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Abstract

Approximately 4% of subjects aged 75 years or more have clinically relevant tricuspid regurgitation (TR).
Primary TR results from anatomical abnormality of the tricuspid valve apparatus and is observed in only
8-10% of the patients with tricuspid valve disease. Secondary TR is more common and arises as a result
of annular dilation caused by right ventricular enlargement and dysfunction as a consequence of pulmo-
nary hypertension, often caused by left-sided heart disease or atrial fibrillation. Irrespective of its aetiology,
TR leads to volume overload and increased wall stress, both of which negatively contribute to detrimental
remodelling and worsening TR. This vicious circle translates into impaired survival and increased heart
failure symptoms in patients with and without reduced left ventricular ejection fraction. Interventions to
correct TR are underutilised in daily clinical practice owing to increased surgical risk and late patient pres-
entation. The recently introduced transcatheter tricuspid valve interventions aim to address this unmet need.
Dedicated expertise and an interdisciplinary Heart Team evaluation are essential to integrate these new
techniques successfully and select patients. The present article proposes a standardised approach to evalu-
ate patients with TR who may be candidates for transcatheter interventions. In addition, a state-of-the-art
review of the available transcatheter therapies, the main criteria for patient and device selection, and infor-

mation concerning the remaining uncertainties are provided.
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Abbreviations

2D two-dimensional

3D three-dimensional

AF atrial fibrillation

CCT cardiac computed tomography

CIED cardiac implantable electronic device
CMR cardiac magnetic resonance

EROA effective regurgitant orifice area

HF heart failure

NOAC  non-vitamin K antagonist oral anticoagulants
PHT pulmonary hypertension

SPAP  systolic pulmonary artery pressure

STR secondary tricuspid regurgitation

TAPSE tricuspid annular plane systolic excursion
TEE transoesophageal echocardiography

TR tricuspid regurgitation

TTE transthoracic echocardiography

T-TEER tricuspid transcatheter edge-to-edge repair
VI transcatheter tricuspid valve intervention
TTVR transcatheter tricuspid valve replacement

v tricuspid valve

Introduction
Tricuspid regurgitation (TR) is a common echocardiographic find-
ing that is present in 70-90% of the general population'. While
a trivial form is often seen in healthy individuals, moderate or
severe TR has an age- and sex-adjusted prevalence of 0.55%,
with a higher incidence in women and a strong age dependency”
- approximately 4% of subjects aged 75 years or more have clini-
cally relevant TR2

The development and successful results of transcatheter aortic
valve implantation, followed by transcatheter therapies for mitral
valve disease have opened a myriad of opportunities for transcath-
eter treatment of TR, a valvular heart disease that has traditionally
been considered benign and often left untreated.

Chronic severe TR leads to volume overload and increased wall
stress of the right ventricle (RV), which negatively contribute to
detrimental remodelling and worsening TR. This vicious circle
translates into impaired survival and increased heart failure (HF)
symptoms in patients with and without reduced left ventricular
ejection fraction®>. Therefore, there is an unmet clinical need that
requires prompt action. However, there remain many uncertainties
and inconsistencies such as a non-systematic approach to assess-
ing tricuspid valve (TV) disease, confusing terminology on anatomy
and actiology, as well as challenges in determining the mechanism
and severity of TR and its consequences on the right chambers.

The present article proposes a standardised approach to eval-
uate patients with TR who may be candidates for transcatheter
interventions. In addition, a state-of-the-art review of the availa-
ble transcatheter therapies, the main criteria for patient and device
selection, and information concerning the remaining uncertainties

are provided.

ANATOMY OF THE TRICUSPID VALVE
The TV is the largest and most anterior cardiac valve with com-
plex and variable anatomy®. Although its name infers the presence
of three well-defined leaflets, numerous anatomical variations
exist”®. Differing terminology has been used®® and a simplified
nomenclature is proposed (Figure 1)° that has been derived from
the analysis of 579 patients with various TR severity from 4 cen-
tres experienced in the assessement and treatment of TV disease.
Based on the images provided, TV morphology could be deter-
mined in all but 4 patients (99%): 54% had type I, 4.5% had type
11, 2.6% had type IIIA, 32.1% had type IIIB, 3.8% had type IIIC,
and 2.4% had type IV. An in-depth understanding of the TV anat-
omy, in particular the number and location of supernumerary
leaflets or scallops, is essential for procedural planning and may
influence intervention outcome!’.

Transoesophageal echocardiographic (TEE) imaging from the
transgastric short-axis view (or three-dimensional [3D] volume-

Prevalence of tricuspid
morphologies

A A: Anterior
A P: Posterior
S: Septal

‘"'A ® Anterior papillary muscle

= Type | M Type Il M Type lIIA
M Type 11IB Type I1IC M Type IV

Figure 1. Proposed nomenclature for tricuspid valve classification. Left panel. Proposed nomenclature for tricuspid valve classification

scheme (anterior papillary muscle [blue circle] defines separation of anterior and posterior leaflets). A) Type I: 3-leaflet configuration.

B) Type II: 2-leaflet configuration. C) — E) Type IlI: 4-leaflet configurations. F) Type IV: 5-leaflet configuration. Right panel. Incidence of

each morphology. A: anterior leaflet;, AV: aortic valve; P: posterior leaflet; S: septal leaflet. Adapted from Hahn et al’, with permission.



rendered equivalent) enables delineation of TV morphology. Steps
to identify the leaflets are illustrated in Supplementary Figure 1.

CLASSIFICATION OF TRICUSPID REGURGITATION

Characterisation of the main morphologic and/or functional abnor-
malities resulting in TR is an essential aspect of transcatheter TV
device selection. Primary TR results from anatomical abnormal-
ity of the TV apparatus and is observed in only 8-10% of patients
with TV disease. Secondary TR (STR) is more common and arises
as a result of annular dilation caused by RV enlargement and dys-
function due to pressure/volume overload as a consequence of
pulmonary hypertension (PHT), often caused by left-sided heart
disease, or atrial fibrillation (AF) with normal RV pressures (atrial/
atriogenic or isolated TR). STR may also develop after left-sided
valve surgery, probably due to silent ischaemic RV damage''2.
Implantation of cardiac implantable electronic device (CIED) RV

Table 1. Proposed new integrated classification of TR.

Leaflet
structure

Pathophysiology

Secondary (functional)

Aetiology

Transcatheter treatment for tricuspid valve disease

leads provokes relevant TR in 20-30% of patients'*'®, which fre-
quently progresses over time!'®.

Carpentier’s functional classification of leaflet mobility was
intended to guide mitral valve surgical repair or replacement and
its application to the TV is less well established!”. In addition to
differences in TV leaflet mobility, patients with STR also dem-
onstrate variable remodelling of the TV annulus, right atrium
(RA) and RV secondary to the underlying pathology'®. Definition
of different TR groups is prognostically important since dis-
case actiology determines long-term outcomes. Accordingly,
we propose a novel integrative classification of TR (Table 1)
that accounts for the pathophysiology, imaging characteristics,
clinical management and outcome, while recognising that dif-
ferentiation of the initial aetiology based on valve and cham-
ber morphology/function may be challenging as TV disease
progresses.

