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Abstract
Introduction—Tricuspid regurgitation (TR) affects approxi-
mately 1.6 million Americans and is associated with just a
63.9% 1-year survival rate in its moderate to severe forms
due to its asymptomatic nature and late diagnosis and
surgical referral. As a result, industrial fervor has begun to
broach this topic, with several percutaneous treatment
devices currently under development. As much remains
unknown about the tricuspid apparatus, the mechanics of
these procedures remain unquantified. In this study, a testing
apparatus and technique for the evaluation of percutaneous
tricuspid valve (TV) bicuspidization were developed for the
evaluation of these parameters in twelve porcine hearts.
Methods—The passive relaxed myocardial state and the
active contracted state were each induced in six porcine
hearts and the bicuspidization experiment was run twice, the
second time after induction of TR. TV annular area, cinching
force, static leakage through the TV annulus, and annular
ellipticity were quantified and compared among the groups.
Results—The use of phenol was effective to induce functional
TR by increased annular area. Cinching force was not found
to differ between any of the testing states, but the bicus-
pidization experiment was able to reduce the TR annular
area to that of its healthy counterpart in addition to reducing
static leakage through the TV annulus. Despite appropriately
reducing the area, bicuspidization was found to induce a
more circular TV annular shape.
Conclusion—Taken together, these results provide a first
mechanical analysis of the TV bicuspidization mechanism

and may serve as a point of reference for future clinical
animal studies.

Keywords—Tricuspid regurgitation, Tricuspid valve, Kay
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INTRODUCTION

Heart valve disease, which refers to any abnormal
condition involving one or more of the heart valves,
affects about 2.5% of Americans.43 Academia and
industry have long focused their efforts on the inves-
tigation and treatment of left heart valve diseases
(aortic and mitral valves), which were thought to be
the most prevalent and most catastrophic valvular
conditions. Recent research, however, shows that dis-
eases of the tricuspid valve (TV) are also extremely
prevalent (affecting as many as 25% of people over the
age of 6051), may occur secondary to mitral valve (MV)
disease, but are not always properly diagnosed and/or
treated.38,51

Tricuspid regurgitation (TR), or improper coapta-
tion of the TV leaflets, affects roughly 1.6 million
people in the U.S. (217,000 patients per year) and 4.7
million people in the European Union (331,000) and is
associated with poor 1-year survival rates (just 63.9%
for moderate to severe TR).6,40,57 The most common
form of TR, in the absence of structural TV lesions of
the tricuspid valve,19 is known as ‘‘functional’’ (FTR)
and accounts for over 80% of such cases6,14,49 and may
also occur secondary to MV disease in approximately
50% of MV regurgitation (MR) patients.55 TV diseases
secondary to MV diseases were previously believed to
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clear up on their own once the primary MV disease
was addressed. However, TR recurrence after con-
comitant MV surgery has been shown to reach levels as
high as 15% and 1 month and 31% at 8 years, on
average.9,11,28,49 In fact, close to 50% of patients have
been found to develop significant TR after MV
replacement.16 Additionally, due to its primarily
asymptomatic nature in its mild to moderate forms,
TR diagnosis typically occurs very late, once signifi-
cant remodeling has occurred and the patient is
approaching irreversible heart failure. These patients
are deemed too high-risk for surgical implantation of a
tricuspid annuloplasty ring (the current gold standard
approach), which carries high rates of operative mor-
tality (up to 25% and as high as 37% after reopera-
tion) and TR recurrence (up to 60%)28,39,42; as a result,
only 1% of patients undergo surgery,22,26,53 about
8,000 per year.54,55

In order to address this issue, several transcatheter
devices are currently under development, leveraging
the principles behind the surgical annuloplasty, edge-
to-edge repair, and bicuspidization procedures. TR is
an ideal scenario for the development of such devices
due to the poor outcome of current therapies and the
ability of the venous system to accommodate larger
devices.6 Many of the devices seek to adapt approaches
that have shown promise in the mitral space to the
tricuspid environment. However, the large elliptical TV
anatomy without anchoring calcification (which pro-
vides support for transcatheter aortic valve replace-
ment devices), along with decreased flow and loading
conditions in the right ventricle (RV) as compared to
the left, provide unique challenges and increase the risk
of adverse effects such as device dislodging, thrombo-
sis, and endocarditis.6 The fundamental differences in
these environments highlight the need for further
analysis.

