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Abstract

Objective—The inclusion technique was developed to reinforce the pulmonary autograft to
prevent dilation after the Ross procedure. Anti-commissural plication (ACP), a modification
technique, can reduce graft size and create neo-sinuses. The objective was to evaluate pulmonary
valve biomechanics using the inclusion technique in the Ross procedure with and without ACP.

Methods—Seven porcine and five human pulmonary autografts were harvested from hearts
obtained from a meat abattoir and from heart transplant recipients and donors, respectively. Five
additional porcine autografts without reinforcement were used as controls. The Ross procedure
was performed using the inclusion technique with a straight Dacron graft. The same specimens
were tested both with and without ACP. Hemodynamic data, echocardiography, and high-speed
videography were collected via the ex vivo heart simulator.

Results—Porcine autograft regurgitation was significantly lower after the use of inclusion
technique compared to controls (p<0.01). ACP compared to non-ACP in both porcine and human
pulmonary autografts was associated with lower leaflet rapid opening velocity (3.9+2.4 cm/s vs.
5.9+2.4 cm/s, p=0.03; 3.5+£0.9 cm/s vs. 4.4+1.0 cm/s, p=0.01), rapid closing velocity (1.9+1.6
cm/s vs. 3.1+£2.0 cm/s, p=0.01; 1.8+0.7 cm/s vs. 2.2+0.3 cm/s, p=0.13), relative rapid opening
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force (4.6+£3.0 vs. 7.7+5.2, p=0.03; 3.0+0.6 vs. 4.0+2.1, p=0.30), and relative rapid closing force
(2.5£3.4 vs. 5.9+2.3, p=0.17; 1.4+1.3 vs. 2.3+0.6, p=0.25).

Conclusions—The Ross procedure using the inclusion technique demonstrated excellent
hemodynamic results. The ACP technique was associated with more favorable leaflet
biomechanics. /n vivo validation should be performed to allow direct translation to clinical

Ross procedure; Pulmonary autograft; Aortic valve replacement; Pulmonary valve

INTRODUCTION

The Ross procedure is typically used to treat aortic valve dysfunction in children and
young adults by replacing the aortic valve and aortic root with a pulmonary autograft

and replacing the pulmonary valve with a pulmonary or aortic allograft.! This procedure
enables the replacement of a diseased aortic valve with an autologous living substitute,
which is advantageous because of its potential favorable hemodynamics, low endocarditis
risk, low thrombogenicity, avoidance of anticoagulant therapy, and autograft growth which
may be needed in children.2 Although several studies demonstrated excellent outcomes
associated with the Ross procedurel~5, the need for reoperation remains the main limitation
of the procedure.” One of the principal causes of failure of the pulmonary autograft is
dilation of the neo-aortic root, subsequently leading to absence of central coaptation and
regurgitation.182 The inclusion technique using straight Dacron grafts was developed to
reinforce the autograft by using a cylinder (Figure 1A-D, Video 1).” This technique was
thought to prevent autograft late dilation, but information is sparse regarding the long-

term outcomes.? Furthermore, anti-commissural plication (ACP), a modification technique,
is commonly used in valve reimplantation procedures to recreate neo-sinuses that are
geometrically similar to native aortic roots.1? Though some evidence suggests that the
vortices created by the sinuses are associated with stress reduction of the aortic leaflets}1-14,
a recent study failed to demonstrate the added benefit of neo-sinuses in aortic leaflet
hemodynamics and biomechanics in the valve-sparing root replacement procedure.1> The
objective of this study was to evaluate pulmonary valve biomechanics in the Ross procedure
using the inclusion technique with and without ACP.

