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Reference ranges of tricuspid
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adults using a dedicated
three-dimensional
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package
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Background: Tricuspid annulus (TA) sizing is essential for planning
percutaneous or surgical tricuspid procedures. According to current
guidelines, TA linear dimension should be assessed using two-dimensional
echocardiography (2DE). However, TA is a complex three-dimensional
(3D) structure.

Aim: Identify the reference values for TA geometry and dynamics and its
physiological determinants using a commercially available three-dimensional
echocardiography (3DE) software package dedicated to the tricuspid valve (4D
AutoTVQ, GE).

Methods: A total of 254 healthy volunteers (113 men, 47 + 11 years) were
evaluated using 2DE and 3DE. TA 3D area, perimeter, diameters, and sphericity
index were assessed at mid-systole, early- and end-diastole. Right atrial
(RA) and ventricular (RV) end-diastolic and end-systolic volumes were also
measured by 3DE.

Results: The feasibility of the 3DE analysis of TA was 90%. TA 3D area,
perimeter, and diameters were largest at end-diastole and smallest at
mid-systole. Reference values of TA at end-diastole were 9.6 + 2.1 cm?
for the area, 11.2 £ 1.2cm for perimeter, and 38 + 4mm, 31 £ 4mm,
33 +4mm, and 34 £ 5mm for major, minor, 4-chamber and 2-chamber
diameters, respectively. TA end-diastolic sphericity index was 81 4+ 11%. All TA
parameters were correlated with body surface area (BSA) (r from 0.42 to 0.58,
p < 0.001). TA 3D area and 4-chamber diameter were significantly larger in
men than in women, independent of BSA (p < 0.0001). There was no significant
relationship between TA metrics with age, except for the TA minor diameter
(r=-0.17, p < 0.05). When measured by 2DE in 4-chamber (29 + 5mm) and
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RV-focused (30 £+ 5 mm) views, both TA diameters resulted significantly smaller
than the 4-chamber (33 &+ 4mm; p < 0.0001), and the major TA diameters
(38 £ 4mm; p < 0.0001) measured by 3DE. At multivariable linear regression
analysis, RA maximal volume was independently associated with both TA 3D
area at mid-systole (R = 0.511, p < 0.0001) and end-diastole (R% = 0.506,
p < 0.0001), whereas BSA (R = 0.526, p < 0.0001) was associated only to
mid-systolic TA 3D area.

Conclusions: Reference values for TA metrics should be sex-specific and
indexed to BSA. 2DE underestimates actual 3DE TA dimensions. RA maximum
volume was the only independent echocardiographic parameter associated
with TA 3D area in healthy subjects.

three-dimensional echocardiography, two-dimensional echocardiography, cardiac
computed tomography, tricuspid valve, tricuspid annulus, reference values, healthy

volunteers

Introduction

The dilation of the tricuspid annulus (TA) is one of the main
determinants of the development and the severity of secondary
tricuspid regurgitation (STR), particularly in patients with the
atrial form of STR (1-4). Moreover, the size of the TA is critical
in determining the need for concomitant tricuspid valve (TV)
interventions in patients undergoing left-sided valve surgery
(5, 6) and in the patient selection for transcatheter procedures
to repair the regurgitant TV (7).

Three-dimensional visualization of the TA can be obtained
from cardiac magnetic resonance (CMR) and cardiac computed
tomography (CCT), but the relatively limited access in some
centers coupled with the need for dedicated imaging protocols
for the right heart with lengthy acquisition and post-processing,
and the use of contrast media or radiation restrict the
application of these imaging modalities mainly to patients
undergoing evaluation for possible TV interventions. In clinical
routine, echocardiography is the most frequently used imaging
technique to assess patients with heart valve diseases (8).
Current guidelines for TV repair recommend TA sizing by
two-dimensional transthoracic echocardiography (2DE) by
measuring the TA diameter during diastole from an apical
4-chamber view (5, 6). However, TA is a highly dynamic,
saddle-shaped structure and, because of this complex three-
dimensional (3D) geometry, it is unlikely that a single linear
dimension can account for its actual size (9-11). Moreover,
when the TA dilates, it does mostly in the anteroposterior
direction, a direction that is not explored in the conventional
2DE apical 4-chamber view (10). Accordingly, the most suitable
echocardiographic technique to obtain accurate measurements
of TA size is 3D echocardiography (3DE) (12, 13).

The main issues limiting the clinical use of 3DE to measure
TA size and its dynamic changes during the cardiac cycle were
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the lack of a dedicated software package for the TV and the
consequently limited availability of reference values for the
parameters describing the TA geometry based on 3DE semi-
automated measurements (9). Recently, a software package
specifically designed to analyze TV on 3DE data sets has
become commercially available. However, the accuracy of the
TA measurements using this software package, as well as the TA
reference values by 3DE, have not been reported so far.

