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Abstract
Background: A mismatch between tricuspid leaflet size and annular dilation is one of the morphological 
features tied to the development of tricuspid regurgitation (TR).
Aims: We assessed the association of the leaflet-to-annulus index (LAI) with residual TR after transcatheter 
edge-to-edge repair (TEER).
Methods: Consecutive patients who underwent TEER for TR were enrolled. Significant residual TR was 
defined as a post-procedural TR ≥3+, and patients were divided into two groups according to the amount 
of residual TR. The LAI was retrospectively calculated using procedural transoesophageal echocardiogra-
phy and was defined as follows: (anterior leaflet length+septal leaflet length)/septolateral tricuspid annulus 
diameter.
Results: Of 140 patients, 43 patients had residual TR ≥3+ after TEER. The patients with residual TR ≥3+ 
had a lower LAI compared to those with residual TR <3+ (1.04±0.10 vs 1.13±0.09; p=0.001). In multi-
variable analysis, the LAI was associated with residual TR ≥3+ (odds ratio [OR] [per 0.1 increase]: 0.57; 
95% confidence interval [95% CI]: 0.35-0.94; p=0.02), independent of baseline TR severity or coaptation 
gap size. Patients with residual TR ≥3+ had a higher incidence of the composite outcome, consisting of 
all-cause mortality and heart failure hospitalisation within one year after TEER (47.1% vs 26.6%, p=0.02). 
Residual TR ≥3+ was an independent predictor of the composite outcome within one year (hazard ratio: 
2.04; 95% CI: 1.01-4.11; p=0.04).
Conclusions: The leaflet-to-annulus mismatch (i.e., LAI) is associated with residual TR ≥3+ after TEER 
for TR. A detailed echocardiographic analysis of the tricuspid valve will be conducive to identifing suitable 
subjects for TEER.

KEYWORDS

• transcatheter 
edge-to-edge 
repair

• transoesophageal 
echocardiogram

• tricuspid 
regurgitation



EuroIntervention 2
0

2
2

;1
8

:e
16

9
-e

178

e170

Abbreviations
CI confidence interval
HR hazard ratio
IQR interquartile range
LAI leaflet-to-annulus index
OR odds ratio
ROC receiver-operating characteristic
TA tricuspid annulus
TEER transcatheter edge-to-edge repair
TOE transoesophageal echocardiography
TR tricuspid regurgitation
TTVI transcatheter tricuspid valve intervention
TV tricuspid valve

Introduction
Tricuspid regurgitation (TR) is a common valvular disease in 
elderly patients and has a significant impact on the functional 
capacity and long-term survival of patients1,2. However, surgical 
treatment for isolated functional TR is still controversial because 
of the high risk of surgery3,4. Therefore, minimally invasive cath-
eter-based procedures are desired as a safe alternative to reduce 
TR with a lower procedural risk5,6. Recently, transcatheter tricus-
pid valve interventions (TTVI) have been reported with different 
technologies7-10. Among the techniques, transcatheter edge-to-edge 
repair (TEER) is the most prevalent technique6 and has shown 
encouraging results9,10. A greater reduction in TR severity is asso-
ciated with improved exercise tolerance, symptoms, survival rate, 
and clinical outcome after TEER. Therefore, identifying anatomi-
cal parameters that can predict the reduction in TR following the 
procedure is a key step toward improving patient outcomes.

Tricuspid annular (TA) dilation is a common morphological fea-
ture of functional TR11,12. The TA dilation occurs secondary to right 
ventricular and atrial dilation, which leads to a reduction of the 
coaptation surface area. On the other hand, different degrees of TR 
can be observed in patients with the same extent of TA dilation, 
which may be related to differential tricuspid valve (TV) leaflet 
size. Theoretically, larger TV leaflets may prevent TR development 
when the TA dilates. That is to say, relatively smaller TV leaflets 
compared to the TA dilation can lead to further development of 
TR13. Thus, the mismatch between the tricuspid leaflet length and 
annulus dilation is an anatomical feature tied to TR development. 
Nevertheless, little is known about whether the leaflet-to-annulus 
mismatch is associated with procedural outcome of TEER for TR.

In the present study, we measured the leaflet-to-annulus index 
(LAI) for assessment of the leaflet-to-annulus mismatch and 
investigated the impact of the LAI on the incidence of significant 
residual TR after TEER.

