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Background: Evaluation of the tricuspid valve (TV) is crucial for clinical decision making and post-
treatment follow-up in pulmonary hypertension (PH) patients. However, little is known about 4-dimensional 
(4D) TV geometric remodeling in patients with PH. The aim of this study was to examine the 4D geometry 
of the TV in PH and its correlation with PH severity.
Methods: A total of 74 PH patients with mean pulmonary arterial pressure >25 mmHg and 15 age- and 
gender-matched healthy individuals were consecutively included from September 2017 to December 2018 
in National Center for Cardiovascular Diseases, Fuwai Hospital. All participants underwent 2-dimensional 
(2D) and 4D transthoracic echocardiography and PH patients underwent right heart catheterization (RHC) 
within 48 hours of echocardiography. TV geometry was analyzed using a dedicated 4D echocardiography 
from the right ventricular-focused apical view.
Results: Compared with controls, PH patients had significantly larger 4D tricuspid annular (TA) and TV 
tenting sizes except in the 2-chamber diameter. In high-quality image cases, maximal tenting height (MTH), 
coaptation point height, tenting volume and 4-chamber diameter had good or moderate correlation with 
PH severity graded according to RHC mean pulmonary artery pressure (r=0.705, r=0.644, r=0.602, r=0.472, 
respectively; P<0.001 for all). In multivariable linear regression analysis, PH severity was independently 
associated with coaptation point height (F=18.070, P<0.001 with an R2=0.647) and MTH (F=25.576, P<0.001 
with an R2=0.378). Among all 4D TV parameters, MTH had the highest area under the receiver operating 
characteristic (ROC) curve (AUC) in high-quality image cases [AUC =0.857, 95% confidence interval (CI): 
0.743–0.972; P<0.001], comparable to echocardiographic systolic pulmonary arterial pressure (AUC =0.847, 
95% CI: 0.733–0.961; P<0.001).
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Introduction

Pulmonary hypertension (PH), which is defined as resting 
mean pulmonary arterial pressure (mPAP) ≥25 mmHg 
assessed by right heart catheterization (RHC), affects 
all age groups with a prevalence of 1% of the global  
population (1). PH is a pathophysiological disorder 
associated with worsening symptoms and poor outcomes 
regardless of the underlying etiology, especially for severe 
PH (2). In the general pathophysiologic sequence of PH, 
right ventricular (RV) diastolic dysfunction and right atrial 
(RA) dilation lead to tricuspid annular (TA) dilatation and 
tricuspid regurgitation (TR), followed by deterioration of 
RV pressure and volume overload, which exacerbates PH 
and RV and tricuspid valve (TV) apparatus remodeling 
(3-6). The wide use of RCH, the gold-standard method 
of establishing PH, is limited by its reliance on invasive 
measurement. Computed tomography (CT) is usually 
used to identify the cause of PH. Echocardiography is 
an important and noninvasive modality for screening 
and follow-up of PH with Doppler echocardiography 
estimating TR and systolic pulmonary arterial pressure 
(sPAP) and 2-dimensional (2D) or 3-dimensional (3D) 
echocardiography validating RV and RA remodeling 
(2,5). However, echocardiographic markers for geometric 
remodeling of TV have not been well validated.

C u r r e n t  g u i d e l i n e s  f o r  P H  r e c o m m e n d  t h a t 
transplantation should continue to be an important option 
for severe PH (2), and have confirmed the successful 
performance of combined TV repair and double lung 
transplantation procedures in severe PH based on RHC 
without an increase in morbidity or mortality (7). Moreover, 
patients with a concordant PH diagnosis have been 
demonstrated to have a similar outcome to patients without 
PH after transcatheter TV repair (8). Preprocedurally 
evaluated TV characteristics have been proposed as 
predictors of procedural success (9,10). However, the 

geometric changes of TV in patients with PH have not been 
robustly characterized.

TA is a highly dynamic, complex geometric structure 
with elliptical and saddle shape displacing toward 
the atrium in anterior and posterior aspects (11). 
3-dimensional echocardiography (3DE) or 4-dimensional 
echocardiography (4DE), irrespective of its orientation 
in space, has been confirmed to achieve a more accurate 
quantification of the TA, avoiding geometric assumptions 
and plane position errors (5). These findings evoke the 
hypothesis that 4D automatic tricuspid valve quantification 
(4D Auto-TVQ) would have the potential to assess the size 
of the TV systematically. Accordingly, we sought to achieve 
the following: (I) describe the 4-dimensional (4D) geometry 
of the TV in a relatively large cohort of PH; (II) explore 
the relationships between TV remodeling and PH severity 
based on RHC. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1150/rc).

Methods 

Study population

A total of 89 participants including healthy volunteers 
and patients with PH were consecutively included from 
September 2017 to December 2018 in National Center 
for Cardiovascular Diseases, Fuwai Hospital in this 
prospective case-control study. A flow chart describing 
the patient selection process is shown in Figure 1. Patients 
were included if they were ≥18 years of age with a mPAP 
of >25 mmHg, and they had not received any specific 
therapy before echocardiography. The exclusion criteria 
were intra-cardiac shunts, atrial fibrillation, significant 
coronary heart disease, organic TV disease, renal or hepatic 
failure, PH due to hypoxia or severe left-sided heart disease, 
and inadequate image quality. The controls comprised 

Conclusions: In PH, TV geometric remodeling occurs mainly in TA septal-lateral dimension and TV 
tenting height. Worsening PH is an independent determinant of TV coaptation point height and MTH, not 
TA size. MTH shows a great diagnostic potential to detect severe PH.
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15 age- and gender-matched healthy individuals with no 
history of cardiovascular disease and no echocardiographic 
abnormalities. All patients underwent conventional 
echocardiography, 4DE, 4D Auto-TVQ analysis, and RHC 
within 48 hours of image acquisition. This study conformed 
to the Declaration of Helsinki (as revised in 2013) and was 
approved by the Ethics Committee of Fuwai Hospital (No. 
2018-1063). Informed consent was obtained from each 
patient.