Imaging

chordal rupture

Leaflet adherence

Leaflet laceration/perforation
Leaflet avulsion (following
lead extraction)

defibrillator (ICD)
Cardiac resynchronisation
therapy (CRT)
devices!05-108

A. Atrial Normal | RA enlargement and Carpentier |: Marked TV annular dilation is the dominant
dysfunction leading to Atrial fibrillation/flutter'® | mechanism
significant isolated annular Agel0? L .
dli%atliclm- va often norm:I* ngart failure with TV leaflet tethering is absent or minimal (except
' preserved ejection for late stages with secondary RV dysfunction)
fraction!0%:104 TV leaflet mobility is typically normal (Carpentier
type 1)
RA is significantly dilated
RV volume is typically normal (except in late
stages)
B. Ventricular | Normal | RV enlargement and/or Carpentier I11B: Marked TV leaflet tethering is the dominant
dysfunction leading to Left-sided ventricular or mechanism
significant leaflet tetherin valve disease!!2 I ) ) .
angd . g Pulmonary hypertension°2 TV Ieaflefc mobility is typically restricted in systole
RV cardiomyopathy (Carpentier type 111B)
RV infarction TV annulus, RV and RA are dilated and/or
dysfunctional
CIED-related Normal/ | Leaflet impingement Pacemaker TV leaflet structural abnormalities may be present
abnormal | Leaflet/chordal entanglement/ | Implantable cardiac

TV leaflet mobility is variable (all Carpentier
types)

TV annulus, RV and RA are typically dilated
(except for acute TR)

Primary (organic) | Abnormal

Lack of leaflet coaptation due
to intrinsic changes leading
to restricted or excessive
leaflet mobility or leaflet
perforation

Carpentier |:
Congenital
Endocarditis

Carpentier I1:
Myxomatous disease
Traumatic

Post biopsy

Carpentier Il1A:
Carcinoid!®®
Rheumatic
Radiotherapy
Tumours

TV leaflet structural abnormalities characteristic of
each primary aetiology are the dominant
mechanisms

TV leaflet mobility is variable (all Carpentier
types)

TV annulus, RV and RA are typically dilated
(except in acute TR)

*RV basal diameter may appear abnormal due to the conical RV shape. CIED: cardiac implantable electronic device; CRT: cardiac resynchronisation
therapy; ICD: implantable cardiac defibrillator; RA: right atrium; RV: right ventricle; TR: tricuspid regurgitation; TV: tricuspid valve
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DEFINITION OF DISEASE SEVERITY

The functional anatomy of the TV apparatus can be evaluated by
3D transthoracic echocardiography (3D-TTE) and/or 3D-TEE, and
severity of TR assessed using semi-quantative parameters of col-
our and spectral Doppler (Supplementary Figure 2)". Additional
advanced imaging may be of value when echocardiography is
either of insufficient quality or inconclusive (Table 2). Specific
signs of severe TR include wide systolic leaflet separation, hepatic
vein systolic flow reversal demonstrated by pulsed-wave Doppler,
and a triangular (early peaking) continuous-wave Doppler TR sig-
nal. RV and RA dilatation are supportive signs. The TR colour jet
is not a measure of regurgitant volume, but is determined by jet
momentum. Thus, whilst a small colour TR jet may reliably reflect
trivial or mild TR and a very large jet is specific to severe TR,
patients with PHT may demonstrate larger jets that overestimate
TR orifice area. Furthermore, rapid equalisation of RA and RV
pressures in severe TR may be associated with non-aliasing jets.

Quantitative measures of TR are therefore essential to define
severity, including estimation of anatomical regurgitant orifice
area by vena contracta measurement and quantification of physi-
ological effective regurgitant orifice area (EROA) and regurgitant
volume (RVol). A vena contracta >7 mm generally indicates severe
TR, although some studies suggest a threshold of 9 mm aver-
aged from two orthogonal 2D views?'. The TR coaptation zone
is frequently non-circular and measures of vena contracta width
relying on single 2D imaging may be inaccurate — planimetry
using 3D colour assessment may therefore be conceptually more
appropriate.

Accumulating evidence links EROA to outcome in various
settings?® and current American Society of Echocardiography
(ASE) and European Association of Cardiovascular Imaging
(EACVI) guidelines define severe TR as an EROA >0.40 cm?’
and RVol >45 mL>*?*. However, since patients undergoing tran-
scatheter TV interventions (TTVI) frequently have an anatomical
regurgitant area several times greater than an EROA of 0.40 cm?,
an extended classification to include “massive” and “torrential”
TR (both associated with detrimental outcomes) has recently
been proposed (Supplementary Table 1)>?7. Studies using car-
diac magnetic resonance (CMR) quantitation suggest that patients
with a TR regurgitant volume >45 ml or regurgitant fraction
>50% have the highest risk of excess mortality*® (Table 2).

ASSESSMENT OF RV SIZE AND FUNCTION

Comprehensive RV assessment in patients with severe TR should
be performed in a euvolemic state and include standard echocardi-
ographic measures of RV size and function, and quantification of
RV morphological, functional, and tissue remodelling (Figure 2,
Table 2). Standard echocardiographic measures of RV size and
function are listed in Supplementary Table 2%°. Assessment of RV
strain using 2D echocardiography or CMR is less load depend-
ent than tricuspid annular plane systolic excursion (TAPSE) in
severe TR and more sensitive in the detection of early RV dys-
function and prediction of overall clinical outcome®. RV ejection

Table 2. Imaging modalities for diagnosis of tricuspid valve
disease and guidance of transcatheter tricuspid valve

interventions.

Imaging
modality

Applications

TTE Grading of TR severity
Assessment of TV pathology and mechanism(s) of
TR
Diagnosis/classification of PHT
Evaluation of RV function
Determination of pacemaker/defibrillator lead
location and evaluation of TV leaflet lead
impingement

TEE (3D) Assessment of TV pathology and mechanism(s) of
TR
Exclusion of intracardiac thrombus/masses
Determination of pacemaker/defibrillator lead
location and evaluation of TV leaflet lead
impingement
Evaluation of TEE imaging quality in supine
position
Procedural guidance

ICE (3D) Procedural guidance in patients with insufficient
TEE quality or contraindications to oesophageal
intubation
Avoidance of extracardiac or left heart artefacts
Elimination of the need for systematic general
anaesthesia

CCT Assessment of annular shape, dimensions and
annular calcification
Determination of the location of pacemaker/
defibrillator leads
Definition of optimal procedural fluoroscopic
angulations
Assessment of the relationships of the tricuspid
annulus to surrounding structures (particularly the
RCA)
Evaluation of specific annular anchor points in
relation to tricuspid leaflet hinge points and
coronary arteries
Evaluation of RCA status
Evaluation of the relationship between IVC and TV
annulus

Coronary Evaluation of RCA status

angiography/

fluoroscopy

Navigation and control of patency of the RCA if
a device is anchored to the tricuspid annulus

Orientation and device placement/deployment (in
particular in case of multiple implants)

CMR

Grading of TR severity when echocardiographic
quantification is inconclusive

Evaluation of RV function

Assessment of myocardial fibrosis

CCT: cardiac computed tomography; CMR: cardiac magnetic resonance;
ICE: intracardiac echocardiography; IVC: inferior vena cava;

PHT: pulmonary hypertension; RCA: right coronary artery; RV: right
ventricle; TEE: transoesophageal echocardiography; TR: tricuspid
regurgitation; TTE: transthoracic echocardiography; TV: tricuspid valve