METHODS

Sample Preparation

Porcine pulmonary autografts (n = 7) were harvested from hearts obtained from a meat
abattoir. To validate findings obtained from porcine specimens, human pulmonary autografts
(n = 5) were obtained from heart transplant recipients and donors whose hearts were not
used for transplantation (Figure 1E). During the harvest, care was taken to keep at least 2
mm of the right ventricular tissue below the nadir of each pulmonary leaflet attachment site
(Figure 1F). Distally, the pulmonary artery 5 mm distal to the pulmonary valve commissures
was discarded. Epicardial fat and any remaining adipose tissue on the pulmonary artery
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were trimmed away to maximize the effective cross-sectional area of the neo-left ventricular
outflow tract and the aortic root. Prepared pulmonary autografts were stored in vacuum
sealed bags filled with normal saline in —20°C for no longer than 1 week until further

use. When ready for ex vivo simulation, the pulmonary autografts were thawed in room
temperature and then sized using an aortic valve sizer at the level of the commissures.
Straight Dacron grafts that were 6—7 mm larger in diameter were selected. The average
diameter of porcine pulmonary autografts was 20.0 + 2.1 mm, and the Dacron grafts

used averaged 26.8 = 1.5 mm in diameter. The average diameter was 21.8 £ 1.8 mm for
human pulmonary autografts with Dacron grafts sized 28.0 + 2.4 mm in diameter used. The
proximal suture line was first completed to attach the right ventricular tissue to the proximal
end of the Dacron graft using a 4-0 polypropylene suture in a continuous fashion. Next, the
three pulmonary valve commissures were suspended and fixed onto the Dacron graft using
4-0 polypropylene sutures (Figure 1G). The commissure suspension height and rotational
degrees were adjusted to ensure proper coaptation of all three pulmonary valve leaflets.
ACP was performed by plicating the Dacron graft between the commissures at the level of
the commissures using a horizontal mattress stitch spanning roughly 2 mm on the Dacron
graft above each cusp (Figure 1H, 11). The final diameter of the Dacron graft after ACP
was similar to the diameter of the pulmonary autograft at the level of the commissures. The
distal end of the pulmonary autograft was then sutured onto the Dacron graft using a 4-0
polypropylene suture in a continuous fashion (Figure 1J). The proximal end of the finished
reinforced pulmonary autograft was finally mounted to an elastomeric sewing ring on a
3D-printed conduit mount using a running 4-0 polypropylene suture (Figure 1K), and the
distal Dacron graft was connected to a 3D-printed outflow mount. For the non-ACP group,
there were no ACP sutures but the commissure attachment to the Dacron graft remained

the same. From ACP to non-ACP or vice versa, the middle suture line connecting the distal
pulmonary autograft and the Dacron graft was removed to allow the removal or addition of
the ACP sutures, and the middle suture line was performed again after the ACP modification
(Figure 1L). In this setup, the same specimens were used twice, one with ACP and the other
without ACP in a random order. Additional photographs illustrating the steps to prepare the
pulmonary autografts are shown in Figure S1.

To generate the control group, porcine pulmonary autografts without reinforcement were
obtained from 5 additional hearts with the pulmonary autografts harvested in the same
fashion as described above. The control right ventricular tissues were directly mounted to
the conduit mount using a running 4-0 polypropylene suture. The distal pulmonary autograft
and reinforced pulmonary autograft were connected to the outflow mount for ex vivo data
collection.

Left Heart Simulator

The 3D-printed heart simulator (Figure 2A) was designed to allow for valvular
investigations under physiologic conditions.15-18 The simulator includes a programmable
pulsatile linear piston pump (ViVitro Superpump, ViVitro Labs, Victoria, BC, Canada) that
is attached to a custom left ventricular chamber to produce a physiologic waveform for in
vitro valve testing in compliance with ISO 5840 standards. Ventricular, aortic, and left atrial
pressure transducers (Utah Medical Products Inc., Midvale, Utah) as well as electromagnetic

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 4

flow probes (Carolina Medical Electronics, East Bend, North Carolina) were placed for
hemodynamic measurement collection. Normal saline was used as the test fluid to ensure
accurate transduction of the flow meters, and the temperature was set at 37°C. To calibrate
the simulator, a mechanical disc valve (ViVitro) was placed in the mitral position while
another mechanical disc valve was used in the aortic position. After calibration, the samples
were placed in the aortic position, and hemodynamic data was collected and averaged for

10 cycles in each experimental phase, as per the standard recommendation from ViVitro
Labs. High-speed videography from an en face perspective was also obtained at 1057 frames
per second with 1280 x 1024 resolution (Chronos 1.4, Kron Technologies, Burnaby, British
Columbia, Canada) to evaluate leaflet morphology and function.

