameter were taken perpendicular to each other.
BWD was measured at the time of catheterization and
was defined as the narrowest point in the sizing bal-
loon at full inflation within the RVOT (Figure 1). This
was done using a compliant sizing balloon, with few
exceptions Amplatzer™ sizing balloon Il (St. Jude, St.
Paul, MN), which was expanded using hand inflation
until a waist was seen in the RVOT. Volumetric data
was extracted from cardiac MRl reports.

Categorical variables are described as counts and
percentages; continuous variables are described us-
ing means and standard deviations. Measurements
of the BWD diameter in the anteroposterior (AP) and
lateral views were plotted against the cardiac MRI
measurements in each protocol. Correlation analysis
was done using Pearson’s “r". Agreement was detect-
ed using Bland-Altman plots.

Results

There were 23 patients who met inclusion criteria.
Of those, 18 (78%) had BWD measurements available
in both AP and lateral orientation, 22 (96%) had lat-
eral BWD measurements available for comparison.
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Table 1: Demographic Data

Table 2: Baseline Measurement and Volumetric Data

Category Count (%) Mean (SD)

Age 313 (9-56) RVOT Measurements (mm)

Sex BWD in AP plane 20.9 (4.5)

Male 12 (529%) BWD in lateral Plane 209 (5.1

Female 11 (48%) cSSFP coronal plane 209 4.0)
Diagnosis CSSFP sagittal plane 20.5 (4.7)
Tetralogy of Fallot 17 (74%) MRA larger diameter 256 (4.5)
Pulmonary stenosis 2 (9%) MRA smaller diameter 194 (5.0)

PA/IVS 1 (4%) 3D-SSFP MRI larger diameter 24.2 (4.1)
Pulmonary regurgitation 1 (4%) 3D-SSFP MRI smaller diameter 19.5 (3.9)

Truncus Arteriousus 1 (4%) MPA Measurements (mm)

Rheumatic heart disease 1 (4%) CSSFP coronal plane 26.0(4.0)

Initial Surgery CSSFP sagittal plane 248 (6.)
Transannular patch 12 (52%) MRA larger diameter 295 (6.9)

RV-PA conduit 5 (22%) MRA smaller diameter 24.0(6.1)
Pulmonary valvotomy 2 (9%) 3D-SSFP MRI larger diameter 296 (7.1)

RosS 1 (4%) 3D-SSFP MRI smaller diameter 233(48)

Valve sparing repair 1 (4%) (Rrﬁyr;\ggeﬂtrlcular end-diastolic volume ~ 118.8 (39.6)
Notknowr 1(4%) Right ventricular end-systolic volume 664 (29.3)

None 1 (4%) (ml/m?)

Valve Placed Right ventricular ejection fraction (%)~ 47.8 (9.4)

Yes 17 (74%) Pulmonary regurgitant fraction (%) 323(17.1)

No 6 (26%) Variables are expressed as mean (SD). BWD = Balloon waist diameter; AP =
Reason for unsuccessful placement Anterior-posterior fluoroscopy; cSSFP = stacked cine steady-state free pre-
RVOT size 4(67%) E(zzs!f:e\rf\?r‘aag\:%ga;tgjggig/lla,\/g\;}s‘etlc resonance angiography; 3D-SSFP = whole
Coronary compression 1(17%)

Improvement with angioplasty 1(17%)

alve e Life Science, Irvine, Ca). The average age at the time of
Melody 14 82%) the procedure was 31.4 years-old (9-56) and 12 (52%)
Sapien 3 (18%) were male. Tetralogy of Fallot was the most common

Categorical variables expressed as count (%) Continuous variables expressed
as mean (range). PA/IVS = Pulmonary atresia with intact ventricular septum;
RV-PA = Right ventricle to pulmonary artery; RVOT = Right ventricular out-
flow tract

Seventeen (74%) patients had a valve placed success-
fully, four (17%) were not placed due to RVOT size.
Fourteen (82%) of the 17 successfully placed valves
were Melody™ valves (Medtronic Inc, Minneapolis,
MN), the other 3 (18%) were Sapien valves (Edwards

lesion (n=17, 74%), the other diagnoses included pul-
monary stenosis (n=2, 9%) and one each of truncus
arteriosus, ventricular septal defect with pulmonary
regurgitation, pulmonary atresia with intact ventricu-
lar septum, and rheumatic heart disease (n=4, 16%).
Table 1 contains full demographic data.