Accordingly, we sought to: (i) use CCT to test the accuracy
of the measurements of the TA geometry obtained with a
commercially available 3DE software package dedicated to the
TV; (ii) describe normal TA geometry and changes during the
cardiac cycle in a relatively large cohort of healthy volunteers;
(iii) explore the impact of age, sex, body size, and dimensions
of right cardiac chambers on TA geometry; and (iv) compare
TA diameters obtained with the new 3DE software package
with those measured using conventional 2DE according to
current recommendations.

Methods
Study population

Validation study

To test the accuracy of the 3DE measurements of TA
geometry, we prospectively enrolled patients who underwent
clinically indicated CCT and agreed to undergo a 3DE
study immediately after the CCT. Patients with impaired
renal function, contraindication to administration of
contrast agent, pregnancy, cardiac arrhythmias, poor-quality
echocardiographic images from the apical window, or inability
to sustain breath-hold were excluded from the study.
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Normative study

To assess the 3DE reference values for TA, we used a
dedicated software package for 3DE analysis of TV (4D Auto
TVQ GE Vingmed, Horten, Norway) to reanalyze the 3DE
data sets of the healthy volunteers prospectively included in
the “Padua 3D Echo Normal” study (9, 14-16). The study
was approved by the Istituto Auxologico Ethics Committee
(record #2020_04_21_06, approved on April 21, 2020). The
need for patient written informed consent was waived due
to the retrospective nature of the study. Inclusion criteria
were age >17 years, no cardiovascular risk factors (smoking,
arterial hypertension, dyslipidemia, diabetes), no prior history
or symptoms of cardiovascular or lung disease, no cardioactive
or vasoactive medication, normal physical examination,
and normal electrocardiography. Exclusion criteria were
athletic training, pregnancy, obesity, valvular heart disease
(stenosis and more than mild regurgitation), pulmonary
artery systolic pressure higher than 35 mmHg, first detected
cardiac abnormalities at 2DE, poor apical acoustic window, or
incomplete 3DE study. Blood pressure was measured at the
beginning of the echocardiographic examination.

2D echocardiography

Conventional 2DE was performed using either Vivid E9 or
E95 scanners (GE Vingmed, Horten, Norway) equipped with an
M5S probe. TA diameter was measured from both the standard
apical 4-chamber and the right ventricle (RV)—focused apical
view at three time points during the cardiac cycle, identified
based on TV mechanics as follows: early-diastole (the first
frame after TV opening), end-diastole (the last frame before TV
closure), and mid-systole (the frame midway between the TV
closure time and end-systole, where end-systole was defined as
the last frame before TV opening).

3D echocardiography

Datasets were acquired using either the 4V-D or the
4Vc-D matrix array transducer. Separate full-volume 3DE
data sets of the right atrium (RA), RV, and TV were obtained
from the RV-focused apical view by combining four to
six electrocardiographically gated consecutive subvolumes
during breath-hold (17). The temporal resolution of the 3DE
data sets was optimized by reducing the sector depth and
the volume size, achieving a mean volume rate of 32 £ 5
vps. All 2DE and 3DE data sets were stored digitally and
exported for offline analysis. RV end-diastolic and end-systolic
volumes and ejection fraction (RVEF) were measured using a
commercially available 3DE software package (4D RV Function
2.0 TomTec, Unterschleissheim, Germany) previously validated
against CMR (18). RA maximal volume was measured with
a commercially available 3DE software package designed for
atrium quantification (4D Auto LAQ, GE Vingmed, Horten,

Frontiers in Cardiovascular Medicine

03

10.3389/fcvm.2022.1011931

Norway) previously described and validated against CMR (19).
The methodology used for the 3DE acquisition of the TV and the
analysis workflow of 4D AutoTVQ software have been detailed
elsewhere (https://gevividultraedition.com/storage/app/media/
whitepapers/4D- Auto-TVQ-whitepaper-JB03442XX.pdf).
brief, TA analysis started by identifying two-time points during

