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Abstract: Introduction. The tricuspid valve is an atrioventricular valve located on the right side
of the heart, which consists of the fibrous tricuspid annulus (TA), three valvular leaflets and a
supporting apparatus, the papillary muscles and the tendinous chords. The TA is an oval-shaped
three-dimensional (3D) fibrous structure with a complex spatial movement during the cardiac cycle.
Three-dimensional echocardiography (3DE) could help during “en-face” assessment of TA dimensions
and related functional properties featuring its “sphincter-like” function. TA plane systolic excursion
(TAPSE) is a displacement of the lateral edge of the TA toward the apex in systole measured in
apical long-axis using M-mode echocardiography (MME). The aim of this study was to determine
potential relationships between TA size and its “sphincter-like” and “longitudinal” functions in
healthy adults with no functional tricuspid regurgitation. Methods. The present study consisted of
119 healthy patients (age: 34.6 ± 11.5 years, 70 men) who underwent routine echocardiography with
M-mode-derived TAPSE measurement and 3DE. Two subgroups of healthy subjects were compared
with each other. A total of 29 subjects with TAPSE between 17 and 21 mm were compared with
90 cases with TAPSE ≥ 22 mm. Results. Subjects with TAPSE of 17–21 mm had tendentiously
dilated TA dimensions compared with subjects with TAPSE ≥ 22 mm. Significant differences could
be detected in the end-systolic TA area (5.85 ± 1.90 cm2 vs. 3.70 ± 1.22 cm2, p < 0.05), leading to
impaired TAFAC (24.8 ± 9.0% vs. 35.1 ± 9.1%, p < 0.05) in subjects with lower TAPSE (17–21 mm)
compared with subjects with TAPSE ≥ 22 mm. TAPSE did not show correlations with any TA size or
“sphincter-like” functional parameters as determined using 3DE. Conclusions. Three-dimensional
echocardiography is capable of measuring TA dimensions and functional “sphincter-like” properties,
which are associated with MME-derived TAPSE, suggesting a sensitive and harmonic TA function in
healthy adults without functional tricuspid regurgitation.

Keywords: echocardiography; healthy; speckle tracking; three-dimensional; tricuspid annulus

1. Introduction

Evaluation of the right side of the heart has come to the forefront of scientific thinking
in recent years. The reason for this is twofold: on the one hand, new therapeutic procedures
have become clinically usable that can be used for many disorders affecting the right side of
the heart (e.g., congenital heart disease, pulmonary hypertension, etc.). On the other hand,
non-invasive examination options that are easy to learn and use and enable a detailed
and extensive analysis have become widespread in routine clinics, e.g., three-dimensional
echocardiography (3DE) [1–7].

The tricuspid valve (TV) is an atrioventricular valve located on the right side of the
heart, which consists of the fibrotic tricuspid annulus (TA), three valvular leaflets and
a supporting apparatus, the papillary muscles and the tendinous chords [1]. The TV is
responsible for the one-way flow of blood from the right atrium (RA) to the right ventricle
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(RV) without substantial regurgitation. While examining the TV was difficult in the past,
new imaging options such as 3DE allow it to be examined in detail [4–11]. Therefore, every
year, many studies are conducted focusing on the non-invasive evaluation of the TV.

Functional tricuspid regurgitation (FTR) is commonly a result of different cardiac diseases
affecting the left heart with induced RV dilation and functional abnormalities, but it can be a
result of a dilated RA and TA [1–3]. The TA is an oval-shaped three-dimensional (3D) fibrous
structure with a complex spatial movement according to the heart cycle [1]. 3DE could help us
understand the clinical implications of FTR, enabling “en-face” assessment of TA dimensions
and related functional properties featuring its “sphincter-like” function [4–11]. However, the
complexity of the TA function includes its longitudinal movement, which is well represented
by its systolic excursion (TA plane systolic excursion, TAPSE), which can easily be determined
via its M-mode-derived measurement [12–16]. A harmonic 3D movement of the TA could
be theorized in healthy subjects before FTR develops. Therefore, due to limited quantitative
information, the current study aimed to determine possible relationships between TA size
and its “sphincter-like” and “longitudinal” functions in healthy adults without FTR.