One procedure that has seen success in early com-
passionate use cases is the percutaneous bicuspidiza-
tion procedure. The surgical Kay bicuspidization
procedure involves the suture plication of the posterior
leaflet in order to reduce the tricuspid valve to one with
two leaflets, and thus reduce annular area.13,24 While
the surgical technique has lost popularity in favor of
more physiologic repair techniques, its percutaneous
counterpart, the Trialign device (Mitralign, Inc.,
Massachusetts, US) has shown promise in recent
studies.17,29,32 With these promising results, however,
comes a need to better understand the mechanics of
device-tissue interaction.

Much remains unknown regarding the mechanics of
not only TR repair, but also of the tricuspid apparatus
(TV, annulus, and chordae tendineae) and RV; this,
accompanied by the need and increased industrial push
towards the development of effective percutaneous TR

repair techniques, prompt a need for further mechanical
understanding of the tricuspid apparatus, in order to
better understand the implications and possible post-
operative complications stemming from percutaneous
intervention. As a result, in this study, we have devel-
oped a testing device and technique for evaluating the
mechanics of TV bicuspidization in six porcine hearts,
upon which we induced both ‘‘healthy’’ and ‘‘FTR’’
states. Since percutaneous procedures are performed on
beating hearts, we also induced ventricular contraction
in the porcine hearts to observe the differences between
‘‘passive’’ (referring to the relaxed configuration) and
‘‘active’’ (referring to the contracted configuration)
states. It is hoped that these results offer mechanistic
insights into TR repair as well as facilitate the develop-
ment of computational models of TR.

METHODS

Sample Procurement and Preparation

Twelve adult porcine hearts (age: 2–4 years) were
obtained from the local slaughterhouse (Holifield
Farms, Covington, GA). Immediately upon explanta-
tion from the animal, the hearts were submerged in a
passive EDTA solution (n = 6) or in a 100 mM KCl
(n = 6) solution for several hours to induce either the
passive state (relaxed configuration)58 or active state
(contracted configuration)20,23 of the right ventricle,
respectively.

The atria were removed to expose the TV annulus,
around which graphite markers were placed. Cinching
lines were placed through the TV annulus on either
side of the posterior TV leaflet as per current proce-
dural indications (Fig. 1, 3 cm apart, 5 mm superior to
leaflet attachment edge).4,29 Silicone pledgets were
utilized to support the cinching lines on the inferior
side of the TV annulus.

Bicuspidization Experiment

A quasi-static system was chosen as the TV experi-
ences a highest force during peak systole or when it is
fully closed.5 The prepped heart was affixed to a cus-
tom-built support structure through the left ventricle,
so as not to disturb RV motion (Fig. 1b). The cinching
lines were passed through a narrow tube acting as a
catheter in order to simulate the percutaneous nature
of the device and guide motion during the experi-
ment—one suture line (closer to the septal annulus)
was prevented from moving so that the other could be
pulled towards it as shown in device guidelines. The
free end of the moving cinching line was affixed to a
load cell (TestResources SM-500-294, ± 1 g accuracy)
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mounted on a linear slider (± 1 mm resolution) in
order to control and measure the cinching length as
well as record the associated cinching force. A CCD
camera was placed normal to the annular plane for
cinching area tracking, and another camera was used
to monitor the static leakage through the TV annulus
by tracking the water level drop in the tube affixed to
the pulmonary artery.

The RV was hydrostatically pressurized to
30 mmHg15,31 through the pulmonary artery to induce
TV closure. Once secured to the load cell, the cinching
lines were tensioned as in procedural specifications by
pulling in 1 cm increments up to 4 cm. At each point,
the cinching force was correlated with the images
tracking static leakage and annular area and recorded
through a custom LabVIEW code.

The FTR state was then induced by topical appli-
cation of 95% Phenol on the posterior annulus in or-
der to cause sufficient area dilation along the septal-
lateral direction8,12 equivalent with induction of mod-
erate FTR (> 25%), and the experiment was repeated
in all 12 hearts (see Fig. 2).

