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Introduction

Tricuspid valve disease, specifically tricuspid regurgitation (TR), affects at least 1.5
million people in the United States, with an annual incidence of approximately
200,000 new cases [1]. Tricuspid valve disease is most often functional in the set-
ting of left-sided heart disease, atrial fibrillation (AF), and pulmonary hypertension,
where right ventricular remodeling leads to annular dilatation and leaflet tethering
[2, 3]. As TR becomes moderate to severe, it becomes an independent predictor of
increased mortality, even when patients are asymptomatic [4, 5]. Furthermore,
untreated TR carries a grim prognosis, especially when irreversible right heart fail-
ure and end-organ dysfunction develop [6]. Tricuspid valve surgery (TVS) is cur-
rently the standard of care in symptomatic patients on maximal medical therapy, but
it results in significant operative mortality and morbidities [7, 8]. In addition, iso-
lated TVS is associated with the highest mortality among all contemporary valve
procedures at 8.8-9.7% [8, 9]. TR, therefore, remains perceptibly undertreated
despite guidelines urging prophylactic tricuspid valve repair (TVr) at the time of
left-sided cardiac surgery under specific circumstances [10, 11].

To meet this clinical need, a number of transcatheter tricuspid valve interven-
tions (TTVI) have been developed over the past decade. Patients currently referred
for TTVI generally present with refractory heart failure. In the multicenter, interna-
tional TriValve registry, the vast majority of patients were in New York Heart
Association (NYHA) class III-1V, with a mean EuroSCORE 1I surgical mortality
risk of 7.6 + 5.7% [12].
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Transcatheter tricuspid valve intervention technologies can be broadly catego-
rized into devices for coaptation, annuloplasty, caval valve implantation (CAVI),
and transcatheter tricuspid valve replacement (TTVR) [11]. Almost all these tech-
nologies are investigational with very limited clinical evidence, but early feasibility
and safety trials have shown promise. Here, we critically review the various
coaptation-based strategies in the context of their evolving clinical indications.
Interventions other than leaflet approximation techniques, including TTVR, are
covered elsewhere.

Pre-procedural Imaging and Assessment

Transthoracic (TTE) and transesophageal echocardiographic (TEE) evaluation
remain the mainstay of pre-procedural pathoanatomical evaluation of the tricuspid
valve, especially for predicting the feasibility of repair with a coaptation-based
device. As seen in Fig. 13.1, critical TEE views include the four-chamber view, the
tricuspid valve right ventricular inflow-outflow X-plane to grasping view (to visual-
ize the septal and anterior/posterior leaflets for leaflet grasping), and the transgastric
basal short-axis view (to evaluate the TR jet and assess septal leaflet mobility) [13].
Computed tomography (CT) is also helpful for defining the anatomy of the tricuspid
apparatus (see Chap. 7). All coaptation-based strategies require accurate

Fig. 13.1 Preoperative transesophageal echocardiographic evaluation of tricuspid valve and
regurgitation. Preoperative TEE is essential in defining the pathoanatomy of the tricuspid valve
apparatus. (a) RV inflow (left) and X-plane-to-grasping (right) views. (b) Transgastric view show-
ing a central coaptation defect due to annular dilatation. (¢, d) Doppler color flow mapping of the
aforementioned views showing severe TR. A, anterior leaflet of the tricuspid valve; P, posterior
leaflet of the tricuspid valve; RV, right ventricular; S, septal leaflet of the tricuspid valve; TEE,
transesophageal echocardiography; TR, tricuspid regurgitation
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measurements of the maximal anteroposterior and septolateral diameters, right ven-
tricular geometry, and the maximal distance from the tricuspid valve to the right
ventricular apex [14]. The target anchoring site of a spacer-type coaptation device
can also be selected using CT imaging by drawing a perpendicular line linking the
annular plane with the right ventricular septal free wall on a sagittal reconstruction
[15]. Furthermore, CT imaging can also assess the size of the venous access site
(e.g., left subclavian or axillary vein) for spacer-based coaptation devices [3].