In

the index cardiac cycle: the end-diastole (the first frame before
TV closure) and the end-systole (the frame before TV opening),
then the mid-systolic frame was automatically identified. The
3DE data set was automatically sliced to obtain 3 cut planes
corresponding to the apical 4-chamber view, its orthogonal
longitudinal cut-plan, and a transversal cut plane (Figure 1).
Both the position and the spatial orientation of the cut planes
were manually adjusted to obtain the view of interest in both
2D and 3D images. In particular, the transverse cut plane was
positioned at the hinge points of the TV leaflets with the TA,
and the longitudinal cut planes were positioned to intersect the
center of the TA and the RV apex (Figure 1). Initialization of the
TA was manually performed by identifying the TV leaflet hinge
points (RV free wall and septum in the 4-chamber view, and the
anterior and the posterior walls in the orthogonal longitudinal
view), and the TV leaflet coaptation point in the reference
planes (Figure 2). Then, the software package automatically
created a surface rendering of the TA and tracked it throughout
the cardiac cycle, also giving the operator the possibility to edit
it manually if needed. The process was repeated at three-time
points during the cardiac cycle: mid-systole, early-diastole,
and end-diastole, identified as described above. The following
quantitative parameters were obtained from the 3DE meshes of
the TV: TA area; TA perimeter; 4-chamber TA diameter (the
distance between the septum and RV free wall); 2-chamber TA
diameter (the distance between RV anterior and posterior wall);
major TA diameter (the largest diameter of the TA); minor TA
diameter (the smallest diameter of the TA); sphericity index (the
ratio between the minor and the major diameters); TA excursion
(absolute displacement of the cardiac annulus throughout the
cardiac cycle), TA coaptation height (distance between the
coaptation point and 4-chamber TA annulus diameter); and TA
tenting volume (volume encompassed by the TV leaflets and the
TA surface in mid-systole) (Figure 3).

Reproducibility analysis

Intra- and inter-observer reproducibility of TA parameters
measured by 3DE were tested by computing intraclass
correlations and coeflicients of variation. Intra-observer
variability was tested by re-analyzing the same beat on 30 3DE
data sets of the TV 1 week apart by the same researcher (M.D.)
blinded from the initial measurements. The inter-observer
variability was tested by having the same datasets analyzed by a
different researcher (G.A.C.) who was not aware of the results of

the other.
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FIGURE 1

Automatic slicing of the three-dimensional echocardiography dataset to start the quantitative analysis of the tricuspid annulus. The 3DE data set
[SAX(3D) panel] is automatically sliced to obtain 3 cut planes corresponding to the apical 4-chamber view [LAX(4CH) panel, its orthogonal
longitudinal cut-plan [LAX(2CH) panel], and a transversal cut plane (SAX Panel). The transverse cut plane is positioned at the hinge points of the
tricuspid valve leaflets with the annulus (green broken dashed line), and the longitudinal cut planes (yellow and white broken dashed lines)
positioned to intersect the center of the TA (green dot) and the right ventricular apex

Cardiac computed tomography

Cardiac CT angiographies were acquired using a CT
Revolution scanner (GE Healthcare, Milwaukee, Wisconsin) and
a dedicated protocol focusing on right chamber opacification
(20). CCT was acquired using retrospective gating (0-100% of
R-R interval) using the following parameters: 256 x 0.625 mmy;
voxel size, 0.625 mm, spatial resolution along the X-Y planes,
0.23 mm; gantry rotation time, 280 ms. Tube current and tube
voltage were adapted based on the patient’s body mass index,
as previously described (21). Injection protocol was done by the
injection in the antecubital vein of 60 ml of iodine contrast agent
(Iomeron, Bracco, Milan, Italy) at a flow rate of 5 ml/s followed
by a 20 ml mixture of 50:50% of contrast and saline, followed
by 20 ml of saline (22). CCT was acquired after a threshold of
150 HU was reached in the left ventricle (22). Subsequently,
the images were reconstructed at each 10% of R-R interval.
The reconstructions were transferred to an external workstation
equipped with dedicated software for the 3D reconstruction
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and quantitative analysis of TA (3mensio, Pie Medical Imaging,
Maastricht, The Netherlands). Firstly, the end-diastolic and
end-systolic phases were identified. Subsequently, multiplanar
reconstructions of TA were obtained, and the dimensions of TA
were calculated based on the 3D model of TA superimposed on
the CCT images (Figure 4).

Statistical analysis

All data were analyzed using SPSS version 28.0 (IBM,
Chicago, Illinois). Continuous variables were expressed as mean
=+ SD, and categorical variables were summarized as numbers
or percentages, as appropriate. The normality of continuous
data was verified using the Shapiro-Wilk test. Intergroup
comparison of baseline and echocardiographic characteristics
was made using independent Student’s t-tests or analysis of
variance (ANOVA), as appropriate. Pairwise comparisons of
means after a significant ANOVA were made by post-hoc
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FIGURE 2
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Initialization of the 4D Auto4DTVQ software package. Initialization consists of the manual identification of the tricuspid valve leaflet hinge points
[RV free wall and septum in the 4-chamber view LAX(4CH)], and the anterior (A) and the posterior (P) in the orthogonal longitudinal view
[LAX(2CH)], and the TV leaflet coaptation point (Coapt) in the reference planes.

Tukey honest significant difference test. Bland-Altman plots
were developed to assess the agreement between the TA area,
perimeter, and major axis length measured using 3DE and CCT.
Correlations between normally distributed variables were tested
using Pearson analysis. Multivariate linear regression analyses
were performed to identify the correlates of the TA area. A
p-value < 0.05 was considered significant.

