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Abstract

Background: The tricuspid valve (TV) is a complex three-dimensional (3D) anatomical structure; however, current guidelines rec-
ommend tricuspid annulus (TA) measurements to be performed with two-dimensional (2D) echocardiography. The aim of this study
was to compare TV measurements obtained with 2D and four-dimensional (4D) echocardiography for surgical planning. Methods: All
echocardiographic data of patients referred to our center for TV assessment were collected. Multimodality imaging data were reviewed,
including 2D transthoracic echocardiography (TTE) integrated with information from 3D TTE. Measurements were also compared with
those obtained using the 4D Auto Tricuspid Valve Quantification (TVQ) tool. Results: Overall, 11 patients (median age 72 [66–78]
years, 18% female) were included in the study. Mild, moderate and severe tricuspid regurgitation (TR) was present in 6, 3 and 2 patients,
respectively. Systolic pulmonary artery pressure was 35± 8 mmHg, inferior vena cava diameter 21± 4 mm, right atrial area 25± 9 cm2,
4D ejection fraction 45± 7%, 4D fractional area change 40± 6%, and tricuspid annular plane systolic excursion 21 [15–25] mm. 2D/4D
right ventricular-basal diameter (RVD1) was significantly different (p < 0.005). Similarly, 2D/4D right ventricular diameter measured
at the level of the left ventricular papillary muscles (RVD2) was significantly different (p < 0.012), as well as 2D/4D tricuspid annular
diameter (p = 0.020). Despite these differences, a strong correlation between variables was observed (Spearman correlation coefficient
>0.824). In evaluating the correlation between TR severity and analyzed variables, RVD1 was related to TR severity both at 2D and
4D echocardiography. Conversely, RVD2 and TA diameter were significantly associated with TR severity only at 4D echocardiography.
Conclusions: Our results suggest that specific patient subsets could benefit more from TA measurements using the 4D Auto TVQ tool to
help identify the mechanisms responsible for TR, including candidates for left-sided valve surgery and patients in whom the indication
for TV repair is unclear.
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1. Introduction

The tricuspid valve (TV) is a complex three-
dimensional (3D) anatomical structure, involving various
components of the right heart. It is the largest valve of the
human heart, with a saddle-shaped elliptical annulus and
an annular area ranging from 9.72 ± 2.08 cm2 to 9.94 ±
2.33 cm2 [1,2], increasing significantly during atrial sys-
tole and end-diastole, as does its circumference. Accord-
ing to current guidelines, tricuspid annulus (TA) diameter
should be measured using two-dimensional (2D) echocar-
diography from the apical 4-chamber view during diastole.

Normal TA diameter in adults is 28 ± 5 mm, and signifi-
cant dilatation is defined by an end-diastolic diameter >21
mm/m2. An end-systolic diameter >32 mm or an end-
diastolic diameter>34 mm are usually associated with sig-
nificant tricuspid regurgitation (TR) [3].

Numerous conditions may impact valve function and
size, particularly volume load, therefore the assessment
for the presence of severe TR is challenging. In addi-
tion, echocardiographic quantification is not accurate as it
is affected by right ventricular (RV) preload, afterload, and
function.
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The prevalence of severe TR is ~10–15% in patients
undergoing left-sided valve surgery. According to current
guidelines, TV surgery should also be considered in patients
with mild or moderate TR with a dilated annulus (≥40 mm
or >21 mm/m2) by 2D echocardiography [4]. This under-
scores the relevance of 2D echocardiographic annular mea-
surements, as ultrasound assessment may be more affected
by RV filling, though 2D measurement of a 3D saddle-
shaped structure represents per se a technical compromise.

The aim of this study was to compare 2D vs 4D
echocardiographic measurements of the TV using a four-
dimensional (4D) Auto Tricuspid Valve Quantification
(TVQ) tool (GE Healthcare Vingmed, Horten, Norway)
in order to provide more accurate information for surgical
planning of TV repair.

