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Background and Aim: Ex vivo models of functional tricuspid regurgitation (FTR) are needed for
pre-clinical testing of novel surgical and interventional repair strategies, but current options are
costly or have not been formally validated. The objective of this research was to create and validate
an ex vivo model to test novel repair methods for FTR.

Methods: In explanted porcine hearts, the right atrium was excised to visualize the tricuspid
valve. The pulmonary artery and aorta were clamped and cannulated, the coronary arteries ligated,
and the right and left ventricles statically pressurized with air to 30 mmHg and 120 mmHg,
respectively. FTR was induced by increasing right ventricular pressure to 80 mmHg for 3 h,
which resulted in progressive tricuspid annular enlargement, right ventricular dilation, papillary
muscle displacement, and central tricuspid malcoaptation. A structured light scanner was used to
image the 3D topography of the tricuspid valve in both the native and FTR state, and images
were exported into scan-to-computer-aided design software, which allowed for high-resolution
3D computational reconstruction. Relevant geometric measurements were sampled including
annular circumference and area, major and minor axis diameter, and tenting height, angle, and
area. Geometric measurements from the ex vivo model were compared to clinical transthoracic
echocardiographic (TTE) measurements using two-sample 7-tests.

Results: A total of 12 porcine hearts were included in the study. Annular measurements of the
native valve were comparable to published TTE data, except for the minor axis diameter, which
was shorter in the ex vivo model (2.5 vs. 3.1 cm, P=0.007). Induction of FTR in the ex vivo model
resulted in annular enlargement (FTR vs. native: circumference 13.7 vs.11.8 cm, P = 0.012; area
14 vs. 11 cm?, P=0.011). Ex vivo leaflet measurements in both the native and FTR model differed
from published TTE data, but demonstrated comparable directional changes between the native and
regurgitant states, including increased tenting height, area, and volume.

Conclusion: The ex vivo pneumatically-pressurized porcine model closely recapitulates the
geometry of both the native and regurgitant tricuspid valve complex in humans and holds promise
for testing novel FTR repair strategies.

Relevance for Patients: Currently available interventions for the tricuspid valve have a risk of
permanent conduction abnormalities and are insufficient in addressing tricuspid disease for a subset
of patients. This ex vivo model provides a platform for testing of novel interventions that address
the deficiencies of current tricuspid therapies.

1. Introduction

Functionaltricuspidregurgitation (FTR)isthemostprevalenttricuspid valveabnormality
and refers to regurgitation that occurs in the absence of leaflet abnormalities [1]. The
most common repair strategy for FTR is tricuspid annuloplasty, but this strategy carries
a risk of conduction abnormalities requiring permanent pacemaker implantation and is
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not uniformly effective for patients with massive or torrential
FTR and/or those with significant leaflet tethering [2]. For these
reasons, a novel surgical or percutaneous repair option that
addresses these shortcomings would be of significant value.

To test novel therapies for FTR, an ex vivo model of FTR is
needed. Unfortunately, the currently available ex vivo models
of the tricuspid valve are costly, difficult to replicate, or have
not been formally validated [3-8]. Our laboratory has previously
been successful in developing an ex vivo model of secondary
mitral regurgitation (SMR) using isolated porcine hearts [9].
Given the comparable tricuspid anatomy between humans
and swine [5-8,10] we hypothesized that porcine hearts could
similarly be used to develop a static ex vivo model of FTR.

