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Abstract

Background and aim of the study—The treatment of pulmonary insufficiency (PI) following
reconstructive surgery of the right ventricular outflow tract (RVOT) in repair of the tetralogy of
Fallot remains a significant challenge. The study aim was to establish an ovine model of dilated
RVOT and PI, and to quantify the degree of Pl and right ventricular remodeling over an eight-
week period, using magnetic resonance imaging (MRI).

Methods—Five sheep underwent baseline MRI scanning and catheterization. The weight-
indexed right and left ventricular end-diastolic volume (EDV), end-systolic volume (ESV), stroke
volume (SV), ejection fraction (EF) and pulmonary regurgitant fraction (RF) were measured at
baseline. The animals then underwent pulmonary valvectomy and transannular patch repair of the
RVOT. Repeat MRI and hemodynamic measurements were obtained after an eight-week period.

Results—The indexed RVEDV increased from 49 + 4.0 ml/m? at baseline to 80 + 10.3 ml/m? at
eight weeks after valvectomy (p = 0.01), while the indexed RVESV increased from 13 + 3.4
ml/m? to 33 + 8.8 ml/m2 (p = 0.01). The indexed RVSV increased from 36 + 3.7 ml/m? to 47 +
1.7 ml/m2 (p = 0.01). The RVEF at baseline was 74 + 6%, and this decreased to 59 + 5% at follow
up (p = 0.02). The RF at baseline was 0 + 0% and was increased to 37 + 3% at eight weeks after
valvectomy (p <0.001). The left ventricular (LV) function was also diminished: LVEF at baseline
was 67 £ 2%, versus 49 + 10% at follow up (p = 0.01). Both, the RV and LV end-diastolic
pressures were significantly elevated at follow up.

Conclusion—All five animals developed pulmonary regurgitation sufficient to cause significant
RV dilatation and diminished RV and LV functions. This model may be used to investigate novel
therapeutic approaches in the treatment of this difficult clinical problem.

© Copyright by ICR Publishers 2012

Address for correspondence: Robert C. Gorman MD, Gorman Cardiovascular Research Group, Glenolden Research Laboratory,
University of Pennsylvania, 500 S. Ridgeway Avenue, Glenolden, PA 19036, USA, gormanr@uphs.upenn.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Robb et al.

Page 2

The treatment of patients with pulmonary insufficiency (PI) following reconstructive
surgery of the right ventricular outflow tract (RVOT) for congenital heart disease remains an
important clinical challenge. Longstanding Pl typically leads to right ventricular (RV)
dilatation, exercise intolerance, ventricular arrhythmias, and heart failure. This adverse
remodeling of the right ventricle is a common indication for late reintervention following
surgical repair of the tetralogy of Fallot (ToF) (1-10).

A homograft conduit or bioprosthetic valve replacement are commonly used for the surgical
treatment of RVOT dysfunction (11) although, due to their tendency to degenerate and
calcify, these prostheses often fail very quickly. Such concern over prosthesis longevity
frequently delays the decision to refer patients for surgery, thereby subjecting them to
ongoing PI and the risk of irreversible RV damage. This clinical dilemma has led to the
development of minimally invasive approaches to PI following RVOT reconstruction for
congenital heart disease.

The first implantation of a transcatheter pulmonary valve in animals, and subsequently in
humans, was made in 2000 (12,13). Yet, increasing experience with transcatheter pulmonary
valve placement has demonstrated the benefits and limitations of this therapy (1,14-21). It
has been shown that the percutaneous implantation of valved stents in failed right ventricle
to pulmonary artery (PA) conduits represents an effective means of rehabilitating a
surgically placed homograft. The patients benefit in both the short and medium terms, with
improvements in symptoms, aerobic and anaerobic exercise capacity, RV volumes and
systolic and diastolic function, without incurring the risk of open-heart surgery (18,22-24).

Percutaneous pulmonary valve replacement does, however, have certain limitations, with the
use of this technique generally having been limited to ‘conduit rehabilitation’. Currently
available devices - namely, the Melody® valve (Medtronic, Minneapolis, MN, USA) and
the SAPIEN® valve (Edwards Lifesciences, Irvine, CA, USA) - have maximum functional
diameters of 22 mm and 26 mm, respectively, and are therefore not suitable for dilated
RVOTs (21). Unfortunately, massively dilated RVOTs are commonly encountered in
clinical practice, particularly in patients who have undergone transannular patch repair of
ToF. Although attempts have been made to downsize the large outflow tracts - either
surgically, or with a filler device to facilitate valved-stent deployment (16,25) - these
procedures have met with only limited success. In addition, the RVOT is often not only
dilated but also highly asymmetrical and distorted, which makes the placement of any
device difficult. Thus, a dilated and distorted RVOT remains a considerable clinical
challenge, and provides a fertile area for study.