2. Methods
From January to April 2024, all echocardiographic

data of patients referred to the Città di Lecce Hospital,
GVM Care & Research for TV assessment were collected
at baseline. All echocardiographic data sets were acquired
using a GE Vivid E95 ultrasound system (GE Health-
care; Vingmed Ultrasound, Horten, Norway) equipped
with an M5S probe (frequency range: 1.5–4.6 MHz; GE
Healthcare; Vingmed Ultrasound, Horten, Norway) and the
4Vc-D matrix-array transducer (5692036, GE Healthcare;
Vingmed Ultrasound, Horten, Norway). Video loops and
images (2D–4D)were stored in themorning and analyzed in
the afternoon during medical reporting by an expert cardi-
ologist with 10 years of professional experience in echocar-
diography. All the measurements were performed again by
trained fellows in echocardiography blinded to clinical data.
Intraobserver variability was assessed by the same expert
cardiologist one month later. While the interobserver vari-
ability was assessed by 2 independent blinded cardiologists
(fellows in echocardiography) in a randomly selected sub-
group of patients.

Exclusion criteria were active cancer, pregnant
women, congenital heart disease, atrial fibrillation, renal
or hepatic failure, inadequate image quality. Inclusion cri-
teria were age >17 years, good-quality echocardiographic
images, left-sided valve surgery. All patients were exam-
ined in the left lateral decubitus position. RV-focused api-
cal 4-chamber views were acquired for the best visualiza-
tion of the TV apparatus. Due to the complex anatomy, TV
measurements were performed with multi-modality imag-
ing, including 2D transthoracic echocardiography (TTE) in-
tegrated with 3D TTE [5,6]. Real-time three-dimensional
echocardiography (3DE), also named four-dimensional
echocardiography (4DE), is a new method where the new
dimension is time. All three-dimensional images are simul-
taneously in real time and in motion. The guidelines of
the American Society of Echocardiography recommend TA
sizing by two-dimensional transthoracic echocardiography
(2DE) [4,7]. However, TA has a saddle-shaped morphol-

ogy and, because of this three-dimensional (3D) architec-
ture, only a single linear dimension isn’t enough for its ac-
tual size [8,9]. Moreover, the TA dilation is typically in the
anteroposterior direction, which is not explored in the 2DE
apical 4-chamber view [10]. So 3D/4D is a more accurate
method to assess TV anatomy than 2DE, but nowadays this
approach is technically difficult [11]. Indeed, many cardi-
ology centers don’t have software for 4D quantification, so
only the use of echo 2D is still a common use in general
hospital clinical practice.

For the quantification of TV morphology, the novel
4D Auto TVQ tool was used. This tool is designed for clar-
ifying the main mechanism (i.e., annulus dilation, leaflet
tethering or mixed) in patients with functional tricuspid re-
gurgitation (FTR) mostly if still unclear by 2DE. It’s useful
too in patients with FTRwho candidates for left-sided valve
surgery are, device implantation or in patients who are con-
sidered for catheter-based interventional repair procedures.
In these patients the quantification of TV morphology is
mandatory, mostly when the indication to perform TV re-
pair is unclear.

This tool enables a rapid semi-automated detection of
the TV leaflet surface in only one systolic frame during the
cardiac cycle. Quantitative TV measurements analysis in-
cluded: annulus parameters (3D area, 2D area, perimeter,
4CH diameter, 2CH diameter, major diameter, minor di-
ameter, sphericity index, excursion) and leaflets parame-
ters (Coaptation point Height, Max Tenting Height, Tenting
Volume) (Fig. 1).

It’s specifically designed for the quantification of tri-
cuspid valve (TV) morphology, but it’s not yet validated
against cardiac magnetic resonance imaging (MRI). It’s
only verified against manual multiplanar reconstruction
(MPR) measurements, anyway clinical studies are ongoing
in this field.

The RV 3D model and worksheet were obtained us-
ing the 4D Auto right ventricle quantification (RVQ) tool.
This tool is easily used by the operator for editing the con-
tours after placement of six landmark points (two TA points
and the RV apex point in the 4CH view, and the RV/LV
posterior and anterior points plus the RV free wall point in
the SAX mid papillary view). The worksheet and a time–
volume curve were visualized at the results stage (Fig. 2).