Conventional echocardiography

All participants underwent a conventional 2-dimensional 
(2D) transthoracic echocardiographic assessment in 
accordance with the latest guidelines (12,13), using GE Vivid 
E9 (GE Healthcare, Milwaukee, WI, USA) with a 3.5-MHz 
transducer. All images were analyzed offline using dedicated 
software (EchoPAC 204; GE Healthcare, Horton, Norway). 
RA and RV size were measured from the focused RV apical 
view, and fractional area change was calculated [(diastolic 
area – systolic area)/diastolic area]. Tricuspid annular plane 
systolic excursion (TAPSE) was measured in the apical 

4-chamber view by placing the M-mode cursor through 
the lateral tricuspid annulus. In the apical 4-chamber 
view, pulsed-wave Doppler was used to assess the tricuspid 
inflow between the tricuspid leaflets, and accordingly, the 
peak E (early diastolic) and A (atrial contraction) velocities 
were recorded and measured. sPAP was derived from the 
maximal TR jet velocity and the right atrial pressure (RAP), 
which was invasively estimated by inferior vena cava size 
and collapse. The patients with equivalent RA-RV pressures 
and noneffective echocardiographic sPAP were excluded. 
The TR severity was graded as mild, moderate, or severe, 
using the multiparametric approach recommended by the 
current guidelines (14). All the echocardiographic images 
were acquired and routinely measured by an operator with 
the title of deputy chief physician.

4DE

4DE was acquired using the 4V matrix-array transducer on 
the cardiac ultrasound GE system. Full-volume acquisitions 
of the TV, RV, and RA were performed from the RV-
focused apical view using electrocardiogram gating over 

RHC confirmed PH patients with a 

mPAP of >25 mm Hg

n=132

Patients included

n=74

Mild PH

n=6

Moderate PH

n=15

Severe PH

n=53

Exclusion criteria:

(I) Intra-cardiac shunts and atrial fibrillation 

(n=5) 

(II) Significant coronary heart disease, organic 

TV disease and severe left-sided heart 

disease (n=3)

(III) Age <18 years (n=9)

(IV) Echocardiography was underwent before 

RHC more than two days (n=32)

(V) Inadequate image quality (n=9)

Figure 1 A flow chart of patient selection. RHC, right heart catheterization; PH, pulmonary hypertension; mPAP, mean pulmonary arterial 
pressure; TV, tricuspid valve.
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4–6 consecutive cardiac cycles during a single breath-hold. 
Gain settings were optimized and temporal resolution was 
maximized by optimizing sector width and minimizing 
depth. The frame rate was ≥12 FPS. All 4DE data sets were 
stored digitally and analyzed offline by the same operator 
with 5 years of professional experience in echocardiography.

RA and RV quantitative analysis

Right atrial end-systolic volume (RAESV) and right 
ventricular end-diastolic volume (RVEDV) were measured 
using a 4DE software package designed for volumetric 
analysis of the left atrium and right ventricle respectively (4D 
Auto LAQ and 4D Auto RVQ).

TV quantitative analysis

TV measurements were obtained semi-automatically to 
quantify TV apparatus morphology and function using 

dedicated commercial software (4D Auto-TVQ). The 
algorithm extracted the TA model and tracked it throughout 
the cardiac cycle by the combination of user-identified TA 
surface and the deformation of the 3D annular model, then, 
a 3D configuration of the TV leaflets at the reference frame 
was constructed using leaflet edge detection. After editing 
manually, TV measurements were automatically computed. 
In detail, the 4DE data set was automatically sliced to 
obtain 3 planes corresponding to the apical 4-chamber 
view, its respective orthogonal RV longitudinal view, and 
a transversal cut plane, which were manually adjusted to 
obtain the view of interest, particularly transversal cut plane 
(Figure 2A). Initialization of the TA was manually performed 
in mid-systole by identifying the TV leaflet hinge points 
and the leaflet coaptation point (Figure 2B). Further 
editing was allowed on any user-identified rotational plane  
(Figure 2C). Afterward, the software automatically provided 
both static and dynamic parameters of the TV geometry 
(Figure 2D). The PH patients were divided into high-quality 

A

C D

B

Figure 2 Measurements of TV geometry and function using 4DE and a dedicated commercial software (4D Auto-TVQ). (A) Alignment of 
the cut planes centered on the TA. (B) Manual selection of the anatomical landmarks. (C) Review and additional changes of automatically 
generated TV leaflet contours. (D) Surface rendering of the TV and quantitative analysis of its geometry and function. TV, tricuspid valve; 
4DE, 4-dimensional echocardiography; TA, tricuspid annular; LAX, long-axis; SAX, short-axis; 4D Auto-TVQ, 4D automatic tricuspid 
valve quantification.
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image cases and not-high-quality image cases based on the 
image tracking throughout the cardiac cycle.