2. Materials and Methods

Subjects: The present retrospective cohort study consisted of 154 healthy subjects who
participated as a volunteer between 2011 and 2015, and the investigation was performed at our
department. From this pool of healthy subjects, 35 individuals did not participate in this study
due to image quality problems for 3DE measurements and/or M-mode assessment of TA
plane systolic excursion (TAPSE). The remaining population was 119 subjects with a mean age
of 30.1 ± 10.3 years (70 males). Their clinical parameters were within normal ranges, including
weight (71.3 ± 12.3 kg), height (171.0 ± 10.2 cm), body surface area (1.84 ± 0.20 m2), body
mass index (22.9 ± 3.2 kg/m2), systolic blood pressure (122.1 ± 4.6 mm Hg) and diastolic
blood pressure (75.9 ± 4.1 mm Hg). An individual was considered healthy if they did not
have acute or chronic illnesses in their medical history or showed ECG abnormality. Complete
two-dimensional (2D) Doppler echocardiography was performed on all subjects and showed
normal results. None of them were smokers or had a history of regular drug use. According
to guidelines, TAPSE is considered to be normal if ≥17 mm, while the mean value of the
TAPSE of healthy subjects was found approximately 21.5 mm in a recent study [12,13]. The
group of healthy subjects was divided into 2 subgroups: subjects with TAPSE between 17
and 21 mm were compared with subjects with TAPSE ≥ 22 mm. All healthy volunteers
underwent a complete M-mode, 2D Doppler echocardiographic and 3DE examination. This
was a substudy of the Motion Analysis of the heart and Great vessels bY three-dimensionAl
speckle-tRacking echocardiography in Healthy subjects (MAGYAR-Healthy) Study (“Magyar”
means “Hungarian” in the Hungarian language). The study met the requirements of the
Declaration of Helsinki (as revised in 2013 and the updated versions) and was approved
by the Institutional and Regional Human Biomedical Research Committee of University of
Szeged, Hungary, under the registration number 71/2011 and updated versions. All subjects
provided informed consent.

M-mode and two-dimensional Doppler echocardiography: Two-dimensional Doppler
echocardiographic examinations were performed in accordance with available profes-
sional guidelines and accepted practices. During the examinations, a Toshiba ArtidaTM

echocardiography device was used, which could be connected to a PST-30BT (1–5 MHz)
phased-array transducer. The person to be examined was asked to lie on their left side,
and then, placing the transducer on the chest, measurements were taken from the typical
sections from both the parasternal and apical directions. After performing left atrial and
left ventricular measurements, the extent of any valvular regurgitation was determined
using the continuous-wave Doppler method and visual estimation. Doppler echocardio-
graphy was used to exclude significant valvular stenosis as well. LV-EF was determined
using Simpson’s method. Representing systolic longitudinal motion of the TA, TAPSE was
measured in apical long-axis as a displacement of the lateral edge of the TA toward the
apex in systole (Figure 1) [12,17,18].
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Figure 1. M-mode echocardiography-derived assessment of tricuspid annular plane systolic excur-
sion (TAPSE) from apical four-chamber view. Abbreviations: LA = left atrium, LV = left ventricle,
RA = right atrium, RV = right ventricle, TAPSE = tricuspid annular plane systolic excursion.

Three-dimensional echocardiography. The aforementioned Toshiba ArtidaTM cardiac
ultrasound equipment attached to a PST-25SX matrix array transducer was used for 3DE
examinations [5–7]. In accordance with our routines, pyramid-shaped 3D echocardio-
graphic datasets were acquired from the apical window. Data were collected during six
constant RR intervals seen on the ECG and during one breath hold, and an offline anal-
ysis was performed with the vendor-provided 3D Wall Motion-Tracking software (Ultra
Extend, Toshiba Medical Systems, Tokyo, Japan, version 2.7) at a later date. Using the
abovementioned 3D datasets, the software automatically selected apical two- (AP2CH)
and four-chamber (AP4CH) views and 3 short-axis views at basal, midventricular and
apical LV levels at end-diastole. Following the definition of the lateral and septal edges
of the LV - mitral annulus and endocardial surface of the apical LV, a sequential analysis
was conducted in order to create a 3D echocardiographic LV cast. Moreover, AP2CH and
AP4CH views were helped to find the optimal TA level on the C7 short-axis view. Directly
before tricuspid valve closure at end-diastole and directly before tricuspid valve opening at
end-systole, the following TA morphological and functional parameters were calculated
(Figure 2) [8,11,19].
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Figure 2. Assessment of the tricuspid annulus extracted from a three-dimensional full-volume dataset is
presented: apical four-chamber view (A); apical two-chamber view (B); and a cross-sectional view at the
level of the tricuspid annulus optimized in apical four- and two-chamber views (C7). The yellow arrow
represents the tricuspid annular plane. Abbreviations: LA = left atrium, LV = left ventricle, RA = right
atrium, RV = right ventricle, Area = TA area, Circ = TA perimeter, Dist = TA diameter.