Data Analysis

All results are reported as mean ± standard devia-
tion, and the analysis of variance test followed by a
post-hoc t-test were employed to determine statistical
significance. Non-parametric datasets were tested for
significance using the Kruskal Wallis and post-hoc
Mann-Whitney U Tests. Cinching force, cinching
length, annular area, and static leakage were recorded.
The cinching length is defined as the distance the slider
moved to induce TAA reduction (1–4 cm); the force
recorded by the load cell at each cinching point was
defined as the cinching force. The annular area was
derived through a custom MATLAB code by tracking
the motion of the graphite markers, and static leakage
(SL) was measured by recording the loss of water
through the TV annulus. While SL is akin to a regur-
gitant volume, the lack of active beating in the hearts
does not allow for direct comparison to clinical
parameters.

Ellipticity of the TV annulus was also tracked and
compared and relates the large and small radii of the
geometry through the equation:

FIGURE 1. Bicuspidization experiment setup. (a) Placement of graphite markers and cinching lines. Red dots indicate pledget
placement. (b) Support of heart through LV and pulmonary artery. (c) Test setup schematic.

FIGURE 2. Experiment procedural flowchart.
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e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� large radius

small radius

r

:

An e approaching 0 is indicative of a more circular
geometry, with 0 being a perfect circle.

Regional stretch ratios and strains were computed
by determining the displacement of the markers and
computing the distance between each marker pair. The
Green strain was then derived from the stretch ratios
through the equation:

E ¼ 1

2
k2 � 1
� �

:

The regional measurements were then compiled
according to anatomic location (i.e. Anterior, Septal,
Posterior).

RESULTS

The twelve porcine hearts used in this study were
divided into four groups: Active Healthy (n = 6),
Active TR (n = 6), Passive Healthy (n = 6), and
Passive TR (n = 6), based on the muscular state of the
ventricular tissue as well as the level of dilation of the
TV annulus.

Induction of FTR

Appropriate induction of FTR was evaluated by TV
annular area dilation due to phenol application, with
successful induction of moderate TR achieved at
approximately 25% area increase. An area increase of
22.5 ± 6.1 and 27.2 ± 3.0% was achieved for the
passive and active hearts, respectively. Additionally,
pre-experimental SL in the TR induced hearts was
increased by a factor of 434 ± 74 and 444 ± 180% for
the passive and active hearts, respectively, from an
average of 3.36 ± 3.29 mL/s (passive, healthy) and
1.14 ± 1.50 mL/s (active, healthy) to
17.81 ± 5.72 mL/s (passive, TR) and 6.20 ± 4.24 mL/
s (active, TR).

Bicuspidization Experiment

Figure 3 shows cinching force and normalized
annular area for all four testing group at each cinching
length. No statistically significant difference in cinch-
ing force was found at any cinching point between the
testing groups. However, a significantly higher annular
area was found in the TR groups as compared to their
healthy counterparts at every cinching point, except for
one, whose p value was 0.056, indicative of a trend.
Additionally, for both the passive and active hearts,
cinching the TR heart at 4 cm was able to reduce the

FIGURE 3. Cinching force and tricuspid annular area as a function of cinching length for the passive (a, c) and active (b, d) hearts.
Dashed lines indicate healthy hearts, and solid lines indicate TR hearts. (*) Denotes statistically significant difference between
healthy and TR groups.
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annular area (see Figs. 4, 5, and 7a) to values not
significantly different from those of the uncinched
healthy heart (total annular area reduction of 19.0 and
21.1% for the passive and active TR hearts, respec-
tively), indicative of the success of the experiment
(p = 0.45 and 0.42 for the passive and active cases,
respectively). The TR reduction was also corroborated
by the 43.6 and 52.0% reduction of static leakage in
the passive and active TR hearts, respectively (see
Figs. 4 and 7b).

Morphology

Figure 6 shows representative TV annular mor-
phology for one heart throughout the entire experi-
ment, as well as the superimposed annular geometries
as used for ellipticity calculation.