2. Materials and Methods

2.1. Ex vivo model setup

Isolated porcine hearts were procured from an abattoir
(ATSCO, Inc, Plano, TX, USA), and any remaining pericardium
was removed. The coronary arteries were ligated using a 2-0 silk
suture, and the aorta and pulmonary artery were cross-clamped.
Cannulae were placed into the pulmonary artery and aorta through
purse string sutures and were advanced into the right ventricle and
left ventricle, respectively. Pressurized air was delivered through
the cannulae using a 38-W linear-drive air pump (Thomas,
Gardner-Denver Medical, Sheboygan, WI, USA), and ventricular
pressure was maintained at 120 mmHg in the left ventricle, and
30 mmHg in the right ventricle. Static pressurization of the left
ventricle and right ventricle in such a manner results in the closure
of the mitral and tricuspid valves and allows for assessment of
valvular geometry (Figure 1). The right atrium was then opened
and the atrial tissue was retracted laterally to allow for subsequent
imaging and manipulation of the tricuspid valve (Figure 2A).

2.2. Image acquisition

A three-dimensional (3D) structured light scanner (Artec 3D,
Luxembourg) was used to capture the shape and texture of the

Figure 1. Pneumatic ex vivo model of the tricuspid valve with
pulmonary artery cross-clamp (A), aortic cross-clamp (B), cannulated
pulmonary artery (C), cannulated aorta (D), mitral valve (E), and
tricuspid valve (F).

tricuspid valve surface. The scanner generates a 3D model of the
tricuspid valve by projecting light onto the valvular surface and
recording the pattern of light reflected back to the scanner. The
light distortions caused by the surface structures of the tricuspid
valve can be analyzed to generate a 3D point cloud. The point
cloud is then exported into a 3D scan-to-computer-aided design
reverse engineering software (Geomagic, Morrisville, North
Carolina, USA), which allows for visualization of the tricuspid
valve as a 3D model and enables subsequent analysis of the
valvular geometry (Figure 3).

2.3. Induction of FTR

After imaging the tricuspid valve in its native state, the
right atriotomy was closed with 4-0 prolene (Figure 2B).
Closure of the atriotomy was necessary to create a closed
system that could sustain right ventricular pressure even after
the induction of FTR. Without this step, increases in right
ventricular pressure would result in leakage of air through the
tricuspid valve and loss of pressure in the right ventricle. The
right ventricular pressure was then increased from 30 mmHg to

Figure 2. Development of functional tricuspid regurgitation (FTR).
Representative images at each stage of development of the ex vivo
model of FTR. (A) View of the native (control) tricuspid valve through
a right atriotomy, with residual right atrial tissue retracted laterally.

(B) Closure of the right atriotomy with 4-0 prolene and sustained
pressurization of the right ventricle to 100 mmHg. (C) View of the
regurgitant tricuspid valve with residual right atrial tissue excised.

Figure 3. Representative 3D light scanner images of the tricuspid
valve in the native (control) state (A), and after inducing functional
tricuspid regurgitation with sustained pneumatic pressurization (B).
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100 mmHg, which mimics the right ventricular overload seen
in FTR from left-sided valvular pathology. Right ventricular
pressure was sustained at 100 mmHg for 3 h, with the intent
of creating progressive annular and ventricular enlargement
and inducing FTR. Throughout the 3-h period of sustained right
ventricle pressurization, hydration of the tissues was ensured by
periodically adding a small amount of fluid to the right ventricle,
thus humidifying the air and maintaining the integrity of the
tricuspid valve complex. Dampened towels were also applied to
the exterior surface of the heart. After 3 h, the right atrium was
excised to allow for optimal visualization of the tricuspid valve
apparatus, and the tricuspid valve was imaged in its regurgitant
state with the 3D light scanner (Figure 2C).

2.4. Outcomes

The primary outcomes of interest were tricuspid annular
dimensions, including annular circumference, diameter, and
area. Secondary outcomes were measures of leaflet geometry,
including tenting height, angle, and area. For the model of
FTR, the effective regurgitant orifice area was also measured
and was defined as the area of visible malcoaptation. The
annular diameter was measured in the minor axis, defined as
the distance from the mid-septal leaflet to the opposite point on
the annulus, and the major axis, defined as the greatest distance
perpendicular to the minor axis (Figure 4A). Tenting height
was defined as the maximum distance from the annular plane
to the point of coaptation (Figure 4B). The tenting angle was
measured as the angle between the annular plane and the septal
leaflet. The tenting area was defined in the minor axis and was
calculated by measuring the area between the annular plane
and tricuspid leaflets. The tenting volume was defined as the
volume between the annular plane and the tricuspid leaflets and
was measured using a custom Python script. The Python script
calculated tenting volume by dividing the valve into 100 slices
along the X- and Y-axes below the annular plane, calculating the
area of each slice, multiplying by the distance to the following
slice, and summing these areas. The script then rotated the valve
slightly for a total of 100 rotations, and the same process was

