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Abstract

The tricuspid valve (TV) and right ventricle (RV) are a complex mechanical system. Tricuspid regurgitation impacts a
growing and heterogeneous population, leading to right-sided volume overload and right heart failure if left untreated.
In part because isolated surgical tricuspid valve repair (TVR) is performed infrequently and has a high mortality, several
percutaneous TVR options are being developed. However, the mechanical effects of different types of percutaneous or
surgical TVR are unclear. Both the quality of RV imaging and the power of cardiac computational modeling have increased,
and accurate computational models of the TV + RV with simulated TVR are now possible. Computational models of TV +
RV may aid in patient selection and procedural planning prior to surgical and percutaneous TVR.
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INTRODUCTION

Tricuspid regurgitation (TR) affects an estimated 0.5% of the US adult population, equivalent to the
prevalence of aortic stenosis'”’. The population of patients with moderate to severe TR is increasing with
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the increasing incidence of atrial fibrillation and with use of mechanical devices such as pacemakers, and
it is currently estimated at around 1.6 million Americans™. Population-based studies have determined
that isolated TR in the absence of other cardiac disease is a risk factor for death even when incidentally
identified on echocardiography. Further work has shown that, when controlling for other measures of
cardiac disease such as depressed left ventricular (LV) ejection fraction and elevated pulmonary artery

pressure, moderate to severe TR remains an independent risk factor for both morbidity and mortality™*

Links between TR and increased mortality risk may stem from adverse right ventricle (RV) remodeling.
TR provides a nidus for progressive right ventricular dilation, volume overload, and ultimate right heart
contractile dysfunction'. Supporting this is the finding that increasing severity of TR on imaging is associated
with markers of progressive RV dysfunction, such as RV dilation and increased right atrial pressure’’. The
greater the initial burden of TR in untreated patients, the more likely they are to progress over time, and the
greater the associated progression of RV dysfunctionm. Correspondingly, isolated severe TR is associated with
increased incidence of heart failure despite maximal medical therapy, a 3-4 x risk of major adverse cardiac
events, and a 2-3 x risk of death, after controlling for age and presence of other comorbid conditions". Despite
these sobering statistics, ideal management of moderate to severe TR remains unclear.

While surgical valve repair is the standard of care for patients with severe and symptomatic TR, it carries
with it a 2-5 x higher risk of mortality than surgery on other cardiac valves, and consequently repair of
isolated severe TR is rare™"”. Furthermore, because of the complex relationship between TR and RV
dysfunction, for a subset of patients with a clear indication for surgery, correction of TR results in florid
right heart failure, and can be fatal'. At present, no predictive index exists to identify such patients
preoperatively[m]. Because of the high morbidity and mortality rate of open tricuspid surgery, there is a
growing interest in minimally invasive therapies for the tricuspid valve (T'V). However, while transcatheter
therapies for TR are evolving, they have lagged behind similar interventions for the aortic and mitral

valves, and have yet to be incorporated into routine clinical practice"”.

Advances in cardiac imaging have enabled high-resolution assessments of both the RV and TV, providing
improved assessment of both structure and function™"*"*. Computational models of the RV and TV are
underway to accurately represent the mechanical behavior of the right heart under varied conditions"”"".
The utility of this type of cardiac modeling has been previously demonstrated in the LV and mitral valve,
illuminating the effects of surgical procedures such as ring annuloplasty, MitraClip placement, and
surgical ventricular restoration'””, Using these techniques to examine the TV will provide insight into
the mechanical effects of surgical repair and of novel transcatheter devices, leading to improved care of

this large group of patients with diseases of the “forgotten” valve.

RIGHT HEART ANATOMY

The right heart includes the right atrium (RA) and RV, separated by the TV. Deoxygenated venous blood
drains from the body into the RA, and is propelled forward into the RV during atrial systole; the TV then
acts as a one-way valve preventing regurgitant flow of blood back to the RA during ventricular systole, as
blood is ejected from the RV out to the pulmonary circulation to participate in oxygen and carbon dioxide
exchange.