Ellipticity was utilized to evaluate valvular shape
throughout the cinching experiment (Fig. 7c). On
average, the TV annulus trended towards a more cir-
cular shape with increased cinching (Fig. 7c), with
ellipticity at the maximum cinching point being sig-

nificantly lower than that of the starting shape for all
groups except the active TR case (p = 0.04, 0.01, 0.01,
and 0.10 for the passive healthy and TR and the active
healthy and TR cases, respectively). Additionally, TR
induction did not significantly alter the ellipticity of the
TV annulus (p = 0.27 and 0.40 for the passive and
active hearts, respectively).

Tables 1 and 2 summarize the average calculated
regional stretch ratio and strain values for the porcine
hearts in the anterior, septal, and posterior regions. On
average, the anterior and posterior regions had higher
strains than the septal (which experienced slight neg-
ative strains), with the highest strain in the anterior
region. The septal region had significantly lower
stretch values than the anterior and posterior regions.

DISCUSSION

Termed ‘‘the forgotten valve,’’ the TV has long been
neglected by research and industrial development due
to the belief that diseases of the left heart were more
prevalent. However, it has been shown that mild to
severe TR can affect as many as 25% of people over
age 60 and its prevalence is on par with that of aortic
and mitral diseases.38,51 Unlike in the aortic valve
space, the unique TV anatomy, the presence of
immediate adjacent anatomic landmarks such as the
atrioventricular node and the decreased blood pressure
pose a challenge for the development of effective
treatment strategies and require further investigation,
particularly from a mechanical perspective.

By identifying the key mechanical and morpholog-
ical factors involved in TR reduction, the results from
this study may shed light on key mechanical and
morphological parameters associated with this proce-

FIGURE 4. Reduction of TV annular area (TAA) and SL at
maximum cinching point for each testing group. (*) Denotes
p < 0.05.

FIGURE 5. Static Leakage as a function of cinching length (a) and Normalized Annular Area as a function of static leakage (b).
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dure, and provide preliminary results in an animal
model, which will serve as baseline results for future
human experiments and can inform insights from
clinical animal testing.

Experimental Investigations of Tricuspid Annular
Mechanics

Several studies have measured the forces applied on
the tricuspid annulus under various conditions,
specifically aimed at understanding the tricuspid
annuloplasty procedure,27,33,44 but none to date have
investigated the bicuspidization procedure, one of the
primary mechanisms for development of percutaneous
TR repair techniques. The high risk of recurrence and
operative mortality for the annuloplasty procedure and
the low rate of surgical intervention make such an
investigation necessary.

Currently, little information is available regarding
the TV annulus as well as device-tissue interaction,
particularly in the context of percutaneous application.
The Yoganathan group has investigated the variation
of pullout forces of mitral and tricuspid annuloplasty
sutures in different species (ovine, porcine, human)
around the annulus and with ring shape and flexibility,
but those methods are focused on the surgical ther-
apy.34,44,45 Additionally, the Redaelli group has stud-
ied the transcatheter edge-to-edge repair technique
from a flow and morphological perspective 21,60 using a
passive beating heart model.30 While the passive
beating heart model can provide a more accurate
hemodynamic assessment of TV mechanics, such a
setup requires significant intervention in RV mechanics
through supports and would affect TV annular mo-
tion. For a mechanical investigation of the bicus-
pidization procedure, an uninhibited annulus and
collection of mechanical force data are imperative and
were not studied in these publications. Several studies
have either collected mechanical data of the RV com-
ponents of various animal tissues through common
mechanical testing techniques3,25,46,47 or morphologi-
cal and hemodynamic parameters through more
sophisticated ex vivo models, but few have collected
mechanical data in conjunction with morphological

data for the tricuspid annulus,1,2,5 and none in the
context of the TV bicuspidization procedure.

FIGURE 6. TV annular morphology for one representative heart at the (a) healthy state (uncinched), (b) post-TR induction
(unchinched), and (c) at the maximum cinched TR case. Panel (d) shows the superimposed geometries at each state. Scale bar
indicates 1 cm.