Results

Validation study

Thirty patients (11 men, 61 £ 10 years) were enrolled
in the validation study of the 3DE parameters of TA. Three
patients with artifacts on CCT images and two patients with the
insufficient quality of the 3DE data sets were excluded from the
comparison. Although TA parameters were statistically larger (p
< 000.1) when measured by 3DE compared to CCT both at mid-
systole (TA 3D area 11.9 4 2.4 vs. 11.6 = 2.4 cm?, TA perimeter
12.5 £ 1.2 vs. 12.4 &= 1.3 cm, and TA major axis 4.2 & 0.4 vs. 4.2
+ 0.4 cm for 3DE vs. CCT, respectively) and at end-diastole (TA
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3D area 13.7 4 2.3 vs. 13.4 = 1.1 cm?, TA perimeter 13.4 =+ 1.1
vs. 13.3 & 1.0 cm, and TA major axis 4.5 &= 0.4 vs. 4.6 &= 0.4 cm
for 3DE vs. CCT, respectively), the differences between the two
imaging modalities were not clinically relevant. Small biases and
reasonable limits of agreement were found between 3DE and
CCT measurements of the TA area, perimeter, and major axis
at mid-systole and end-diastole (Figure 5).

Normative study

A total of 254 healthy volunteers (113 men, mean age
47 £ 11 years) were first selected from the “Padua 3D Echo
Normal” database. Among these, TA analysis was feasible in
228 subjects (99 men, mean age 45 & 16 years) representing
the final normative study group (feasibility of 4D AutoTVQ
= 90%). Their demographics, clinical characteristics, and right
heart parameters are summarized in Table 1. Age and heart rate
were similar between the sexes. Women had significantly smaller
body surface area (BSA) and lower blood pressure values than
men (p < 0.001). Indexed RA volumes, RV end-diastolic, and
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Quantitative analysis of the tricuspid annulus geometry. Surface rendering of a normal tricuspid valve that allows appreciating its complex
three-dimensional shape: D-shaped when seen en-face from the ventricular perspective (A), and saddle-shaped with higher points in
anteroseptal and posterolateral portions and lower points anterolateral and posteroseptal portions when seen from the lateral point of view (B)
The most useful quantitative parameters are shown in the bottom panels: annulus area (C), annulus perimeter (D), 4-chamber diameter (E),
major (F), and minor (G) diameters/axes. Note that the 4-chamber diameter (3.6 cm) is significantly smaller than the actual major axis (4.3cm),
and it does not account for either the major or the minor anatomical diameter of the tricuspid annulus. A, anterior point; Free wall, right
ventricular free wall point; P, posterior point; Septum, interventricular septal point

end-systolic volumes were larger in men, whereas RVEF was
higher in women (p < 0.002; Table 1).

The TA post-processing using 4D AutoTVQ at mid-systole,
early-diastole, and end-diastole took 4-5 min on average. All TA
geometry parameters showed significant correlations with body
size measurements (BSA, r = 0.42-0.58; height, r = 0.37-0.52)
(all p < 0.0001). Conversely, there was no significant correlation
with age (except for the minor diameter, r = —0.17, p < 0.05).
Moreover, when the comparison of the various parameters of TA
geometry was made among the five selected age groups (<30,
30-40, 40-50, 50-60, and >60 years), there were no significant
differences at any time point during the cardiac cycle.

3D TA geometry changes during cardiac
cycle

All parameters describing 3DE TA geometry changed
significantly during the cardiac cycle in both sexes (all p < 0.005;

Frontiers in Cardiovascular Medicine

Table 2). TA area, perimeter, and diameters (4-chamber, 2-
chamber, major, and minor) were at their minimum at mid-
systole, then increased during early-diastole, reaching their
maximum value at end-diastole (Figure 6). TA sphericity index
decreased progressively throughout the cardiac cycle, with TA
having the most oval shape at end-diastole (Figure 6).

Sex-related differences in 3D TA
parameters

Men had larger absolute TA area, perimeter, and
diameters than women, irrespective of the measurement
timing (p < 0.0001 for all comparisons of men vs. women at
mid-systolic, early- and end-diastole). Conversely, TA excursion
and sphericity index was similar between the sexes (Table 2).
After indexing to BSA, the sex differences persisted for TA
area and 4-chamber diameter only. Moreover, men had higher
coaptation height, maximum tenting height, and tenting
volumes than women (p < 0.005; Table 2).
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FIGURE 4

Quantitative analysis of the tricuspid annulus by cardiac computed tomography. The reconstruction of the tricuspid annulus (red circle) using 3
mensio (Pie Medical Imaging, Maastricht, The Netherlands) shown on both multiplanar [short axis (A) and 4-chamber (B)] and volume rendered
[short axis (C) and 4-chamber (D)] reconstructions.
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FIGURE 5

Agreement between three-dimensional echocardiography and cardiac computed tomography in measuring tricuspid annulus geometry
parameters. Bland-Altman plots analyzing tricuspid annulus area (left panels), perimeter (central panels), and major axis (right panels) at
mid-systole (upper panels) and end-diastole (lower panels). 3DE, three-dimensional echocardiography; CCT, cardiac computed tomography;
SD, standard deviation; TA, tricuspid annulus.
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TABLE 1 Demographics, clinical characteristics, and right heart parameters of the study group.