TV parameters were subsequently generated as follows 
(Figure 3): TA area 3D (area of non-planar surface of 
TA); TV area 2D (the area of 2D valve plane of TA); TA 
perimeter (the length of the 3D contour); 4-chamber 
diameter (4Ch diameter, the distance between septal 
and lateral TV hinge points at mid-systole); 4-chamber 
diastolic diameter (4Ch Diast diameter, maximum distance 
between septal and lateral TV hinge points during diastole); 
2-chamber diameter (2Ch diameter, the distance between 
anterior and posterior TV hinge points at mid-systole); 
major axis (the largest diameter of the TA at mid-systole); 
major diastolic axis (the largest diameter of the TA during 
diastole); minor axis (the smallest diameter of the TA 
at mid-systole); sphericity index (the ratio between the 
minor and the major diameters); TA excursion (absolute 
longitudinal displacement of the annulus during the cardiac 
cycle); TA coaptation point height (distance between the 
coaptation point and 4-chamber TA annulus diameter); 
maximal tenting height (MTH; peak distance of the valve 
surface to the TV plane); and TA tenting volume (volume 
encompassed by the TV leaflets and the TA surface).

RHC

All patients underwent RHC within 2 days. The catheter 
was positioned in the right heart cavity and pulmonary 
artery. Hemodynamic parameters included the mean right 
atrial pressure (mRAP), right ventricular systolic pressure 
(RVSP), mean pulmonary artery pressures (mPAP), and 
pulmonary artery wedge pressure (PAWP). Hemodynamic 
definition of PH used cut-off values of mPAP ≥25 mmHg, 
PH severity was graded as mild (25 mmHg ≤ mPAP  
<35 mmHg), moderate (35 mmHg ≤ mPAP <45 mmHg), or 

severe (mPAP ≥45 mmHg) in the present study.

Reproducibility of TV measurements

To obtain the interobserver variability, TV measurements 
were repeated in a randomly selected subgroup of 15 
patients by 2 independent blinded observers. Intraobserver 
variability was assessed by the same observer on the same 15 
studies 2 weeks apart.

Statistical analysis 

Continuous variables were expressed as mean ± standard 
deviation (SD) or median with interquartile range (IQR) 
according to the normal distribution. Categorical variables 
were expressed as frequencies and percentages. The normal 
distribution of the data was assessed using the Shapiro-Wilk 
test. Continuous data were compared using the Student’s 
t-test or the Mann-Whitney U test, whereas categorical data 
were analyzed with the χ2 or Fisher’s exact tests. Correlations 
between TV parameters and PH severity measured by RHC 
were performed using Spearman’s correlation coefficient 
(r≥0.8, excellent; 0.5≤r<0.8, good; 0.3≤r<0.5, moderate; 
r<0.3, poor). Univariate linear regression was performed to 
identify TV apparatus remodeling with RAESV, RVEDV, 
PH severity, and TR severity. Stepwise linear regression 
was used for multivariable analysis, testing the hypothesis 
that PH severity would be independently related to TV 
MTH after adjusting for covariates. Logistic regression 
analysis was performed to find the variables associated with 
severe PH. Receiver operating characteristic (ROC) curve 
analysis was used to compare the ability of TV parameters 
and echocardiographic sPAP to predict severe PH. Intra- 
and inter-observer reproducibility of were assessed by 
intraclass correlation coefficient and coefficient of variation. 

2Ch diameter

4Ch diameter

Major Axis

Coaptation point height

Max tenting height

Minor Axis

Figure 3 Geometry of the TV and its measurements by 4D Auto-TVQ analysis tool. TV, tricuspid valve; 4D Auto-TVQ, 4D automatic 
tricuspid valve quantification.
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Statistical analysis was performed using SPSS, version 25.0 
(IBM Corp., Armonk, NY, USA). All statistical tests were 
2-sided, and P<0.05 was considered statistically significant.

Results

Characteristics of the study population

A total of 74 patients with PH and 15 healthy volunteers 
were included in this study, among whom 51 cases 
had high-quality images. Characteristics of the study 
population, including clinical characteristics, hemodynamic 
results, PH severity, clinical classification, conventional 
echocardiographic parameters, and 4D RA and RV 
parameters, are summarized in Table 1. The differences 
of TR grade and echocardiographic sPAP between the 
2 groups were significant (P<0.001 for all, Table 1). No 
differences were observed in age and gender between 
patients with PH and healthy volunteers. 

TV parameters

Compared with the normal controls, annulus area and 
annulus perimeter were significantly larger in PH patients 
(P=0.001 for both, Table 2). 4Ch diameter, major axis, 

and minor axis had significant differences between the  
2 groups (P<0.05 for all, Table 2). Coaptation point height, 
MTH, and tenting volume were significantly higher and 
TA excursion was significantly lower in patients with PH 
compared with the normal controls (P<0.001 for all, Table 2). 
The differences of 2Ch diameter, annulus area change and 
sphericity index between the 2 groups were not significant 
(P>0.05 for all, Table 2).

Correlation between PH severity and 4DE TV 
characteristics

There were weak but significant correlations between 
PH severity and TV parameters except annuals area 
change, 2Ch diameter, major axis, major diastolic axis, 
and sphericity index in all participants (Table 3). In high-
quality image cases, MTH had the best correlation with PH 
severity (r=0.705, P<0.001; Table 3). 4Ch diastolic diameter, 
TA excursion, coaptation point height, and tenting 
volume all showed good correlations with PH severity 
(r=0.535, −0.517, 0.644, 0.602, respectively, P<0.001 for all;  
Table 3). In addition, there were also moderate correlations 
between PH severity with TV parameters: annulus area 3D, 
annulus perimeter, and minor axis (r=0.388, 0.399, 0.440, 
respectively, P<0.01 for all; Table 3).