FIGURE 7. Reduction in TAA (a), reduction in SL (b), and
ellipticity (c) as a function of cinching length.
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The studies of Bhattacharya et al employed a similar
procedure to the one presented in this study to evaluate
annular area reduction in ovine and porcine MV and
TV annuli.1,2,5 These studies found mean cinching
forces of 0.40 and 0.38 N in the respective ovine and
porcine hearts,1,2 while our study found mean cinching
forces to be around 1.2–1.5 N. The differences can be
explained by key variations in the testing protocol of
Bhattacharya et al as compared to the one presented in
this study: (1) support was provided through both
ventricles, while in our experiments the heart was
supported through the left ventricle to avoid interfer-
ing with the mechanical environment of the RV and
confounding the results, (2) annular dilation was sig-
nificantly lower than in our studies (8.82 and 11.2%
area increase vs. 22 and 27% in our studies), (3) the
cinching mechanism of the Bhattacharya et al TV
studies placed a running suture around the free wall of
the RV with an exit between the mitral and aortic
valves, whereas our study aims to mimic current
bicuspidization approaches by placing two sutures
anchored around the posterior leaflet, (4) the maxi-
mum cinching length in the Bhattacharya et al studies
is approximately 2.4 cm, significantly lower than our
maximum cinching length of 4 cm—at the 2 cm
cinching length, in our study, the average cinching
force was around 0.7 N. Additionally, our study also
induced the active and passive tissue states, something
not attempted in previous studies of either the mitral
or tricuspid valves.1,2,5

Induction of FTR

The tricuspid annulus is known for being widely
adaptable—specifically being able to withstand large
changes in dimensions (as compared to other valves)
without immediately undergoing significant changes in
flow parameters. As a result, more and more studies
have investigated the potential applicability of geo-
metric parameters such as annular area and diameter
as early indicators for surgical intervention.56,59 Cur-
rent guidelines recommend tricuspid valve repair when
there is significant annular dilatation of the tricuspid
valve, approximately 25% (> 40 mm).7,10,59 It has
also been shown that severe TR is possible at 40%
dilation of annular area,52 while 25% may be more
indicative of moderate TR.

The studies of Bhattacharya et al.,1,2,5 which also
employed the phenol technique for induction of FMR
and FTR, achieved only 8.82 and 11.2% increases in
annular area for ovine and porcine hearts, which do
not satisfy the significant annular dilatation require-
ment of FTR induction and may be instead related to
milder forms of FTR. Due to the active contraction of
the RV in vivo, it is impossible to compare experi-
mental leakage through the TV to clinical values of
regurgitant volume. However, these studies resulted in
81.73 and 275% increases in SL for ovine and porcine
tissue, respectively, a significant increase in TV back-
flow, which was reduced by 56% after cinching in the
passive FTR state, comparable to the values we have
also presented.

TABLE 1. Average regional stretch ratios at maximum cinching for the healthy and TR cases,

Region

Active Passive

Healthy TR Healthy TR

Anterior 1.145 ± 0.090 1.102 ± 0.043 1.013 ± 0.059 1.083 ± 0.061

Septal 0.943 ± 0.037 0.978 ± 0.028 0.991 ± 0.027 0.873 ± 0.038

Posterior 1.030 ± 0.044 1.024 ± 0.047 1.000 ± 0.032 0.987 ± 0.047

TABLE 2. Average regional strains at maximum cinching for the healthy and TR cases.

Region

Active Passive

Healthy TR Healthy TR

Anterior 0.155 ± 0.107 1.107 ± 0.049 0.013 ± 0.062 0.086 ± 0.068

Septal �0.055 ± 0.036 � 0.022 ± 0.028 � 0.009 ± 0.027 � 0.119 ± 0.034

Posterior 0.030 ± 0.046 0.024 ± 0.049 0.000 ± 0.033 � 0.013 ± 0.047
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Morphological Considerations

It is known that the atrioventricular valves have a
complex three-dimensional geometry that changes with
disease state. Studies from the Rausch lab as well as
others35–37,47,48 have investigated the 3D geometries of
healthy and diseased animal TV valves. In this study,
we also discussed the ellipticity of the TV annulus pre-
and post- induction of TR as well as pre- and post-
bicuspidization, finding that the TV annulus trends
towards a more circular shape as it is cinched in this
mechanism. The planar projections of the TV are
measurements that, in the clinical setting, are obtained
more quickly than the complex 3D anatomy—thus,
having information regarding the ellipticity of the en
face view of the TV annulus may provide an extra
marker for disease classification and possible proce-
dural endpoints.