TV ANATOMY

The TV is a unique and complex anatomic structure, in a dynamic relationship with the RA and
ventricle. The TV is the largest and most apically positioned of the four cardiac valves with a normal
orifice area of 7-9 cm”*, The TV complex encompasses valve leaflet, papillary muscles, chordae, and
annular components. These components work in a well-coordinated symphony in order for the TV to
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Figure 1. A: Intra-operative photograph of the tricuspid valve with closed leaflets; B: Intra-operative photograph of the tricuspid valve
with visible papillary muscles. AL: Anterior leaflet; PL: Posterior leaflet; SL: Septal leaflet; CS: Coronary sinus; TT: Tendon of Todaro; APM:
Anterior papillary muscle; PPM: Posterior papillary muscle; RA: Robot arm

physiologically function as a one-way valve. Disorders of the RV or TV disrupt the unidirectional flow of
blood, leading to TR.

The TV has three leaflets: anterior, posterior, and septal [Figure 1]. The anterior leaflet is the largest,
most mobile, and longest in the radial direction of the three leaflets. The posterior leaflet is the shortest
circumferentially and is the least consistently present; in approximately 10% of people, the posterior leaflet
and anterior leaflet are fused””. The septal leaflet is the least mobile of the three leaflets and is attached
to the tricuspid annulus directly above the interventricular septum. These leaflets are suspended in a
flexible D-shaped annulus, and tethered to the RV by the sub-valvular apparatus, which is composed
of the papillary muscles and their associated chordae tendinae [Figure 1B and C]. The flexible nature of
the TV annulus allows it to adapt and change shape during the cardiac cycle, such that it can increase
up to 30% in area during end systole/early diastole™. There are classically three papillary muscles: the
anterior and posterior, which are most reliably present, and the septal papillary muscle, which is absent
in approximately 20% of patients[zsl. However, the number of papillary muscles is highly variable and can
range from two to nine distinct entities. The anterior papillary muscle is the largest, and, in some patients,
the moderator band, which carries part of the right bundle branch of the atrioventricular (AV) conduction
system, can be found to join the anterior papillary muscle.

The anatomy of adjacent structures is equally important in the operative management of TV disease.
There are three important structures to consider: (1) the noncoronary sinus of Valsalva; (2) the conduction
system; and (3) the right coronary artery[“]. The noncoronary sinus is located near the commissure
between the anterior and septal leaflets of the TV, increasing the risk of aortic perforation with
transcatheter devices, which require anchoring in this area. The AV node lies in the apex of the triangle of
Koch, and the bundle of His crosses the attachment to the septal leaflet approximately 3-5 mm posterior to
the anteroseptal commissure, which can result in heart block if there is excess pressure on the AV node””

The right coronary artery originates from the right coronary sinus of Valsalva and courses adjacent to the
tricuspid annulus, and it can result in cardiogenic shock secondary to direct injury to the right coronary

[27]

artery in TV repair

ETIOLOGIES OF TR

TR can be divided into two overarching categories: primary and secondary. Primary TR indicates
dysfunction of the valve leaflets or chordae and makes up about 10% of TR in adults”. Causes of primary
TR include: leaflet damage due to implanted devices, such as pacemakers and catheters; myxomatous
valve disease; carcinoid heart syndrome; congenital anomalies of cardiac development; endocarditis; and
rheumatic valve disease. In the absence of other cardiac disease, isolated moderate to severe primary TR

carries with it an estimated 1.6 x risk of mortality over the general population[l’3]
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Secondary TR makes up the remaining 90% of TR in adults and results from right ventricular remodeling
in the presence of an otherwise normal TV. Etiologies are diverse and include chronic atrial fibrillation,
pulmonary hypertension, left ventricular failure, left to right shunts, right ventricular infarcts, and
cardiomyopathies[zs]. Secondary TR is associated with papillary muscle displacement, and dilatation
and remodeling of the TV annulus, leading to tethering or tenting of the TV leaflets and progressive RV
dysfunction.

CLINICAL IMPACT OF TR

It is estimated that about 1.6 million Americans have moderate to severe TR, while only about 8000 will
undergo TV surgery annually™*. TV surgery carries a high risk of mortality compared to other cardiac
operations: overall in-hospital mortality from isolated TV repair has been reported at around 8.5%,
remaining stable over the past decade; this is compared to the 1%-5% mortality expected with isolated
repair of any of the other three main cardiac valves""'?. This is likely reflective of the late referral of these
patients, such that, by the time of surgical evaluation, they often have systemic manifestations of right
heart failure (i.e., coagulopathy, hepatic dysfunction, and renal failure). This is in contrast to the paradigm
for inter\ze]ntion on left-sided valves, which is to repair or replace before the onset of structural changes to
the heart”.