Leaflet Motion Tracking

High-speed videography data were analyzed using Logger Pro®3 (Vernier) for leaflet
motion tracking. Specifically, the noduli of all three cusps were tracked throughout a
complete cardiac cycle (Figure 2B). Raw positional data were imported into MATLAB
(R2020a, MathWorks Inc., Natick, MA) for data processing. A linear regression model was
used to fit the displacement and velocity plots of each cusp during opening and closing to
obtain velocity and acceleration, respectively. Results obtained from all three cusps during
each phase were averaged to obtain the averaged cusp opening and closing velocity and
relative force.

Echocardiography Measurements

Echocardiographic data were obtained using a Phillips iE33 system with an S5-1
transthoracic probe (Koninklijke Philips NV, Amsterdam, The Netherlands). Both short- and
long-axis views were obtained from the side aortic root port with color flow mappings.
Continuous-wave Doppler was obtained from the top aortic port. The iE33 on-board
software and a Siemens Syngo Dynamics workstation (Siemens Medical Solutions USA,
Inc., Ann Arbor, MI) was used for echocardiographic data analysis.

Statistical Analysis

To compare the ACP and non-ACP groups for both porcine and human specimens, repeated
measures analysis of variance was performed with post-hoc correction. To compare the
porcine control autograft without reinforcement to porcine specimens using the inclusion
technique with or without ACP, a two-sampled t-test was performed after using F test to
assess variance. Data analysis was performed in a blinded fashion. Continuous variables are
reported as mean =+ standard deviation unless otherwise specified. Statistical significance
was defined at p < 0.05 for all tests. Based on our previous studies on aortic valve ex

vivo simulations, to detect a 15% difference in mean regurgitant fraction with an estimated
variance of 16, power of 80%, and confidence interval of 95%, a sample size of 2 is
required. The use of human specimens received approval from the Institutional Review
Board at Stanford University. Patient consent was provided for IRB #58850.
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RESULTS

Valvular Hemodynamics

Figure 2C presents a representative example of the human pulmonary autograft without
ACP captured by high-speed videography during diastole, whereas Figure 2D presents
the same autograft with ACP. Example high-speed videography footages obtained from a
porcine autograft are shown in Video S1 and S2. Note that although proper coaptation
was reproduced with and without ACP, the pulmonary valve appeared to have improved
coaptation height and increased excess tissue when ACP was used with changes in cusp
fluttering pattern during systole via qualitative assessment. Compared to porcine control
pulmonary autograft without reinforcement (Video S3), the inclusion technique with or
without ACP demonstrated larger cusp coaptation height with higher cusp fluttering speed
during systole. The control autograft without reinforcement distended under the systemic
pressure, leading to visible central leakage.

Mean aortic flow tracings and pressure tracings of the porcine and human specimens are
shown in Figure 3, with shaded regions representing standard deviation. No significant
regurgitation was observed from the mean aortic flow tracings in either porcine or human
specimens with or without ACP. However, porcine control autograft without reinforcement
demonstrated higher regurgitant fractions (17.0 £5.6%) compared to porcine pulmonary
autografts with ACP (7.5 + 3.1%, p= 0.01) and without APC (5.5 + 2.5%, p=0.001).
Pulmonary autograft regurgitant fractions using human autografts were 9.0 + 2.5% and 10.7
+ 5.3% (p = 0.58), respectively. A summary of hemodynamics data is shown in Table 1

and Table S1. Additionally, transvalvular hemodynamics were similar with and without ACP
for both porcine and human specimens, as evidenced by 2D echocardiography. For porcine
pulmonary autografts with and without ACP, the mean gradients were 14.3 £ 10.2 mmHg
vs. 11.1 + 4.4 mmHg (p = 0.37), respectively. Compared to the mean gradient measured
from porcine control pulmonary autografts without reinforcement (4.2 £ 1.2 mmHg), the
mean gradient of porcine pulmonary autografts without ACP were significantly higher (p=
0.01), but ACP was associated with similar mean gradient (p = 0.06). For human pulmonary
autografts with and without ACP, the mean gradients were 12.8 + 5.1 mmHg vs. 13.8 £ 5.2
mmHg (p = 0.49), respectively.

