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Abstract

Objectives—To evaluate echocardiographic changes after SAPIEN valve implantation in the
pulmonary position.

Background—The feasibility of the SAPIEN transcatheter pulmonary valve (TPV) has recently
been demonstrated. We evaluated changes in pulmonary valve function and the right ventricle
after SAPIEN TPV placement.

Methods—We evaluated echocardiograms at baseline, discharge, 1 and 6 months after TPV
placement in 33 patients from 4 centers. Pulmonary insufficiency severity was graded 0-4. TPV
peak and mean gradients were measured. Right ventricular (RV) size and function were quantified
using routine measures derived from color, spectral, and tissue Doppler indices and two-
dimensional echocardiography.

Results—At baseline, 94% patients demonstrated pulmonary insufficiency grade 2—4. This
decreased to 12% patients at 6 months (P < 0.01). TPV peak (P < 0.01) and mean gradient (P <
0.01) decreased. RV end-diastolic area indexed to body surface area (BSA) (P < 0.01), Tricuspid
regurgitation (TR) gradient (P < 0.01), and the ratio of TR jet area to BSA (P < 0.01) decreased.
Tricuspid inflow peak E:A, tissue Doppler imaging (TDI): septal E" and A’, TDI: tricuspid A’
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improved between baseline and discharge, but trended back to baseline by 6-month follow-up.
Tricuspid valve annulus z-score, RV area change, tricuspid annular plane systolic excursion
(TAPSE), RV dP/dt, tricuspid E:E’, and TDI: tricuspid annulus E" showed no change.

Conclusion—Improvements in pulmonary insufficiency and stenosis, RV size, and TR gradient
and severity are seen after SAPIEN TPV placement. Selected indices of RV diastolic function
improve immediately after TPV implantation, but return to baseline by 6 months. RV systolic
function is unchanged.

Keywords

pulmonary valve; right ventricle; percutaneous intervention; echocardiography; congenital heart
disease; pulmonary regurgitation

Methods

Patients with congenital heart disease who require right ventricle to pulmonary artery (RV-
PA) conduit placement often develop valve dysfunction over time.! The pulmonary
regurgitation and/or stenosis that develop may lead to right ventricle (RV) pressure and
volume loading resulting in RV dilation and dysfunction, arrhythmias, tricuspid
regurgitation (TR), heart failure symptoms, and ultimately, death.2~* Surgical pulmonary
valve replacement is highly effective in eliminating or greatly reducing pulmonary
regurgitation® and has low operative mortality.5:” However, the recovery of RV function has
been variable.8?

With the advent of transcatheter pulmonary valve (TPV) implantation, a new option to
replace dysfunctional pulmonary valves in RV-PA conduits is now available. The Edwards
SAPIEN transcatheter heart valve (Edwards Lifesciences, Irvine, CA, USA), a trileaflet
bovine pericardial valve within a balloon-expandable, stainless-steel support frame, has been
shown to be safe and effective in the aortic position when implanted in elderly patients who
are high risk surgical candidates.1? It has recently received Federal Drug Administration
approval for inoperable patients with severe aortic valve stenosis. The COngenital
Multicenter trial of Pulmonic vAlve regurgitation Studying the SAPIEN interventlONal
transcatheter heart valve (COMPASSION) is a prospective, nonrandomized, multicenter
study to assess the safety and efficacy of the SAPIEN transcatheter heart valve for the
treatment of dysfunctional RV-PA conduits. Early phase 1 results have shown good
feasibility, effectiveness, and safety.11 Our objective was to evaluate echocardiographic
changes in this group after SAPIEN transcatheter heart valve implantation in the pulmonary
position. We hypothesized that after percutaneous pulmonary valve placement
echocardiographic measurements of RV size and TR will decrease while measures of RV
function will remain unchanged. The Institutional Review Board in each participating
institution approved the trial.

Patient Population

Patients were enrolled prospectively from 4 participating centers. Inclusion criteria included:
(1) Weight equal to or exceeding 35 kilograms. (2) In situ conduit size of 216 mm and <24
mm in diameter. (3) Moderate or severe pulmonary regurgitation defined as =3+ pulmonary
regurgitation by transthoracic echocardiogram (TTE), or RV-PA conduit obstruction with a
mean gradient of >35 mmHg by TTE. (4) Symptoms as evidenced by cardiopulmonary
exercise testing. Informed consent was obtained from all potential subjects and/or their legal
guardians.