The average RVOT measurement was 20.9 = 4.5
mm by BWD in the AP plane and 20.9 + 5.1 mm in the
lateral plane. The RVOT average measurement by ¢SS-
FP was 20.9 = 4.1 mm in the coronal plane and 20.5 +
4.7 mm in the sagittal plane. The main pulmonary ar-
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Figure 2. Comparison of anteroposterior angiogram and cardiac MRI measurements of the RVOT. Scatter plot comparison of antero-
posterior angiogram versus; Panel A. cSSFP coronal plane, r=0.65, Panel B. MRA larger diameter, r=0.51, Panel C. MRA smaller diameter,
r=0.30, Panel D. 3D-SSFP. r=0.62, Panel E. 3D-SSFP smaller diameter, r=0.43.

Figure 3. Comparison of lateral angiogram and cardiac MRI measurements of the RVOT. Scatter plot comparison of lateral angiogram
versus; Panel A. cSSFP sagittal plane, r=0.67, Panel B. MRA larger diameter, r=0.60, Panel C. MRA smaller diameter, r=0.25, Panel D.
3D-SSFP larger diameter, r=0.48, Panel E. 3D-SSFP smaller diameter, r=0.06.

tery (MPA) average measurement was 26.0 £ 4.0 mm
and 24.8 + 6.0 mm for coronal and sagittal planes re-
spectively. MRA and 3D-SSFP images were obtained
in 18 and 19 patients, respectively. The average RVOT
measurement by MRA was 25.6 + 4.5 mm for the larg-
er diameter and 19.4 = 5.0 mm for the smaller diam-
eter. The MPA was 29.5 + 6.9 mm for the larger diam-
eter and 24.0 £ 6.1 mm for the smaller diameter. By
3D-SSFP imaging, the RVOT average measurement
was 24.2 + 4.1 mm for the larger diameter and 19.5 +
3.9 mm for the smaller diameter; the MPA was 29.6 +

7.1 mm for the larger diameter and 23.3 + 4.8 mm for
the smaller diameter. Volumetric data for the cohort
revealed an average indexed right ventricular end
diastolic volume was 118.8 + 39.6 mL/m?, average
right ventricular ejection fraction of 47.8 + 9.4%, and
a pulmonary regurgitant fraction of 32.3 + 17.1%. See
Table 2 for full measurements and volumetric data.
Balloon waist diameter measurements were plot-
ted against cardiac MRl measurements to determine
correlation. BWD in the AP view (Figure 2) was com-
pared to coronal plane of cSSFP images (r = 0.65, p <
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Figure 4. Bland Altman plot of anteroposterior angiogram versus cSSFP MRl in coronal plane.

Figure 5. Bland Altman plot of lateral angiogram versus cSSFP MRI in sagittal plane.

0.01), MRA larger diameter (r = 0.51, p = 0.07), MRA
smaller diameter (r = 0.30, p = 0.3), 3D-SSFP larger
diameter (r = 0.62, p = 0.01), and 3D-SSFP smaller
diameter (r = 0.43, p = 0.1). BWD in the lateral view
(Figure 3) was compared to sagittal plane of ¢SS-
FP images (r = 0.67, p < 0.01), MRA larger diameter
(r=0.60, p = 0.01), MRA smaller diameter (r = 0.25,
p = 0.4), 3D-SSFP larger diameter (r = 0.48, p = 0.06),
and 3D-SSFP smaller diameter (r = 0.06, p = 1.0). CSS-
FP measurements showed the strongest correlation
and underwent Bland-Altman analysis for agreement
(Figures 4 and 5). Bland-Altman analysis of BWD in
the AP view compared to the cSSFP coronal plane
showed a mean measurement difference of 0.50 +
3.62 mm (95% Cl -6.6-7.6). Bland-Altman analysis of
BWD in the lateral view compared to the cSSFP sagit-
tal plane showed a mean measurement difference of
0.54 + 3.94 mm (95% Cl -7.2-8.3).

Discussion

The present study’s results suggest that cardiac MRI
can be a useful tool to predict which patients will be a
candidate for PPVR based on RVOT size. To our knowl-
edge, this is the first study to examine the ability of
cardiac MRI to be used as a tool for PPVR candidate
selection. The mean difference between the BWD and
cSSFP measurements of the RVOT was only ~0.5 mm;
however, the standard error around this point was
wide. This indicates cardiac MRI only has a moderate
capability to predict if percutaneous pulmonary valve
implantation will be successful in patients with bor-
derline RVOT size.