Valvular Kinematics

Leaflet motion tracking analysis of high-speed videometric data demonstrated that ACP
compared to non-ACP in porcine pulmonary autografts was associated with lower leaflet
rapid opening velocity (3.9 + 2.4 cm/s vs. 5.9 + 2.4 cm/s, p=0.03), leaflet rapid closing
velocity (1.9 + 1.6 cm/s vs. 3.1 £ 2.0 cm/s, p= 0.01), relative leaflet rapid opening force
(4.6 £3.0vs. 7.7 £ 5.2, p=0.03), and relative leaflet rapid closing force (2.5 + 3.4

vs. 5.9 + 2.3, p=0.17) (Figure 4). In comparison, porcine control pulmonary autografts
without reinforcement showed leaflet rapid opening velocity of 3.6 + 0.3 cm/s, which was
significantly lower than that from porcine autografts without ACP (p = 0.05) but similar to
that from porcine autografts with ACP (p=0.77). Leaflet rapid closing velocity (2.3 + 0.4
cm/s), relative leaflet rapid opening force (3.2 + 0.2), and relative leaflet rapid closing force
(3.0 £ 0.5) of porcine control pulmonary autografts without reinforcement were similar to
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those of porcine autografts using the inclusion technique with or without ACP (o> 0.06).
Similar findings were observed in the human pulmonary autografts with vs. without ACP in
terms of leaflet rapid opening velocity (3.5 £ 0.9 cm/s vs. 4.4 + 1.0 cm/s, p=0.01), leaflet
rapid closing velocity (1.8 £ 0.7 cm/s vs. 2.2 £ 0.3 cm/s, p= 0.14), relative leaflet rapid
opening force (3.0 £ 0.6 vs. 4.0 + 2.1, p=0.30), and relative leaflet rapid closing force (1.4
+1.3vs.2.3+0.6, p=0.25) (Figure 4).

DISCUSSION

In this study, we successfully recreated a highly clinically relevant ex vivo Ross procedure
model (Figure 5). The ability to study the Ross procedure in a precisely controlled

ex vivoenvironment is greatly beneficial to the understanding of the Ross procedure

and its potential benefits and complications. The utility of the Ross procedure remains
controversial, primarily due to the graft failure rate observed during the second decade of
follow up.1® With the development of this ex vivo model, we can systematically evaluate
different variations of the Ross procedure and elucidate the biomechanics and valvular
functions associated with each technique.

We demonstrated that the Ross procedure using the inclusion technique was associated

with excellent hemodynamic results using both porcine and human autografts. In fact, the
use of inclusion technique was associated with significantly improved pulmonary autograft
regurgitant fraction compared to control autografts without reinforcement. As pulmonary
valves do not have anatomical annulus, the neo-aortic roots therefore are easily distensible.
Through the high-speed videography, we consistently observed low cusp coaptation height,
which is likely one of the main causes of a higher regurgitant fraction observed in the
control specimens. The Dacron grafts used in the inclusion technique provide structural and
mechanical support to the neo-aortic roots. Although it was associated with a small increase
in mean transvalvular gradient, the difference may not be clinically significant. Additionally,
the use of ACP not only preserved the advantage of improved cusp coaptation, but it