Parameters All (n =228)
Age (years) 45+ 16
Height (cm) 170 += 10
Weight (kg) 66+ 11
Body surface area (m?) 1.7£0.2
Heart rate (beats/min) 68+ 11
Systolic blood pressure (mmHg) 120+ 13
Diastolic blood pressure (mmHg) 72+9
Maximum right atrial volume (ml/m?) 29438
Minimum right atrial volume (ml/m?) 11+4
Right ventricular end-diastolic volume (ml/m?) 57+ 15
Right ventricular end-systolic volume (ml/m?) 2338
Right ventricular ejection fraction (%) 5945

Values are shown as mean =+ SD or percentage.

Men (n =99) Women (n = 129)
44417 45+15
173£9 167 + 9%
69+ 10 63+ 11
18402 17 402"
69+ 11 68+ 11
124412 117 + 14
7448 714+9*
3248 28+ 7
1244 10 £ 3*
65+ 13 524 13*
2747 20 + 6%
5745 60 =+ 5%

"p < 0.005 men vs. women; Right ventricular and atrial volumes were measured by three-dimensional echocardiography.

3D vs. 2D TA parameters

Both at mid-systole and at end-diastole, TA diameters
obtained from the apical RV-focused view were significantly
larger than those obtained from the apical 4-chamber view (2.8
4+ 0.4cm vs. 2.7 £ 0.5cm, and 3.0 &= 0.5cm vs. 2.8 & 0.5cm;
respectively, all p < 0.0001). Moreover, men had larger 2DE TA
diameters than women, irrespective of the 2DE view used for
TA sizing (Table 3). Only the diameters obtained from the 2DE
RV-focused view during the cardiac cycle showed the expected
increase from mid-systole to end-diastole.

The 2DE TA diameters measured in apical 4-chamber
and RV-focused views were significantly smaller than the
corresponding 4-chamber diameter obtained from the 3DE
dataset both at end-diastole (2.9 & 0.5cm, 3.0 &= 0.3 cm, and
3.4 + 0.4 cm, respectively, p < 0.0001) and mid-systole (2.8 £
0.5cm, 2.9 £ 0.5 cm, and 3.0 = 0.5 cm, respectively, p < 0.001).
3D TA areas measured at early diastolic, end-diastolic and mid-
systolic frames showed only a modest correlation with the TA
diameters obtained from the 2DE apical 4-chamber (r = 0.45;
r = 0.41; and r = 0.39, respectively) and RV-focused view (r =
0.51; r = 0.48; and r = 0.48, respectively).

Seventeen subjects (6%) had an end-diastolic TA diameter
obtained from the 2DE apical 4-chamber view larger than
21 mm/m?.

Correlations between the 2DE and the
3DE TA parameters and the right heart
chamber size

TA diameters measured on apical RV-focused view and
4-chamber view by 2DE had a modest correlation with RA
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maximal volume (r = 0.56 and r = 0.43, respectively), RV
end-diastolic volume (r = 0.42 and r = 0.35, respectively) and
RV end-systolic volume (r = 0.34 and r = 0.27, respectively)
(all p < 0.0001). TA 3D area, perimeter and diameters (major,
minor, and 4-chamber) were more closely correlated with RA
maximal volume (r = 0.73; r = 0.72; r = 0.68; r = 0.62; and
0.59, respectively), than with RV end-diastolic volume (r =
0.62; r = 0.61; r = 0.58; r = 0.49; and r = 0.48, respectively)
and RV end-systolic volume (r = 0.57; r = 0.56; r = 0.55; r
= 42; and r = 0.50, respectively) (p < 0.0001; Figure 7). By
multivariable linear regression analysis, in a model that included
RA maximal and minimal volumes, RV end-diastolic and end-
systolic volumes, sex, age, and BSA, RA maximal volume was
independently associated with TA 3D area both at mid-systole
(R* = 0.511, p < 0.0001) and end-diastole (R?> = 0.506, p <
0.0001), whereas BSA (R? = 0.526, p < 0.0001) was associated
only to mid-systolic TA 3D area.

Reproducibility and repeatability

Intraobserver and interobserver variability for 3DE TA
parameters are presented in Table 4. TA 3D area, perimeter,
diameters, sphericity index, and excursion showed good
reproducibility and repeatability, whereas coaptation height,
maximum tenting height, and tenting volume had less
satisfactory reproducibility.