Methods
STUDY POPULATION
This study was a retrospective analysis of data froma single-
centre, prospective, consecutive database of patients treated at 
the University of Bonn. We identified consecutive symptomatic 

patients, who underwent TEER for TR with the MitraClip/TriClip 
system (Abbott Structural Heart) or PASCAL system (Edwards 
Lifesciences) from June 2015 to July 2020 (Supplementary 
Figure 1). Exclusion criteria were as follows: 1) poor quality of 
echocardiographic images; and 2) lack of post-procedural echo-
cardiographic evaluation. After a standardised diagnostic workup 
including transoesophageal echocardiography (TOE) and com-
puted tomography, the decision to perform the intervention, in 
conjunction with the device selection for TTVI, was taken by 
the interdisciplinary Heart Team. The registry was approved by 
the local ethics committee. This study was conducted in accord-
ance with the Declaration of Helsinki and its amendments, and all 
patients provided written informed consent.

PROCEDURE
Procedures were performed under general anaesthesia with 3D 
TOE and fluoroscopic guidance. The details of each device system 
and procedure have been well described previously14,15. Discretion 
was left to the treating physicians as to whether a second or third 
device needed to be used. Implantation success was defined as suc-
cessful delivery and deployment of one or more clips to achieve 
leaflet approximation and retrieval of the delivery system. Acute 
procedural success was defined as implantation success with at 
least one grade reduction in TR severity upon discharge.

ECHOCARDIOGRAPHIC PARAMETERS
Echocardiographic parameters were assessed at baseline and at 
discharge, according to the current guideline16. The severity of 
TR was graded as follows: grade 0, none; 1+, mild; 2+, moder-
ate; 3+, severe; 4+, massive; and 5+, torrential (according to the 
qualitative measurements)17. Post-procedural severity of TR was 
assessed based on qualitative parameters, including colour flow 
jet, and vena contracta as a semi-quantitative parameter. Location 
of TR jets was evaluated in the transgastric short-axis view at 
20-50°. TOE was performed at baseline and during the procedure, 
with a Vivid E95 ultrasound system (GE healthcare). All measure-
ments were reviewed by two independent cardiologists dedicated 
to echocardiographic evaluation.

LAI MEASUREMENTS
We evaluated the LAI in the anteroseptal commissure, which was 
defined as the ratio of the sum of the anterior and septal tricus-
pid leaflet length in relation to the septolateral tricuspid annulus 
([anterior tricuspid leaflet length+septal tricuspid leaflet length] 
/septolateral length of the tricuspid annulus) in the midsystole 
phase18 (Central illustration A). During the intraprocedural TOE 
evaluation, an echocardiographer identified the anterior and septal 
leaflets and the anteroseptal coaptation line in the biplane midoe-
sophageal view, including the inflow-outflow view and its orthog-
onal four-chamber view, as previously reported19. The anterior and 
posterior leaflets were discriminated by the anterior papillary mus-
cle. Then, using the midoesophageal four-chamber view, which 
was orthogonal to the anteroseptal coaptation line, we determined 
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the site where the widest vena contracta of the TR jet locating in 
the anteroseptal coaptation line was observed. After the procedure, 
the leaflet length and annular dimension at the site, detected dur-
ing the procedure, were retrospectively measured by an experi-
enced cardiologist, who was blinded to procedural and outcome 
data.

Similarly, the LAIs in the posteroseptal and anteroposterior com-
missures were evaluated, described in Supplementary Appendix 1.

OUTCOMES AND FOLLOW-UP
The primary endpoint was significant residual TR, which was 
defined as residual TR ≥3+ upon discharge. The secondary end-
point was a composite outcome, consisting of all-cause mortality 
and hospitalisation due to heart failure, within one year follow-
ing TEER. All suspected adverse events were independently adju-
dicated by the local Heart Team, according to the criteria of the 
Valve Academic Research Consortium 320. The occurrence of clin-
ical events was recorded from the admission and outpatient medi-
cal records.

STATISTICAL ANALYSIS
Continuous variables were presented as the mean±standard 
deviation or medians (interquartile range [IQR]) and compared 
using t-tests or the Mann-Whitney U-tests. Categorical variables 
were presented as numbers and percentages, and the differences 
between the groups were evaluated using the chi-square tests or 
Fisher's exact tests. Inter- and intra-observer variabilities for the 
LAI measurement were evaluated in 20 cases analysed by two 
examiners, and the results were analysed by means of the intra-
class correlation coefficients.

First, a logistic regression analysis was conducted to assess the 
association of the LAI with residual TR ≥3+. The association was 
adjusted in the two multivariable models using geometric (model 
1) and cardiac parameters (model 2). Parameters with a p-value 
<0.05 upon the univariate analysis were included in the models. 
We tested for collinearity in the multivariable models using the 
variance inflation factor.