2.1. Parameters Featuring TA Morphology

− TA diameter (TAD), evaluated by drawing a perpendicular line from the peak of TA
curvature to the middle of the straight TA border;

− TA area (TAA), evaluated via planimetry;
− TA perimeter (TAP), evaluated via planimetry.

2.2. Parameters Featuring TA Function

− TA fractional shortening (TAFS), defined as ([end-diastolic TAD − end-systolic TAD]/end-
diastolic TAD) × 100;

− TA fractional area change (TAFAC), defined as ([end-diastolic TAA − end-systolic
TAA]/end-diastolic TAA) × 100.

2.3. Statistical Analysis

Continuous data were presented as average ± standard deviation (SD), while categor-
ical data were demonstrated as n (%). Statistical significance was considered to be present
when p < 0.05. Levene’s test was accomplished for assessing homogeneity of variances,
while the Shapiro–Wilks test was used to test whether variables were normally distributed.
Student’s t-test was used for normally distributed datasets, while the Mann–Whitney–
Wilcoxon test was performed for non-normally distributed datasets. Pearson’s coefficients
were measured to characterize correlations between variables. SPSS software (SPSS Inc.,
Chicago, IL, USA) was used for the statistical analyses.
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3. Results

Demographic data. Two subgroups of healthy subjects were compared with each other:
29 subjects with TAPSE between 17 and 21 mm (average age: 27.2 ± 6.4 years, 16 men) were
compared to 90 subjects with TAPSE ≥ 22 mm (average age: 30.0 ± 11.1 years, 33 men).

M-mode and two-dimensional Doppler echocardiography. In Table 1, the routine
echocardiographic data of healthy subjects are presented. None of the subjects showed
larger than grade 1 valvular insufficiency or significant valvular stenosis in any valve. No
routine echocardiographic data differed between the subgroups.

Table 1. Two-dimensional Doppler echocardiographic data of healthy subjects.

Parameters Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

LA diameter (mm) 36.9 ± 3.3 37.2 ± 3.4 36.8 ± 3.2
LV end-diastolic diameter (mm) 48.1 ± 3.6 47.8 ± 3.8 48.3 ± 3.6
LV end-diastolic volume (mL) 105.8 ± 24.0 100.4 ± 28.1 107.7 ± 22.2
LV end-systolic diameter (mm) 32.4 ± 3.5 31.9 ± 3.2 32.6 ± 3.6
LV end-systolic volume (mL) 38.3 ±9.6 36.9 ± 9.0 38.9 ± 9.8
Interventricular septum (mm) 9.1 ± 1.2 8.9 ± 1.2 9.2 ± 1.2

LV posterior wall (mm) 9.3 ± 1.4 9.4 ± 1.6 9.3 ± 1.4
LV ejection fraction (%) 64.5 ±4.3 64.9 ± 3.3 64.3 ± 4.6

Abbreviations: LA = left atrial, LV = left ventricular, TAPSE = tricuspid annular plane systolic excursion.

Three-dimensional echocardiography. Three-dimensional echocardiography-derived LV
volumes, mass and EF together with TA dimensions and functional properties are presented
in Tables 2 and 3. LV volumetric parameters did not differ between the subgroups. Subjects
with TAPSE between 17 and 21 mm had tendentiously dilated TA dimensions as compared
with subjects with TAPSE ≥ 22 mm. A significant difference was detected in the end-systolic
TA area, leading to impaired TAFAC in subjects with lower TAPSE (17–21 mm).