Although there is a dearth of strict guidelines on TTVI repair strategy selection,
expert consensus suggests that coaptation-based devices should be used in patients
with annular dilatation with mild-to-moderate leaflet tethering. This is particularly
true when the regurgitant jet is predominantly anteroseptal or central [16]. Evidence
also suggests that the probability of successful repair with this strategy increases
when the largest measured coaptation gap is no greater than 7 mm [17, 18], thus
underscoring the importance of precise echocardiographic assessment. In contrast,
an annular device is likely to be sufficient when minimal leaflet tethering is present.
Advanced right ventricular remodeling with severe leaflet tethering and/or large
coaptation gaps often requires TTVR or CAVI [16].

Coaptation-Based Devices

Coaptation-based strategies are currently the most commonly used transcatheter
techniques in treating functional TR. Numerous devices exist, including the TriClip
(Abbott Structural Heart, Santa Clara, CA), PASCAL (Edwards Lifesciences LLC,
Irvine, CA), and FORMA (Edwards Lifesciences LLC) systems.

TriClip

Given its widespread availability and operator familiarity, the MitraClip system
(Abbott Structural Heart, Santa Clara, CA), typically used to treat mitral regurgita-
tion, has become the leading choice in patients with functional TR undergoing
TTVI (off-label application) (Fig. 13.2a). In fact, MitraClip was used in 66% of
patients in the TriValve registry [19]. One or more clips may be used to bicuspidize
the valve by approximating, most commonly, the anterior and septal leaflets
(Fig. 13.3). Clips may also be used to create a triple orifice by connecting the septal
leaflet to the anterior and posterior leaflets, thus directly reducing the coaptation gap
and counteracting annular dilatation [20, 21]. Early studies have shown that the lat-
ter might be more efficient in reducing the septolateral tricuspid annular diameter
[21]. In addition to patients with functional TR, the MitraClip system has been used,
with varying degrees of success, in patients with degenerative and lead-associated
TR, as well as in those with large leaflet notches [22-24].
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Fig. 13.2 Coaptation-based devices in various stages of clinical use and development. Specifically
shown are the TriClip (a), PASCAL (b), Forma (c), Cerclage-TR Block (d), Mistral (e), and
CroiValve (f) systems

Outcomes of MitraClip TTVI show early promise. In a multicenter European
registry, Nickenig et al. reported on 64 high-risk patients with moderate or greater
TR who were treated with the MitraClip system. There were no intra-procedural
deaths, strokes, or major vascular complications, and successful device implanta-
tion was achieved in 97% of patients. In-hospital mortality was 5%. TR was reduced
by at least one grade in 91% of patients, with concurrent improvements in NYHA
class and 6-minute walking distance [25]. These results were corroborated by Orban
et al., where 50 patients with severe TR underwent edge-to-edge repair. At 6 months,
mortality was 16%, and 90% of patients had achieved a persistent reduction of at
least one echocardiographic TR grade [26].

The 1-year outcomes of the TRILUMINATE trial (which used the tricuspid
valve-specific TriClip system) were recently reported. This was a prospective, mul-
ticenter, early feasibility study that assessed 85 patients, with symptomatic moder-
ate or greater TR, who underwent TriClip implantation [27]. TR reduction was
achieved in 87% of subjects at 1 year, and the proportion of patients in NYHA class
I/IT increased from 22% at baseline to 80% at 1 year. All-cause mortality was 5.9%
and there were no device-related safety events beyond the 30-day mark, thus vali-
dating the safety and durability of repair with the TriClip system [28]. The
TRILUMINATE Pivotal Trial (NCT03904147), a prospective, multicenter, random-
ized controlled trial comparing the efficacy of TriClip to medical therapy is cur-
rently underway.