TIMING AND METHODS OF TRICUSPID INTERVENTION

The 2014 American College of Cardiology/American Heart Association valvular heart disease guidelines
strongly recommend isolated TV surgery in severe symptomatic tricuspid stenosis, recommend isolated
TV surgery in patients with severe TR who do not respond to medical therapy, and recommend isolated
TV surgery in asymptomatic patients with severe TR and at least moderate RV dilation or dysfunction'.
Despite these recommendations, there remains a large disparity between the number of affected patients
and the number surgically repaired”""”. It has been suggested that early surgery should be considered
in severe TR with RV dilation before the onset of symptoms[G’“]. There are currently no significant
published data on an accurate way to assess the TV and RV to determine the potential clinical evolution or

recommend the timing of intervention for isolated TR.

Various surgical methods have been applied to repair of the TV, including leaflet augmentation, suture
annuloplasty, and the “clover” technique of suturing the center-point of each of the tricuspid leaflets
together™. The most common method of open surgical repair is ring annuloplasty, whereby a prosthetic,
incomplete ring is sutured to the tricuspid annulus to decrease annular size, restore leaflet coaptation,
and prevent further annular enlargement [Figure 2A] ) Because of the high-risk nature of open tricuspid
surgery, and the general presence of comorbid conditions among patients with TR, significant interest
exists in percutaneous options for tricuspid repair. Methods to deploy the MitraClip (a percutaneous clip
designed for mitral valve repair) in the tricuspid position have yielded positive initial results, and work is
ongoing to design and test dedicated tricuspid clips and deployment devices [Figure 2B] el

INCIDENCE OF RV FAILURE AFTER REPAIR AND NEED FOR MECHANICAL RV SUPPORT

The RV is more sensitive to changes in preload and afterload than is the LV*"**\, RV function can
deteriorate in context of alterations in preload or afterload, or direct alterations of RV contractility due
to infarction or ischemia. Importantly, acute increases in afterload are especially poorly tolerated by the
thin-walled RV. Regardless of surgical or percutaneous repair type, correction of moderate to severe TR
results in sudden exposure of the RV to increased afterload when the valve becomes competent. In patients
with limited RV reserve, this can result in acute postoperative RV failure, a unique management challenge
associated with increased complications and death after tricuspid surgery[“]. The risk of RV dysfunction
is higher in the setting of structural remodeling (RV dilation) and/or high pulmonary vascular resistance,



Morgan et al. Vessel Plus 2020;4:6 | http://dx.doi.org/10.20517/2574-1209.2019.32 Page 5 of 14

A

Figure 2. A: Intra-operative photograph of tricuspid annuloplasty ring; B: TEE of MitraCliprepair of the tricuspid. Doppler blood flow on
either side of the MitraClip during RV flling is seen in blue. AR: Annuloplasty ring; AL: Anterior leaflet; AVN: AV node; RA: Robot arm; RV:
Right ventricle; AV: Aortic Valve; MC: MitraClip

and retrospective studies demonstrate significantly increased mortality and morbidity after TV repair in
patients with preexisting reduced right ventricular function"”. However, there is a paucity of clinical data
on the incidence of postoperative RV failure after isolated TV surgery.

Perioperative RV failure can be managed by manipulating preload, afterload, and contractility; however,
these efforts may ultimately fail to provide adequate forward flow, leading to a vicious cycle wherein
low cardiac output decreases coronary perfusion and further worsens RV function, necessitating
initiation of mechanical support for the failing RV*Y Right ventricular mechanical support methods
include percutaneous axial flow pumps such as the Impella RP (Abiomed, Danvers, MA), extracorporeal
centrifugal pumps such as the ProtekDuo (LivaNova, London, England), or venoarterial extracorporeal
membrane oxygenation (VA-ECMO). However, no predictive model yet exists to identify patients
preoperatively who are at high risk of RV failure or who may benefit from preemptive initiation of RV
mechanical support.