Table 2. Comparison of three-dimensional-echocardiography-derived left ventricular parameters in
healthy subjects.

Data Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

LV-EDV (mL) 85.8 ± 20.8 82.4 ± 23.8 87.0 ± 19.7
LV-ESV (mL) 36.1 ± 10.2 34.4 ± 12.2 36.7 ± 9.4

LV-EF (%) 58.0 ± 5.7 58.8 ± 6.6 57.7 ± 5.4
LV mass (g) 164 ± 32 161 ± 28 165 ± 33

Abbreviations: LV = left ventricular, EDV = end-diastolic volume, ESV = end-systolic volume, EF = ejection fraction.

Table 3. Comparison of three-dimensional-echocardiography-derived tricuspid annular morphologi-
cal and functional parameters in healthy subjects.

Data Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

Tricuspid annular dimensions
TAD-D (cm) 2.55 ± 1.91 2.43 ± 0.40 2.10 ± 2.19
TAA-D (cm2) 7.53 ± 1.66 7.70 ± 1.91 5.70 ± 1.58
TAP-D (cm) 10.57 ± 1.18 10.63 ± 1.22 9.30 ± 1.17
TAD-S (cm) 1.84 ± 0.29 1.90 ± 0.40 1.70 ± 0.25
TAA-S (cm2) 5.41 ± 1.43 5.85 ± 1.90 3.70 ± 1.22 *
TAP-S (cm) 9.11 ± 1.11 9.32 ± 1.30 7.70 ± 1.05
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Table 3. Cont.

Data Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

Tricuspid annular ”sphincter-like” functional parameters
TAFAC (%) 28.1 ± 9.2 24.8 ± 9.0 35.1 ± 9.1 *
TAFS (%) 23.0 ± 10.9 21.8 ± 10.2 19.1 ± 11.1

Tricuspid annular longitudinal functional parameter
TAPSE (mm) 23.8 ± 2.9 20.2 ± 0.9 23.0 ± 2.3 *

Abbreviations: TAA-D = end-diastolic tricuspid annular area, TAA-S = end-systolic tricuspid annular area, TAD-D
= end-diastolic tricuspid annular diameter, TAD-S = end-systolic tricuspid annular diameter, TAFAC = tricuspid
annular fractional area change, TAFS = tricuspid annular fractional shortening, TAP-D = end-diastolic tricuspid
annular perimeter, TAP-S = end-systolic tricuspid annular perimeter, TAPSE = tricuspid annular plane systolic
excursion. * p < 0.05 vs. TAPSE 17–21 mm.

Correlations. TAPSE did not show correlations with any TA sizes or ”sphincter-like”
functional properties as assessed using 3DE.

Feasibility of TA measurements using 3DE and M-mode echocardiography. This study
comprised 154 healthy adults, but due to insufficient image quality, 35 cases had to be
excluded. Therefore, the overall feasibility was 77.3%.

Reproducibility data of 3DE-derived TA assessments. The mean ± SD of the differences
in values measured by two examiners proved to be 0.03 ± 0.20 cm and 0.02 ± 0.39 cm for end-
diastolic and end-systolic TAD, 0.03 ± 0.70 cm2 and −0.04 ± 0.69 cm2 for end-diastolic and
end-systolic TAA and −0.10 ± 0.61 cm and 0.05 ± 0.60 cm for end-diastolic and end-systolic
TAP with a correlation coefficient of 0.96, 0.96, 0.97, 0.96, 0.96 and 0.96 (p < 0.0001 for all),
respectively (interobserver agreement). Similarly, the mean ± SD of the differences in values
measured two times by the same observer was 0.02 ± 0.21 cm and −0.03 ± 0.17 cm for end-
diastolic and end-systolic TAD, −0.02 ± 1.18 cm2 and −0.03 ± 0.38 cm2 for end-diastolic and
end-systolic TAA and −0.04 ± 0.73 cm and 0.07 ± 0.58 cm for end-diastolic and end-systolic
TAP with a correlation coefficient of 0.95, 0.96, 0.95, 0.96, 0.96 and 0.97 (p < 0.0001 for all),
respectively (intraobserver agreement).