In order to permit laboratory investigations of this important clinical problem, an ovine
model of pulmonary valve insufficiency with a dilated RVOT has been developed that
closely replicates the common late clinical presentation for ToF patients who previously
would have been treated with a transannular patch.
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Materials and methods

Baseline magnetic resonance imaging (MRI) study

Five female Dorsett hybrid sheep (body weight 50-83 kg) were used in these studies.
Following the induction of anesthesia with sodium thiopental (10-15 mg/kg, intravenously),
each animal was intubated endotracheally and the anesthesia maintained with 1-2%
isoflurane in oxygen. All animals received glycopyrrolate (0.02 mg/kg intravenously) to
minimize secretions associated with endotracheal intubation. During the operative
procedure, a surface electrocardiogram and arterial blood pressure were monitored
continuously. A 9F central venous catheter and a pulmonary artery catheter (131h-7F;
Baxter Healthcare, Irvine, CA, USA) were placed to monitor temperature and
hemodynamics, and to measure the right-sided cardiac pressures. The pulmonary catheter
was removed prior to MRI scanning. A high-fidelity pressure transducer (SPC-350; Millar
Instruments, Inc., Houston, TX, USA) was passed percutaneously via the femoral artery into
the left ventricle, so as to allow continuous left ventricular (LV) pressure monitoring, as well
as facilitating the gating of the subsequent image acquisition in the MRI scanner.

On completion of instrumentation, the animals were transferred to the MRI scanner for
cardiac imaging. All scans were performed using a 3T Siemens Avanto scanner (Siemens
Corp., New York, USA). Following the MRI investigations, the animals were allowed to
recover and then returned to their housing units.

The animal studies were conducted in compliance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health Publication no 85-23, revised 1996), and
under an experimental protocol approved by The University of Pennsylvania’s Institute of
Animal Care and Use Committee.

Pulmonary valvectomy and transannular patch surgery

After one to two weeks, each animals was re-anesthetized as described above, and a left
thoracotomy performed to expose the RVOT/pulmonary artery. An oval Gore-Tex® patch
(Gore-Tex® Acuseal Cardiovascular Patch; W.L. Gore and Associates, Inc., Flagstaff, AZ,
USA) was prepared which measured 45 mm in length, 25 mm in width, and 0.6 mm in
thickness. A partially occluding Satinsky clamp was placed across the RVOT, incorporating
the pulmonary annulus (Fig. 1A). Following a period of observation to ascertain that the
animal had remained hemodynamically stable, the RVOT was incised along its length, with
the pulmonary annulus at the midpoint of this incision; one complete pulmonary valve
leaflet was then excised. The patch was then sutured to the edges of the incised RVOT,
using a 6-0 running monofilament suture. The clamp was partially released and additional
hemostatic stitches placed if necessary before the clamp was removed (Fig. 1B).

An epicardial echocardiographic study was then performed to confirm the presence of
pulmonary insufficiency, using two-dimensional (2D) color Doppler. The thoracotomy was
closed, after which the animal was allowed to awaken, was extubated, and placed in a
recovery pen.
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Follow up MRI

Eight weeks later, the animals were re-anesthetized in similar manner as for the baseline
MRI study, and the same instrumentation applied. A full hemodynamic catheterization was
performed, followed by repeat MRI scanning.

Phase-contrast MRl methodology

At both baseline and follow up MRI studies, phase-contrast MRI acquisition was applied at
the main and branch pulmonary arteries, and at the aorta for flow quantification. The
imaging parameters were: echo time 3.5 ms, three segments, temporal resolution 40 ms, flip
angle 25°, matrix of 256 x 128, and voxel size of 2.0 x 1.5 x 5.0 mm (slice thickness) with a
resulting signal-to-noise ratio (SNR) of approximately 1.0. Using cardiac gating facilitated
by the high-fidelity LV pressure transducer, four averages were obtained for improving the
SNR and mitigating against respiratory artifact. The velocity limit was set initially at 150
cm/s, and increased as necessary to accommaodate any increased flow velocities. The phase-
contrast MRI data analysis involved contouring regions of interest throughout all phases of
the cardiac cycle. Forward, regurgitant, and net flows were then automatically calculated
from the resulting flow-time curves. The regurgitant fraction (RF) through a region of
interest was defined as: RF = (reverse flow/forward flow) x 100. Fractional branch PA
pulmonary blood flow (PBF) distribution was calculated as: Fractional branch PA PBF =
(net branch PA flow/net total PBF) x 100. Indexed values were obtained by calculating the
animal’s body surface area (BSA), based on an accepted conversion formula for sheep:
[BSA (m?) = 0.097 x weight (kilograms)%-656] (26).