There are certain limitations, however, with the TriClip system. First, the anterior
location of the tricuspid valve may hamper intraprocedural TEE assessment. In
these cases, intracardiac echocardiography may be considered to ensure coaxial
alignment with the device to avoid acoustic shadowing of the delivery catheter
against the tricuspid leaflets, thus improving confirmation of leaflet insertion after
grasping [29]. Steering of the Clip system within the right atrium can sometimes
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Fig. 13.3 Intraoperative transesophageal echocardiography and fluoroscopy of transcatheter tri-
cuspid valve repair with the MitraClip System. The MitraClip device, which uses one or more clips
to bicuspidize the tricuspid valve, is shown here via intraoperative TEE. (a, b) The device (yellow
arrows and red asterisk) is seen to be grasping the anterior and septal leaflets. (¢) Post-deployment
TEE shows mild residual TR. Also shown are fluoroscopic images of (d) the device open in the
right ventricle for grasping, (e) the anterior and septal leaflets being grasped, and (f) device deploy-
ment. A, anterior leaflet of the tricuspid valve; P, posterior leaflet of the tricuspid valve; S, septal
leaflet of the tricuspid valve; TEE, transesophageal echocardiography; TR, tricuspid regurgitation

also be limited with the MitraClip system, requiring use of alternative strategies
such as the “miskey” technique with 90° counterclockwise insertion [23].
Additionally, patients with functional TR often have large coaptation gaps that
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necessitate multiple grasping attempts and clips. Pacemaker leads may also pose
significant challenges due to acoustic shadowing against the tricuspid leaflets, leaf-
let tethering, or interference with the Clip delivery system. Finally, the relatively
smaller subvalvular space within the right ventricle may cause the Clip delivery
system to entangle with the tricuspid valve or its chordae [3, 30].

With pending CE mark approval of the TriClip system, the growing experience
with the next-generation TriClip NT and XTg devices will undoubtedly improve
clinical and procedural outcomes. Given that the tricuspid valve, as well as its asso-
ciated coaptation gap, tends to be larger compared to its mitral counterpart, the
longer device arms of the XTy system may be especially effective in reducing
TR [16].

PASCAL

The PASCAL system constitutes two paddle-shaped, independently closeable,
clasps (~25 mm width, ~10 mm length) and a central spacer (Fig. 13.2b) that was
originally intended for the treatment of mitral regurgitation [31]. It is delivered via
a 22-French steerable guide sheath, a steerable catheter, and an implantation cathe-
ter, and it is repositionable and recapturable if required [3]. The larger and wider
device arms, presence of a central spacer, and the ability to grasp leaflets indepen-
dently may all contribute to this system’s unique applications within TTVI [32].

The feasibility, safety, short-term durability, and clinical outcomes of PASCAL
were recently reported in a multicenter, observational study. Twenty-eight patients
with severe TR and heart failure underwent compassionate use of this system.
Procedural success was 86% with no intra-procedural complications. Overall,
30-day mortality was 7.1%. Furthermore, the incidence of patients in NYHA func-
tional class >III was reduced from 100% at baseline to 12% at 1 month. In addition,
85% had less than moderate TR at the 30-day post-repair follow-up [33]. Although
this early report demonstrated significant clinical improvements with the PASCAL
system, larger prospective studies and clinical trials are required to assess its long-
term safety and durability.

FORMA

The FORMA device treats TR by using a passively expanding, foam-filled balloon
to occupy the regurgitant orifice area and reduce the leaflet coaptation gap
(Fig. 13.2¢). It is delivered via a left subclavian-axillary approach (using a 20-24
French sheath introducer) through a rail anchored at the right ventricular apex. The
device, currently available in three sizes (12, 15, and 18 mm), is completely retriev-
able and unique in its ability to treat very large coaptation gaps not amenable to
repair with other systems [11].
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Much progress has been made since the first-in-human FORMA experience in
2015 [34]. Perlman et al. reported the 1-year outcomes of treatment of severe TR
with FORMA system in 18 patients. Procedural success was 89% (the two unsuc-
cessful procedures were right ventricular perforation requiring open surgery and
device dislocation). There was no mortality at 1 year. Furthermore, 79% of patients
were in NYHA class I/II with similar improvements in the average 6-minute walk
test. Finally, 46% of patients had moderate or less TR, thus demonstrating mid-term
safety and efficacy of the FORMA system [14].