IMAGING OF THE RV

RV imaging has been traditionally deemed challenging due to its irregular shape (prohibiting geometric
assumptions) and thin-walled structure with extensive trabeculations”**". Advances in imaging technology
have facilitated higher resolution cardiac assessment, enabling reliable assessment of RV structure,
function, and tissue characterizations.

Magnetic resonance imaging

Cardiac magnetic resonance imaging (MRI) is the gold standard for RV imaging, allowing quantification
of ventricular volume throughout the cardiac cycle, identification of areas of scar using late gadolinium
enhancement, and measurement of global and local RV strain [Figure 3A-C]"". MRI-based population
database studies of thousands of patients have defined normal values for RV mass, volume, and ejection
fraction, indexed by age, race, and gender[”]. Cardiac MRI also identifies subtle changes in dysfunctional
myocardium, such as non-ischemic fibrosis, which correlate with decreased RV function but are not visible
by other imaging modalities®”. High resolution MRI of ex-vivo hearts reveals the complex underlying
structure of the RV myocardial fibers, which change angle from the base to the apex of the RV as well as
transmurally through the RV wall [Figure 4, Key drawbacks to conventional MRI include significant
time for image acquisition, need for operator expertise, cost, closed space imaging environment (in which
a patient is supine), and clinical patient stability to tolerate repeated respiratory breath-holds. Furthermore,
many implantable cardiac devices are incompatible with MRI scanners, limiting imaging of patient
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Figure 3. Representative examples of right ventricular assessment via cardiac magnetic resonance (CMR).A: Top: Functional assessment
via steady state free precession cine-CMR (left = end-diastole, right = end-systole). Bottom: Myocardial tissue characterization via
late gadolinium enhancement CMR (for infarction/fibrosis) and T1-weighted spin echo-CMR (for fat infiltration); B: Dedicated right
ventricular functional assessment via cine-CMR; C: Flow assessment via phase-velocity encoded CMR (left = magnitude data, right=
phase-encoded data). Asterisk corresponds to the right ventricle in each image

Figure 4. A color map of myofiber helix angles (angles defined with respect to the local circumferential direction) of the LV and RV,
derived from an ex vivo diffusion tensor MRI of a human heart

populations with pacemakers and implantable defibrillators - patients specifically at high risk for TR and of
interest to the current review. While use of MRI conditional devices and free breathing MRI techniques as
well as growing expertise in cardiac MRI have bypassed some of these challenges, substantial impediments
to widespread utilization persist, highlighting the importance of alternative imaging modalities for RV and
TV assessment.

Echocardiography

Transthoracic echocardiography (TTE) is the least invasive and most readily available of all cardiac
imaging modalities, and is safe for all patients regardless of clinical condition or presence of implantable
devices. To maximize utility of this imaging modality, recent guidelines have been published to standardize
RV echocardiography, establishing normal reference values and systematizing the approach to two-
dimensional RV imaging[“]. Unfortunately, the RV is retrosternal and visualization may be limited with
TTE, depending on patient body habitus. However, general estimates of RV size and function are possible,
and correlate well with RV dysfunction identified on MRI*". Further information is gained with three-
dimensional TTE, allowing quantification of RV ejection fraction (RVEF); depressed RVEF (< 35%-40%)
measured by echo has been clinically linked to risk of major adverse cardiac events and cardiac death™ "
Structural data from 3D TTE have also been used for RV shape analysis, which is discussed in further
detail below. Trans-esophageal echo (TEE) is more invasive and is limited by the anterior position of the
TV as compared to the MV, but should be employed when trans-thoracic windows are inadequate for
tricuspid visualization®”. 3D TEE and TTE measures of RV dysfunction provide the closest correlate to
RVEF as measured by MRI™*",
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Figure 5. Transthoracic echo with RV speckle tracking based calculation of RV endocardial deformation (green vectors). RA: right atrium;
RV: right ventricle