Figure 4. Geometric measurements sampled from 3D-reconstructed
images of the tricuspid valve, including annular circumference and
area (A), minor axis diameter (B), major axis diameter (C), tenting
angle (D), tenting height (E), and tenting area (F).

repeated. After all rotations were completed, the average of all
100 tenting volumes was calculated to generate a final result.

2.5. Clinical validation

To compare the native geometry of the swine and human
tricuspid valve and to validate the FTR model, the ex vivo native
and FTR models were compared to publishe transesophageal
echocardiographic (TEE) measurements from non-diseased
(control) and FTR patients. Publications were selected if their
methodology was well-described, and measurements were
sampled in planes similar to those described above [11-13].

2.6. Statistical analysis

Comparisons were first made between the native and
regurgitant ex vivo model and subsequently between the ex
vivo model and in vivo echocardiographic data. Non-parametric
testing was considered given the small sample size, but non-
parametric comparisons between the ex vivo model and in vivo
echocardiographic data were not possible as we did not have
access to the underlying data sets for literature reported in vivo
echocardiographic data. We instead verified the normality of our
data using the Shapiro—Wilk test. Paired ¢-tests were then used to
compare measurements between the native and regurgitant ex vivo
model, and Student’s #-test was used to compare measurements
between the ex vivo model and literature-reported in vivo
echocardiographic data. Data analysis was performed using
STATA/IC 17.0 (StataCorp LLC, College Station, TX, USA), and
statistical significance was set to a p-value <0.05 for all tests.

3. Results
3.1. Ex vivo model

A total of 12 porcine hearts, weighing 310428 g each,
were employed in this study. When compared to geometric
measurements from the native ex vivo heart, all annular
dimensions increased significantly with sustained pneumatic
pressurization of the right ventricle (Table 1). The annular
circumference and area increased by 16% and 35%,
respectively (circumference: 11.8 vs. 13.7 cm, p=0.012; area:
10.5 vs. 14.0 cm?, p=0.011). Major and minor axis diameters
both increased from baseline, with the most substantial change
seen in the minor axis (minor: 2.5 vs. 3.4 cm, p=0.05; major:
3.9 vs. 4.3 cm, p=0.05). The circularity index decreased with
sustained pressurization (1.5 vs. 1.3, p=0.02), indicating a more
circular annulus. When evaluating leaflet geometry, sustained
pneumatic pressurization resulted in increased tethering of the
anterior leaflet (Table 2), as evidenced by a significant increase
in anterior leaflet angle (24° vs. 41°, p=0.008). Similarly, the
ex vivo model of FTR yielded larger tenting height (8.0 vs.
11.5 mm, p=0.037), tenting area (1.0 vs. 2.0 cm?, p=0.05), and
tenting volume (3.4 vs. 7.4 cm?, p=0.015) relative to baseline
measurements. There was no significant change in septal leaflet
tethering (31° vs. 30°, p=0.66). Minimal malcoaptation was
present at baseline, as represented by a negligible effective
regurgitant orifice area, but increased substantially after
sustained pressurization (8.1 vs. 40.1 mm?, p<0.001).
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Table 1. Comparison of clinical and ex vivo model annular
dimensions

Annular measurements Control FTR P-value

Annular circumference (cm)
Ex vivo 11.8(0.9) 13.7 (0.7) 0.01%*
Clinical® 11 (1.5) 14 (3.8) 0.04*
P-value 0.21 0.85