Second, the receiver-operating characteristic (ROC) analysis 
was performed to determine the cut-off value of the LAI to predict 
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CENTRAL ILLUSTRATION Association between the leaflet-to-annulus index and residual tricuspid regurgitation after 
transcatheter edge-to-edge repair.
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A) Assessment of the leaflet-to-annulus index. Red dashed line indicates the site in which the leaflet-to-annulus index (LAI) is evaluated. 
Simultaneous biplane view: the inflow-outflow view and four-chamber view. B) The LAI was lower in patients with residual tricuspid 
regurgitation (TR) ≥3+ compared to those without residual TR ≥3+. C) Sequential evaluation approach according to the LAI and 
conventional anatomical factors, including coaptation gap width and TR jet location. Ant: anterior leaflet; LA: left atrium; LAI: leaflet-to-
annulus index; Post; posterior leaflet; RA: right atrium; RV: right ventricle; Sep: septal leaflet; SL diameter: septolateral tricuspid annulus 
diameter; TR: tricuspid regurgitation
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residual TR ≥3+. The incremental effect of adding the LAI to the 
conventional factors, including coaptation gap width ≥7 mm, non-
central/non-anteroseptal TR jet location, and TR ≥4+ at baseline, 
was assessed using net reclassification improvement (NRI) and 
integrated discrimination improvement (IDI). C-statistics were 
compared using DeLong’s method.

Third, event-free survival curves were constructed using the 
Kaplan-Meier method, and compared between patients with resid-
ual TR ≥3+ and <3+ using the log-rank test. Univariate and mul-
tivariable Cox proportional hazard models were used to explore 
factors associated with the composite outcome. Covariates with 
a p-value <0.05 upon the univariate analysis were included in the 
multivariable model. Statistical significance was set at p<0.05. All 
analyses were conducted using Stata 15.1 (StataCorp,).

Results
CLINICAL CHARACTERISTICS OF THE STUDY POPULATION
Of 148 consecutive patients with TR who underwent their first 
TEER, a total of 140 patients were analysed (Supplementary 
Figure 1). The mean age was 78±7 years and 43.6% were male 
(Table 1). Preprocedural TR severity was graded as 3+, 4+, or 
5+ in 56%, 36%, and 8% of the study participants, respectively, 
and the secondary aetiology of TR was observed in 94% of the 
patients.

Most cases were treated with the MitraClip/TriClip system 
(79.3%), followed by the PASCAL system (20.7%). The inde-
pendent grasping feature was used in 21 patients (15.0%). Clip 
implantation failed in nine patients (6.4%), due to an insuffi-
cient view by echocardiography (n=1), insufficient TR reduction 
despite clip placement (n=3), or grasping failure (n=5). Single 
leaflet device attachment (SLDA) occurred in seven patients 
(5.0%) during hospitalisation, including five cases during the 
procedure, which did not require reintervention during hospitali-
sation. Acute procedural success was achieved in 123 patients 
(87.9%), whereas residual TR ≥3+ at discharge was observed 
in 43 patients (30.7%). As for demographic characteristics, the 
patients with residual TR ≥3+ had a lower body mass index and 
a higher logistic EuroSCORE compared to those with residual 
TR <3+ (Table 1). Other clinical characteristics were compara-
ble between the two groups.

ECHOCARDIOGRAPHIC AND PERIPROCEDURAL FINDINGS
Patients with residual TR ≥3+ had a higher grade of TR at baseline 
compared to those with residual TR <3+. Additionally, patients 
with residual TR ≥3+ had a larger coaptation gap and coaptation 
depth than those with residual TR <3+.

TEER devices were mainly implanted in the anteroseptal coap-
tation line in the two groups (Table 2). The mean number of 
implanted devices was comparable between the two groups, while 
the occurrence of SLDA was numerically higher in patients with 
residual TR ≥3+ than in those with residual TR <3+ (9.3% vs 
3.1%; p=0.12). No surgical conversion or periprocedural mortality 
occurred in either group.

THE LAI ANALYSIS
The overall distribution of the LAI is shown in Supplementary 
Figure 2. The intraclass correlation coefficients revealed that the 
intra- and inter-observer reliabilities of the LAI measurement 
were acceptable (0.875 and 0.856, respectively). The patients with 
residual TR ≥3+ had a lower LAI compared to those with resid-
ual TR <3+ (1.04±0.10 vs 1.13±0.09; p=0.001) (Table 3, Central 
illustration B, Supplementary Figure 3). The tricuspid annu-
lus diameter was numerically larger in patients with residual TR 
≥3+ than in those with residual TR <3+. Moreover, patients with 
SLDA had a numerically higher LAI compared to those without 
SLDA (1.05±0.10 vs 1.11±0.10; p=0.14).