Ventricular volume analysis

Cine short-axis imaging of the ventricles was acquired from base to apex of the heart using
eight contiguous slices of 6-8 mm thickness, depending on the heart size. The RV and LV
systolic function analysis involved contouring the blood pool at end-diastole and end-systole
at each level of the volume data set, thereby quantifying the end-diastolic volume (EDV)
and end-systolic volume (ESV). The stroke volume was defined as the difference between
the EDV and ESV, and the ejection fraction (EF) as stroke volume/EDV x 100.

Euthanasia and post-mortem examinations

Results

Following the terminal MRI scan, the animals were returned to the operating room and,
under continuing full general anesthesia, underwent a sternotomy. The heart and great
vessels were dissected free from any adhesions, the great vessels clamped, and potassium
(100 mEq) administered into the aortic root to arrest the heart. The heart was then excised
and the RVOT opened to inspect the technical result of the surgery.

Using 2D color-flow Doppler echocardiography, all animals were shown to have pulmonary
insufficiency immediately after pulmonary valvectomy and transannular patching of the
RVOT (Fig. 2). All five animals survived the surgical procedure and completed the study
protocol. One animal developed respiratory distress and required anesthesia and ultrasound-
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guided drainage of an 800 ml serosanguinous left-sided pleural effusion on postoperative
day 18, but remained well thereafter.

The mean body weight at the time of surgery was 69.8 + 12.4 kg, and at the eight-week MRI
scan was 68.4 + 13.3 kg (p = 0.62). Details of baseline and terminal hemodynamics are
listed in Table I. The mean right atrial pressure rose from 7.0 £ 2.0 mmHg at baseline to
18.2 £ 2.5 mmHg at follow up (p <0.001), while the mean diastolic RV pressure rose from
3.3+5.5 mmHg to 15.6 + 4.8 mmHg at follow up (p = 0.014). The mean diastolic
pulmonary artery pressure rose from 11.7 + 3.8 mmHg at baseline to 18.4 £ 1.7 mmHg at
follow up (p = 0.024). The mean LV diastolic pressure was increased significantly at follow
up (10.3 £ 5 mmHg versus 19.4 £1.9 mmHg; p = 0.022).

The mean RF in animals at baseline was 0 + 0%, and at follow up scanning eight weeks after
valvectomy was 37 = 3% (p <0.001; Fig. 3). The indexed RVEDV was increased from 49 +
4.0 ml/m? to 80 + 10.3 ml/mm? at follow up (p = 0.01; Fig. 4). The indexed RVESV
increased from 13 + 3.4 ml/m? to 33 + 8.8 mI/m? at follow up (p = 0.01). At baseline, the
mean indexed RVSV was 36 + 3.7 ml/m2, but at post-valvectomy follow up scanning was
47 + 1.7 ml/m2 (p = 0.01). The mean EF at baseline was 74 + 6%, and this decreased to 59 +
5% at follow up (p = 0.02; Fig. 3). The LVEF was also significantly decreased, from 67
2% at baseline to 49 £+ 10% at follow up (p = 0.01; Fig. 5).

At post-mortem examination, it was confirmed in all animals that at least one complete
pulmonary valve leaflet had been excised. The remaining two leaflets in a typical specimen
are shown in Figure 1C.

Discussion

Patients who have undergone transannular patch repair of ToF during infancy are left with a
free pulmonary valve insufficiency, and often have extremely dilated RVOTSs. To date,
purely percutaneous approaches to valve replacement have not been applicable in such cases
(16,20,27), and consequently there is much interest in developing devices and strategies to
treat these complex issues via a transcatheter approach (28,29). Whilst preclinical testing in
an animal model is a vital component of this developmental process, standard large-animal
models do not reflect the harsh anatomic sequelae of repaired congenital heart disease in
humans. Hence, a novel device or therapeutic strategy may function well in an animal with a
normal, symmetrical RVOT, but fail when faced with the anatomic heterogeneity seen
clinically. For this reason, preclinical testing in an animal model that mimics human disease
would enhance the design process considerably. Although such animal models have been
reported previously, their hemodynamic and remodeling characteristics have not been fully
assessed and documented (30-32).