Annular area (cm?)
Ex vivo 10.5(1.3) 14.1 (1.5) 0.01*
Clinical® 10.2 (2) 15 (5) <0.01*
P-value 0.72 0.66

Major axis diameter (cm)
Ex vivo 3.9(0.2) 4.3(0.3) 0.05%*
Clinical® 3.8(0.4) 4.3(0.8) <0.01*
P-value 0.55 >0.9

Minor axis diameter (cm)
Ex vivo 2.5(0.4) 3.4(0.5) 0.05*
Clinical® 3.1(0.5) 3.9(0.7) <0.01*
P-value <0.01* 0.10

Circularity index
Ex vivo 1.5(0.2) 1.3(0.2) 0.02*
Clinical® 1.3 (0.1) 1.1(0.1) <0.01*
P-value 0.07 0.13

Notes: Geometric measurements of the tricuspid valve annulus in an ex vivo porcine
model in its non-diseased (control) and regurgitant (FTR) state as compared to published
(clinical) TEE measurements by: *Karamali et al.[11] (n=52); or "Ton-Nu et al.[13]
(n=75). All results are reported as mean (standard deviation). In the ex vivo model,
“control” measurements were taken from the native tricuspid valve before inducing
FTR. In the clinical data, “control” measurements were sampled from patients without
FTR. Minor axis diameter was measured as a normal line from the mid-septal leaflet to
the lateral wall. The major axis diameter was measured perpendicular to the minor axis
at the point of maximum length. *P<0.05.

Abbreviation: FTR: Functional tricuspid regurgitation.

3.2. Comparison with human echocardiographic data

When comparing the measurements obtained from the ex vivo
porcine model to the in vivo human echocardiographic data, all
annular measurements were comparable with the exception of
baseline minor axis diameter, which was smaller in the ex vivo
model (2.5 vs. 3.1 cm, p=0.007). Notably, after inducing
FTR in the ex vivo model, the minor axis measurements were
similar to those in humans with FTR (3.4 vs. 3.9 cm, p=0.10).
When evaluating leaflet geometry, however, the majority of
measurements from the ex vivo model differed from human
echocardiographic data. At baseline, porcine leaflet geometry in
the ex vivo model had steeper leaflet angles than those seen in
normal humans (anterior: 24° vs. 10°, p<0.001, septal: 31° vs.
12°, p<0.001).

This translated into larger tenting height (8.0 vs. 5.2 mm,
P = 0.001), area (1.0 vs. 0.5 cm? P < 0.001), and volume
(3.4 vs. 1.1 cm?, P < 0.001) relative to human measurements.
These differences persisted after inducing FTR, with the
exception of the tenting area, which was comparable between
the ex vivo model and human echocardiographic data (2.0 vs.
1.7, P = 0.55). Although tenting measurements were larger in
the porcine model than in human TEE data, the direction and
magnitude of changes were comparable when comparing control

Table 2. Comparison of clinical and ex vivo model leaflet geometry

Leaflet measurements Control FTR P-value

Anterior leaflet angle
Ex vivo 24 (7) 41 .(9) 0.008*
Clinical® 10 (1) 25 (10) 0.003*
P-value <0.001* <0.001*

Septal leaflet angle
Ex vivo 31 (1) 30 (6) 0.66
Clinical® 12 (1) 22(9) <0.001*
P-value <0.001* 0.040%*

Tenting height (mm)
Ex vivo 8.0(3.0) 11.5(2.5)  0.037*
Clinical® 52(1.8) 7.8(34) <0.001*
P-value 0.001* 0.013*

Tenting area (cm?)
Ex vivo 1.0 (0.5)  2.0(0.6) 0.05*
Clinical® 0.5(0.3) 1.7(1.2) <0.001*
P-value <0.001* 0.55