Additional information on the mechanisms underly-
ing TV dysfunction leading to altered global RV kinetics
was derived from tissue Doppler and color Doppler data.
The anterior and septal leaflets were visualized on the TTE
apical 4-chamber view, whereas the posterior leaflet was
identified more reliably in the apical 2-chamber view, since
the plane passes through the lower part of the RV free wall
adjacent to the diaphragm.

During the echocardiographic examination, several
indices were obtained to evaluate TV function and mor-
phology, including   TR area allowing an estimation of TR
severity and the tricuspid annular plane systolic excursion
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Fig. 1. Tricuspid valve measurements using the 4D Auto TVQ analysis tool. Three-dimensional TV annulus model in patients
with functional tricuspid regurgitation (FTR) seen en-face from the ventricular perspective after setting landmarks of TV on 4CH, 2CH
and then on SAX. Quantitative analysis of the tricuspid annulus geometry: 2D area, 3D area, area change, perimeter, 4CH diameter,
4CH diastolic diameter, 2CH diameter, major axis, major diastolic axis, minor axis, sphericity index, excursion. Leaflets parameters:
coaptation point height, max tenting height, tenting volume. 4D, four-dimensional; TVQ, Tricuspid Valve Quantification; TV, tricuspid
valve; 4CH, 4 chamber; 2CH, 2 chamber; SAX, short-axis view; 2D, two-dimensional; 3D, three-dimensional; LAX (2CH), long axis 2
chamber.
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Fig. 2. Right ventricle measurements using the 4D RVQ tool. Three-dimensional right ventricular model and worksheet after using
4D RVQ tool for quantification. The contours can easily be edited by the operator after placed six landmark points. The worksheet and a
time–volume curve are visualized at the results stage. EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; SV,
stroke volume; RV, right ventricular; Dd med, diameter (medium-level); Ld, diameter (lower); TAPSE, tricuspid annular plane systolic
excursion; FAC, fractional area change; RVQ, right ventricle quantification.

(TAPSE). Additionally, the peak systolic pressure gradient
between the right atrium and right ventricle was measured
as it is an important hemodynamic marker for evaluating
pulmonary artery pressure and RV function. The assess-
ment of RV size by means of 2D and 3D echocardiogra-
phy included measurement of RV diameter and right atrial
area using RV-focused apical 4-chamber views. RV size
is best estimated at end-diastole [5]. Assessment of RV
systolic function was also performed using several parame-
ters, including TAPSE and fractional area change (FAC) on
2D echocardiography, which have been found to be signif-
icant markers of RV contractile function [6], and RV ejec-
tion fraction on 2D and 3D echocardiography, longitudinal
strain and strain rate parameters.

All patients gave written informed consent for use of
their clinical data, and data collection, analysis, publication
and storage were approved by the ethics committee (BE-
CdLH 1/24).

Statistical Analysis
All variables were not normally distributed at the

Shapiro-Wilk test, and data are reported as median and

Table 1. Differences between 2D and 4D measurements for
RVD1, RVD2 and TA diameter.

2D 4D p-value

RVD1 (mm) 44 [40–55] 47 [44–60] 0.005
RVD2 (mm) 35 [30–40] 35 [31–50] 0.012
TA diameter (mm) 48 [42–56] 44 [39–53] 0.020
Values are reported as median [interquartile range].

interquartile range. Differences in a same variable ob-
tained using different methods (i.e., 2D/4D RV-basal diam-
eter [RVD1], 2D/4D RV diameter measured at the level of
the left ventricular papillary muscles [RVD2], and 2D/4D
TA diameter) were detected byWilcoxon test for dependent
variables. The exact Fisher test has been applied where ap-
propriate. Spearman correlation test was used to compute
correlation analysis. Needed sample size was not computed
due to this analysis was considered as Pivotal study.
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Fig. 3. Scatter plot in 2D and 4D of RDV1 (a), RDV2 (b), and TA diameter (c). RVD1, right ventricular-basal diameter; RVD2, right
ventricular diameter measured at the level of the left ventricular papillary muscles; TA, tricuspid annulus.
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Table 2. Correlation between 2D vs 4D measurements for
RVD1, RVD2 and TA diameter.