By using cardiac MRI to describe the specific physiological and anatomic consequences
associated with transannular patch surgery, a valuable tool has been developed for exploring
new approaches to this complex issue. Through paying rigorous attention to the above-
described surgical and imaging protocols, RVOT dysfunction and distortion was created
reproducibly in the five animals studied which was very similar to that encountered in
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human patients with chronic PI. Furthermore, cardiac MRI was used to quantify the changes
seen. The extent of P, as determined with MRI, was severe and consistent in all five
animals (mean pulmonary RF 37 + 3%), and its negative effect on biventricular size and
function was dramatic (see Figs. 4 and 5, which show the EFs for the right and left ventricles
at baseline and eight weeks after pulmonary valvectomy and transannular patch repair). By
using this model, the extent of PI, its effects on RV and LV function, and the time course for
the development of these changes, can now be predicted. Moving forwards, this model
provides the foundation for the exploration of novel transcatheter devices and of innovative
approaches to the treatment of PI.

In conclusion, there is today an increasing interest in the field of percutaneous intervention
for valvular heart disease, as exemplified by the widespread adoption of transcatheter aortic
and pulmonary valve replacement. The pulmonary valve incompetence seen after ToF repair
remains clinically challenging to treat. Moreover, the model of Pl and dilated RVOT
described here may be used for further investigation into the pathophysiologic consequences
of these abnormalities themselves, and of any novel intervention proposed in an era of
rapidly advancing therapeutic options. This includes devices designed specifically for
deployment into the dilated RVOT, or for implantation elsewhere in the pulmonary arterial
tree (28,29). Further studies of these devices and approaches in an anatomically appropriate
preclinical model, as described in the present study, are required to evaluate the durability of
novel devices/approaches and their impact on RV remodeling.
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Figure 1.
Operative and post-mortem anatomy. A) Intraoperative image of pulmonary valvectoamy,

demonstrating a partially occlusive Satinsky clamp across the RVOT/pulmonary annulus.
The pulmonary artery has been opened and a pulmonary valve leaflet is being excised. B)
Intraoperative image of the completed transannular patch repair. C) Post-mortem specimen
of an excised heart from one of the study animals. The RVOT/PA have been laid open by a
longitudinal incision through the PA/patch/RVOT, showing thai there only two pulmonary
valve leaflets remain intact. LAA: Left atrial appendage; PA: Pulmonary artery; RV: Right
ventricle; RVOT: Right ventricular outflow tract.

J Heart Valve Dis. Author manuscript; available in PMC 2014 July 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Robb et al.

Page 10

05/25/2008 D1:57.42PM TIS0.4 MI 0.5

XT-2iPediatric
6:57:17

WF High
Med

Figure 2.
Post-valvectomy pulsed-wave Doppler echocardiographic study demonstrating regurgitant

flow in the RVOT at the level of the pulmonary annulus.
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Indexed right ventricular stroke volumes, regurgitant volumes and regurgitant fractions at
(A) baseline (n = 5) and (B) at eight weeks after pulmonary valvectomy and transannular
patch (n = 5). The regurgitant fractions are expressed as percentages.
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Indexed right ventricular end-diastolic volume (EDV), end-systolic volume (ESV) and

ejection fraction at (A) baseline (n = 5) and (B) at eight weeks after pulmonary valvectomy
and transannular patch (n = 5). The ejection fractions are shown as percentages.
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Figure5.
Indexed left ventricular end-diastolic volume (EDV), end-systolic volume (ESV) and

ejection fraction at (A) baseline (n = 5) and (B) at eight weeks after pulmonary valvectomy
and transannular patch (n = 5). The ejection fractions are shown as percentages.
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Table |

Hemodynamic measurements at baseline and at eight weeks after valvectomy.

Parameter Baseline 8 weekspost-valvectomy P-value
Body weight (kg) 69.8+12.4 68.4 +13.3 0.868
Heart rate (bpm) 100 + 23 105+9 0.509
CO (1/min) 5029 38+1.0 0.396
RAP (mmHg) 7.0£20 182 +25" 0.001
Systolic RVP (mmHg) ~ 26.7+5.9 38.2 +2.0% 0.006
Diastolic RVP (mmHg) 33%55 15.6 + 4.8 0.014
Mean RVP (mmHg) 12.3+3.2 23621 0.429
Systolic PAP (mmHg) 23747 32.8+3.6 0.742
Diastolic PAP (mmHg)  11.7+3.8 184+ 1.7 0.024
Mean PAP (mmHg) 16.3+4.9 24.6+09" 0.001
Diastolic LVP (mmHg)  10.3+5.0 19.4 +1.9" 0.022

All values are mean + SD.

*
Statistically significant versus baseline.

CO: Cardiac output; LVP: Left ventricular pressure; PAP: Pulmonary artery pressure; PCWP: Pulmonary capillary wedge pressure; RAP: Right
atrial pressure; RVP: Right ventricular pressure.
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