Tenting volume (cm?)
Ex vivo 34(14) 74014 0.015%*
Clinical® 1.1(0.7) 3.0(1.9) <0.001*
P-value <0.001*  <0.001*

Effective regurgitant orifice area (mm?)
Ex vivo - 40.1 (26.6) -
Clinical® - 22 (14) -
P-value - 0.049*

Notes: Geometric measurements of the tricuspid valve leaflets in an ex vivo porcine
model in its non-diseased (control) and regurgitant (FTR) state as compared to published
(clinical) TEE measurements by: *Karamali et al.[11] (n=52); or ®Florescu et al.[12]
(n=58). All results are reported as mean (standard deviation). In the ex vivo model,
“control” measurements were taken from the native tricuspid valve before inducing
FTR. In the clinical data, “control” measurements were sampled from patients without
FTR. Tenting height, area, and angle were measured in the septal-lateral plane. *P<0.05.
Abbreviation: FTR: Functional tricuspid regurgitation.

and FTR measurements. For example, although anterior leaflet
tenting angles were larger in the ex vivo model than in humans
for both control and FTR measurements, the angle increased by
an average of 17° in the ex vivo model and 15° in human TEE
data. Similarly, tenting height in the ex vivo model increased
by approximately 3.5 mm after sustained pressurization, as
compared to a 2.6 mm increase in human TEE data.

4. Discussion

The objective of this study was to develop a simple,
inexpensive, and reproducible porcine model of FTR for testing
novel surgical and transcatheter interventions. We found that
sustained pneumatic pressurization of the right ventricle results
in geometric alterations that was comparable to those reported
in the literature, including annular dilation and leafiet tethering.

After several hours of sustained right ventricular pressures
at 100 mmHg, the mean tricuspid valve annular area increased
from 10.5 to 14.1 cm? — an increase of nearly 35%. The
majority of dilation occurred in the septolateral, or minor axis,
corresponding to selective dilatation of the free wall of the
right ventricle. These patterns are consistent with the geometric
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alterations reported in humans with FTR, wherein the normally
saddle-shaped tricuspid annulus dilates and becomes more
circular [14-17]. We also observed alterations in the subvalvular
apparatus of the tricuspid valve, with significant increases in the
anterior leaflet angle, tenting height, tenting area, and tenting
volume. Historically, the importance of the subvalvular anatomy
of the tricuspid valve was not appreciated, and the emphasis
was placed primarily on reducing the size of the tricuspid
annulus to restore leaflet coaptation. Recent publications have
emphasized the importance of residual leaflet tethering as a
predictor of failure after tricuspid repair and have called for
novel repair strategies that address both annular dilation and
leaflet tethering [18-20]. Our ex vivo model of FTR incorporates
both of these geometric alterations and thus offers a realistic
platform for testing novel repair strategies.

When directly comparing geometric measurements between
the ex vivo model and human TTE data, the majority of annular
dimensions remained similar. These results are consistent with
both ex vivo and in vivo reports of porcine tricuspid anatomy. In
an evaluation of 119 porcine hearts, Waziri et al. demonstrated
no difference in tricuspid annulus circumference or area
compared to humans [21]. Similarly, Fawzy et al. evaluated
the 3D geometry of the tricuspid annulus in anesthetized swine
using sonomicrometry and described similar annular dimensions
to humans [22]. These findings collectively demonstrate that the
native porcine tricuspid valve reasonably approximates that of a
human, justifying its future utilization in translational research.

Our data demonstrated that the subvalvular apparatus of the
porcine tricuspid valve was not directly comparable to that of a
human. At baseline, the porcine tricuspid valve had a narrower
minor axis with steeper leaflet angles and greater tenting than
that of a human. As such, many of these differences persisted
after inducing FTR; the porcine valve had greater anterior and
septal leaflet angles, tenting height, and tenting volume relative
to human TTE data. Given that our annular measurements
were comparable between the ex vivo model and human TTE
data, the observed differences in subvalvular measurements
likely reflect differences in anatomy between species rather
than flaws in the ex vivo model itself. Surprisingly, no study
has evaluated the differences in subvalvular anatomy between
swine and humans, despite numerous translational studies being
performed in porcine models. Despite these differences, the
strength of this model lies in the geometric alterations observed
between the native and FTR states; although the subvalvular
measurements were not identical between swine and humans,
the directional and incremental changes between normal and
diseased specimens were similar.