Transcatheter treatment for tricuspid valve disease

Non-invasive imaging assessment of RV

Non-invasive haemodynamic assessment of

—Right atrial pressure (RAP), estimates by IVC diameter and collapse

— RV systolic pressure (RVSP), estimates using RV-RA gradient (underestimated in severe TR)
. — RV diastolic pressure (RVDP), estimates using PA-RV diastolic gradient

1 —RVmean pressure (from RVOT-ACT or from RVSP and RVDP)

2D echocardiography

—RVwall thickness
— RV short-axis length at the base and at mid-ventricular level, long-axis length, sphericity index
—RVOT dimensions,

loading conditions
¥
1. RV shape remodelling
v

—TVtethering parameters
—RV-LVinterdependence: eccentricity index (2D echocardiography)

3D-derived volumetric measures: 3D echocardiography/CCT or CMR

—RV-EDV

2. RV functional remodelling

2D methods  —tricuspid annular plane systolic excursion (TAPSE)
—TV systolic annular velocity (S'TDI)

—RV end-systolic area, fractional area change (FAC)

3D methods ~ —RV-EF%, RV-ESV

— Stroke volume
Tissue deformation analysis

—RV strain measures: RV global longitudinal strain, RV free-wall longitudinal strain

— 3D strain analysis (echocardiography or CMR)

Contractile reserve

3. RV tissue remodelling

CMR

—T1 mapping
—T2 mapping
—ECV mapping
—LGE

— Contractility reserve by stress echocardiography or CMR (increase
of TAPSE; increase of systolic RV-RA gradient)

—TAPSE/SPAP ratio (echocardiography)
— Invasive measurements (right heart catheterisation)

RV-PA coupling

Figure 2. Imaging assessment of the right ventricle. 2D: two-dimensional; 3D: three-dimensional; ACT: acceleration time; CCT: cardiac

computed tomography; CMR: cardiac magnetic resonance; ECV: extracellular volume; EDV: end-diastolic volume; EF: ejection fraction;

ESV: end-systolic volume; IVC: inferior vena cava;, LGE late gadolinium enhancement; LV: left ventricle; PA: pulmonary artery, RV: right

ventricle; RVOT: right ventricular outflow tract; SPAP: systolic pulmonary artery pressure; TV: tricuspid valve

fraction can be measured using various imaging modalities (CMR,
3D echocardiography, cardiac computed tomography [CCT]) but it
fails to account for the relationship between RV contractility and
afterload, and may therefore overestimate RV systolic function in
severe TR. The TAPSE/systolic pulmonary artery pressure (SPAP)
ratio, a non-invasive marker of RV-pulmonary arterial coupling,
may overcome this limitation and its prognostic value has been
demonstrated under several conditions®'*2, including severe TR
where a TAPSE/SPAP ratio <0.31 mm/mmHg indicates poor prog-
nosis®. In a recent propensity matched analysis, patients with mid-
range RV dysfunction (TAPSE 13-17 mm) appeared to derive the
greatest benefit from TTVI*.

The demonstration of contractile reserve in response to phar-
macological or physical stress has prognostic relevance in patients
with pulmonary hypertension and severe baseline RV dysfunc-
tion*37; further studies are needed to explore the role of stress
imaging in severe TR.

Right heart catheterisation is the gold standard for the assess-
ment of the severity and mechanism of PHT, pulmonary vascu-
lar resistance, RA pressure/pulmonary capillary wedge pressure

ratio, pulmonary artery pulsatility index, and the reversibility of
PHT*3. Moreover, an impaired afterload-corrected TAPSE to
invasive SPAP obtained during right heart catheterisation and
a discordant diagnosis of PHT (>10 mmHg difference between
non-invasive and invasive SPAP) were independent predictors of
worse outcomes (death, HF hospitalisation, and re-intervention) in
patients with severe TR*.

Finally, detection of myocardial fibrosis by CMR**** has prog-
nostic importance in RV failure and may help to define the optimal

timing of intervention in severe TR.

PATIENT MANAGEMENT AND SELECTION

STR is associated with a variety of medical conditions and may
present to a range of specialists (i.e., not only cardiologists).
Efforts should be made to increase the clinical awareness of its
consequences and emerging treatment options. All risk groups
(those with left-sided heart disease, AF, previous mitral valve
surgery, pre-capillary PHT, CIED RV lead) with symptoms/signs
of congestive HF (jugular vein congestion, dyspnoea, periph-
eral oedema, renal failure, liver and gut congestion) should be
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specifically evaluated for the presence of significant STR. Initial
consultation and echocardiography to confirm the diagnosis and
assess TR severity and RV function should be followed by early
referral to a centre with expertise in the treatment of TV disease
where work-up may be completed by right and left heart catheteri-
sation and advanced imaging studies (Table 2).

Currently, more than 90% of the patients with clinically rele-
vant TR are not offered any treatment*, mainly due to the long-
standing misconception that STR improves after treatment of
left-sided heart disease, despite the fact that STR progresses in up
to 25% of patients after open heart surgery''2. Furthermore, rela-
tively high mortality rates (8.8%-9.7%) have been reported after
conventional surgery for isolated TR, usually as a result of late
referral***. However, according to single-centre studies including
younger and less sick patients compared to the TTVI cohorts, tri-
cuspid surgery may be safe and effective when performed in expe-
rienced centres***.

Regardless of symptomatic status and clinical presentation,
patients with severe STR should first be treated for the assumed
underlying condition (e.g., restore sinus rhythm in patients with
AF if feasible, optimise medical treatment of HF or PHT) fol-
lowed by re-evaluation using the same imaging modality (ide-
ally at the same imaging laboratory) (Figure 3, Supplementary
Table 3). Repositioning or extraction of CIED RV leads can be
envisaged in selected patients with disturbed TV leaflet motion.
However, the efficacy of this procedure in reducing TR is uncer-
tain and additional damage to the TV valve can occur®'.

The indication for any TV intervention and its timing should
take account of multiple factors, including the patient’s clinical
characteristics, disease severity, concomitant end-organ func-
tion and anatomical considerations (Figure 4). Those who remain
symptomatic and fluid overloaded despite diuretic treatment with
mild or moderate left ventricular impairment, preserved RV func-
tion, no evidence of pre-capillary PHT, and only mild/moderate
renal and liver dysfunction may derive the greatest benefit from
TV intervention (Figure 4, central column). Combined proce-
dures may be considered in patients with associated mitral or
aortic valve disease®® — a staged approach is often appropriate
since TR and RV dimensions improve in about 40% of patients
within three months of successful transcatheter treatment of mitral
regurgitation®>. Conversely, the procedure may be futile in candi-
dates with end-stage HF, untreated pre- and post-capillary PHT
or severe pulmonary fibrosis. Even if evidence is missing at this
stage, advanced end-organ damage, i.e., terminal renal failure or
manifest liver cirrhosis, need to be taken into account, in particu-
lar if the estimated life expectancy is less than one year (Figure 4,
right column).

Patients presenting with refractory hypervolemic state before
the procedure may benefit from in-patient medical treatment opti-
misation, in particular a course of intravenous diuretics. This
may favourably modify right chamber anatomy, annulus size, and
reduce large coaptation gaps, therefore facilitating interventional

treatment.