also demonstrated similar mean transvalvular gradient compared to that from the control
specimens. Furthermore, the application of ACP was associated with significantly decreased
leaflet rapid opening and closing velocities and relative leaflet rapid opening force. It was
also associated with a decreased trend in relative leaflet rapid closing force in the porcine
autografts. All the above parameters measured from the autografts with ACP were similar to
those obtained from the control specimens. An increase in rapid leaflet movement velocity
and forces can potentially have a negative impact on the long-term durability of the autograft
tissue, leading to repair failure. In fact, degeneration of the neo-aortic valve was found

to be a common pathologic outcome of the Ross procedure, regardless of the technique

used for its transfer into the aortic position.3:9-20.21 |nterestingly, although it has been
hypothesized that the ACP technique by creating neo-sinuses may provide added valvular
hemodynamic benefits11-14  jts long-term impact compared to using straight graft alone

for valve reimplantation remains unclear. Our prior ex vivo study also did not demonstrate
biomechanical advantages of neo-sinuses.!® In this study, ACP was associated with more
favorable leaflet kinematics compared to without ACP. This may be due to the appropriate
graft sizing and the inherent tissue property differences between the pulmonic and aortic
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root. The use of ACP therefore, may potentially prevent the autograft valve from early
failure by improving leaflet biomechanics.

In the human specimens, we similarly observed that ACP was associated with significantly
decreased leaflet opening velocity in addition to a trend towards decreased leaflet closing
velocity and decreased opening and closing relative forces. Though porcine hearts have been
frequently selected as a human analog due to similarities in size and anatomy to human
valves?223 differences exist in tissue mechanical properties and cusp thickness between
human and porcine pulmonary valves.2425 These discrepancies may have ultimately resulted
in the differences in valvular biomechanics between porcine and human specimens observed
in this study. One of the common critiques of modeling studies using animal specimens is
their poor translatability to clinical application due to the intrinsic differences, even though
they can be minor, between the animal specimens and human samples. In this study, we
showed comparable findings in the biomechanics advantage of using ACP in Ross procedure
with the inclusion technique. The results obtained from the human autografts provided
additional validity to the findings in this study.

The use of ACP in the Ross procedure with the inclusion technique was driven by the
discrepancy in the diameters of right ventricular outflow tract and the pulmonary artery in
humans.28:27 Interestingly, we observed similar findings in the porcine specimens where the
diameter of the pulmonary autograft quickly tapers down from the right ventricular outflow
tract to the pulmonary artery at the level of the commissures. Due to this anatomic finding,
the selection of properly sized straight aortic grafts becomes more difficult. Undersizing

the Dacron graft to accommaodate for the diameter of the pulmonary artery would lead to
obstruction in the neo-aortic root, causing aortic stenosis. However, selecting a Dacron graft
that fits the right ventricular outflow tract in the fully distended state under the system
pressure would inevitably result in the distortion of the commissures radially outwards. This
geometric distortion can falsely enlarge the neo-aortic root diameter, which may contribute
to improper leaflet coaptation and subsequently valvular regurgitation, likely similar to the
central leakage that was observed in the porcine control autografts without reinforcement.
We elected to use a straight Dacron graft that is 6—7 mm larger in diameter than that of the
pulmonary autograft to account for the diameter and thickness of the right ventricular wall
tissue at the level of the nadirs of pulmonary cusps. As much of the adipose and excess
tissue as possible should be trimmed away to further minimize narrowing of the neo-aortic
roots. The use of ACP can further minimize the size discrepancy between the proximal and
distal end of the pulmonary autografts by reducing the Dacron graft diameter at the level of
the commissures. Interestingly, with this Dacron graft sizing, excess cusp tissue with slightly
eccentric central coaptation zone was still observed compared to those from porcine control
autografts without reinforcement. Differences in pulmonary cusp thickness and mechanical
properties of pulmonary valves, roots, and right ventricular outflow tracts compared to
those of aortic valves and roots may all contribute to the different valve behaviors observed
using pulmonary versus aortic valves for reimplantation.1®28 Although clinically significant
autograft stenosis was not observed, it would be prudent to analyze the impact of different
reinforcement graft size on pulmonary valvular hemodynamics and leaflet motion in the
future.
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A few limitations exist in this study. One limitation is the inability to fully simulate