Spearman r p-value

RVD1 2D vs 4D 0.94 <0.001
RVD2 2D vs 4D 0.82 0.002
TA diameter 2D vs 4D 0.92 <0.001

Table 3. Correlation between 2D and 4D measurements for
RVD1, RVD2 and TA diameter and tricuspid regurgitation

severity.
Spearman r p-value

RVD1 2D 0.64 0.034
RVD1 4D 0.68 0.023
RVD2 2D 0.51 0.107
RVD2 4D 0.61 0.047
TA diameter 2D 0.52 0.098
TA diameter 4D 0.66 0.029

3. Results
Overall, 11 patients (median age 72 [66–78] years,

18% female) were included in the study. We included
only 11 patients with good-quality echocardiographic im-
ages who underwent cardiac surgery in our center.

All patients had symptoms of dyspnea (NYHA [New
York Heart Association] class II in 8 patients and NYHA
class III in 3 patients). Mild, moderate, and severe tricuspid
regurgitation (TR)was present in 6, 3 and 2 patients, respec-
tively. The etiology for TR in all patients was Secondary or
Functional TR caused by dilatation of the TV annulus re-
lated to right ventricular or right atrial remodeling. Systolic
pulmonary artery pressure (sPAP) was 35± 8 mmHg, infe-
rior vena cava diameter 22 [18–23] mm, right atrial area 25
[17–28] cm2, 4D ejection fraction 45 [39–51], 4D FAC 41
[35–46], and TAPSE 21 [15–25] mm.

Significant differences were observed between 2D and
4Dmeasurements for RDV1 (right ventricular-basal diame-
ter), RDV2 (right ventricular diameter measured at the level
of the left ventricular papillary muscles), and TA diameter
(Table 1), particularly for 2D vs. 4D RVD1 (2D RDV1 44
[40–55] vs 4D RDV1 47 [44–60]; p < 0.005) (Fig. 3a).

Similarly, a significant difference was found between
2D vs. 4D RVD2 (2D RDV2 35 [30–40] vs 4D RDV2
35 [31–50], p < 0.012) (Fig. 3b), as well as 2D vs. 4D
TA diameter (p = 0.020) (Fig. 3c). Notwithstanding this, a
strong correlation between variables was observed (Spear-
man correlation coefficient of 0.824) (Table 2). Among the
variables analyzed, RVD1 was correlated with TR sever-
ity both in 2D and 4D measurements (2D RDV1 β = 0.64,
p = 0.034; 4D RDV1 β = 0.68, p = 0.023). Conversely,
RVD2 and TA diameter were significantly associated with
TR severity only in 4D measurements (4D RDV2 β = 0.61,
p = 0.047) (Table 3). Although variables were not normally
distributed precluding performing the Steiger’s test to com-

pare correlation coefficients, the differences in Spearman
coefficients and statistical significance suggest a higher as-
sociation between TR and 4Dmeasurements rather than TR
and 2D measurements.

4. Discussion
The TV is a complex anatomical structure, with a

saddle-shaped elliptical annulus, making manual quantifi-
cation on 2D echocardiography or 3D multi-planar recon-
struction challenging. The tricuspid annulus is also a highly
dynamic structure, with various changes in size and shape
during cardiac cycle, which are difficult to fully character-
ize and measure frame-by-frame, unless the use of a novel
semi-automated tracking tool, able to follow its changes
in three dimensions. As the options for addressing tricus-
pid insufficiency continue to evolve, including both surgi-
cal and percutaneous intervention techniques, the meticu-
lous analysis of annulus diameters and dimensions becomes
increasingly essential [12]. This thorough assessment is
crucial for planning both surgical and percutaneous proce-
dures, as it significantly influences the procedural outcomes
[13,14].