General practitioner Nephrologist Hepatologist

a3 @ e

Initial presentation/
lead symptoms

Fatigue Persistent oedema Ascites
Physical capacity | Renal failure 1 Portal hypertension
Peripheral oedema Systolic murmur

b Dyspnoea 77 ﬂ

Atrial fibrillation =
/ ". \x

Cardiac imaging Electrophysiology Invasive Extracardiac
§-§ — Liver function
=5 " — Renal function
g g - — Lung function
g8 <—_-=,)) =) ~ Frailty
283 — Nutrition status
BE | -203D - ECG — Right heart _ Cancer
89 | echocardiography — Catheter ablation catheterisation
— CMR/CCT — Coronary angiogram /
Medication Heart rhythm Left ventricular & Pulmonary
- i valvular function | hypertension HEUVERD e
=3 - o
3 () @ “\@ M\ ﬁ Early referral if
E % — TR = severe
Z |- Intensify diuretics | — Rhythm control — Revascularisation | — Precapillary .
S |- Renal replacement| — Rate control — TAVI/M-TEER PH treatment Complex pathology
— Lead position — Recurrent

= decompensations
=

— e — Interdisciplinary
.. / Heart Team

TR improvement I Persistent severe TR T ——
y. } | or recurrent right-HF
3 Ji hospitalisations
. = . — Evaluation for
N transcatheter or
\ surgical
TR treatment

)
— Close monitoring
— Treat extracardiac
comorbidities

Re-evaluation

T -
@ | — Outpatient clinic

Figure 3. Care pathways for patients with severe tricuspid
regurgitation. 2D: two-dimensional; 3D: three-dimensional;

CCT: cardiac computed tomography, CMR: cardiac magnetic
resonance; ECG: electrocardiogram; HF: heart failure;

M-TEER: mitral transcatheter edge-to-edge reapair;, PH: pulmonary
hypertension; TAVI: transcatheter aortic valve implantation;

TR: tricuspid regurgitation

TRANSCATHETER TREATMENT OPTIONS AND DEVICE
SELECTION

Current transcatheter treatment options mimic surgical techniques
and include approved solutions in Europe, such as leaflet approxi-
mation, direct annuloplasty and heterotopic caval valve implanta-
tion, as well as not yet commercially available transcatheter TV
replacement (TTVR) systems using orthotopic valve implantation
(Figure 5). Growing evidence supports the use of TTVI in inoper-
able or surgical high-risk patients: mortality was lower following
intervention using various devices compared to standard medical
treatment in two propensity score-matched cohorts*4, accompa-
nied by reduction in the rate of HF re-hospitalisation (26£3% vs
4743% p<0.0001) at one-year follow-up**. Confirmation of these
findings in randomised controlled trials is needed.

Based on the aforementioned evidence, the 2021 Valvular Heart
Disease guidelines of the European Society of Cardiology first
give a IIb level C recommendation for transcatheter treatment of
severe symptomatic TR in inoperable patients, while the impor-
tance of early referral of patients with TV disease, as well as the



Symptomatic burden

Transcatheter treatment for tricuspid valve disease

Potential to improve

— Heart failure with preserved - Heart failure with reduced

ejection fraction

ejection fraction

— Heart failure with recovered - Terminal heart failure

— No left-sided heart failure

— Normal end-diastolic
pressures

— Normal right heart function

— Concomitant left-sided
valvular heart disease disease

— Incipient impaired right

ejection fraction

— Left ventricular assist

— Heart transplant recipients devices

— Untreated left-sided valve

— Terminal right heart failure

heart function

— lIsolated postcapillary
pulmonary hypertension

— Normal pulmonary artery
pressures

— No pulmonary fibrosis
— No restrictive or obstructive

pulmonary disease

— Combined postcapillary or
precapillary pulmonary
hypertension

— Mild to moderate
pulmonary fibrosis

— Severe pulmonary fibrosis

— Mild to moderate restrictive ~ — Severe restrictive or
or obstructive pulmonary

obstructive pulmonary

disease disease

— Moderately impaired renal
function function

g % — Normal renal function

— No liver fibrosis

— Normal liver synthesis
function

— No symptoms attributable
to liver failure

— Capability to fulfil work
(J tasks of daily routine

— Good subjective physical,
psychological and social
quality of life

— Liver fibrosis (Child Pugh
Class A) (Child Pugh Class B&C)

— Increased circulating liver
enzymes disease

— Liver transplant recipient

— Impaired subjective
physical, psychological and
social qualify of life <1 year

— Severely impaired renal

— Renal transplant recipients = Chronic renal failure

requiring dialysis

— Manifest liver cirrhosis

— Coagulopathy due to liver

— Hepatic encephalopathy

— Impaired capability to fulfil ~ — Mobility dependent on
work tasks of daily routine

assistance

— Terminal comorbidity
limiting life expectancy to

Figure 4. Clinical, anatomical and physiological factors suggesting a positive symptomatic response to tricuspid valve treatment.

role of concomitant treatment of the TV during left-sided heart
surgery, are reinforced®.

Compared to mitral procedures, TTVI presents several addi-
tional technical and anatomical challenges, including difficult
visualisation of the TV apparatus, variable anatomy with thinner
valve leaflets, and a large coaptation gap. Proposed criteria and
an algorithm used for device selection are shown in Tahle 3 and
Figure 6.

LEAFLET APPROXIMATION

Tricuspid transcatheter edge-to-edge repair (T-TEER) using the
TriClip™ (Abbott Vascular, Santa Clara, CA, USA) or leaflet
approximation with the PASCAL systems (Edwards Lifesciences,
Irvine, CA, USA) are approved in Europe for minimally inva-
sive TV repair. These techniques are the most frequently used
worldwide as a result of their safety, availability, and ease of use.

Whilst initially performed “off-label” using the MitraClip® system
(Abbott Vascular)**-® a dedicated T-TEER device with a shorter
curve guiding catheter and additional steerable plane of motion
(septal to lateral), the TriClip, has been developed to facilitate
TV access. In the core lab-adjudicated TRILUMINATE study,
T-TEER in 85 prospectively enrolled patients (STR 84%; severe,
massive and torrential in 29%, 26% and 37%, respectively) was
associated with a durable reduction to moderate TR or less in 71%
at one year, accompanied by symptomatic improvement (83% of
the patients were in New York Heart Association [NYHA] Class I
or II at 12 months), and 40% reduction in the rate of re-hospi-
talisation®®. In addition, improvement of the six-minute walk-
ing distance by 31+10.2 metres and Kansas City Cardiomyopathy
Questionnaire by 20+2.61 points were observed, along with a sig-
nificant reduction of the RV and RA dimensions and improvement
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Figure 5. Transcatheter tricuspid systems that are approved or under clinical evaluation. * with CE approval.

‘ Symptomatic severe tricuspid regurgitation ‘

v { v
J‘ Secondary (functional) CIED-related ‘ Primary (degenerative) ‘

Consider repositioning/removal/
leadless device/coronary sinus lead in very
selected patients*

v

Y Persistent TR
Late presentation
Advanced disease v
| | v v
Gap <8.5 mm Gap >8.5 mm Gap <8.5 mm Prolapse/Flail || Leaflet restriction/Perforation
Central jet location Moderate/severe Commisural jet location (Hedinger syndrome, rheumatic, postendocarditic)
Mild tethering tethering Mild/moderate tethering
A4 A \4 A4 A4 A4
Conservative treatment Annuloplasty TTVR - -
Heterotopic TTVR T-TEER | | (Annuloplasty=T-TEER) T-TEER T-TEER TIVR

*cases without true impingement/leaflet attachment require a valve-directed therapy and most cases will not resolve by lead removal only

Figure 6. Proposed algorithm for the selection of TTVI systems. CIED: cardiac implantable electronic device; T-TEER: tricuspid transcatheter
edge-to-edge repair; TTVR: transcatheter tricuspid valve replacement




Table 3. Anatomical criteria for device selection.