In the logistic regression analysis, the LAI was nega-
tively associated with the risk of residual TR ≥3+ after TEER 
(OR [per 0.1 increase]: 0.34; 95% CI: 0.21-0.55; p<0.001) 
(Table 4, Supplementary Table 1). Other covariates are listed in 
Supplementary Table 1. In the multivariable models, the associa-
tion of the LAI remained significant after adjusting the covariates 
(Table 4: Model 1 and Model 2). Also, the LAI was associated 
with the acute procedural success (OR [per 0.1 increase]: 1.96; 
95% CI: 1.10-3.50; p=0.02) in the univariate model.

THE PREDICTIVE VALUE OF THE LAI
The ROC analysis showed that the LAI value needed to dis-
cern residual TR ≥3+ was 1.06 (C-statistic: 0.725; p=0.001) 
(Supplementary Figure 4). Of the 140 patients, 50 patients (35.7%) 
had a lower LAI according to the cut-off value. A lower LAI was 
associated with an increased risk of residual TR ≥3+ (adjusted OR 
in model 1: 3.57; 95% CI: 1.45-8.33; p=0.006 and adjusted OR in 
model 2: 4.17; 95% CI: 1.69-10.00; p=0.002).

When the LAI was added to the conventional factors (i.e., coap-
tation gap width, non-central/non-anteroseptal TR jet location, and 
TR ≥4+ at baseline), the C-statistic increased from 0.780 to 0.809 
(p=0.02) (Supplementary Table 2). Continuous NRI and IDI of 
the LAI were 0.65 (p=0.004) and 0.04 (p=0.03), respectively. By 
combining the LAI with the conventional anatomical factors (i.e., 
coaptation gap width ≥7 mm and non-central/non-anteroseptal TR 
jet location), patients could be stratified according to the risk of 
residual TR >3+ after TEER (Central illustration C).

There was no significant interaction between use of the inde-
pendent grasping (binary) and the LAI (continuous) (p for interac-
tion=0.14) (Supplementary Figure 5).

Also, the LAIs of posteroseptal and anteroposterior coaptation 
lines were evaluated (Supplementary Table 3). The LAIs of pos-
teroseptal and anteroposterior coaptation lines were not associated 
with residual TR ≥3+ (OR [per 0.1 increase]: 1.68; 95% CI: 0.99-
2.84; p=0.05, and OR [per 0.1 increase]: 0.98; 95% CI: 0.62-1.55; 
p=0.92, respectively).

CLINICAL OUTCOME
The median follow-up was 238 days (IQR: 150-365 days). 
Within one year following TEER, 18 patients died, of which 
13 patients died due to cardiovascular causes, and 25 patients 
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were hospitalised due to heart failure. Consequently, 35 patients 
experienced the composite outcome. Patients with residual TR 
≥3+ had a higher incidence of the composite outcome com-
pared to those with residual TR <3+ (45.0% vs 26.2%; p=0.03) 
(Figure 1).

In the Cox proportional hazard model, residual TR ≥3+ (hazard 
ratio [HR]: 2.08; 95% CI: 1.07-4.06; p=0.03) was significantly 

associated with the risk of the composite outcome within one 
year following TEER (Supplementary Table 4). The other sig-
nificant factors were left ventricular ejection fraction (LVEF) 
and left ventricular end-diastolic volume (LVEDV). In the multi-
variable model, residual TR ≥3+ continued to be associated with 
the outcome (adjusted HR: 2.31; 95% CI: 1.17-4.58; p=0.02) 
(Table 5).

Table 1. Baseline characteristics.