Echocardiography. Author manuscript; available in PMC 2013 November 05.
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The protocol for valve implantation has been reported previously 11 and is summarized here
for convenience. Procedures were performed under general anesthesia with biplane
fluoroscopic guidance. After hemodynamic assessment, the minimum diameter of the
conduit was assessed by angiography. Aortic root angiography or selective coronary
angiography to assess for possible coronary compression was performed with simultaneous
inflation of a noncompliant balloon in the conduit before RV outflow tract intervention.
Pres-tenting of the conduit with a bare metal stent was performed, either in a separate
procedure or during the valve implantation procedure. A 23 mm or 26 mm SAPIEN
transcatheter heart valve was then implanted over a stiff guidewire and expanded via balloon
inflation. After TPV placement, pressure measurements, and RV outflow tract angiography
were repeated.

Echocardiographic Protocol

The echocardiography core laboratory developed the image acquisition protocol and
provided on-site or web-based training to the local SAPIEN TPV implantation sites. TTES
were performed at baseline prior to TPV implantation, prior to discharge after TPV
implantation, 30-day follow-up, and 6-month follow-up. All studies were performed under
baseline physiologic conditions, not under the influence of anesthesia. Echocardiograms
were performed by experienced sonographers at each center following a protocol which
included a complete set of standardized views to evaluate the RV. These included
parasternal long-axis, parasternal short-axis, apical four-chamber, RV focused apical four-
chamber, and subcostal views. All echocardiograms were then sent to the core lab where
they were stored digitally, databased and networked using Xcelera (Philips Medical
Systems, Andover, MA, USA). All core laboratory measurements were made off line by a
single reviewer and averaged over 3 beats.

Evaluation of Pulmonary Valve Function

Assessment of pulmonary valve stenosis and regurgitation were made primarily from
parasternal short-axis, long-axis, and apical windows. Net peak and mean gradient through
the pulmonary valve was measured by subtracting the continuous Doppler gradient through
the valve from the pulse wave Doppler gradient obtained in the RV just proximal to the
stent. Pressure half-time of pulmonary regurgitation was measured on patients whose
regurgitation provided adequate envelopes. Pulmonary regurgitation was graded from 0 to 4
using the criteria in Figure 1. We graded pulmonary regurgitation based on jet length and jet
entrance into the RV body — easily reproducible measures to compare over time.12:13
Pulmonary stenosis was graded from none to severe using the criteria in Figure 2.14

Evaluation of RV Size and Tricuspid Valve Function

RV end-diastolic area, end-systolic area, tricuspid valve annular diameter, and TR gradient
were obtained from an RV centered apical four-chamber window. Tricuspid valve
regurgitant orifice area was calculated from measurements in the apical four-chamber and
parasternal short-axis windows.

Evaluation of RV Systolic Function

RV fractional area change (FAC) was defined as ([end-diastolic area — end-systolic area]/
end-diastolic area) x 100. The rate of RV pressure rise (RV dP/dt) was measured from the
ascending limb of the TR continuous-wave Doppler signal between 100 m/sec and 300 m/
sec. From a standard apical four-chamber window, tricuspid annular plane systolic excursion
(TAPSE) was obtained, and right ventricular longitudinal shortening (RV LS) was
calculated as ([RV end-diastolic length — RV end-systolic length]/RV end-diastolic length).

Echocardiography. Author manuscript; available in PMC 2013 November 05.
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Pulsed tissue Doppler imaging (TDI) S’ velocities at the tricuspid valve annulus and
interventricular septum were obtained from the apical four-chamber view.

Evaluation of RV Diastolic Function

Doppler velocities of the transtricuspid flow (E and A) were obtained from an apical four-
chamber window. Tissue Doppler velocities of the tricuspid annulus and septum (E’ and A")
were obtained. Derived ratios (E:A, E:E") were calculated.

Statistical Analysis

Results

Statistics were analyzed using SAS, version 9.3 (SAS Institute, Cary, NC, USA). For
continuous variables, individual paired #-tests were conducted on all possible pairs. To
determine the trend from time 1 to time 4, repeated measures ANOVA was conducted on all
individuals with measurements for each of the 4 time points. We did not impute missing
data as numbers were sufficient to conduct appropriate analyses. The mean + SD was
calculated for each continuous variable. For the categorical variables, a Friedman’s chi-
square test was used to determine whether there was a trend towards improved measures
from time 1 to time 4. A P-value <0.05 was considered significant.