Strain

Myocardial strain is a measurement of relative deformation of a region of myocardium, from a reference
state (e.g., end-diastole) to a deformed state (e.g., end-systole). In the context of continuum mechanics,
myocardial strain is quantified using a second-order strain tensor given its complex 3D motion'?. Existing
biomechanics and cardiac image analysis often report strains along local wall coordinate system, namely
circumferential, longitudinal, and radial directions, because the local wall coordinate system is better
aligned with the major mode of deformation of the heart. Global longitudinal strain, especially end-
systolic longitudinal strain, is the most commonly used metric in cardiac imaging[“]. For clinical purpose,
negative end-systolic longitudinal strain indicates shortening of the LV with respect to end-diastole, with
more negative values indicating greater shortening and therefore greater contractility of a region of the
heart. Regional Strain can be measured by echocardiography, using techniques such as speckle tracking
and tissue Doppler; RV strain measured by 2D echo has been shown to be a stronger predictor of outcomes
in patients with heart failure than more conventional measures of cardiac function such as LV ejection
fraction and B-type natriuretic peptide [Figure 5]"“*. Echo-based RV strain also predicts mortality in heart
failure patients listed for cardiac transplantation”. As compared to other echocardiographic measures
of RV function such as tricuspid annular plane systolic excursion, longitudinal strain measured by echo

[38]

correlates most strongly with decreased RVEF measured by MRI™.

Multiple techniques have been developed for MRI-based measures of myocardial strain. Conventional
MRI strain measures rely on “tagging”, i.e., the encoding of magnetic lines orthogonal to myocardial
tissue*”. The tags are then tracked with post-processing software, yielding fine-detail information on the
circumferential, longitudinal, and radial motion of the myocardium. One such MRI technique, known as
Displacement ENcoding with Stimulated Echoes (DENSE) MRI, shows promising capability in imaging
myocardial displacement on a voxel-by-voxel basis. This technique has been successfully applied to
examine LV motion for both human and animals under physiological and pathological conditions"”. Effort

has also recently been made to extend the analysis to the RV in healthy rat hearts*".

All tag-based techniques require high-resolution MRI and can be limited by the thin wall and
trabeculations of the RV, which is often only one to two voxels thick, especially on the free wall. A further
limitation is the need for additional time in the MRI scanner for each specialized sequence obtained, which
can be a significant factor for patients with TR and heart failure symptoms, with limited ability to lay flat.
Feature-tracking is a post-processing solution using standard cine MRI sequences (obtained during every
cardiac MRI), applying software that identifies features in an image and tracks them in successive time
points, to quantify motion of various regions of the RV“”. This method has its own limitations, including
inability to track motion of less than one-pixel magnitude, and difficulty with out-of-plane motion in 2D
images. Both DENSE and feature tracking are evolving tools for detailed analysis of RV function.
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IMAGING OF THE TV

Imaging of the right heart, specifically the TV, is imperative to not only understanding TV anatomy and
function in each individual to optimize future management, but also to identify the underlying etiology of
TR. Thus, evaluation of the structural integrity of the TV leaflets in multiple views with cardiac imaging is
critical, as this is the distinguishing feature between primary and secondary TR. With respect to assessing
severity of functional TR, special attention should be paid to the tricuspid annulus (TA) size. This can be a
challenge, as the tricuspid annulus is a dynamic structure with changing shape and size during respiratory
and cardiac cycles, due to the contraction of the surrounding myocardium[“]. Echocardiography is the
primary modality used for evaluating the TV***!. The application of 2D TTE to image the TV has several
limitations. First, 2D TTE does not provide a complete visualization of the TV; only two TV leaflets can be
seen at the same time, while 3D TTE or TEE provides a view of all leaflets simultaneously. Second, 2D TTE
underestimates the maximal dimension of the tricuspid annulus compared to 3D TTE or cardiac MRI®,
This is important to emphasize because there is a growing body of evidence demonstrating the importance
of TA diameter as a marker for TV dysfunction, even in the absence of clinically significant TR"”: normal
TA diameter in an adult is 28 + 5 mm; concomitant TV surgical intervention at the time of left-sided valve
surgery is recommended when the TA diameter is > 40 mm™*¥. Third, 3D TTE provides a more reliable
means to identify the TV leaflets and commissures compared to 2D TTE, which is important in evaluating
the effect of damage secondary to pacemaker leads or other implanted devices in patients with primary,
catheter-related TR, Lastly, in addition to TA diameter, decreased TV leaflet coaptation and degree of
leaflet tethering are important prognostic factors predicting outcomes in patients undergoing tricuspid
repair™. Both of these anatomic pathologies are better visualized using 3D (rather than 2D) TTE.