in vivo cardiac motion and the associated complex helical flow patterns generated by

the left ventricle.2%:30 Although our simulator generates physiologic waveforms, the left
ventricular chamber and the aortic outflow conduit differ from the physiologic geometry
and material properties of the native tissue and can lead to elevated peak transvalvular
velocity. Ventricular contractions and variable flow profiles across the neo-aortic valve may
have an effect on valve hemodynamics. /n vivo pre-clinical large animal studies may be
indicated to address this limitation and to allow detailed analysis of flow profiles across

the pulmonary autograft. Additionally, even though we validated our findings obtained from
porcine specimens by using human samples, these human specimens were either obtained
from patients with end-stage cardiomyopathy selected for heart transplantation or from
donor hearts not suitable for transplantation. Differences exist in abnormal tissues compared
to those obtained from healthy patients or patients with aortic valve diseases. However,

this issue may unfortunately be the nature of human tissue-based research and may not be
ethically addressed. Another interesting aspect that may warrant further investigation is the
impact of pulmonary valve orientation in the neo-aortic root, given the slight difference in
cusp size and flow dynamics in the native pulmonary artery system. Lastly, this ex vivo
study focused on the short-term outcomes after using two different repair techniques. Long-
term outcomes are needed to further guide clinical practice. Nonetheless, our study allowed
for a controlled and reproducible evaluation of different surgical repair options on the same
specimen, which would be impossible in clinical practice. This study also elucidated the
differences in valve biomechanics in the Ross procedure using the inclusion technique with
and without ACP. These findings will not only guide future studies to further investigate the
biomechanics behind the Ross procedure but may also direct future innovations to improve
clinical outcomes.

In conclusion, the Ross procedure using the inclusion technique demonstrated excellent
hemodynamic results. The ACP technique was associated with more favorable leaflet
biomechanics, potentially improving the long-term durability of the pulmonary autografts. /n
vivo validation should be performed to allow for direct translation to clinical practice.

Supplementary Material
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Intraoperative (A), human (B), and porcine (C) pulmonary autograft for the Ross

procedure.

CENTRAL PICTURE
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CENTRAL MESSAGE

Anti-commissural plication was associated with favorable leaflet biomechanics in the
Ross procedure with the inclusion technique.

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

Page 14

PERSPECTIVE STATEMENT

The need for reoperation remains the main limitation of the Ross procedure. We

showed that the Ross procedure using the inclusion technique was associated with
excellent hemodynamics. Anti-commissural plication was associated with improved
leaflet biomechanics. These findings will help direct surgical techniques and innovations
to improve clinical outcomes after the Ross procedure.
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Figure 1:
An intraoperative photographic example of the use of the inclusion technique in a Ross

procedure (A-D) and detailed surgical steps for pulmonary autograft preparation using the
inclusion technique with anti-commissural plication (E-J) for ex vivo simulation experiments
(K, L). (A) An intraoperative photograph of a pulmonary autograft harvested and being
prepared using the inclusion technique for the Ross procedure. The three commissures

were suspended and attached to a straight Dacron graft. Note the proper leaflet coaptation.
(B) The distal pulmonary autograft attached to the Dacron graft. Note the competent
pulmonary valve. (C) The neo-ventricular view of the same pulmonary autograft. (D) The
same pulmonary autograft implanted in the left ventricular outflow tract as the neo-aortic
root with excellent valve competency. (E) Human pulmonary autograft harvested. Note

the competent pulmonary cusps with proper coaptation. (F) At least 2 mm of the right
ventricular tissue proximal to the nadir of each pulmonary leaflet attachment site was saved.
(G) Pulmonary valve commissures suspended and fixed onto the straight Dacron graft. (H)
Anti-commissural plication performed to plicate the graft between the commissures at the
level of the commissures. (1) The side view of the Dacron graft after anti-commissural
plication. (J) The middle suture line attaching the distal pulmonary autograft and the Dacron
graft. (K) The composite pulmonary autograft with anti-commissural plications mounted
onto an elastomeric sewing ring on a 3D-printed conduit mount for ex vivotesting. (L) The
same composite pulmonary autograft without anti-commissural plication sutures.
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D