Favourable anatomy ‘
Small septolateral gap <7 mm?©

Strategy ‘
Leaflet
approximation Anteroseptal jet location
Confined prolapse or flail

Trileaflet morphology

Septolateral coaptation gap >7 but
<8.5 mm®s

Posteroseptal jet location
Non-trileaflet morphology

Incidental CIED RV lead (i.e., without
leaflet impingement)

Transcatheter treatment for tricuspid valve disease

Feasible anatomy ‘ Unfavourable anatomy

Large septolateral coaptation gap
>8.5 mm®>

Leaflet thickening/shortening
(rheumatic, carcinoid)/perforation

Dense chordae with marked leaflet
tethering

Anteroposterior jet location

Poor echocardiographic leaflet
visualisation

CIED RV lead leaflet impingement

Unfavourable device angle of approach

Annuloplasty Annular dilatation as primary

mechanism of TR

Mild tethering (tenting height
<0.76 cm, tenting area<1.63 cm?,
tenting volume [3D] <2.3 mL)!10.111

Central jet location

Sufficient landing zone for anchoring

Moderate tethering (tethering height
>0.76 cm but <1.0 cm, tenting area
>1.63 but <2.5 cm?, tenting volume
[3D] >2.3 mL but <3.5 mL)1o11

Incidental CIED RV lead (i.e., without
leaflet impingement)

Excessive annular dilatation (exceeding
device size)

Severe tethering (tethering height
>1.0 cm, tenting volume >3.5 mL).
Poor echocardiographic annular
visualisation!10111

Annular proximity of RCA
CIED RV lead leaflet impingement

Leaflet thickening/shortening
(rheumatic, carcinoid)

Incidental CIED RV lead (i.e., without
leaflet impingement)

Any leaflet morphology

Orthotopic Previous surgical repair or bioprosthetic | Large coaptation gap
valve valve replacement
implantation

CIED RV lead leaflet impingement

Excessive annular dilatation (exceeding
device size)

Unfavourable device angle of approach

Severe right ventricular dysfunction

Heterotopic Appropriate caval diameters (and
valve intercaval distance)

implantation . .
P No option for direct valve treatment

Proximity of the RA to the orifice of the
liver veins (<10-12 mm)

Severely increased pulmonary artery
and RA pressures due to the risk of
fracture of bicaval valved stents

regurgitation

3D: three-dimensional; CIED: cardiac implantable electronic device; RA: right atrium; RCA: right coronary artery; RV: right ventricular; TR: tricuspid

of the RV systolic function. Previous observational studies have
demonstrated reverse RV remodelling®!, improved cardiac out-
put®, and reduction of liver enzymes in patients with documented
congestion following T-TEER®. Early experience with the first
version of the system identified an increased risk of single leaflet
device attachement in comparison with mitral procedures (about
7% in the TRILUMINATE study). A large coaptation gap (>7-
10 mm) and non-anteroseptal location of the TR jet have also
been associated with procedural failure with the same version of
the device'*“**. Using the XTR implant with extended clip arms,
a coaption gap <8.4 mm predicted successful reduction to moder-
ate TR or less (Table 3)%. The latest TriClip Gen 4 iteration of the
system offers four different implant sizes and controlled gripper
actuation to permit optimised independent leaflet grasping.
Comparable results have been obtained with the PASCAL system
in a compassionate use cohort®, as well as in a US-based early fea-
sibility study®. Although less experience has been accumulated so
far, the number of procedures has grown rapidly since introduction
of the smaller PASCAL Ace (Edwards Lifesciences) device that
facilitates navigation of the TV anatomy. The novel DragonFly™

transcatheter mitral valve repair device (Valgen Medical, Hong
Kong, China) has recently been used successfully for mitral inter-
vention®’, and its use for TV repair is under current investigation.
ANNULOPLASTY

The Cardioband™ direct annuloplasty system (Edwards Life-
sciences) obtained CE mark for the treatment of patients with
severe symptomatic STR in 2018. In the European approval
study (TRI-REPAIR), the device — consisting of a screw-anchored
adjustable band — was successfully implanted in all 30 patients
with sustained reduction of TR to moderate or less in 76%
at 30 days, 73% at 6 months® and 72% at 2 years®, and more
than 80% of the patients in NYHA Class I/II throughout the fol-
low-up period. Similarly, a 20% reduction in septolateral diam-
eter was achieved in the post-market core laboratory adjudicated
TriBAND study, translating into reduction of TR to moderate or
less in 69% of patients at 30 days™. Of note, patients included in
both studies had higher EROA at baseline compared to those in
TRILUMINATE (TRI-REPAIR 0.794+0.51, TriBAND 0.76+0.48,
TRILUMINATE 0.6540.03), suggesting the inclusion of candi-
dates with more advanced disease’’. In another study including
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60 patients of whom 51.7% had massive or torrential and 48.3%
severe TR, 60.3% of patients had less-than-severe TR at dis-
charge’. Particular care is required during deployment to avoid
right coronary artery perforation or occlusion that occurred in 15%
of the cases during the early experience (although transient defor-
mation may not lead to clinical consequences)’”. These results
emphasise the need for further technical refinement along with
careful patient selection and preprocedural planning.

Other annuloplasty techniques are under clinical investigations.
The Millipede ring (Boston Scientific, Marlborough, MA, USA)
has been implanted surgically in two patients™ and a transcath-
eter approach is in development. The MIA™-T system (Micro
Interventional Devices, Newtown, PA, USA), a sutureless tran-
scatheter annuloplasty system, is being investigated in a study
(STTAR study) using both the surgical and transcatheter approach.
Furthermore, successful implantation of a two-stage percutaneous
annuloplasty system (Cardiac Implant LLC, Tarrytown, NY, USA)
was reported in 20207.

TRANSCATHETER TRICUSPID VALVE REPLACEMENT

TTVR was first performed in 2017 using the GATE™ bioprosthe-
sis (NaviGate Cardiac Structures, Inc., Lake Forest, CA, USA) that
was introduced mainly via the transatrial surgical route using a 42
Fr catheter delivering an up to 54 mm stented valve’®”’. Technical
success was achieved in 26/30 (87%) consecutive patients with
relevant conduction disturbances in 10% and conversion to open
heart surgery in 5%. In-hospital mortality was relatively high
(10%) in this early experience and inotropic support was required
in 57% of patients, most probably due to transient RV failure’.

The LuX-Valve (Ningbo Jenscare Biotechnology Co. Ltd.,
Ningbo, China) is another 32 Fr system inserted via the transatrial
access that can anchor to the septum and simultaneously grasp the
anterior TV leaflet. Initial experience in 46 patients was associated
with high technical success (97.8%) — one patient developed fatal
RV perforation — and an in-hospital mortality rate of 13%7.