MODELING TR

Large animal models

Foundational in-vivo experiments with sonomicrometry crystals placed in ovine RVs demonstrate that
acute RV failure increases RV size, RV free wall strain, and size of the TA with corresponding increase
in grade of TR In these large-animal models, tricuspid repair with annuloplasty led to decreased RV
size, normalized RV strain, and resolution of TR, supporting tricuspid annuloplasty as a therapy of choice
for TR, with potential to improve RV function””. Such animal models provide valuable insights into the
origins of RV failure and choice of intervention; however, they are invasive, cumbersome, and by nature
cannot be replicated in humans. Development of non-invasive techniques to reproduce these results is
consequently an important clinical target.

Computational models of the RV, LV, and TV

With the above advances in cardiac imaging, it is possible to accurately define RV structure, including fiber
angles, shape, and areas of ischemia and fibrosis; RV function, including strain in varying regions; TV
structure, function, and pathology; and the geometric and functional relationships among the RV, LV, and
TV. Using these imaging modalities, an important clinical target is development of accurate computational
models of the LV, RV, and TV. Such models will help predict the mechanical effects of tricuspid repair and
identify patients at risk of RV dysfunction after such repair. The following efforts are underway in model
development.

Shape analysis

Cardiac shape is intimately related to function and provides visual evidence of the pathological changes
of cardiac disease. This has been demonstrated most extensively in the LV, where remodeling towards
a spherical shape correlates with decreased exercise tolerance and increased mortality[ssl. However, as
discussed above, the shape of the RV is not simple to describe, and more nuanced methods are required.
One such method is statistical shape analysis, a mathematical tool allowing non-invasive identification of



Morgan et al. Vessel Plus 2020;4:6 | http://dx.doi.org/10.20517/2574-1209.2019.32 Page 9 of 14

patterns of cardiac structure, which can then be related to function and correlated with clinical outcomes.
This has been previously used on the RV to identify differences in patients with pulmonary hypertension
(PH) compared to normal controls, demonstrating that patients with PH have increased RV eccentricity
(a rounder shape), with bulging of the apex and the tricuspid annulus'™’. Increased RV size and sphericity
have also been associated with the known cardiovascular risk factors of hypertension, diabetes, obesity,
and smoking*”’. In congenital heart disease, for patients with single-ventricle pathology, changes in
ventricular shape have been clinically correlated to symptom severity[ss]. As data accrue for different RV
and TV pathologies, shape analysis will allow creation of non-invasive predictive tools of disease severity
and outcomes.

Finite element modeling

Finite element (FE) modeling is a tool that allows the calculation of the stress-strain behavior of complex
materials by breaking them down into small pieces, or elements. This tool has been applied for the last
three decades to increase understanding of cardiac mechanics in diverse ways, including modeling the LV
and mitral valve and simulating mitral ring annuloplasty, mitral leaflet resection, and percutaneous mitral
clip application***". Modeling of the TV has lagged behind models of the left heart; the RV and TV are
more complex in shape and behavior than the LV and mitral valve; their anatomy is more variable between
patients and between time points in the same patient; the right and left heart are interdependent, with
RV behavior altered by LV pressure and by the function of the interventricular septum; and, to model the
right heart, some measures of right-sided cavity pressures are required, which typically involve invasive
procedures such as cardiac catheterization. Furthermore, extant computational models ignore the complex
interaction between the TV and RV, and as yet, no patient-specific models of the RV + TV, or the LV + RV
+ TV, have been created. Development of such models will allow direct comparison of different repairs
for a specific patient to determine the ideal repair type, accounting for the effect of such repairs on the
ventricles and valve as a unit.

Modeling the RV + LV

To create an FE model of the myocardium, the 3D geometry of the ventricles is first captured with
cardiac imaging, using echo, computed tomography (CT), or cardiac MRI. These images are “contoured”,
outlining the endocardium and epicardium, to create a virtual mesh of the LV, RV, or both. The stress-
strain relationships, or material property laws, of regions of the myocardium are then specified. Multiple
formulations of these material property laws exist; our lab employs the version developed by Drs.
McCulloch and Guccione (CMISS/Continuity) . These laws are based directly on the 3D fiber angle
distributions of the myocardium [Figure 4], are commonly used, and have been validated experimentally
under multiple conditions***, Biventricular models of rat, swine, and canine hearts have been created
with this technique to demonstrate increased myocardial stress in heart failure and pressure overload ™.
In addition, of more direct clinical relevance, human, patient-specific biventricular models have been
created to accurately predict the effect of cardiac resynchronization therapy®”. To date, these models have
not examined the ventricles in patients with TR, and they have not incorporated the TV.