4. Discussion

In recent decades, there has been a huge development in cardiovascular imaging
due to the technological advances characterizing this period. In addition to magnetic
resonance imaging and computer tomography becoming accessible and important imaging
methods in cardiology, new echocardiographic methods have emerged and become part
of the daily routine. Two-dimensional speckle-tracking echocardiography (2D-STE) is
a widely used method for the quantitative characterization of wall movements using
strain parameters. Its advantage lies in its simplicity, and it is an option available in most
modern devices. The prognostic value of LV global longitudinal strain calculated with
2D-STE has been confirmed [17]. Despite the above facts, it is theoretically not optimal,
since it only measures in a given plane and therefore does not take into account regional
differences [20]. Three-dimensional echocardiography is used to examine the heart and its
cavities in 3D using virtually created 3D models that take into account the cardiac cycle.
Three-dimensional speckle-tracking echocardiography (3D-STE) combines the advantages
of these two methods. While it allows the heart to be seen in 3D, with the help of the digitally
acquired 3D echocardiographic “echocloud”, it can measure not only the strain values,
but also the rotational parameters at the same time as volumetric measurements. These
advantages make 3D-STE the most modern echocardiographic method that is currently
available, even though it has some limitations (e.g., problems with image quality) [4–12,17].
Despite the above advantages, 3D-STE is still not as widespread as 2D-STE or volumetric
3DE. Recent scientific findings have shown that 3DE is capable of measuring changes in
annular size and calculating the functional parameters of the atrioventricular valves, taking
into account the cardiac cycle. These functional parameters only characterize the sphincter-
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like function of the mitral or tricuspid valve calculated from changes in size (2D-projected
diameter and area) of the given valve [8–11]. However, these valves are formations with a
spatial complex structure, having spatial movement. Longitudinal spatial displacement is
also present in the case of these valves, being characterized by a well-known and commonly
used parameter called TAPSE [12].

Owing to the advantages of 3DE detailed above, this method is suitable for performing
physiological studies by calculating several parameters at the same time using a digitally
acquired 3DE database. In our present study, the LV volumes and the LV-EF were deter-
mined during 3DE along with the annular data of TV and the TAFAC and TAFS parameters
characterizing the sphincter-like function of TA. Moreover, TAPSE was measured at the
same time as the 3DE [4–11,20].

In a healthy person, the TA is a saddle-shaped dynamic structure, the expansion of
which is accompanied by a change in its shape; as a result, it becomes more circular and
planar [1]. In the event of backflow through the TV during systole, tricuspid regurgitation
is present. Tricuspid regurgitation is organic in origin only in 10–15% of cases; most pa-
tients have FTR due to a distorted RV, papillary muscle/chordae or TA, with structurally
normal leaflets [1–3]. FTR is mostly due to LV dysfunction, aortic or mitral valve disease or
pulmonary vascular or interstitial disorders and is accompanied by consequent pulmonary
hypertension [20,21]. FTR is considered to be “classical” or ventricular if it is secondary to
TA enlargement and tethering of the leaflets and is associated with RV dilation/dysfunction.
Previously, if there was no pulmonary hypertension or left heart disorder, FTR was consid-
ered to be idiopathic tricuspid regurgitation, which is closely associated with age and atrial
fibrillation (AF). Recently, a new concept has been introduced, the so-called atrial FTR. This
can be seen in the presence of AF, when RA enlargement and dysfunction lead to the dila-
tion of the TA, leaflet malcoaptation and loss of TA sphincter-like function. Apparently, in
these cases, RA dilation plays a greater role in TA dilation and FTR than the RV [3,19,21,22].

Evaluation of TAPSE is a well-known, old-fashioned, simple M-mode echocardio-
graphic method with a significant prognostic value. It is easy to reproduce as a one-plane
measurement of TA function in a longitudinal direction featuring its longitudinal dis-
placement [12]. TAPSE is often used as an echocardiographic measurement of RV systolic
function and a surrogate of the RV strain as well. TAPSE correlates with and predicts
RV-EF [14]. TAPSE < 17 mm proved to have acceptable specificity in separating patho-
logical conditions from healthy subjects [12,15], while its mean value was 21.7 ± 2.8 mm,
according to a recent study, which is a lower value than previously described [12,13]. Ab-
normal TAPSE can be detected in pulmonary hypertension, RV ischemia, heart failure and
congenital heart diseases [12,13,15].