Table 1 Clinical, 2DE, and 4D RA and RV characteristics of study population

Parameters PH (n=74) Healthy control (n=15) P value

Age (years) 39.53±12.15 38.40±12.83 0.75

Gender (male) 23 [31.1] 4 [26.7] 0.98

BSA (m2) 1.60±0.16

BMI (kg/m2) 22.64±3.44

NT-proBNP (pg/mL) 710.50 (340.55–1,720.15)

6MWD (m) 407.86±94.16

WHO-FC I/II/III 3/22/31

Hemodynamics

mRAP (mmHg) 3.00 (1.00–6.00)

RVSP (mmHg) 92.38±19.52

mPAP (mmHg) 53.10±12.10

PVR (dyn·s·cm−5) 792.19 (572.69–959.11)

PAWP (mmHg) 7.15±3.57

RV-CI (L/min/m2) 2.89 (2.34–3.43)

Table 1 (continued)
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Table 1 (continued)

Parameters PH (n=74) Healthy control (n=15) P value

PH severity

Mild PH 6 [8]

Moderate PH 15 [20]

Severe PH 53 [72]

Clinical classification

IPAH 31 [42]

PH with unclear mechanisms 21 [28]

CTEPH 13 [18]

CTD-PAH 7 [9]

PAH after operation of CHD 2 [3]

2DE parameters

RVD (mm) 33.47±7.67 22.27±2.60 <0.001

RAD (mm) 46.40±11.45 34.33±4.16 <0.001

RV-FAC (%) 30.07±9.73 46.33±11.44 <0.001

TAPSE (mm) 16.21±3.26 22.25±2.67 <0.001

TR (m/s) 4.29±0.69 2.02±0.47 <0.001

TR severity mild/moderate/severe 7/0/0 27/13/24 <0.001

TV E/A 1.15±0.44 1.45±0.52 0.04

LVEF (%) 68.77±7.00 68.50±4.60 0.42

Echocardiographic sPAP 81.49±23.22 221.08±8.44 <0.001

4DE parameters

RAESV (mL) 82.26±45.64 37.25±11.23 <0.001

RVEDV (mL) 135.39±46.58 83.27±27.73 <0.001

Data are presented as mean ± standard deviation, median (interquartile range) or n [%]. 2DE, 2-dimensional echocardiography; 4D, 
4-dimensional; RA, right atrial; RV, right ventricular; BSA, body surface area; BMI, body mass index; NT-proBNP, N-terminal pro–brain 
natriuretic peptide; 6MWD, 6-min walking distance; WHO-FC, World Health Organization functional class; mRAP, mean right atrial 
pressure; RVSP, right ventricular systolic pressure; mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance; PAWP, 
pulmonary wedge artery pressure; RV-CI, right ventricular cardiac index; IPAH, idiopathic pulmonary arterial hypertension; CTEPH, chronic 
thromboembolic pulmonary hypertension; CTD, connective tissue disease; CHD, congenital heart disease; RVD, right ventricular diameter; 
RAD, right atrial diameter; FAC, fractional area change; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation 
velocity; TV E/A, tricuspid valve blood early and atrium flow; LVEF, left ventricular ejection fraction; RAESV, right atrial end-systolic volume; 
RVEDV, right ventricular end-diastolic volume.

At univariable linear regression analysis in high-
quality image cases, the follow TV parameters had strong 
associations with RAESV, RVEDV, PH severity, and TR 
severity: annulus area 3D, annulus perimeter, 4Ch diameter, 
coaptation point height, MTH, and tenting volume  
(Table 4). At stepwise multivariable linear regression analysis, 

annulus area 3D, annulus perimeter, and 4Ch diameter 
were independently associated with RAESV and (or) 
RVEDV and tenting volume was independently associated 
with RVEDV and TR severity. Coaptation point height was 
independently associated with PH severity. TV MTH was 
independently correlated with PH severity and RVEDV 
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Table 2 TV quantitative parameters of study population

Parameters PH (n=74) Healthy control (n=15) P value

Annulus area 3D (cm2) 12.37±3.16 9.46±2.41 0.001

Annulus area 2D (cm2) 12.18±3.11 9.33±2.38 0.001

Annulus area change (%) 15.53±5.80 17.83±6.73 0.18

Annulus perimeter (cm) 12.60±1.58 11.01±1.38 0.001

4Ch diameter (cm) 3.93±0.56 3.31±0.46 <0.001

4Ch diastolic diameter (cm) 4.16±0.60 3.51±0.45 <0.001

2Ch diameter (cm) 3.64±0.53 3.43±0.64 0.17

Major axis (cm) 4.19±0.53 3.81±0.46 0.01

Major diastolic axis (cm) 4.42±0.54 4.09±0.49 0.03

Minor axis (cm) 3.59±0.50 3.07±0.50 <0.001

Sphericity index (%) 83.39±15.34 81.40±10.51 0.63

Excursion (mm) 8.30±2.53 11.60±3.20 <0.001

Coaptation point height (mm) 10.58±3.00 6.20±2.37 <0.001

MTH (mm) 10.26±2.72 6.00±1.25 <0.001

Tenting volume (mL) 3.95±1.94 1.87±0.85 <0.001

Data are presented as mean ± standard deviation. TV, tricuspid valve; PH, pulmonary hypertension; 3D, 3-dimensional; 2D, 2-dimensional; 
4Ch diameter, 4-chamber diameter; 2Ch diameter, 2-chamber diameter; MTH, maximal tenting height. 