Discussion

This is the first study specifically aimed to assess the TA
geometry and its dynamic changes during the cardiac cycle
in a relatively large cohort of healthy volunteers using a
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TABLE 2 Tricuspid annulus parameters measured by three-dimensional echocardiography.

Mid-systole Early diastole End-diastole

Men ULN Women ULN Men ULN Women ULN Men ULN Women ULN
Absolute values
Area (cm?) 92+22 13.1 7.7 £1.7*% 10.2 9.7+0.2 13.5 8.1+ 1.7% 11.2 104 £2.2 13.8 9.1+ 1.7% 11.7
Perimeter (cm) 109+ 1.3 13.4 10 £ 1.1* 11.5 11.4 £2.0 134 103+ 1.6* 12 11.6 £1.2 13.7 109+ 1.2* 12.5
4-chamber diameter (mm) 33+5 41 29 £+ 4* 36 35+4 41 29 + 4* 37 36+4 42 32+ 3* 37
2-chamber diameter (mm) 31+5 41 31£5 38 32+5 40 32+5 40 35+5 43 34+5 42
Major diameter (mm) 36+4 43 33 +4* 40 38+4 44 35+ 4* 42 39+4 46 37 £ 4* 43
Minor diameter (mm) 30+5 40 27 £ 4* 34 31+5 39 28 + 4* 35 33+5 41 30 + 3* 35
Sphericity index (%) 84+11 98 83+£10 99 82+11 96 80+ 12 96 84+10 99 8249 96
Excursion (mm) 15+3 19 14+3 19
Coaptation height (mm) 8§+2 12 7 £ 2% 11
Maximum tenting height (mm) 72 9 6+ 2% 9
Tenting volume (ml) 2+1 3 1.2 +0.5% 2
Values indexed to body surface area
Area (cm?) 51+£12 7.5 45+ 1* 6.0 53+12 7.3 48+ 1% 6.3 57+12 8.4 53+ 1* 6.9
Perimeter (cm) 6+0.8 7.7 59+0.8 7.2 63+ 1.1 7.7 6.1+1.1 7.3 6.4+0.8 8.0 6.4+09 7.8
4-chamber diameter (mm) 1843 23 17 4 3* 22 1943 24 17 4 3* 21 2043 25 19 4 3* 23
2-chamber diameter (mm) 17+£3 24 18+3 22 18+3 23 19+£3 24 19+3 24 20+3 25
Major diameter (mm) 20£3 25 19+£3 23 21+3 25 21+3 25 21+3 27 21+3 26
Minor diameter (mm) 17+£3 22 16 +3 21 17£3 22 16 + 3* 21 18+3 23 18+£3 22

“p < 0.001 men vs. women.

ULN, Upper limit of normality (i.e., upper bound of the 95% confidence interval of the mean).

commercially available 3DE software package dedicated to TV
analysis. The main results of our study can be summarized as
follows: (i) TA area, perimeter, and major axis measured by
3DE and CCT showed good agreement with negligible bias and
reasonable limits of agreement; (ii) the reference values of 3DE
TA geometry metrics should be sex-specific and indexed to BSA;
(iii) men had a larger TA 3D area and 4-chamber diameter than
women, even after their indexation by BSA; (iv) parameters of
TA size changed significantly during the cardiac cycle, reaching
their minimum at mid-systole, then increasing through early-
diastole and reaching their maximum values at end-diastole;
(v) 2DE underestimated TA dimensions compared to 3DE; and
(vi) RA maximal volume was the only independent parameter
associated with 3D TA area both at end-diastole and mid-systole.

Definition of normal TA size by
cardiovascular imaging

Currently, TA dilatation is defined as a septal-lateral linear
dimension >40 mm (>21 mm/m? of BSA) measured using
2DE on an apical 4-chamber view during diastole (8, 23).
Several echocardiographic (24, 25) and CMR (26, 27) studies
have reported the normal values of the septal-lateral linear
dimension of TA obtained from the 4-chamber view. However,
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the representativeness of the septal-lateral linear dimension in
the 4-chamber apical view assumes that the TA is a circular
and flat anatomical structure and that the 4-chamber view
crosses this circle at its diameter. However, both anatomical
and 3DE studies have demonstrated that the TA is a complex
asymmetric (oval- or D-shaped) 3D structure (9, 28, 29).
Moreover, there is no 2DE anatomical landmark that may
allow the echocardiographer to orient the apical 4-chamber
view in a consistent and reproducible way (30, 31). Finally, the
septal-lateral linear dimension measured in a 4-chamber apical
view underestimates the actual TA size (9, 32), and, since in
patients with secondary tricuspid regurgitation, the TA dilation
occurs mainly in the anteroposterior direction, the septal-lateral
distance is unlikely to properly reflect the extent of actual
TA dilation in these patients (33). Furthermore, there are no
guideline recommendations about the timing of the diastole
(early, mid or end-diastolic frames) for TA assessment, although
the TA area changes significantly throughout systole and diastole
(9, 11, 24, 33).