Normal reference values for TA derived from 2D echocardiography and cardiac mag-
netic resonance imaging are available [23,24]. However, 3DE is the method of choice for
non-invasive TA assessments as well [8–10,25–29]. Although this method is not widely
used, mitral and tricuspid annuli could be easily assessed ”en-face” following plane op-
timizations on AP2CH and AP4CH views with planimetry with respect to the cardiac
cycle [4–11]. TAFAC and TAFS are quantitative features of TA’s ”sphincter-like" function
during the cardiac cycle [25,26].

Non-invasive cardiovascular imaging technologies, including echocardiography, are
developing rapidly in the XXIst century, allowing more detailed non-invasive morphologic
and functional analysis of not only of the atria and the ventricles, but the valves as well.
Moreover, these imaging techniques have become part of the daily routine of cardiologists.
Three-dimensional echocardiography is a good example of this enormous technological
advancement, allowing detailed analysis of cardiac mechanics [4–7]. However, a better
understanding of the methods revealed some previously unknown problems. One such
problem is that LV volumes measured with 2D echocardiography and those determined
with 3DE are not interchangeable [30,31]. Our own presented results highlight this problem
as well, since the LV volumes measured with different methods are different; the LV-EDV
values measured with 3DE are lower. As a consequence, LV-EF is lower as well [30,31].
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However, 3DE is reliable in determining LV-EF [31]. Based on international recommen-
dations, the cut-off value for LV-EF determined using 2D echocardiography is ≥55% [17],
while based on literature data, the cut-off value is around 47–55%, as measured using 3DE
and considering age and gender [31]. Our results, presented herein, are in accordance with
these facts.

In the present study, 3DE-derived TA dimensions and TAFAC were demonstrated
to be associated with TAPSE assessed via M-mode echocardiography in healthy subjects
without FTR. Lower TAPSE was associated with lower TAFAC, which was related to more
dilated end-systolic TAA. However, direct correlations between TA functional features
could not be demonstrated. This result suggests a relationship between echocardiographic
TA dimensions and TA features for “sphincter-like” (TAFAC) and “longitudinal” (TAPSE)
functions. These results could suggest sensitive and harmonic cooperative ”sphincter-like”
and “longitudinal” TA functions in healthy adults before FTR develops. However, other
studies are required to confirm the presented results and to demonstrate abnormalities
in the ”sphincter-like” (TAFAC) and “longitudinal” (TAPSE) properties of TA function in
different disorders with FTR.

5. Limitations

The following limitations arose during assessments:

• Although the TA has a characteristic spatial saddle shape, only its 2D-projected image
was analyzed [1,2].

• The image quality of echocardiographic analysis is an important issue, still being worse
in the case of 3DE than in the case of 2D echocardiography, which should be taken
into account when interpreting the findings. 3DE has several technical difficulties,
including lower frame rate and larger transducer size, which can significantly affect
image quality. Nevertheless, considering both the advantages and disadvantages, the
clinical role of 3DE is unquestionable [5–7].

• Three-dimensional echocardiography-derived image quality is also highly dependent
on stitching and motion artifacts [5–7].

• This study did not compare 2D echocardiography versus 3DE in the measurement of TA.
• Three-dimensional echocardiography-derived chamber quantifications of atria and

ventricles were also not performed in this study.
• Validation of our 3DE results using other imaging methods could have further strength-

ened the significance of our scientific findings. Similar studies may be the subject of
clinical trials in the future.

• STE-derived featuring of the TA function was not purposed either.
• As FTR was assessed visually, using a more advanced quantification technique would

have strengthened our findings [1–3].
• Healthy subjects were involved in this study. However, neither special laboratory tests

nor imaging testing were performed to completely exclude disorders in the early stages.

6. Conclusions

Three-dimensional echocardiography is capable of measuring the TA’s dimensions
and functional ”sphincter-like” properties, which are associated with TAPSE, suggesting a
sensitive and harmonic TA function in healthy adults without FTR.
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