More recently, the short- and mid-term outcomes on 29 patients with severe
functional TR from the FORMA US Early Feasibility Study (US EFS) were reported
[35]. Mortality was 7% at 30 days and 31% at 1 year. Also, 20% and 31% of patients
were in NYHA class I at 30 days and 1 year, respectively, with similar improve-
ments in mean vena contracta and effective regurgitant orifice area in paired analy-
ses. Despite demonstration of feasibility and improvements in heart failure
symptoms and quality of life, the US EFS raised several safety concerns that have
yet to be addressed [36]. Interestingly, these results were in contrast to those reported
by Asmarats et al. in their study of 19 patients who underwent TTVI with the
FORMA system. The long-term outcomes from this study suggested a favorable
safety profile in high-surgical-risk patients with sustained functional improvements
and reductions in TR severity [37].

The aforementioned initial findings have spurred a number of modifications
within the second-generation FORMA system. For instance, larger spacers are now
available that address “torrential” forms of TR. Additionally, device anchoring is
improved by a new sheath and a radiopaque apposition indicator [38]. The ongoing
Repair of Tricuspid Valve Regurgitation Using the Edwards TricuSPid TrAnsCatheter
REpaiR System (SPACER) trial (NCT02787408), with 78 enrolled participants,
will shed further light on the safety, efficacy, and durability of this technology.

Experimental Devices

Three experimental, coaptation-based devices — the Cerclage-TR block (Tau-PNU
Medical), Mistral device (Mitralix), and CroiValve system (CroiValve) — will be
briefly discussed here.

Cerclage-TR Block

This system uses a septal leaflet extension (a soft membrane attached to a backbone
column that crosses the tricuspid valve obliquely) to compensate for the regurgitant
orifice (Fig. 13.2d). In preclinical studies, this technology was shown to reduce the
severity of TR by at least one grade in four of five swine models [39]. However,
further research and clinical first-in-human studies are needed to validate these
promising results.
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Mistral

This is a spiral-shaped device that targets the subvalvular chordae tendineae of the
tricuspid valve apparatus (Fig. 13.2e). Delivered through an 8.5-French delivery
system, this device is rotated within the right ventricle to grasp the chordae of two
adjacent leaflets, thus pulling them together to enhance coaptation [40]. Eight first-
in-human and four compassionate-use cases have been reported with variable
amounts of follow-up (1-12 months). Procedural success was obtained in 10 out of
the 12 patients with significant improvements in reduction of TR severity seen in 5
out of the 12 patients [41]. As with the Cerclage-TR block system, further clinical
evaluation is necessary to affirm the safety and efficacy of this device.

CroiValve

The CroiValve system is a coaptation-based strategy that is anchored in the superior
vena cava and placed, as a spacer, among the leaflets of the tricuspid valve, thus
reducing the size of the regurgitant orifice (Fig. 13.2f). This device also consists of
an inner apparatus that augments diastolic flow through the valve, thus mitigating
the risk of device thrombosis. Preclinical studies showed early promise, and acute
and chronic feasibility studies are ongoing [42].

Conclusion

Transcatheter tricuspid valve intervention is quickly emerging as a viable alterna-
tive to tricuspid valve surgery in high-risk surgical patients. Within TTVI repair
strategies, coaptation-based devices are particularly efficacious for patients with
tricuspid annular dilatation with mild-to-moderate leaflet tethering. Preoperative
TEE and CT imaging are essential for procedural planning and success. Three main
coaptation technologies, namely the TriClip, PASCAL, and FORMA systems, have
emerged this past decade, with varying clinical and echocardiographic outcomes at
short- and mid-term follow-up. The results of ongoing clinical trials will undoubt-
edly shed light on the long-term efficacy and durability of these devices.

Author Disclosures Dr. Tang receives speaker’s honoraria and is a consultant for Abbott
Structural Heart. The remaining authors have no conflicts of interest to disclose.
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