Table 3 Correlation between PH severity and 4DE TV characteristics

Parameters
All cases (n=74) High-quality image cases (n=51)

r P value r P value

Annulus area 3D (cm2) 0.225 0.03 0.388 0.005

Annulus area 2D (cm2) 0.220 0.04 0.384 0.005

Annulus area change (%) 0.055 0.61 0.020 0.89

Annulus perimeter (cm) 0.226 0.03 0.399 0.004

4Ch diameter (cm) 0.283 0.007 0.472 <0.001

4Ch diastolic diameter (cm) 0.285 0.007 0.535 <0.001

2Ch diameter (cm) 0.073 0.50 0.139 0.33

Major axis (cm) 0.123 0.25 0.237 0.09

Major diastolic axis (cm) 0.097 0.37 0.240 0.09

Minor axis (cm) 0.253 0.02 0.440 0.001

Sphericity index (%) 0.130 0.22 0.192 0.18

Excursion (mm) −0.442 <0.001 −0.517 <0.001

Coaptation point height (mm) 0.359 0.001 0.644 <0.001

MTH (mm) 0.411 <0.001 0.705 <0.001

Tenting volume (mL) 0.352 0.001 0.602 <0.001

PH, pulmonary hypertension; 4DE, 4-dimensional echocardiography; TV, tricuspid valve; 3D, 3-dimensional; 2D, 2-dimensional; 4Ch 
diameter, 4-chamber diameter; 2Ch diameter, 2-chamber diameter; MTH, maximal tenting height.
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Table 4 Univariable and multivariate linear regression analysis of RAESV, RVEDV, PH severity, and TR severity used to predict 4DE TV 
characteristics in high-quality image cases

Variables
Univariable analysis Multivariate analysis

β (95% CI) P value β (95% CI) P value

Annulus area 3D (cm2)

RAESV (mL) 0.041 (0.024–0.059) <0.001

RVEDV (mL) 0.039 (0.024–0.054) <0.001 0.042 (0.029–0.056) <0.001

PH severity 1.037 (0.408–1.667) 0.002

TR severity 1.437 (0.721–2.153) <0.001

Annulus perimeter (cm)

RAESV (mL) 0.022 (0.012–0.031) <0.001

RVEDV (mL) 0.020 (0.012–0.028) <0.001 0.022 (0.015–0.029) <0.001

PH severity 0.570 (0.243–0.896) 0.001

TR severity 0.751 (0.373–1.129) <0.001

4Ch diameter (cm)

RAESV (mL) 0.007 (0.004–0.011) <0.001 0.007 (0.004–0.011) <0.001

RVEDV (mL) 0.005 (0.002–0.008) 0.001

PH severity 0.227 (0.116–0.339) <0.001

TR severity 0.199 (0.058–0.340) 0.007

Coaptation point height (mm)

RAESV (mL) 0.041 (0.021–0.061) <0.001

RVEDV (mL) 0.033 (0.014–0.052) 0.001

PH severity 1.615 (1.013–2.218) <0.001 1.691 (1.016–2.366) <0.001

TR severity 1.357 (0.510–2.204) 0.002

MTH (mm)

RAESV (mL) 0.047 (0.031–0.062) <0.001

RVEDV (mL) 0.040 (0.026–0.054) <0.001 0.027 (0.014–0.040) <0.001

PH severity 1.653 (1.174–2.131) <0.001 1.188 (0.683–1.694) <0.001

TR severity 1.882 (1.264–2.500) <0.001

Tenting volume (mL)

RAESV (mL) 0.029 (0.019–0.039) <0.001

RVEDV (mL) 0.025 (0.016–0.034) <0.001 0.020 (0.011–0.029) <0.001

PH severity 0.814 (0.459–1.168) <0.001

TR severity 1.067 (0.649–1.486) <0.001 0.642 (0.212–1.073) 0.004

PH, pulmonary hypertension; TR, tricuspid regurgitation; 4DE, 4-dimensional echocardiography; TV, tricuspid valve; CI, confidence 
interval; 4Ch diameter, 4-chamber diameter; RAESV, right atrial end-systolic volume; RVEDV, right ventricular end-diastolic volume; MTH, 
maximal tenting height.
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Table 5 Univariable and multivariate logistic regression analysis of RAESV, RVEDV, coaptation point height, and MTH used to predict severe 
PH in high-quality image cases

Variables
Univariable analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

RAESV (mL) 1.037 (1.014–1.060) 0.002 1.026 (0.994–1.058) 0.11

RVEDV (mL) 1.013 (1.000–1.027) 0.05 0.979 (0.954–1.004) 0.10

Coaptation point Height (mm) 1.564 (1.172–2.087) 0.002 0.993 (0.604–1.633) 0.98

MTH (mm) 1.764 (1.292–2.407) <0.001 1.965 (1.004–3.847) 0.049

RAESV, right atrial end-systolic volume; RVEDV, right ventricular end-diastolic volume; MTH, maximal tenting height; PH, pulmonary 
hypertension; OR, odds ratio; CI, confidence interval.

(F=18.070, P<0.001 with an R2=0.647). MTH increased by 
0.12 cm for each increment in PH severity and by 0.03 cm 
for each 10 mL increment in RVEDV. In the multivariable 
logistic regression analysis in high-quality image cases, 
MTH was the strongest predictor of severe PH [odds ratio 
(OR) =1.965, P<0.05], compared with RAESV, RVEDV, 
and TV coaptation point height (OR =1.026, 0.979, 0.993, 
respectively, P>0.05 for all; Table 5).