While the Rausch group has primarily studied the
tricuspid annulus in an ovine model, we found com-
parable ellipticity values, ranging between 0.6 and 0.8,
annular strain values in healthy sheep (� 0.10 to
+0.10)47 as well as sheep with induced pulmonary
hypertension (� 0.15 to + 0.15).48 As in our study, the
highest positive strains were observed in the anterior
annulus region and negative strains were observed in
the septal region. This correlates well with previously
published mechanical data,34,46 which has shown
increased stiffness in the tricuspid apparatus compo-
nents (leaflets, chordae tendineae, annulus) located in
the septal region.

We also found that, in the passive TR case, strains
decreased uniformly, with negative strains increasing
in all regions, especially in the septal region—a similar
conclusion was reached by the Rausch group when
analyzing the ovine tricuspid annulus post-annulo-
plasty. Taken together, these results provide additional
mechanistic insight into the tendency for implanted
devices to suffer from device dehiscence in the septal
region and may help to guide future studies as well as
the development of mitigation techniques.

Implications for the Bicuspidization Procedure

The first percutaneous bicuspidization procedure
using the Trialign device was performed in an 89 year-
old female in 2014, resulting in a 57% reduction in
annular area, TR and right atrial pressure reduction,
and an increase in LV stroke volume.14,50 Since then,
the procedure has increased in use, with a completed
FDA early feasibility study (SCOUT) and a multi-
center CE Mark trial underway (SCOUT-II).41 The 30-
day results of the SCOUT trial18 show a 10% decrease
in TV annular area, a 28% reduction in regurgitant
volume, and no significant change in ellipticity of the

regurgitant orifice. While the final endpoints of our
study showed increased reduction in TV annular area
and static leakage compared to human results, the
reported in-patient results are similar to our study’s
TR results at the 2 cm cinching length, pointing to the
applicability of the presented method as an efficient
animal model for studying the percutaneous bicus-
pidization procedure. Additionally, at the 2 cm cinch-
ing length, no significant change in annular ellipticity
was found in all groups except the active TR group.
The SCOUT trial also reported single-pledget annular
detachments without reintervention in 20% of treated
patients,18 an adverse effect that should be investigated
from a mechanical perspective in future studies.

LIMITATIONS

While the results from this study are promising, they
are only the first step in assessing the mechanics of TR
and its repair techniques, and this study carries several
limitations. First, the sample size of six samples is
relatively small, and a larger one would increase the
statistical power of the study. Second, the atria were
removed for visualization of the tricuspid annulus,
which does affect the annular support structure and
may have influenced the results. Additionally, the
topical application of phenol to the RV free wall has
been shown to change the tissue integrity, specifically
in the realm of cell viability,16 and may have affected
the results as well. Future studies comparing naturally-
occurring chronic TR with dilated RA and/or RV in
human hearts to healthy hearts or controlled induction
of TR in a live animal model may shed more light on
this matter. However, as typical RV remodeling that
leads to TR also occurs on the free wall, the use of
phenol was deemed an appropriate substitute for the
purposes of this study. Lastly, while the planar pro-
jection of the TV annular shape was analyzed, the 3D
geometry was not, and should be incorporated in fu-
ture iterations of this study.

CONCLUSIONS

This study investigated the mechanics of the per-
cutaneous TV bicuspidization in six porcine hearts,
comparing the passive and active states as well as the
healthy and induced TR states in the same heart sets. A
novel device and technique were employed to obtain
mechanical parameters evaluating TV cinching, and
the planar projection of the TV annulus shape was also
analyzed. It was found that the use of topical phenol
application was effective in inducing moderate TR by
annular area dilatation, and that the developed appa-
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ratus and technique were able to reduce the TV
annular area to pre-dilation levels, although the force
required did not statistically differ between the passive
and active tissue states. Additionally, it was found that
bicuspidization leads to a more circular annular pro-
file. Taken together, these results present a first look at
ex vivo animal models of TR bicuspidization—they
may serve as a point of reference for clinical animal
studies and facilitate the development of a computa-
tional model of TV bicuspidization.
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