Total
n=140

Residual TR ≥3+
n=43

Residual TR <3+
n=97

p-value

Male, n (%) 61 (43.6) 19 (44.2) 42 (43.3) 0.92

Age, years 78±7 79±8 78±7 0.44

BMI, kg/m2 26.1±5.3 24.7±3.4 26.6±5.8 0.049

eGFR, ml/min/1.73 m2 46.9±16.4 48.1±16.2 46.2±16.4 0.53

Coronary artery disease 83 (59.3) 27 (62.8) 56 (57.7) 0.57

Previous myocardial infarction 39 (27.9) 14 (32.6) 25 (25.8) 0.41

Prior PCI, n (%) 43 (30.7) 15 (34.9) 28 (28.9) 0.48

Prior CABG, n (%) 39 (27.9) 16 (35.6) 23 (24.2) 0.16

Atrial fibrillation, n (%) 133 (95) 42 (97.7) 91 (93.8) 0.33

NYHA class III/IV, n (%) 124 (88.6) 38 (88.4) 86 (88.7) 0.64

Lead across tricuspid valve, n (%) 49 (35.0) 17 (39.5) 32 (33.0) 0.45

COPD, n (%) 31 (22.1) 12 (27.9) 19 (19.6) 0.27

Logistic EuroSCORE, % 16.1 [8.1, 27.3] 19.9 [9.5, 30.8] 13.5 [7.6, 24.8] 0.03

NT-pro BNP, pg/ml 2,033 [1,009, 3,752] 1,822 [888, 3,264] 2,065 [1,202, 4563] 0.18

Echocardiographic parameters

Secondary TR, n (%) 132 (94.2) 42 (97.7) 89 (92.7) 0.25

TR severity, n 
(%)

3+ 78 (55.7) 10 (23.3) 68 (70.1)

<0.0014+ 50 (35.7) 25 (58.1) 25 (25.8)

5+ 12 (8.6) 8 (18.6) 4 (4.1)

Vena contracta, mm 11.7 [9.0, 15.1] 15.1 [12.5, 19.0] 10.0 [8.1, 12.6] <0.001

EROA, mm2 48.0 [36.0, 70.0] 58.5 [37.8, 87.0] 47.0 [35.0, 61.0] 0.11

TR jet 
location

Central 136 (97.1) 43 (100.0) 93 (95.9) 0.18

Anteroseptal commissure 103 (53.6) 35 (81.4) 68 (70.1) 0.16

Posteroseptal commissure 80 (57.1) 29 (67.4) 51 (52.6) 0.10

Anteroposterior commissure 42 (30.0) 26 (60.5) 16 (16.5) <0.001

LVEF, % 55.2±10.2 56.0±9.4 54.9±10.6 0.55

LVEDV, ml 69.8 [55.0, 99.1] 62.2 [46.0, 87.9] 72.7 [58.0, 101.6] 0.02

Right ventricular diameter, mm 39.9±8.8 40.5±8.6 39.4±8.6 0.50

Right atrial area, cm2 33.2 [27.0, 39.5] 36.5 [28.7, 43.8] 31.7 [25.4, 38.0] 0.02

SPAP, mmHg 36.6±12.4 34.3±12.3 37.8±12.3 0.14

TAPSE, mm 17.9±5.0 17.9±5.3 17.9±4.9 0.99

Medication at 
baseline

Beta blocker, n (%) 118 (84.3) 40 (93.0) 78 (80.4) 0.06

RAS inhibitor, n (%) 90 (64.3) 26 (60.5) 64 (66.0) 0.53

MRA, n (%) 63 (45.0) 20 (46.5) 43 (44.3) 0.81

Loop diuretics, n (%) 127 (90.7) 40 (93.0) 87 (89.7) 0.75

Values are n (%), mean±SD, or median [interquartile range]. BMI: body mass index; CABG: coronary artery bypass grafting; COPD: chronic obstructive 
pulmonary disease; eGFR: estimated glomerular filtration rate; EROA: effective regurgitant orifice area; EuroSCORE: European System for Cardiac 
Operative Risk Evaluation; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; MRA: mineralcorticoid receptor 
antagonist; NT-pro BNP: N-terminal pro-brain natriuretic peptide; NYHA: New York Heart Association; PCI: percutaneous coronary intervention; 
RAS: renin angiotensin system SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation
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Discussion
This is the first study assessing the LAI and its impact on residual 
TR ≥3+ in patients undergoing a TEER procedure for TR. The 
main findings are summarised as follows:
1) a lower LAI was associated with residual TR ≥3+ after 

TEER, independent of the baseline TR grade and anatomical 
parameters;

2) the residual TR ≥3+ was a significant predictor of the compos-
ite outcome, consisting of all-cause mortality and heart failure 
hospitalisation, within one year following TEER in this setting.
Appropriate patient selection is essential to ensure optimal 

TR reduction after TEER. The impact of residual TR ≥3+ on the 

clinical outcome after TEER has been shown in an earlier study21 
and in the present analysis. As a consequence of the increasing 
demand for TTVI, it is necessary to identify predictors of a greater 
reduction in TR following the procedure. In the present study, we 
revealed the association between the LAI and residual TR ≥3+ 
after TEER, which was still robust after accounting for known 
predictors (e.g., a large coaptation gap and non-central/non-anter-
oseptal location of the TR jet)22. Notably, the leaflet lengths them-
selves were not associated with an increased risk of residual TR 
≥3+ after TEER, which implies that the relative leaflet length to 
annular dimension may be more relevant to the procedural out-
come of TEER than the absolute length of the leaflets.