Therefore, there is the need for a quantification TV
tool, such as the 4D Auto TVQ tool. In our pivotal study,
we found a significant difference between measurement of
RV variables obtained with the 4D Auto TVQ tool vs 2D
echocardiography, confirming the importance of a more ac-
curate assessment of the TV. 2D echocardiography is the
first-line imagingmodality for TV evaluation, though quan-
titative analysis of the TV apparatus is burdened by limited
accuracy. TA diameter by 2D echocardiography system-
atically underestimates the true largest size of the annulus.
In functional TR, TA enlargement occurs predominantly in
the antero-posterior direction, and the largest diameter is
often not oriented in the septo-lateral direction shown in
the 4-chamber view [15,16]. Only 3D echocardiography
allows to acquire the 3D TA area and perimeter mostly for
its complex geometry [17]. In clinical routine, echocar-
diography is the most frequently used imaging technique
to assess patients with heart valve diseases [18]. Cardiac
magnetic resonance (CMR) and cardiac computed tomog-
raphy (CCT) are new and emerging imaging modalities but
less used in clinical practice for three-dimensional visual-
ization of the TA. Indeed, the limited access in some med-
ical centers which need specific imaging protocols for the
right heart, and the use of contrast media or radiation reduce
their application mainly to patients undergoing evaluation
for TV surgery. In symptomatic patients with severe func-
tional TR, all these imaging variables—TA size, extent of
leaflet tenting, right atrial size and RV size and function—
are carefully weighted for choosing the best approach or
device for valve repair. An antero-posterior TA diameter
≥36 mm and a tenting volume ≥2.30 mL were found to
be independent predictors of residual severe TR after surgi-
cal TV annuloplasty, with 100% sensitivity and 84% speci-
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ficity [19]. Thus, for surgical patients, the recognition of
severe TV tenting might suggest the surgeon to implement
leaflet augmentation techniques during the annuloplasty
or valve replacement, as annuloplasty alone might worsen
functional TR [20,21]. According to current guidelines [4],
TV surgery is recommended in patients with severe sec-
ondary TR undergoing left-sided valve surgery (recommen-
dation class I, level of evidence B). In addition, TV surgery
should be considered in patients with severe secondary TR
who are symptomatic or have RV dilatation, or in patients
with left ventricular dysfunction and pulmonary hyperten-
sion.

In reference to these guideline recommendations, a
few aspects related to our analysis should be underlined.
First, TV surgery has a central role, given that in cur-
rent guidelines transcatheter procedures should be reserved
only for patients not amenable to surgery. In this respect,
treatment of TV disease differs greatly from treatment of
other valvular pathologies, namely severe aortic stenosis
for which transcatheter procedures are preferred over con-
ventional surgery, particularly in some specific age groups
(≥75 years). Second, although current guidelines provided
an absolute indication for the concomitant treatment of TV
disease during mitral valve surgery, evidence derived from
surgical databases worldwide shows that TV disease re-
mains undertreated. The reasons why cardiac surgeons very
often do not perform concomitant TV surgery deserves fur-
ther in-depth analysis. Third, even the indication for TR
treatment in symptomatic patients, or in those with TA or
RV dilatation or pulmonary hypertension (recommendation
class IIa) points to the treatment of heart valve disease in
most cases. However, many questions remain open re-
garding mortality and outcome of patients with uncorrected
moderate TR and the subsequent evolution of valve disease.

In patients with TA dilatation not treated with annu-
loplasty and undergoing mitral valve surgery, TR increases
by more than 2 grades compared to no or 1 grade increase in
patients receiving concomitant tricuspid annuloplasty [22].
Contrary to current beliefs, TR does not disappear sponta-
neously after correction of left-sided valve disease. These
data demonstrate that TA dilatation results in impairment
of RV function with progressive and clinically relevant TR.
Treatment of mitral lesions only reduces afterload, but it
does not correct TA dilatation or affect RV preload or func-
tion.