Patient Population

Thirty-three consecutive patients from 4 centers had successful SAPIEN TPV implantation
in the pulmonary position between April 2008 and May 2010. Demographic data are
presented in Table I. All patients underwent prestenting prior to SAPIEN valve placement.
The core lab interpreted 129 echocardiograms in these 33 patients.

Pulmonary Valve Function, Right Ventricular Size, and Tricuspid Valve Function

Comprehensive results are presented in Table 1. The number of patients with pulmonary
regurgitation grade 2 or greater decreased from 31 of 33 (94%) at baseline, to 4 of 33 (12%)
patients at 6 months (P < 0.01) (Fig. 1). At the 6-month follow-up, all but 1 patient had
improved pulmonary regurgitation when compared with baseline. Baseline conduit stenosis
severity was moderate or greater in 20 of 33 (60%) patients. This decreased to 4 of 33 (12%)
patients at 6 months (P < 0.02) (Fig. 2). Of the 26 patients with mild or greater conduit
stenosis, 20 (77%) demonstrated improvement, while 6 (23%) patients had no change in
conduit stenosis severity. Two patients with no stenosis at baseline had mild stenosis at 6
months.

RV end-diastolic area indexed to body surface area (BSA) did not change from baseline to
discharge, but decreased significantly at 30-day follow-up; it remained lower than baseline
at 6 months. Similarly, there was no change in RV end systolic area between baseline and
discharge with a statistically significant decrease at 30-day follow-up.

The tricuspid annulus z-score did not change over the follow-up period.

TR peak gradient decreased from 56 + 21 mmHg at baseline to 40 + 12 mmHg at 6-month
follow-up (P < 0.01). TR severity, measured by the TR jet area indexed to BSA, decreased
immediately from baseline to discharge (P < 0.01) and remained unchanged from discharge
at 6-month follow-up.

Right Ventricular Function

Comprehensive results are presented in Table I1I.

Echocardiography. Author manuscript; available in PMC 2013 November 05.
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RV FAC (P =0.86), RV LS (P = 0.30), and RV dP/dt (P = 0.52) showed no significant
interval changes. TDI tricuspid annulus S’ significantly improved at discharge (P < 0.05),
but then significantly decreased at 30-day and 6-month follow-up so that at 6 months, it was
not significantly different from the baseline measurement. TDI septal S* followed a similar
pattern.

Tricuspid inflow peak E velocity did not significantly change through any time points.
Tricuspid inflow peak A velocity significantly increased at discharge (P < 0.05), but then
significantly decreased at 6-month follow-up (P < 0.01). Tricuspid inflow peak velocity E:A
significantly changed from baseline to discharge (P < 0.01), but showed no changes between
baseline versus 30-day and 6-month follow-up (P = 0.15).

TDI tricuspid annulus E’ and E:E' showed no significant change. TDI tricuspid annulus A’
significantly changed from baseline to discharge (P < 0.01), but showed no changes between
baseline versus 30-day and 6-month follow-up (P = 0.15).

Discussion

RV Size

The function of the pulmonary valve improved dramatically after placement of the Edwards
SAPIEN TPV; this improvement was durable throughout the follow-up period. All patients
had improved pulmonary regurgitation and stenosis at discharge. These improvements were
comparable to or more favorable than to those seen after surgical replacement, where
conduit failure rates ranged from 3 to 7% at 1 year.1>:16 Comparisons with the Melody valve
were also favorable.’

We chose RV end-diastolic area as a two-dimensional echocardiographic measure of RV
size because it correlates strongly with magnetic resonance imaging (MRI)-derived RV
size.1® We found statistically significant decreases in RV end-diastolic and end-systolic area
following TPV placement. This is in line with the decreases in RV volume after TPV
implantation reported by other groups.19-21 RV end-diastolic and systolic area decreased
between discharge and 30-day follow-up and was sustained through 6-month follow-up.
However, there was no further evidence of decreases in ventricular size between 30-day and
6-month follow-up suggesting changes in RV size occur early after TPV implantation.