Table 2. Periprocedural findings.

Total
n=140

Residual TR ≥3+
n=43

Residual TR <3+
n=97

p-value

Device type, n (%) MitraClip/TriClip 111 (79.3) 30 (69.8) 81 (83.5)
0.06

PASCAL 29 (20.7) 13 (30.2) 16 (17.5)

Simultaneous TMVR, n (%) 18 (12.9) 3 (7.0) 15 (15.5) 0.17

Implant success, n (%) 131 (93.6) 34 (79.1) 97 (100.0) <0.001

Number of clips, 
n (%)

0 9 (6.4) 9 (20.9) 0 (0.0)

<0.001

1 35 (25.0) 7 (16.3) 28 (28.9)

2 72 (51.4) 17 (39.5) 55 (56.7)

3 21 (15.0) 9 (20.9) 12 (12.4)

4 3 (2.1) 1 (2.3) 2 (2.1)

Mean (if implanted) 1.9±0.7 2.1±0.8 1.9±0.7 0.09

Implantation site of 
devices, n (%)*

Anteroseptal coaptation line 202 (80.2) 53 (73.6) 149 (82.8)

0.31Posteroseptal coaptation line 47 (18.7) 16 (22.2) 31 (17.2)

Anteroposterior coaptation line 3 (1.2) 3 (4.2) 0 (0.0)

Mean tricuspid valve gradient, mmHg 2.6±1.5 2.9±1.4 2.4±1.5 0.08

Post-procedural TR 
grade, n (%)

0 or 1+ 24 (17.1) 0 (0.0) 24 (24.7)

<0.001

2+ 73 (52.1) 0 (0.0) 73 (75.3)

3+ 38 (27.1) 38 (88.4) 0 (0.0)

4+ 3 (2.1) 3 (7.0) 0 (0.0)

5+ 2 (1.4) 2 (4.7) 0 (0.0)

Post-procedural vena contracta (mm) 6.0 [4.1. 8.0] 10.0 [8.1, 12.1] 5.0 [3.9, 6.0] <0.001

Acute procedural success, n (%) 126 (90.0) 29 (67.4) 97 (100.0) <0.001

Values are n (%) or mean±SD. *Numbers and percentages indicate number and percentage of clips implanted. TMVR: transcatheter mitral valve repair; 
TR: tricuspid regurgitation

Table 3. Assessments of leaflet-to-annulus index.

Total
n=140

Residual TR ≥3+
n=43

Residual TR <3+
n=97

p-value

LAI 1.11±0.10 1.04±0.10 1.13±0.09 0.001

Annular diameter, mm 42.7±6.8 44.4±6.4 42.1±6.9 0.07

Septal leaflet length, mm 20.0±4.7 20.3±5.0 19.8±4.6 0.56

Anterior leaflet length, mm 27.4±6.2 26.9±5.5 27.5±6.4 0.48

Coaptation gap, mm 2.9 [1.6, 4.6] 4.7 [2.1, 7.2] 2.2 [1.2, 3.4] <0.001

Coaptation depth, mm 7.8±4.3 9.1±4.9 7.2±3.8 0.02

Values are mean±SD or median [interquartile range]. LAI: leaflet-to-annulus index; TR: tricuspid regurgitation
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There are several possible explanations for the association 
between the LAI and residual TR. Despite the underlying mecha-
nism of annulus dilatation, the excess of leaflet tissue (i.e., a higher 
LAI) can lead to the potential coaptation after edge-to-edge repair. 

In contrast, a short leaflet length (i.e., a lower LAI) could pre-
vent successful clip insertion and force the clinician to place the 
devices farther from the main TR jet location, resulting in an inef-
fective reduction of TR. Alternatively, advanced TA dilation can 
result in an expanded TR jet area: the location of the TR expands 
from the centre or anteroseptal commissure to the anteroposterior 
or posteroseptal commissures of the TV23, which has been reported 
as a predictor of procedural failure22. It often requires more clips 
to reduce TR from multiple commissures, which can potentially 
lead to an elevated TV pressure gradient. In the present study, 
patients with residual TR ≥3+ had more clips and a higher post-
procedural TV pressure gradient compared to those with residual 
TR <3+, which might indicate that the clinician hesitated to place 
further clips to address the residual TR. Furthermore, patients with 
SLDA had a numerically lower LAI compared to those without 
SLDA, which might contribute to the association between the LAI 
and residual TR. For these reasons, TEER, in patients with an 
advanced leaflet-to-annulus mismatch, can be challenging and it 
can be difficult to minimise TR.