Modeling the isolated TV

To create patient-specific models of the TV, high-resolution images are required to describe its complex
valvular geometry. Initial studies focused on excised cadaver valves, which are stationary and easy
to structurally define’®”. In living patients, 3D echocardiography images of the TV can be contoured
in individual slices at a particular point in the cardiac cycle, to obtain a mesh of the overall valvular
structure. Material properties are then applied as described above for the myocardium; these properties
have been obtained experimentally from excised leaflet tissue, using predominantly biaxial stretching
to determine stress-strain relationships[m]. Using these techniques, the first computational model of the
TV, based on excised human cadaver tissue, was created in 2010, Initial patient-specific models of the
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Figure 6. FE model with simulated tricuspid regurgitation (TR) before and after virtual MitraClip (MC). A: baseline mode; B: with TR jet; C:
model after virtual MC; D: showing a reduced amount of TR and E) leaflet stress after virtual MC. AL: Anterior leaflet

isolated TV in healthy subjects have established normal values for stress and strain in the valve leaflets and
chordae™*; the first foray into modeling TV pathology modeled the geometry of intact and prolapsing
valve leaflets based on multi-slice CT images”"; and the first simulated tricuspid repair incorporated fluid-
structure interaction models of MitraClip application to a regurgitant TV, demonstrating the utility of
percutaneous therapy as an addition to the limited armamentarium of TR treatments [Figure 6]"". The
details of fluid-structure interaction are beyond the scope of this review; however, incorporating the
specifics of regurgitant volumes, as well as the number and direction of regurgitant jets, does allow further
accuracy in modeling, providing finer details of the effect of specific valvular repair techniques. Currently,

no computational model of the TV includes the RV or LV, limiting investigations into functional TR.

Future directions: modeling the TV + RV + LV

Creating a patient-specific model of the TV + RV + LV is within the current bounds of computational and
imaging possibility. This model will allow description of such pathologies as TR secondary to LV failure
and prediction of RV dysfunction after tricuspid repair. The addition of the ventricles into models of TR
will also delineate the ventricular effects of percutaneous tricuspid interventions, as well as tricuspid repair;
because abnormal ventricular strain predicts adverse ventricular remodeling and repair failure over time,
including the ventricles into mechanical models of tricuspid disease is a key component of predicting the
long-term effects of tricuspid interventions. As statistical shape analysis techniques identify key changes in
RV and LV geometry by varying etiologies of tricuspid disease, patients may be classified by non-invasive
imaging into groups according to disease severity and type of ventricular derangement; with FE modeling
techniques, the understanding of tricuspid interventions can move beyond patient specific modeling to

generalized applications based on these imaging characteristics™.

CONCLUSION

With advances in cardiac imaging come new insights into the importance of the RV and TV in
cardiovascular disease. TR remains an under-treated entity, and surgical tricuspid repair carries a high
mortality rate. Computational modeling of the TV, RV, and LV based on high-resolution cardiac MRI
and echocardiography allow creation of non-invasive patient-specific models of tricuspid repair, helping
to solve several vexing clinical problems. First, right heart failure after cardiac surgery requires complex
supportive care and carries with it a high mortality rate; no models yet exist to accurately predict or deter
this outcome. A combination of statistical shape methods and FE models of the right heart may help
identify at-risk RVs, allowing for better preoperative patient selection, and identification of patients who
may need prophylactic right-sided mechanical circulatory support at the time of valve repair. Second, open
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cardiac surgery is not a practical option for many patients with TR, due to the prevalence of comorbid
conditions; computational modeling allows development and testing of novel devices for percutaneous
repair, potentially reaching a greater population of patients with TR. Third, and beyond the scope of this
review, the realm of congenital cardiac surgery involves treatment of patients with a broad spectrum of
valvular and ventricular disease; the opportunity to model such repairs in-silico prior to operating on an
individual patient provides for customization of patient-specific repair types with deeper understanding of
their immediate and long-term mechanical effects.
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