RV Systolic Function

We used RV FAC and TAPSE-derived RV longitudinal shortening to quantify RV systolic
function. RV FAC has been shown to correlate with RV ejection fraction (EF) by MRI,22:23
and is an independent predictor of mortality after pulmonary embolism24 and myocardial
infarction.?> TAPSE has correlated strongly with radionuclide angiography, biplane
Simpson RV EF, and RV FAC.26-28 These measures were depressed at baseline in our
patients. We found no changes in global measures of RV systolic function after TPV
placement.

Almost all of our study population had mixed pulmonary regurgitation and stenosis, or
pulmonary regurgitation alone. After TPV, this population has been shown to have no
change in RV EF by MRI, similar to our findings.29-29:30 patients undergoing surgical
pulmonary valve replacement for severe pulmonary regurgitation exhibit similar
patterns.8:15:31-33 Coats et al.2? analyzed RV function by MRI in patients with only
pulmonic stenosis undergoing TPV placement and found improvement in systolic function.
We only enrolled 2 patients with isolated stenosis, making a subgroup analysis impossible.

Echocardiography. Author manuscript; available in PMC 2013 November 05.
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Regional measures of RV function improved at discharge, but returned to baseline at 30-day
follow-up showing no sustained change. This is in contrast with other studies that have
shown no change in TDI measures of systolic function after TPV in patients with pulmonary
regurgitation.2%:34 Improvements in 2D RV strain by speckle tracking have been seen in
patients receiving Melody valves whose preimplantation pulmonary valve dysfunction was
similar to that encountered in our cohort.3> However, these patients were only evaluated
before and immediately after implantation, so it is not known if improvements in strain were
sustained over short-term follow-up. Perhaps the mechanism which allows patients with
pure pulmonic stenosis to recover systolic function is retained in the population with mixed
disease, allowing them some mild nonsustained recovery of RV systolic function.
Interestingly, regional measures of systolic function have been shown to actually worsen
after surgical pulmonary valve replacement.36 However, this may be associated with
cardiopulmonary bypass or other confounders, and the results may not be comparable to our
population.

RV Diastolic Function

Changes in RV diastolic function following pulmonary valve replacement are sparsely
reported. Our patients showed an increased TDI tricuspid A', septal E" and A’, and an
increase in Doppler A velocity at discharge. It is conceivable that the increased Doppler A
velocity is actually a marker of improved diastolic function from a “pseudo-normal” state.
These changes all returned to baseline at 30-day follow-up. Coats et al.2? found no changes
in TDI tricuspid velocities after TPV. However, Frigiola et al.1® found an increase in TDI
tricuspid E’ after surgical pulmonary valve replacement in patients with RV volumes <150
mL/m2. This suggests recovery of RV diastolic function may be possible if valve
replacement occurs before RV dilation reaches a threshold precluding recovery.

RV Remodeling

The improvements acutely seen after TPV, including pulmonary regurgitation grade, conduit
gradients, RV size, and TR severity persisted through the 30-day and 6-month follow-up.
However, no measure significantly improved between 30 days and 6 months. Longer term
follow-up may be needed to detect further signs of ventricular remodeling; however, Lurz et
al.3" reported a similar lack of improvement even after 2 years of follow-up. This, along
with the lack of improvement in ventricular function, may suggest that patients with chronic
RV volume overload suffer from irreversible RV remodeling and/or damage to myocardium.
While this brings into question the utility of pulmonary valve replacement, insertion of the
TPV may well have arrested worsening of RV size and function in our patients. Our findings
suggest that long-standing pulmonary regurgitation is a more important contributor to
patient morbidity than once thought 38 and earlier pulmonary valve replacement should be
considered after the onset of significant regurgitation. Ideally, a randomized, controlled trial
should be performed to determine the optimal timing/utility of TPV placement in this
population.

Postimplantation Imaging Protocol

Most studies investigating RV changes after surgical pulmonary valve replacement use MRI
as the modality of choice when assessing RV size and function.” With the increasing
implantation rate of TPVs, the use of MRI is becoming difficult. As previously reported by
Kenny et al.,11 >50% of our cohort had uninterpretable MRIs at follow-up for RV volumes,
EF, and regurgitant fraction due to artifact from the stainless steel stent. Studies using the
Melody valve have shown comparable problems with MRI data.® Our results using
transthoracic echocardiography show similar trends when assessing pulmonary valve
function, RV size, and RV function as have been shown with MRI after TPV implantation.
Echocardiography becomes very useful in this setting and may be the imaging modality of

Echocardiography. Author manuscript; available in PMC 2013 November 05.
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choice. This may become increasingly true as the age of TPV recipients decreases over the
next few years, offering a safe alternative to MRI and the risks that come with the associated
anesthesia. Utilization of imaging protocols will be important to detect changes in echo
findings over time.