Prediction of severe PH using 4DE TV characteristics

Using ROC curve analysis, MTH had the largest area 
under the curve (AUC =0.857) to predict severe PH among 
all TV parameters and was comparable to TR velocity (AUC 
=0.830) and echocardiographic sPAP (AUC =0.847) in high-
quality image cases. Similarly, coaptation point height (AUC 
=0.822) and tenting volume (AUC =0.802) had an excellent 
ability to predict severe PH, whereas 4Ch diastolic diameter 
during diastole had a relatively smaller AUC (AUC =0.742) 
(Table 6; Figure 4). However, in all participants, TR velocity 
(AUC =0.832) and echocardiographic sPAP (AUC =0.837) 
were superior to MTH (AUC =0.686) in AUC (Table 6).

Intra- and inter-observer variability 

All 4DE TV measurements showed excellent intra- and 
inter-observer reproducibility (Table 7).

Discussion

In our study,  we explored TV geometry and the 
relationships between 4DE TV parameters and right heart 
volumes and PH severity. In this study, we reported that 
TV coaptation point height and MTH were independently 
associated with PH severity and could predict severe 

PH. The main findings of this study can be summarized 
as follows: (I) PH patients had significantly abnormal 
TV geometry; (II) PH severity was an independent 
determinant of 4D TV coaptation point height and MTH; 
(III) TV MTH was the best parameter to detect severe 
PH patients among 4D TV parameters and comparable 
to echocardiographic sPAP, followed by coaptation point 
height and tenting volume.

The TA in PH patients

Previous studies have shown TA dilation in PH patients 
(3,15,16). Muraru et al. and Guta et al. (5,17) reported 
that TA area was independently correlated with RAESV 
and RVEDV. Our study also demonstrated that RVEDV 
or RAESV was an independent factor associated with TA 
area, TA perimeter, or 4Ch diameter of TA in PH patients. 
Anatomically, patients with a dilated RV have significant 
displacement of all papillary muscles away from the center 
of the annulus, with the anterior papillary muscle displaced 
laterally and the septal and posterior papillary muscles 
displaced toward the LV (18). Fukuda et al. (19) revealed 
that the annulus was dilated in the septal to lateral and 
posteroseptal to anterolateral directions in patients with 
functional TR. Besides, the RA myocardium anchors the 
pectinate muscles and surrounds the TV orifice with its 
thin musculature fibers inserting into the leaflet hinges, 
which is more predisposed to dilation in the status of  
PH (20). These mechanics may provide a pathophysiologic 
basis for the significantly larger area, perimeter, and 4Ch 
diameter of TA but similar 2Ch diameter of TA in PH 
patients compared with healthy people. In our study, the 
difference of sphericity index between PH and healthy 
volunteers were not significant. We think that this may be 
due to the proportional increase of major diameter and 
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Table 6 Performance of 4DE TV characteristics, TR velocity and echocardiographic sPAP for detecting severe PH in high-quality image cases 
and in all cases

Parameters AUC 95% CI P value Cutoff Sensitivity (%) Specificity (%) Youden index

High-quality image cases (51)

Annulus area 3D (cm2) 0.667 0.510–0.823 0.05 12.95 56 79.2 0.352

Annulus area 2D (cm2) 0.667 0.510–0.823 0.05 12.75 56 79.2 0.352

Annulus area change (%) 0.535 0.369–0.701 0.67 13.65 72 45.8 0.178

Annulus perimeter (cm) 0.669 0.153–0.825 0.04 12.9 56 79.2 0.352

4Ch diameter (cm) 0.708 0.559–0.856 0.01 4.15 60 83.3 0.433

4Ch diastolic diameter (cm) 0.742 0.598–0.885 0.004 4.45 56 83.3 0.393

2Ch diameter (cm) 0.581 0.416–0.746 0.33 3.45 84 45.8 0.298

Major axis (cm) 0.580 0.416–0.744 0.34 3.85 88 37.5 0.255

Major diastolic axis (cm) 0.588 0.423–0.752 0.29 4.45 64 58.3 0.223

Minor axis (cm) 0.697 0.548–0.846 0.02 3.35 84 54.2 0.382

Sphericity index (%) 0.592 0.429–0.754 0.27 84.5 60 62.5 0.225

Excursion (mm) 0.232 0.092–0.373 0.001 5.50 92 8.3 0.003

Coaptation point height (mm) 0.822 0.696–0.947 <0.001 9.50 88 70.8 0.588

MTH (mm) 0.857 0.743–0.972 <0.001 8.50 96 66.7 0.627

Tenting volume (mL) 0.802 0.674–0.929 <0.001 3.95 64 87.5 0.515

TR velocity 0.830 0.712–0.948 <0.001 3.3 96 62.5 0.585

Echocardiographic sPAP 0.847 0.733–0.961 <0.001 77.98 72 87.5 0.595

All cases (74)