In addition, our results show that the 2DE TA diameter
length also depends on the view used to obtain it. In our
study subjects, the TA diameters obtained from the RV-focused
apical view were systematically larger than those obtained from
the conventional 4-chamber view confirming previous reports
(24, 30).
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FIGURE 6
Dynamics of the tricuspid annulus during the cardiac cycle. Change of the various parameters describing tricuspid annulus geometry from
mid-systole to end-diastole.
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TABLE 3 Tricuspid annulus geometry parameters measured using two-dimensional echocardiography.

End-diastole

2DE parameters Mid-systole
Men ULN Women ULN Men ULN Women ULN
Absolute values
Apical 4-chamber diameter (mm) 31+5 40 25 + 4* 37 31 4+ 5* 37 27 + 5* 34
Apical RV-focused diameter (mm) 31+4 38 26 + 3* 31 32 £ 5% 41 28 4 45* 38
Value indexed to body surface area
Apical 4-chamber diameter (mm/m?) 17+3 23 16 +3 22 17+3 21 16 £ 3* 22
Apical RV-focused diameter (mm/m?) 17+3 21 16 £ 2* 19 18+4 24 17£3 22
“p < 0.001 men vs. women.
ULN, Upper limit of normality (i.e., upper bound of the 95% confidence interval of the mean).
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FIGURE 7
Relationship between tricuspid annulus size and the size of the right heart chambers. Correlations between tricuspid annulus area (left panels),
perimeter (central panels), and major axis (right panels) with right atrial (upper panels) and ventricular (lower panels) volumes. 3D,
three-dimensional; RA, right atrial; RV, right ventricular; TA, tricuspid annulus.

Accordingly, to properly assess TA geometry, a 3D technique
such as 3DE, CMR, and CCT is pivotal. The costs of the tests,
the need for a large amount of acquisition time by CMR, and the
radiation issues related to CCT, or post-processing time, limit
CMR and CCT to patients with insufficient acoustic windows
and those who are evaluated for possible TV interventions (34).
In clinical routine, echocardiography is the most frequently used
imaging technique to assess patients with heart valve diseases
(8). Due to its position in the mediastinum, the TV is easily
visualized by transthoracic echocardiography, and 3DE can
provide anatomically sound images of the TV apparatus and
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analyze both TA geometry and dynamics without assumptions
about shape and orientation (4, 12, 13, 23, 34-38). The main
limitation of using 3DE to assess the TA was the lack of a
dedicated software package to post-process the 3DE datasets.

Normal TA size and shape
Quantifying TA by 3DE has been previously reported in

relatively small cohorts of healthy volunteers (9, 24, 39) or
“controls” used for comparison in various studies designed to
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TABLE 4 Intraobserver and interobserver reproducibility of
three-dimensional tricuspid annulus parameters (n = 20).

Parameter Intraobserver Interobserver
variability variability
Annular area +2.15% +3.29%
Perimeter +1.84% +2.53%
4-chamber diameter +3.3% +4.75%
2-chamber diameter +4.74% +4.39%
Major diameter +2.98% +3.03%
Minor diameter +5.86% +6.72%
Sphericity index +5.36% +6.60%
Excursion +9.39% +9.95%
Coaptation point height +12.62% +14.49%
Maximum tenting height +12.36% +12.6%
Tenting volume +9.19% +14.67%

assess pathological TR (29, 40, 41). To the best of our knowledge,
this is the largest cohort of healthy volunteers from which the
reference values of the parameters describing the geometry of
the TA (identified as the hinge line of the TV leaflet attachment)
have been derived using 3DE. In addition, this is the first study
to use a software package developed specifically for the TV to
obtain the reference values for the TA geometry. 3D TA area,
diameters, and perimeter obtained from our healthy population
were similar to those reported by other 3DE studies (9, 29, 39).
Miglioranza et al. (24) found larger 4-chamber and 2-chamber
TA diameters by 3DE than in our study, using tomographic
planes of TA obtained by multiplanar reconstruction, but no
indexation for BSA was reported. In our study, the upper limit
of normality for TA 4-chamber diameter obtained by 3DE was
42mm (25 mm/m?) for men and 27mm (23 mm/m?) for
women. However, these reference limits were smaller than the
upper normal limit for the maximal linear dimension of TA
irrespective of its orientation by 3DE: 46 mm (27 mm/m?) for
men and 43 mm (26 mm/m?) for women.