Surgical thoracotomy is associated with significant morbidity
in patients with advanced disease, encouraging a move towards
transfemoral systems. The EVOQUE bioprosthesis (Edwards
Lifesciences) is delivered using a 28 Fr catheter and is available
in three sizes (44, 48, and 52 mm). The system has been investi-
gated on a compassionate use basis in 25 patients with successful
implantation in 92%, reduction of TR to mild or trace in 100%,
and no deaths, coronary complications, or valve migration. A per-
manent pacemaker implantation was required in 8%, and 76% of
patients were in NYHA Class I/IT at 30 days®. Preliminary results
of the single-arm early TRISCEND feasibility study have been
equally encouraging with an all-cause mortality rate of 3.8% at
one month [Kodali S. TRISCEND study 30-day outcomes after
transfemoral tricuspid valve replacement. EuroPCR 2021].

Transfemoral implantation of the Intrepid™ (Medtronic,
Minneapolis, MN, USA) available in 42 and 48 mm sizes, the
Cardiovalve (Cardiovalve Ltd., Or Yehuda, Israel), and the
Topaz (TRiCares, Aschheim, Munich, Germany) transfemoral
systems have also been reported in individual patients. Another

self-expanding unileaflet stented bioprosthesis, the Trisol valve
(Trisol Medical, Yokneam, Israel), is introduced via the jugular
access and has recently been successfully used in humans.
Off-label transcatheter valve-in-valve implantation of the
SAPIEN 3 aortic bioprosthesis (Edwards Lifesciences) is a safe
and effective treatment option in patients with a degenerating sur-
gical tricuspid bioprosthesis®!, while suboptimal results have been
observed after tricuspid valve-in-ring procedures®**3.
HETEROTOPIC CAVAL VALVE IMPLANTATION
Heterotopic caval valve implantation can mitigate symptoms
related to TR and associated RV failure without treating its cause
and is therefore a useful symptomatic treatment option in patients
who are unsuitable for other transcatheter or surgical proce-
dures. Conventional aortic balloon-expandable bioprostheses are
too small in this setting and associated with deleterious embolic
complications®. This has led to the development of the dedicated
TricValve® (P+F Products+Features GmbH, Wessling, Germany)
and TRICENTOM™ (MEDIRA GmbH, Balingen, Germany)
devices. While TricValve features two valves implanted separately
in the superior and inferior vena cava, TRICENTOM consists of
a custom-made single valved stent linking both venae cavae. In
their current iteration, both devices can treat patients with diam-
eters of the inferior vena cava (IVC) up to 40-43 mm, while the
distance from the RA junction to the hepatic veins needs to be at
least 10 mm. Successful implantations of both devices have been
reported in individual patients®>®, although recently described
fractures of the TRICENTOMM stent frame in patients with mas-
sive or torrential TR have led to design modification and adjust-
ement of clinical selection criteria. Further evaluation in larger
cohorts is required to understand the role and implications of this
therapy better.

INTERVENTIONAL IMAGING

3D-TEE is essential for intraprocedural guidance during TTVI and
the mid- and deep-oesophageal (RV inflow/outflow) and transgas-
tric windows are of particular value (Figure 7). Beyond leaflet
approximation, all other transcatheter techniques require dedicated
preprocedural CCT assessement of the tricuspid annular and sub-
valvular anatomy, as well as RA and caval dimensions®. Implant
simulation and real-time fusion of CCT, fluoroscopy and echocar-
diographic images may also assist in some procedures.

It is essential to understand that interventionalists and imag-
ing specialists approach the TV apparatus from different perspec-
tives. During intraprocedural imaging, the TEE probe is behind
the heart, generating TV images in the “valentine” position
(Supplementary Figure 3A-Supplementary Figure 3C). However,
movement of catheters during TTVI, spatial relationships of the
TV with adjacent structures (particularly the IVC) and the direc-
tion of predominant annular dilation are better understood when
labelling TV structures using the “attitudinal” nomenclature. CCT
can also be used to demonstrate the anatomic relationships of the
TV using a fluoroscopy-like display (Supplementary Figure 3D-
Supplementary Figure 3F).



View

4-chamber view,
ME (0-30°)

Imaging examples

Transcatheter treatment for tricuspid valve disease

Structures imaged
—Tricuspid valve (A, S)

1| - Right atrium/right ventricle/

outflow
— Left atrium/ventricle

— Aortic valve

‘ Potential role in procedural guidance

— Septal and anterior tricuspid valve
leaflets (for TEER) and annulus (for
annular or replacement devices).

RV inflow/outflow view,
ME (60-90°)

| |~ Tricuspid valve (A, P, S)
- | — Right atrium/right ventricle

— Imaging sweep from anterior to
posterior to localise regurgitant orifice
along the septal coaptation line.

— Biplane imaging used to visualise A-S
or P-S coaptation zone or annulus.

2-chamber view,

DE (0-30°) and RV
inflow/outflow view, DE
(60-90°)

| | — Tricuspid valve (A or P, S)

—Right atrium/right ventricle

§ | —Coronary sinus

— Septal and anterior (or posterior,
depending on depth/flexion) tricuspid
valve leaflets (for TEER) and annulus
(for annular or replacement devices).

Reversed 4-chamber
view, ME and DE
(150-180°)

tMETL50-180° .
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— Tricuspid valve (A, S)
—Right atrium/right ventricle

— Coronary sinus

— Septal and anterior tricuspid valve
leaflets (for TEER) and annulus (for
annular or replacement devices).

2-chamber view,

—Tricuspid valve SAX (A, S, P or

—Tricuspid coaptation gaps, regurgitant

outflow
— Left ventricular outflow

— Aortic valve

TG (30-60°) atypical morphology) orifice location and chordal anatomy
Short—aiqs \:lew, ‘I s e S help guide TEER.
TG (30-60°) A . .

. . ; — Posterior annulus well imaged for

~ Right ventricular outflow annular or replacement device.

Apical view, —Tricuspid valve (A, S) — Septal and anterior tricuspid valve
DT (0-30° or Right atrium/righ icle/ leaflets (for TEER) and annulus (for
120-150°) - | —Right atrium/right ventricle annular or replacement devices).

—TR Doppler aligned for quantitative
analysis.

3D volumes (any level)

—Tricuspid valve SAX (A, S, P or
atypical morphology)

— Regurgitant orifice (SAX)

— 3D multiplanar reconstruction allows
simultaneous imaging of coaptation
gaps, regurgitant orifice location and
leaflet lengths/mobility for device
implantation.

Figure 7. TEE views during transcatheter TV intervention. Deep oesophageal view for biplane imaging and acquisition of 3D volumes.

The transgastric view is the only 2D view that allows simultaneous visualisation of all three TV leaflets. 3D: three-dimensional; A. anterior,

DE: deep oesophageal; ME: mid-oesophageal; P: posterior; S: septal; TG transgastric; RV: right ventricle; SAX: short axis;

TEER: transcatheter edge-to-edge repair

Clear and continuous communication and understanding
between the interventional echocardiographist and TV interven-
tionalist is key to procedural success. Speaking the same ana-
tomical and directional language requires mutual knowledge of
imaging, devices and the procedure, and can only be achieved by
joint training of the TV transcatheter team. Standardisation of right
chamber views using the “attitudinal” orientation and nomencla-
ture (in which the displayed image and relationships of the TV
leaflets with adjacent cardiac structures are identical irrespective
of the imaging modality) provides the basis for a common lan-
guage used by interventional and imaging specialists®.