The assessment of the LAI had an incremental effect of pre-
dicting residual TR after TEER on the conventional anatomical 
factors, such as coaptation gap width and non-central/non-anter-
oseptal location of the TR jet24. Edge-to-edge repair needs enough 
leaflet tissue to coaptate each other. The leaflet length at the site 
for clipping can differ between patients, regardless of the conven-
tional factors, which may be related to the additional value of the 
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Figure 1. Kaplan-Meier curve according to residual TR (≥3+) after 
transcatheter edge-to-edge repair for tricuspid regurgitation. 
Event-free survival analysis of the composite outcome, consisting of 
all-cause mortality and heart failure hospitalisation, within one year 
following transcatheter edge-to-edge repair for tricuspid 
regurgitation.

Table 4. Logistic regression analysis for residual tricuspid regurgitation (≥3+).

Univariate analysis Multivariate analysis

OR 95% CI p-value
Model 1 Model 2

Adjusted OR 95% CI p-value Adjusted OR 95% CI p-value

LAI (per 0.1 increase) 0.34 0.21-0.55 <0.001 0.38 0.22-0.66 0.007 0.41 0.25-0.70 0.008

Geometric parameters

Coaptation gap (mm) 1.24 1.10-1.40 <0.001 1.12 0.96-1.31 0.13

Coaptation depth (mm) 1.12 1.02-1.24 0.02 1.09 0.96-1.23 0.92

Non-central/non-anteroseptal TR 
jet location 2.86 1.27-6.43 0.01 2.01 0.78-5.16 0.15

Annular diameter (mm) 1.05 1.00-1.11 0.07

Anterior leaflet length (mm) 0.98 0.92-1.04 0.47

Septal leaflet length (mm) 0.96 0.89-1.03 0.27

Secondary TR 3.30 0.39-27.72 0.27

Cardiac parameters

TR ≥4+ 8.13 3.54-18.70 <0.001 4.97 2.02-2.25 <0.001

Right atrial area (cm2) 1.03 1.00-1.07 0.04 1.02 0.98-1.06 0.34

LVEF (%) 1.01 0.97-1.05 0.55

LVEDV (ml) 0.99 0.98-1.00 0.07

Right ventricular diameter (mm) 1.02 0.97-1.06 0.49

SPAP (mmHg) 0.98 0.94-1.01 0.13

TAPSE (mm) 1.00 0.93-1.08 0.99

CI: confidence interval; LAI: leaflet-to-annulus index; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; OR: odds 
ratio; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation
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LAI to the conventional factors. If there is enough leaflet length 
in relation to the enlarged annulus (i.e., a higher LAI), there will 
be an increased potential to achieve a greater reduction in TR with 
the conventional factors. By combining the LAI with the conven-
tional anatomical factors, we could stratify the risk of residual TR 
≥3+ after TEER. If patients have a low LAI in addition to a small 
coaptation gap width (<7 mm) and a central/anteroseptal jet loca-
tion, the risk of residual TR ≥3+ was 14.6%, whereas the risk 
increased to 59.5% with a high LAI and the conventional anatom-
ical factors. This risk-stratification model could assist the patient 
selection for TEER and potentially refine procedural results in the 
setting of TR.

In the present study, the LAIs of the posteroseptal and anter-
oposterior coaptation lines were not associated with residual 
TR ≥3+. The finding might reflect the lower frequency of clip 
implantation in the posteroseptal coaptation lines. In contrast, 
approximately 90% of the clip devices were implanted in the 
anteroseptal coaptation line, which is essential in the edge-to-
edge repair technique6. From a technical perspective, the edge-to-
edge devices inserted through the femoral vein are usually more 
accessible to the anteroseptal coaptation line than to other coap-
tation lines. Furthermore, an experimental study revealed that 
clips placed in the anteroseptal coaptation line led to a greater 
increase in cardiac output than those in the other coaptation 
lines25. Thus, the LAI of the anteroseptal coaptation line may be 
more relevant for predicting TR reduction by TEER compared to 
those of other coaptation lines.

Our observation might also imply several potential insights 
into the diversity of the TR development. In the present study, 
the LAI was negatively correlated with the TR severity at base-
line (Supplementary Table 5). One plausible explanation is that 
patients with smaller leaflets have less reserve and develop TR 
when the annulus dilates. Alternatively, another possible expla-
nation may be related to insufficient leaflet remodelling. So far, 
a few studies have reported leaflet remodelling on the TV side. 
For instance, Afilalo et al reported that patients with an enlarged 
TV annulus had longer tricuspid leaflets compared to the control 
population13. Similarly, we found a correlation between the leaf-
let lengths and the annulus dimension (Supplementary Figure 6), 
which was also true after adjusting body surface area. Further 
observational, longitudinal studies are needed to investigate the 
leaflet morphology and mechanism of TR development.