In our healthy volunteers, the indexed values for the TA
diameters obtained by 2DE at end-diastole were very similar to
the 21 mm/m? currently recommended to define TA dilation
by 2DE: 37 mm (21 mm/m?) for men and 34 mm (22 mm/m?)
for women. However, these limits of normality for 2DE were
significantly smaller than those measured in the same time-point
of the cardiac cycle by 3DE. Our findings are consistent with
previous reports (9, 39-41), which demonstrated both in normal
subjects and patients with TR that the 2DE diameters obtained
from the conventional apical 4-chamber view underestimate the
TA diameters compared with 3DE or CMR. When TA diameters
were measured on the dedicated apical RV-focused view by
2DE [41 mm (24 mm/m?2) for men and 38 mm (22 mm/m?)
for women], the upper limits of normality were very close to
those for the 4-chamber TA diameter obtained with the 3DE
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software package. This suggests that the RV-focused view is more
representative than the conventional 4-chamber view by 2DE
of the largest TA septal-lateral distance and very similar to the
one depicted in the “user-defined” 4-chamber view cut-plane,
which is manually aligned, selected, and verified when using
4DAutoTVQ software package on 3DE datasets.

The sphericity index of TA obtained from our healthy
subjects was similar to that obtained in other 3DE studies (9, 24,
40), showing an elliptical shape of TA rather than a circular one
previously identified in patients with functional TR (29).

In our subjects, absolute TA 3D area, perimeter, diameters,
coaptation height, maximum tenting height, and tenting
volume were larger in men than women. However, sex-related
differences persisted only for the TA area and 4-chamber
diameter after indexation for BSA. This finding may have
important clinical implications since current guidelines identify
a single threshold value of the 4-chamber diameter for both
sexes to diagnose TA dilation (5, 6, 8, 23). Moreover, the
TA sphericity index and excursion were similar between the
sexes. Addetia et al. (9) also reported larger 3D TA area,
perimeters, and diameters in men, but after indexing to
BSA, both the perimeters and long-axis dimensions became
smaller in men than in women. We could not confirm
this finding in our healthy subjects. Finally, similar to
other studies (9, 24), we found no age-related differences in
TA parameters.

Normal TA dynamics

Similar to other studies (24, 41, 42), we found that
3DE TA parameters
early diastole, reaching a maximum in
Fukuda et al. (29) reported
change of 3D TA, with minimum values in mid-systole

increased from mid-systole to
end-diastole.
an interesting dynamic
and a biphasic pattern with two peaks in early and
late diastole. However, their cohort included only 15
healthy volunteers.

Conversely, Addetia et al. (9) showed a progressive decrease
of TA 3D area, perimeter, and diameters during systole,
with a minimum in the end-systolic frame and the largest
measurements in late diastole. In addition, in a 2DE study, TA
diameters reached the maximum values in early diastole (11).

Using 3DE semi-automated quantitative analysis, we
demonstrated that TA enlarged progressively from mid-systole
to late diastole, with TA showing a more oval shape during
diastole, like other 3DE studies (9, 40). Conversely, a 3DE study
that used tomographic cut planes obtained from 3DE datasets to
assess TA area and diameters, reported TA sphericity index with
no significant variation during the cardiac cycle (24). However,
the 2D cut planes cannot account for the complex geometric
changes occurring in a saddle-shaped anatomical structure.
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Relationship between TA size and right
heart chamber volumes

Anwar et al. (39) identified a strong relationship between
TA size assessed by both 3DE and CMR and RV function
in healthy subjects. Addetia et al. (9) and Miglioranza
et al. (24) demonstrated that 2D and 3D TA dimensions
correlated with both RA and RV volumes. Our findings also
showed a significant correlation of 3DE TA parameters with
maximal RA maximal volume. This is not an unexpected
result because it has been proven that an enlarged RA
secondary to atrial fibrillation favors TA dilatation and the
occurrence of functional TR (2, 3,43-47). Moreover, we
demonstrated that RA maximal volume was independently
associated with TA 3D area both at end-diastole and mid-
systole.

Finally, the good intra- and interobserver reproducibility
and feasibility support the clinical value of the dedicated 3DE
software for the assessment of TA geometry parameters.

Study limitations

Our population consisted of Caucasian healthy volunteers
only, which could limit the applicability of our reference
value to other ethnic groups. TV data set acquisitions, and
quantitative analyses were performed using a single vendor
platform, which may limit the generalizability of the results.
However, to date, there is no other commercially available
software tool dedicated to TV quantification to compare our
3DE reference values.

Conclusions

In healthy volunteers, reference values for 3DE TA
parameters should be gender specific and indexed to BSA.
TA dimensions correlate with right chamber volumes.
Dynamic changes during the cardiac cycle identify a
minimum TA size in mid-systole, then increasing during
early-diastole and reaching a maximum value during end-
Conventional 2DE underestimates true 3DE TA
Thus,

analysis of TA could improve the understanding of TR

diastole.

diameters. a comprehensive static and dynamic

pathophysiology and the accuracy of preoperative planning for
TV repair.
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