Annulus area 3D (cm2) 0.596 0.473–0.720 0.13 12.95 44.2 77.1 0.214

Annulus area 2D (cm2) 0.594 0.470–0.718 0.14 9.75 80.8 40.0 0.208

Annulus area change (%) 0.551 0.424–0.678 0.42 13.55 67.3 48.6 0.159

Annulus perimeter (cm) 0.594 0.470–0.718 0.14 11.45 78.8 42.9 0.217

4Ch diameter (cm) 0.614 0.494–0.734 0.07 3.45 82.7 40.0 0.227

4Ch diastolic diameter (cm) 0.614 0.495–0.734 0.07 4.55 30.8 91.4 0.222

2Ch diameter (cm) 0.555 0.426–0.683 0.39 3.45 71.2 48.6 0.197

Major axis (cm) 0.538 0.411–0.664 0.55 3.85 75.0 40.0 0.150

Major diastolic axis (cm) 0.529 0.404–0.654 0.64 4.45 48.1 60.0 0.081

Minor axis (cm) 0.614 0.491–0.737 0.07 3.35 73.1 54.3 0.274

Sphericity index (%) 0.572 0.447–0.696 0.26 84.5 57.7 60.0 0.177

Excursion (mm) 0.268 0.158–0.378 <0.001 9.50 23.1 37.1 −0.398

Coaptation point height (mm) 0.662 0.539–0.785 0.01 7.50 94.2 37.1 0.314

MTH (mm) 0.686 0.565–0.806 0.003 7.50 86.5 48.6 0.351

Tenting volume (mL) 0.663 0.547–0.780 0.01 2.50 82.7 45.7 0.284

TR velocity 0.832 0.745–0.919 <0.001 4.49 55.8 97.1 0.529

Echocardiographic sPAP 0.837 0.750–9.923 <0.001 74.00 76.9 74.3 0.512

4DE, 4-dimensional echocardiography; TV, tricuspid valve; TR, tricuspid regurgitation; sPAP, systolic pulmonary artery pressure; PH, 
pulmonary hypertension; AUC, area under the curve; CI, confidence interval; 3D, 3-dimensional; 2D, 2-dimensional; 4Ch diameter, 
4-chamber diameter; 2Ch diameter, 2-chamber diameter; MTH, maximal tenting height.
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Figure 4 ROC curves of conventional echocardiography and 4D echocardiography to detect severe PH in high-quality image cases. (A) 
ROC curves of minor axis, 4Ch diastolic diameter, excursion, tenting volume, MTH, and coaptation point height to detect severe PH. (B) 
ROC curves of TR velocity, echocardiography sPAP, and MTH to detect severe PH. AUC, area under the curve (P<0.05 for all). AUC, 
area under the curve; TR, tricuspid regurgitation; sPAP, systolic pulmonary arterial pressure; ROC, receiver operator characteristic; 4D, 
4-dimensional; MTH, maximal tenting height; PH, pulmonary hypertension.

Table 7 Intra- and interobserver reproducibility of the parameters describing TV geometry

Parameters
Intra-observer Inter-observer

ICC CV ICC CV

Annulus area 3D (cm2) 0.930 0.19 0.872 0.23

Annulus area 2D (cm2) 0.930 0.19 0.862 0.23

Annulus area change (%) 0.906 0.30 0.852 0.31

Annulus perimeter (cm) 0.959 0.10 0.929 0.11

4Ch diameter (cm) 0.948 0.12 0.882 0.13

4Ch diastolic diameter (cm) 0.977 0.12 0.900 0.12

2Ch diameter (cm) 0.928 0.10 0.872 0.11

Major axis (cm) 0.949 0.11 0.934 0.12

Major diastolic axis (cm) 0.944 0.08 0.917 0.09

Minor axis (cm) 0.945 0.12 0.860 0.13

Sphericity index (%) 0.911 0.09 0.901 0.09

Excursion (mm) 0.994 0.21 0.985 0.43

Coaptation point height (mm) 0.907 0.23 0.891 0.21

MTH (mm) 0.925 0.22 0.881 0.23

Tenting volume (mL) 0.973 0.36 0.967 0.38

TV, tricuspid valve; ICC, intraclass correlation coefficient; CV, coefficient of variation; 3D, 3-dimensional; 2D, 2-dimensional; 4Ch diameter, 
4-chamber diameter; 2Ch diameter, 2-chamber diameter; MTH, maximal tenting height.
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minor diameter. Indeed, major axis and minor axis were 
significantly larger in PH patients in our study. Our results 
showed that the differences of annulus area change between 
the 2 groups were not significant. In contrast to previous 
studies, we were able to measure TA diameter using a 
dedicated software package developed for the TV, taking 
into account the nonplanarity of the annulus and provide 
unique information.

The TV tenting in PH patients

Atrial fibrillation patients with functional TR have 
increased TA tenting volumes associated with a reduction 
in the coaptation height (17). In AF patients, TV leaflet 
tethering is characteristically absent, since the RV basal 
region is devoid of papillary muscles (5). In contrast, there 
were larger TV tenting in patients with functional TR 
secondary to PH, which may be related to ability to grow 
in size in response to the systolic stress (21). In patients 
with functional TR secondary to PH, there was a spherical 
deformation of the right ventricle with increased length and 
mid-transversal diameter, which causes displacement and 
re-alignment of the papillary muscles with a consequent 
TV leaflets tethering (6). Medvedofsky et al. (3) also 
concluded that functional TR progression secondary to PH 
is associated with elongation of the TV leaflets. Our present 
study extends these findings and provides firm evidence that 
enlarged TV tenting height is independently associated with 
PH severity. PH severity is an independent determinant of 
TV coaptation point height and MTH. In our study, we also 
found that TR severity was not independently associated 
with TV coaptation point height and MTH, which could be 
explained by the fact that only mild TR was presented in a 
proportion of severe PH patients (22,23).

Topilsky et al. (15) showed that leaflet deformation with 
increased tenting height is the main determinant of TR 
effective-regurgitant-orifice in PH. Recent studies have 
consistently demonstrated that enlarged TV tethering 
height and tethering volume are associated with adverse 
clinical outcomes following tricuspid annuloplasty, 
highlighting the importance of comprehensive assessment 
of TV tethering (24). According to previous observations, 
effective reduction of tethering is key to successful TV 
surgery and annuloplasty alone could not reduce leaflet 
tethering. The peak tenting site is sometimes difficult to 
identify by 2DE. It is thus necessary to account for TV 
tenting by 4DE with angle independent to offer additional 
and detailed evaluation.