In the present study, the LAI itself was not directly associated 
with the composite outcome. Instead, residual TR ≥3+ was inde-
pendently associated with the outcome, which may underscore 
the importance of TR reduction regardless of value of the LAI. 
Moreover, other variables, including LVEF and LVEDV, were sig-
nificant outcome correlates. Given a high burden of comorbidities 
of patients with TR, it may be conceivable to conclude that LV 
systolic dysfunction and remodelling play a more important role 
in clinical outcomes.

For optimal TR reduction, our findings could translate into assist-
ing with the device selection for TTVI in a clinical setting. Multiple 
transcatheter devices for TR have recently been developed with 
promising results. New generations of edge-to-edge repair devices 
provide the ability to independently grasp leaflets of the tricuspid 
valve. The ability to independently grasp leaflets might facilitate 
achieving an adequate clip insertion, and provide a more effec-
tive reduction in TR with a low LAI. In the present analysis, the 
interaction of the impact of LAI on residual TR using independ-
ent grasping was not significant. Since the number of patients in 
whom independent grasping was used was small, a further inves-
tigation is needed to assess the clinical relevance of independ-
ent grasping for TR with a low LAI. Furthermore, transcatheter 
annuloplasty may be another therapeutic option for TR with short 
leaflet length and severe TA dilation (i.e., a low LAI). The TRI-
REPAIR study showed initial feasibility and a marked reduction in 
TR despite larger, wider TR jets in this population compared to the 
TRILUMINATE study8,9. Furthermore, the successful combination 
of TEER and annuloplasty for TR with severe TA dilation has been 
previously reported26. A preprocedural assessment of the LAI could 
help to determine whether leaflet-only treatment would be sufficient 
to reduce TR and refine therapeutic strategies in the tricuspid field.

Limitations
Several limitations to this study should be acknowledged. First, 
this was a single-centre, retrospective study with a relatively small 
number of participants. Therefore, patient selection bias might have 
impacted our results. Nevertheless, we conducted several multivari-
able models, adjusting for various clinical or anatomical covariates, 
which may at least partially address the issue. Second, since TV 
geometry can be altered by fluid volume and haemodynamics, the 
LAI could be different between the periprocedural and intraproce-
dural measurements. Third, in some cases, it may be challenging 

Table 5. Predictors of composite outcome within one year following transcatheter edge-to-edge repair.

Univariate analysis Multivariable analysis

HR 95% CI p-value Adjusted HR 95% CI p-value

Residual TR≥3+ 2.08 1.07-4.06 0.03 2.31 1.17-4.58 0.02

LAI (per 0.1 increase) 0.89 0.63-1.24 0.47

LVEF (%) 0.97 0.94-0.99 0.04 0.99 0.95-1.02 0.48

LVEDV (ml) 1.01 1.00-1.02 0.03 1.01 0.99-1.02 0.08

Significant variables (p<0.05) in the univariate analysis were included in the multivariable analysis. CI: confidence interval; HR: hazard ratio; 
LAI: leaflet-to-annulus index; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; TR: tricuspid regurgitation
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to differentiate the anterior and posterior leaflets using 2D TOE 
imaging, as previously reported19. Nevertheless, we used the ante-
rior papillary muscle to identify the anteroposterior commissure27. 
Moreover, it might be difficult to identify the site for assessments 
of the LAI in patients with a triangular configuration of the cen-
tral coaptation defect, which can be observed with a larger anter-
oposterior coaptation gap. Although our inter-observer correlation 
was acceptable, our preliminary data should be validated by further 
investigations using other imaging modalities, such as 3D echocar-
diography or cardiac computed tomography.

Conclusions
The LAI is independently associated with residual TR (≥3+) 
after TEER for TR, which is a significant predictor of one-year 
all-cause mortality, and hospitalisation due to heart failure. LAI 
evaluation could assist in making decisions about the treatment 
strategies for TR.

Impact on daily practice
Evaluation of the LAI, which is calculated from tricuspid leaflet 
length and annular dimension, is effective for predicting signifi-
cant residual tricuspid regurgitation after transcatheter edge-to-
edge repair for tricuspid regurgitation. LAI can help to identify 
suitable tricuspid valve for the edge-to-edge repair.
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