While the measurements we included in our protocol were carefully chosen,
echocardiographic analysis of changes in the right heart has inherent limitations. There are
no validated standards for quantification of pulmonary regurgitation. The pulmonary
regurgitation jet length, for example, is affected by the driving pressure gradient between the
pulmonary artery and the RV, making it less reliable when comparing patients with differing
pulmonary artery pressures.3® Measurement of the pulmonary stenosis peak instantaneous
gradient is Doppler angle dependent, inaccurate if more than one area of stenosis is present
in a series and may be overestimated when compared with the invasive catheterization peak
to peak gradient.1* Quantification of TR by jet area correlates well with angiography,
however, quantification of eccentric jets may underestimate severity.3? Tissue Doppler
measures of systolic and diastolic function are angle dependent and assume that a regional
measure accurately represents the function of the entire ventricle.?? As TPV technology
advances to the point where these valves can be placed in transannular patches, it will be
important to note that measurements of RV area from the apical four-chamber view are
inherently limited because they do not include the area contained in the outflow tract. This
may limit our ability to evaluate RV size and function in patients who had a transannular
patch because a significant portion of their RV volume may be contained in their outflow
tract and the effects of the patch on RV function will not be able to be assessed, resulting in
underestimation of RV size/volume.*0 Measuring RV size from other echocardiographic
views may add additional useful information in future protocols.*!

Although we have reported immediate benefits of the TPV with early-term follow-up, longer
term studies will be needed to determine longevity of the SAPIEN TPV compared with
surgical interventions. We will provide longer term results as we include more participating
institutions and enroll more patients. This may help identify long-term and/or small changes
in ventricular remodeling. Because our patients were heterogeneous in terms of the nature of
right ventricular outflow tract flow perturbation, we were not able to examine the potentially
differing responses of volume versus pressure load relief on RV function in these patients.

Conclusions

Follow-up after SAPIEN TPV placement revealed improvements in pulmonary regurgitation
and stenosis, RV size, and TR gradient and severity. These changes were seen immediately
and were sustained over 6 months. Select indices of RV diastolic function improved
immediately after TPV implantation, but returned to baseline by 6 months. Global measures
of RV systolic function remained unchanged. COMPASSION will follow these patients for
5 years to assess the long-term functional outcome of the SAPIEN TPV when placed in the
pulmonary position. Long-term changes in the RV after percutaneous pulmonary valve
implantation will also be assessed.
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Figure 1.

Change in pulmonary regurgitation. Changes in pulmonary regurgitation over the follow-up
period. Pulmonary regurgitation was graded from 0 to 4 based on regurgitant jet length and
extension into the right ventricular (RV): 0 = none; 1 = trivial (<1 cm); 2 = mild (1-2 cm); 3
= moderate (>2 cm, does not extend into RV body); or 4 = severe (>2 cm, extends into RV
body).
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Figure 2.

Change in pulmonary stenosis. Changes in pulmonary stenosis over the follow-up period.
Pulmonary stenosis was graded from 0 to 3 based on net peak gradient: 0 = none (<16
mmHg); 1 = mild (16-30 mmHg); 2 = moderate (31-45 mmHgq); or 3 = severe (>45
mmHg).
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Patient Demographics

Age, years
Weight, kg
Male/female
Diagnosis
Tetralogy of Fallot
Ross procedure
Transposition of the great arteries
Other
Open heart surgeries
RVOT conduit types
Homograft
Other
Original RVOT conduit size, mm
Conduit dysfunction
Regurgitation
Stenosis
Mixed
RVOT prestenting

Stent placed at time of procedure

Stent placed before day of procedure

30.3+15.1
73.4+229
24/12

16
11
1
8
1.94 (1-5)

29

7

23.4+39

12

19

24
12

Values are mean + SD, n, or n (range).

RVOT = right ventricular outflow tract.
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