4D MTH to detect severe PH

Elevated mPAP is associated with poor prognosis in PH (25), 
and Maron et al. (26) have gone further by showing that 
mPAP can independently predict the major clinical events 
of mortality and heart failure hospitalization. As severe 
PH patients may actually be severely hemodynamically 
compromised and at risk of rapid deterioration, prompt 
management is of considerable importance. A recent 
guideline suggests that the hemodynamic variable, as 
an important element, should be considered to evaluate 
the severity of PH in order to inform therapeutic  
decisions (27). The 2009 European Society of Cardiology 
(ESC) and European Respiratory Society (ERS) guidelines 
for the diagnosis and treatment of PH recommend 
combination therapy in severe PH patient (28). D’Alto 
et al. (29) and Sitbon et al. (30) revealed that upfront 
triple combination therapy in severe PH patients is 
associated with considerable clinical and hemodynamic 
improvement, right-sided heart reverse remodeling, and 
long-term benefits. Furthermore, an important reduction in 
pulmonary vascular resistance is the driving mechanism for 
clinical benefit and improved outcome. Recent studies have 
demonstrated that a reduction of mPAP, appearing to be a 
meaningful treatment target, results in favorable outcomes 
and long-term survival benefit in PH patients (31,32). Thus, 
accurate diagnosis and classification of PH severity is a 
pivotal step to clinical decision making, prognosis and post-
treatment follow-up.

Echocardiography,  as  a  noninvasive diagnostic 
investigation, is a Class 1C recommended first line method 
in cases of suspected PH (2). Moreover, noninvasive 
echocardiographic estimation of mPAP may be used to 
follow and monitor treatment effects in patients with definite 
PH. However, echocardiographic sPAP is a flow-dependent 
variable and TR peak velocity measurement is angle 
dependent, the accuracy of echocardiography for estimating 
sPAP is still controversial (33). Lv et al. (34) studied 218 
highly suspected PH patients who underwent RHC and 
echocardiography and found that echocardiographic sPAP 
tends to be underestimated at a high sPAP level of RHC and 
echocardiography also tends to underestimate pulmonary 
artery pressure when pulmonary artery wedge pressure 
increased. Our research explored the diagnostic potential of 
4D TV parameters. The ROC curve demonstrated that 4D 
MTH without geometric assumptions and plane position 
errors were most associated with severe PH and comparable 
to echocardiographic sPAP. However, in all study groups, 

https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_4&filename=SJMD6FAF70BC6624CF09B83B8EE161CD4A12
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_3&filename=SJPDB1831169186D3D464F3C9653D3D794B7
https://kns.cnki.net/kns8/Detail/RedirectScholar?flag=TitleLink&tablename=GARJ2021_3&filename=SJPDB1831169186D3D464F3C9653D3D794B7
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4D MTH was inferior to echocardiographic sPAP in 
detecting severe PH, which may be due to the poor tracking 
of TV leaflet hinge points and the leaflet coaptation point 
throughout the cardiac cycle.

Limitation

Our study has several limitations. As a single-center study, 
there were relatively few patients with potential selection 
bias. This was mainly as a result of the need of excluding 
PH due to severe left-sided heart disease or lung disease to 
avoid the confounding effect of hypoxia and heart failure. 
A larger multicenter trial with large samples is necessary 
to confirm our preliminary findings. Besides, the clinical 
characteristics of healthy volunteers were incomplete, which 
should be supplemented in further studies. In addition, 
the TV geometry was assessed using a semi-automated 
tool based on user-identified landmarks of TA. Therefore, 
the research results may be influenced by the quality 
of images, although we have excluded PH patient with 
inadequate image quality. Moreover, we did not conduct 
cardiac magnetic resonance imaging and CT, but Muraru 
et al. (35) have tested the accuracy of the measurements of 
the TA geometry obtained with 4D Auto-TVQ compared 
to cardiac CT. Also, our study only enrolled PH patients 
and explored the TV remodeling in PH settings. Due to 
the limitation of other etiologic settings and the geometry 
and function of RA and RV, we failed to analyze the TV 
geometry of different etiologies and the difference between 
atrial and ventricular functional remodeling in the current 
study. In the future, we would like to enroll patients with 
different etiologies, such as left heart disease, corrected 
tetralogy of Fallot, chronic atrial fibrillation, and so on, and 
we will further explore the difference between atrial and 
ventricular functional remodeling in different functional 
states of TV. Nevertheless, our study assessed the diagnostic 
potential of 4D TV parameters for identification of severe 
PH in participants with high-quality images. Finally, several 
studies have investigated the therapeutic effects in patients 
with severe PAH mainly based on the World Health 
Organization functional class (WHO-FC) classification 
(29,30,36), whereas our study classified the severity of PH 
based on mPAP.

Conclusions

In PH, TV geometric remodeling is characterized by 
TA dilatation mainly in the septal-lateral dimension and 

TV tenting height increasement. The progression of PH 
classified by mPAP is an independent determinant of TV 
tenting heigh, suggesting that mPAP could be an important 
mechanism of TV leaflet tethering irrespective of RAESV 
and RVEDV in PH. 4D TV MTH also shows a great 
diagnostic potential to detect severe PH. Awareness of TV 
tenting height increasement as a consequence of geometric 
remodeling in patients with PH state and as predictor of 
severe PH is of potential value for the imaging follow-up 
and treatment of PH patients.
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