Use of intracardiac echocardiography (ICE) is helpful in
patients with insufficient imaging quality®*®> and will certainly
increase once novel 4D catheters allowing 3D imaging and multi-
planar reconstruction become broadly available®®. This may reduce
the need for general anesthesia in the future.

POST-PROCEDURAL MANAGEMENT

Since AF is highly prevalent in patients presenting with severe
TR (about 70%), post-procedural anticoagulation with either war-
farin/coumadin or non-vitamin K antagonist oral anticoagulants

(NOAC) is usually required. Patients in sinus rhythm with no other
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indication for anticoagulation should use the same antiplatelet reg-
imen as after transcatheter mitral valve repair (usually four weeks
of aspirin plus clopidogrel, followed by aspirin daily). The optimal
antithrombotic regimen following TTVR is unclear, although early
experience indicates that a warfarin-/coumadin-based anticoagula-
tion regimen (possibly combined with aspirin for at least one year)
might be preferred.

The preprocedural diuretic regimen should be maintained for
at least three months after the procedure to allow RV reverse
remodelling. However, careful dose reduction may be required in
TTVR patients who develop early post-procedural polyuria (usu-
ally within 24-48 hours) as a result of improved cardiac output
and reduced venous congestion, or in those who develop sympto-
matic hypotension and/or renal failure over longer-term follow-up.
Given the need for frequent modification of the post-procedural
diuretic and HF medication regimen, most sites recommend initial
outpatient follow-up at 1, 6, and 12 months, followed by annual
review. Assessment may include blood tests for NT-proBNP, renal
and liver function, transthoracic echocardiography, a six-minute
walk-test and a quality-of-life questionnaire.

Although systematic evidence is lacking, early experience sug-
gests that glifozines (sodium glucose cotransporter 2 [SGLT-2]
inhibitors) may be of particular benefit in selected patients with
right-sided HF following TV intervention due to their diuretic,
nephro-protective and symptomatic effects.

Periprocedural and early post-procedural antibiotic prophylaxis
should be used in all patients undergoing TTVI to prevent infec-
tive endocarditis. After discharge, established endocarditis proph-
ylaxis guidelines should be followed, although a lower threshold
for treatment might be appropriate due to an increased probability

of bacteraemia in the venous circulation.

PROPOSED REQUIREMENTS FOR A HEART VALVE CENTRE
WITH EXPERTISE IN TRICUSPID VALVE TREATMENT

A multidisciplinary Heart Team approach is recommended for the
evaluation of patients with TV disease in a Heart Valve Centre with
expertise in a broad spectrum of diagnostic and therapeutic solu-
tions (Table 4)**. Essential requirements include an interventional
cardiology team with broad expertise in heart valve interventions,
experience in advanced multimodality TV imaging (including high
quality CCT and CMR for specific indications) and easy access to
cardiac surgery counselling. A cardiac surgery department on site
with operator experience in TV surgery, as well as an intermedi-
ate and intensive care unit (or alternatively a dedicated structural
and valve unit) with collaborative links with other cardiac services
(particularly an HF team) are mandatory, when investigational and
replacement systems are used.

A Heart Valve Centre with expertise in TV treatment should
build a referral and educational network with collaborating part-
ners and offer easily accessible digital (imaging) data trans-
fer solutions to enable remote consultation and case discussion.
Finally, participation in multicentre studies assessing new treat-
ment approaches for TR is of utmost importance given the need

Table 4. Proposed requirements for a heart valve centre with
expertise in TV interventions.

Additional optional
requirements

Minimal requirements

Interventional cardiology

Expertise in valvular heart Experience in percutaneous
intervention especially on the mitral | extracorporeal life support
and tricuspid valves

Cardiovascular imaging

2D/3D transthoracic and
transoesophageal echocardiography

CCT and CMR
Cardiac surgery

Access to expertise in valvular heart | Heart transplantation and
surgery, (including aortic valve surgical circulatory support
replacement, mitral valve repair/ programme

replacement, tricuspid valve repair/
replacement)

(4D) ICE

Surgery on-site when investigational
and replacement systems are used

Electrophysiology service

Expertise in CRT, pacemaker and
ICD implantation, AF ablation

Expertise in lead extraction
and repositioning, leadless
pacemaker implantation

Intensive care unit

Dedicated beds with invasive
monitoring; expertise in
management of patients in
cardiogenic shock and requiring
mechanical circulatory support

Collaborative services

Heart failure clinic Extracardiac specialties:
vascular surgery, neurology,
nephrology, hepatology, and

geriatrics
Data review

Internal quality control

Involvement in national and
international databases

2D: two-dimensional; 3D: three-dimensional; 4D: four-dimensional;

AF: atrial fibrillation; CCT: cardiac computed tomography; CMR: cardiac
magnetic resonance; CRT: cardiac resynchronisation therapy;

ICD: implantable cardiac defibrillator; ICE: intracardiac
echocardiography

for greater understanding of the indications, timing and technical
success of invasive TV treatments.

FUTURE OUTLOOK AND CHALLENGES

Although TTVI are rapidly emerging in response to an unmet clin-

ical need, some important questions remain largely unanswered

and require rapid resolution by means of large-scale registies and
randomised studies:

— symptomatic and outcome benefits of STR correction compared
to optimal medical treatment (TRILUMINATE, CLASP II TR,
and TRISCEND II pivotal trials; TRI-FR; TRICI-HF)

— the appropriate timing of intervention in relation to clinical sta-

tus, severity of TR, RV function and pulmonary artery pressure



— criteria for concomitant or staged TTVI in conjunction with
interventions for aortic and/or mitral valve disease

— comparative safety and efficacy of established and emerging
transcatheter treatment options

— clinical and echocardiographic indicators to avoid futile inter-
ventions.

As a first priority, the wide variability of practice in relation to the
diagnosis, assessment and timely management of TV disease should
be addressed and unified across Europe, and programmes to increase
awareness amongst primary and secondary care providers promoted.

Alongside the established VARC”® and MVARC? criteria, the
definition of standardised endpoints and definitions will ensure
homogenous event reporting, accurate adjudication, and appropriate
comparisons of clinical research studies involving new devices and
therapeutic strategies for the treatment of TV disease. Given that
endpoints of future studies are likely to be based largely on qual-
ity of life measures, levels of physical activity and assessement of
volume status, new innovative concepts including wearable technol-
ogy””® and implantable HF monitoring devices will play an impor-
tant role'”. Since anatomical limitations, in particular large annulus
size, still restrain eligibility, technological improvements are needed
to address the needs of a broader population of patients. Advances
in deep learning for the interpretation of echocardiographic, CCT
and CMR images may further support standardisation and increase
the accuracy of TR grading and assessement of RV function. These
developments are set to accelerate rapidly in the next phase of the

evolution of transcatheter valve interventions.
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Supplementary data

Supplementary Table 1. Proposed expansion of the “severe” grade of TR.

Variable Mild Moderate Severe Massive Torrential
VC (biplane) <3 mm 3-6.9 mm 7-13 mm 14-20 mm >21 mm

EROA (PISA) <20mm?  20-39 mm?  40-59 mm?  60-79 mm? >80 mm?
3D VCA or quantitative EROA* 75-94 95-114 mm? >115 mm?