Figure 2:
(A) Diagram of the ex vivo left heart simulator. (B) An example of leaflet motion tracking

analysis. Each marker represents the position of the nodulus of each leaflet at each time
frame captured by high-speed videography. Each color represents each leaflet during either
opening or closing. (C) An en face view of a human pulmonary valve without using
anti-commissural plications captured by high-speed videography during diastole. (D) The
same human pulmonary valve with anti-commissural plications captured by high-speed
videography during diastole. The pulmonary valve appeared to have slightly improved
coaptation height when anti-commissural plication was used.
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(A) Aortic flow measurements of porcine control pulmonary autografts without
reinforcement, as well as porcine and human pulmonary autografts using the inclusion
technique with and without anti-commissural plications. The aortic flow profiles were
overall similar among the five groups. Porcine control pulmonary autografts without
reinforcement demonstrated increased flow reversal during diastole, suggesting increased
valve regurgitation. (B) Pressure measurements of porcine control pulmonary autografts
without reinforcement, as well as porcine and human pulmonary autografts using the
inclusion technique with and without anti-commissural plications. The pressure tracings
were overall similar among the five groups. Shaded regions represent standard deviation.
ACP = anti-commissural plication.
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Leaflet motion tracking analysis performed to elucidate leaflet opening velocity (A), leaflet
closing velocity (B), relative leaflet opening force (C) and relative leaflet closing force (D)
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of porcine control pulmonary autografts without reinforcement, and porcine and human

specimens using the inclusion technique with and without anti-commissural plication. ACP

compared to non-ACP in porcine pulmonary autografts was associated with lower leaflet
rapid opening velocity (p = 0.03), leaflet rapid closing velocity (o= 0.01), relative leaflet
rapid opening force (o =0.03), and relative leaflet rapid closing force (p=0.17). In
comparison, porcine control pulmonary autografts without reinforcement showed lower

leaflet rapid opening velocity than that from porcine autografts without ACP (p = 0.05) but
was similar to that from porcine autografts with ACP (p = 0.77). Porcine control pulmonary

autografts without reinforcement had similar leaflet rapid closing velocity, relative leaflet

rapid opening force, and relative leaflet rapid closing force compared to those from porcine

autografts using the inclusion technique with or without ACP. In human autografts, ACP

was associated with lower leaflet rapid opening velocity than without ACP (o= 0.01). The

upper and lower borders of each box represent the upper and lower quartiles. The middle

horizontal line represents the median. Each data point was plotted with circles. The extra +

represents outlier. ACP = anti-commissural plication.
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Ex Vivo Biomechanical Analysis of the Ross Procedure Using the Modified
Inclusion Technique in a 3D-Printed Left Heart Simulator

P-_

7R !

Ex Vivo Simulation with

Pulmonary Inclusion Technique with Mounted Reinforced Valve Hemodynamics and
Autograft Harvest Anticommissural Plication Pulmonary Autograft Kinematics Analysis
Porcine Control Pulmonary N=5

Autograft without Reinforcement » The use of inclusion technique with straight Dacron grafts was associated
with less autograft regurgitation compared to non-reinforced autografts.
Porcine Pulmonary Autograft N=7
using Inclusion Technique » The modified technique using anticommissural plication was associated

with more favorable leaflet biomechanics compared to that without anti-
commissural plication.

Human Pulmonary Autograft
using Inclusion Technique

Figure 5:
Ross procedure using the inclusion technique with straight Dacron grafts with or without

anti-commissural plication was evaluated using an ex vivo left heart simulator for valvular
hemodynamics and kinematics analysis.
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Video 1:
A video illustrating the operative steps of the Ross procedure using the inclusion technique

via a straight Dacron graft with anti-commissural plication.
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