Furthermore, our model compares favorably to those
described by other groups in terms of validity, simplicity, and
cost. Adkins et al. induced FTR in ovine hearts by injecting
95% phenol around the annulus to create annular dilation,
but the degree of dilation was not validated and there was no
alteration of the subvalvular apparatus [3]. Stock ef al. isolated
porcine tricuspid valve complexes and mounted them on an
adjustable supporting device [4]. This allowed for replication
of the geometric changes observed with FTR but provided

a rigid model with fixed geometry even after the application
of surgical repairs. Perhaps the most comparable model was
proposed by Maisano ef al., wherein a closed, pressurized
circuit was developed using a centrifugal pump, and the porcine
right ventricle was dilated with sustained pressure [23]. The
authors used radiopaque markers and fluoroscopy to document
the occurrence of tricuspid annular dilation, papillary muscle
displacement, and induction of FTR after pressurizing the right
ventricle. Our model requires fewer resources; the pneumatic
pump and 3D light scanner required for this model are both
commercially available and comparatively inexpensive.
Furthermore, the 3D geometry of our model was directly
compared to normal and diseased human TTE data in this study,
whereas the model suggested by Maisano ef al. solely describes
the geometric changes relative to the baseline.

We acknowledge that this model has several limitations.
First, this is a static representation of the tricuspid valve at peak
systole and cannot be used to evaluate valvular anatomy in
diastole. We believe that the mid-systolic phase of the cardiac
cycle is the most clinically relevant to capture when evaluating
the effectiveness of repair strategies for FTR. Tricuspid stenosis
is exceedingly uncommon and is unlikely to occur with the
application of repair strategies for FTR, where the annulus has
already dilated from baseline. Even so, the diastolic performance
of novel repairs would need to be examined in vivo or with
a dynamic, pulsatile ex vivo model. Second, preservation of
the pericardium was not possible due to the manner in which
the porcine hearts were harvested. Assessment of pericardial
contributions to valvular geometry would be better assessed
with an in vivo model. Furthermore, we employed a pneumatic
model for pressurizing the right ventricle, potentially resulting
in different mechanics of valve closure than those observed with
blood. The pneumatic model also limits our ability to assess
the right ventricle, as the structured light scanner used in this
model is restricted to the assessment of surface-level anatomy.
Qualitative assessment of the right ventricle in the ex vivo model
before and after sustained pneumatic pressurization suggests
right ventricular dilatation as the source of increased tenting
angles with the induction of FTR, but this was not quantifiable.
Similarly, the individual contribution of constituent elements of
the tricuspid valve was not assessed in this research. Previous
research has implicated the transition between the papillary
muscle and chordae tendinae as a potential origin of valve
deformation [24,25], which may or may not be accurately
represented by the ex vivo model proposed herein. Finally, as
mentioned above, it is important to take into consideration the
baseline differences in anatomy between swine and humans
when interpreting results from this model. We observed modest
differences in subvalvular anatomy between swine and human
data. As such, any subvalvular geometric measurements sampled
in the ex vivo FTR model should be interpreted in reference to
ex vivo native measurements, and not to normal human TTE data.

5. Conclusion

The ex vivo porcine model of FTR characterized in this
study demonstrates consistent annular dilation and leaflet
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tethering that mimics the direction and magnitude of geometric
alterations observed in humans with FTR. This model offers a
simple, reproducible, and cost-effective option for testing and
optimizing novel interventions for FTR before in vivo or clinical
studies.
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