Therefore, combined mitral valve repair and tricuspid
annuloplasty should be considered in patients with TA di-
latation also in the absence of significant TR. In a study con-
ducted between 2003 and 2011, a strategy of routine treat-
ment of moderate TR and/or significant TA dilatation at the
time of mitral valve repair in patients with degenerative mi-
tral regurgitation was associated with freedom from recur-
rent TR [23]. This above-mentioned study further supports
the importance of a 4D echocardiographic tool for better
surgical planning. Furthermore, the opportunity to quan-

tify the right ventricle parameters (diameters and area of
RV) using 4D Auto RVQ from the same data set of patients
on which the 4D Auto TVQ analysis is done, is less time-
consuming and provides more precise and reproducible re-
sults than the corresponding 2D parameters. The more pre-
cise characterization of right-heart structures allows to bet-
ter understand the central role of RA enlargement in deter-
mining TA size in atrial fibrillation (AF) either in healthy
subjects or in different etiologies of FTR.

Our study patients did not undergo cardiac surgery and
we could not therefore compare echocardiographic values
vs anatomical/surgical measurements. The impact of TR
on long-term mortality of patients has been well-known for
many years [24]. In a large population of over 5000 pa-
tients from almost 20 years ago, patients with moderate or
severe TR showed a highermortality than patients withmild
TR despite of pulmonary artery pressure and left ventricu-
lar ejection fraction [24]. These findings strongly suggest
that increasing TR severity without surgical correction is
associated with worse survival in the long term. In addi-
tion, failure of the annuloplasty procedure performed dur-
ing a concomitant intervention result in later TR progres-
sion. Significant TR (3+ or 4+) was identified in 12% of
patients (11/91) due to failure of TV repair or progression
of untreated TR [25]. These findings support the clinical
relevance of our study, in that part of surgical failures was
due to suboptimal planning of annuloplasty based on 2D
measurements under various filling conditions. However,
it can be argued that size of the tricuspid ring is established
directly in the operating room, though this occurs in para-
physiological conditions, i.e., with a still and open heart
with a totally empty right ventricle. Our study does not aim
at replacing this direct measurement, which represents the
cardiac surgeon’s final decision-making criterion for choos-
ing the most appropriate ring, but simply aims at comparing
2D measurements with those obtained using the new 4D
Auto TVQ tool. Our pivotal analysis highlighted the dif-
ferences between the two methods in the RVD1, RVD2 and
TV diameters measurements, in a sample where is showed
a higher association of 4D measures and TR severity than
2D and TR severity.

5. Limitations
Many limitations to this retrospective study should be

acknowledged. First, it was a single center, with a small
number of patients. Multi-center studies on larger cohorts
need to be recommended. Second, all echocardiographic
datasets were acquired and measured by only one expert
cardiologist and to achieve the interobserver variability car-
diologists (fellows in echocardiography) with less experi-
ence were recruited. Third, our population was made by
Caucasian volunteers only, which could limit the hetero-
geneity of our reference value. Fourth, our acquired TV
measurements were mainly suitable to patients with high-

7

https://www.imrpress.com


quality echocardiographic images, which may restrict the
generalizability of the results. However, currently there is
no other commercially tool designed for TV quantification
to compare our 3DE values. Moreover, we did not compare
our measurements to CMR and CT results, but Muraru et
al. [26] have tested the accuracy of their measurements ob-
tained with 4D Auto-TVQ compared to cardiac CT but not
to CMR imaging.

Further studies in this field with multi-center, larger
cohorts of patients and control groups are warranted to val-
idate these results.

6. Conclusions
TA enlargement is the most important mechanism

leading to FTR and the first therapeutic target for surgical
and interventional repair procedures. The primary imag-
ing modality to image the TV is 2DE, but its accuracy for
quantitative analysis of TV apparatus is severely limited.
The 4D Auto TVQ is a novel and modern tool for TV quan-
tification that could be used as a complement to standard
guideline-recommended 2DE. Specific patient subsets may
benefit more from 4D Auto TVQ, including patients with
functional TR in whom measurement of TA diameter and
leaflet tethering can help identify the main mechanism of
TR or patients with functional TR who are going to left-
sided valve surgery and in whom the indication for TV re-
pair is still unclear. So, a better knowledge of TV apparatus
and FTR pathophysiology provides the basis for performing
a personalized treatment approach, more accurate surgical
planning, and effective surgical procedures.
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