One difficulty with cardiac MRI’s ability to predict
which candidates will be eligible based on RVOT size
is distensibility. While cardiac MRI can account for
some distensibilty and changes in size and shape of
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the RVOT, it is still difficult to predict the exact rela-
tionship of final stent diameter and ultimate RVOT
size. This study attempted to account for this as much
as possible by measuring the RVOT during peak sys-
tole on cSSFP imaging. Presumably during this time
the RVOT would be expanded to its widest point. This
most likely explains why cSSFP images showed the
best correlation and agreement with BWD. MRA is
not gated to the cardiac cycle and the measurements
became an average of systole and diastole which
would limit the utility in using this protocol. 3D-SSFP
is gated to the cardiac cycle, but is taken at a single
phase when the heart is most quiescent which may
not be peak systole, thus it is not possible to know if
these measurements were at the time when the RVvOT
was largest.

Currently, there is a significant amount of research
being done into reliably predicting the distensibility
within an artery [3, 8] A number of different compli-
ant materials at different thicknesses have been test-
ed to make in-vitro models of arteries in an attempt to
be able to predict how distensible a vessel is non-in-
vasively. These models are created using advanced
images, mostly MRI to obtain the in-vitro data [8].
While this method is extremely expensive and time
consuming, the theory behind these models is that
MRI can be used to predict the characteristics of the
vessel. Thus there is data to suggest that cardiac MRI
can be used to non-invasively determine true RVOT
size, especially when using cSSFP imaging during
peak systole, as our study did [1, 8].

Inaddition to the size of the outflow tract, the shape
and character of the outflow tract can play an import-
ant role in the ability to place a percutaneous valve.
Schievano et al. defined five distinct types of RVOT
morphology in patients whom had undergone sur-
gical repair of congenital heart disease affecting the
RVOT. Type 1 morphology was the only morphology
not amenable to PPVR. However, this type account-
ed for 44.6% of the patients in the Schievano study.
This suggests nearly half of patients are ineligible for
current PPVR based on shape of the RVOT alone [1].
The frequent large size and this pyramidal morphol-
ogy of many native RVOTs after surgery have led to
the use of a new self-expanding stent PPVR. This tech-
nology has shown promise in early feasibility studies
and looks encouraging as an approach that will allow

many more patients to receive a percutaneous valve
[4, 9-11]. While this technology is still being devel-
oped and tested there have been new techniques for
using the current PPVR including implanting valves in
the branch pulmonary arteries [12]. Cardiac MRI will
continue to be useful for both of these techniques
and future studies should determine if cardiac MRI
can predict an accurate cross sectional area for the
safe deployment of self-expanding stents and current
PPVR in the branch pulmonary arteries.

ECG gated CTA may better assess RVOT size and
shape, but it is generally not utilized to follow right
ventricular function and volumes over time, plus se-
rial CT exposes patients to unnecessary radiation.
However, cardiac MRI is an ideal test to attempt to
predict the candidacy for PPVR because most of these
patients will undergo cardiac MRI as part of their
standard clinical evaluation prior to consideration for
valve replacement. This is due to the fact that many of
the guidelines for pulmonary valve replacement are
based upon severity of pulmonary insufficiency and
right ventricular volume on cardiac MRI. Addition-
ally, cardiac MRI can be used to screen for another
common cause of PPVR placement failure, coronary
compression [3, 5]. Malone, et al recently showed that
pre-procedural screening with cardiac MRl or CTA can
reliably predict which candidates are at risk for coro-
nary compression [5].

This study shows promising results that cardiac
MRI has benefit in patient screening for PPVR, but
there were a number of limitations to this study. The
retrospective design does not allow for determining
eligibility by measurements on the cardiac MRI at
the time of catheterization. Additionally, the patient
population was biased by the fact that only those
who were deemed to be good candidates were rec-
ommended for PPVR attempt, this decision may have
included the pre-procedural cardiac MRl measure-
ments. This study could have been improved if cardi-
ac MRl measurements were categorized prior to cath-
eterization as suitable for PPVR or not. Going forward
a larger, multi-center study, should be undertaken to
determine if these results are true amongst a larger
population. A larger population could improve the
uncertainty caused by wide lines of agreement and
be used to create a regression formula to translate
a cardiac MRl RVOT measurement to BWD measure-
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ment. This would further improve the predictive val-
ue of cardiac MRI for PPVR candidacy.

Conclusion

cSFFP MRI measurements show moderate correla-
tion and agreement with BWD of the RVOT. While the
mean difference is low, the lines of agreement are
quite wide. This suggests MRI is only moderately ef-
fective in determining RVOT diameter candidacy in
PPVR. Further study using larger patient samples is
warranted to determine if MRl is an effective method
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