* 3D VCA and quantitative Doppler EROA cut-offs may be larger than PISA EROA.

EROA.: effective regurgitant orifice area; PISA: proximal isovelocity surface area; VC: vena contracta;
3D VCA, three-dimensional vena contracta area



Supplementary Table 2. Echocardiographic measures of RV size and function.

RV size parameter MeanxSD Normal range
RV basal diameter, mm 33+4 25-41
RV mid diameter, mm 27+4 19-35
RV longitudinal diameter, mm 7116 59-83
RVOT PLAX diameter, mm 25425 20-30
RVOT proximal diameter, mm 28+3.5 21-35
RVOT distal diameter, mm 22425 17-27
RV EDV, mL/m2

Men 61+13 35-87

Women 53+10.5 32-74
RV ESV, mL/m?

Men 2748.5 10-44

Women 2247 8-36
RV wall thickness, mm 31 1-5
RV function parameter Normal range Abnormal
TAPSE, mm 24+3.5 <17
DTI S’, cm/s 14.1+2.3 <9.5
Free wall LS, % -29+4.5 >-20
RIMP (PW Doppler) 0.25+0.085 >0.43
RIMP (DTI) 0.38+0.08 >0.54
FAC, % 49+7 <35
RVEF, % 58+6.5 <45

DTI: Doppler tissue imaging; EDV: end-diastolic volume; ESV: end-systolic volume; FAC: fractional area
change; LS: longitudinal strain; PLAX: parasternal long-axis view; PW: pulsed-wave; RIMP: right ventricular
index of myocardial performance; RV: right ventricular; RVEF: right ventricular ejection fraction; RVOT: right
ventricular outflow tract; SD: standard deviation; TAPSE: tricuspid annular plane systolic excursion



Supplementary Table 3. Specific tricuspid regurgitation aetiologies and specialised care.

Phenotype Mechanism of TR Annular | Leaflet | Leaflet | Referral specialist Diagnostic | Percutaneous
dilation | tenting | disease workup treatment
Atrial Biatrial disease +++ ++ -+ Electrophysiologist Imaging*, Possible
fibrillation RHC
Left-sided HF Progression of cardiac ++ ++ - Heart failure specialist Imaging”, Possible
dysfunction RHC
Left-sided valve | Primary valve ++ ++ + Interventional cardiologist/ cardiac Imaging”, Possible
disease disease/post-capillary surgeon /echocardiographer RHC
pulmonary hypertension
Pulmonary Right ventricular ++ +++ -1+ Pulmonary hypertension centre Imaging, Unlikely
hypertension dysfunction/remodelling Heart failure RHC
specialist/pneumologists/rheumatologist
RV Right ventricular ++ ++ - Heart failure specialist Imaging, Possible
cardiomyopathy | dysfunction/remodelling RHC
CIED related Mechanical interference + - +§ Electrophysiologist Imaging, Sometimes
RHC possible
Primary TR Tricuspid apparatus + - +++ Cardiac surgeon/interventional Imaging, Sometimes
disease cardiologist/echocardiographer RHC possible

* 2D, 3D and Doppler echocardiography; CCT

~ 2D, 3D and Doppler echocardiography; CCT and CMR in controversial cases

8§ Depending on the mechanism (i.e., impinging vs entanglement vs perforation, etc.)

CIED: cardiac implantable electronic device; HF: heart failure; RHC: right heart catheterisation; RV: right

ventricle; TR: tricuspid regurgitation




Antero-septal commissure
identified by the location of
the adjacent aortic valve

Anterior leaflet: leaflet
extending from the antero-
septal commissure to the
anterior papillary muscle

For multiple anterior leaflets, the
numbering of the leaflets begins

with the antero-septal

commissure with A1 and the next i
more inferior/lateral leaflet

would be A2

For a bileaflet valve, there is

usually fusion of the anterior
and posterior leaflets.

Determine the position of these three
basic leaflet locations by identifying

three anatomic structures

Anterior papillary muscle
(identified as the most
anterior prominent papillary
muscle, typically fused with
the moderator band).

Interventricular/interatrial
septum

Posterior |eaflet: leaflet
extending from the anterior
papillary muscle along the
inferior wall of the right ventricle
(RV) to the postero-septal
commissure.

Septal leaflet: leaflet attached
to the interventricular septum

For multiple posterior leaflets,
the numbering of the leaflets
begins with the anterior

next more posterior leaflet
would be P2.

papillary muscle with P1 and the

@ Septum/antero-septal commissure
@ Anterior papillary muscle

O Septal leaflet

@ Anterior leaflet

@ Posterior leaflet

with 51 and the next more
posterior leaflet would be 52.

For multiple septal leaflets, the
numbering of the leaflets begins
with the antero-septal commissure

Note: Small commissural leaflets (<10% of the

e of the ly seen at the

antero-septal and postero-septal commissures, should be
separately identified but not numbered

Supplementary Figure 1. Steps to identifying tricuspid valve leaflets.

Deep indentations and true commissures are considered anatomically equivalent and are used

to identify supernumerary leaflets. A separate leaflet is defined by: (1) independent motion

from the adjacent leaflet, and (2) colour Doppler systolic flow extending into the region

around the leaflet. Four major classes of leaflet morphologies are possible. Colour-coding

corresponds to Figure 1.
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Vcaverdge = (VCAU\ * VCPLA)()/2 RVol = EROA * RTVI RFr = RVol / RV SV

Supplementary Figure 2. Assessment of TR severity by Doppler echocardiography.

4ch: 4-chamber; EDV: end-diastolic volume; EROA: effective regurgitant orifice area; ESV: end-systolic volume; HV: hepatic vein; IVC: inferior
vena cava; LV: left ventricular; PISA: proximal isolvelocity surface area; PLAX: parasternal long-axis; R: radius; RA: right atrium; RTVI: velocity-
time integral of regurgitant jet; RV: right ventricle; SV: stroke volume; TRV: peak velocity TR jet; VC: vena contracta; VCA: vena contracta area;
Vr: aliasing velocity



Anterior




Supplementary Figure 3. Imaging and interventional perspectives of the tricuspid valve.

A) The traditional way to display the heart (“Valentine”), according to which the
nomenclature of its structures derives from viewing the heart in an anterior orientation with
the apex down.

B & C) Conventional nomenclature of the tricuspid leaflets (septal, anterior, posterior) applies
for the conventional “Valentine” position and for transoesophageal echocardiographic (TEE)
imaging when the probe is behind the heart.

D) Attitudinal position of the heart seen from the front as it lies on the diaphragm within the
thorax, where the “right” chambers are anterior with respect to “left” chambers, the latter not
being visible from this view.

E & F) According to attitudinal position, the nomenclature of the leaflets is: posterior (for
septal), antero-superior (for anterior) and inferior (for posterior), according to their spatial
position within the body, as depicted by CT (E) and fluoro images (F).

A: anterior; Ao: aorta; APC: anteroposterior commissure; ASC: anteroseptal commissure;
CCT: cardiac computed tomography; IVVC: inferior vena cava; LA: left atrium; LV: left
ventricle; P: posterior; PA: pulmonary artery; PSC: posteroseptal commissure; RA: right
atrium; RV: right ventricle; S: septal; SAX: short axis; SVC: superior vena cava; TEE:
transoesophageal echocardiography; TG: transgastric; TV: tricuspid valve





