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Abstract

OBJECTIVES: Functional tricuspid regurgitation (FTR) is generally caused by the dilation of the tricuspid annulus (TA) and the tethering
of tricuspid leaflets; however, it also occurs in patients without dilatation of the TA. The aim of this study was to develop and to use a
four-dimensional tracking system, utilizing cardiac magnetic resonance imaging (MRI), and to assess TA flexibility in patients with early
FTR without right ventricle dilation as a preliminary investigation for the mechanism of early FTR.

METHODS: The structure and movement of the TA were examined in 20 healthy subjects and 19 FTR patients whose right ventricle
was not dilated. We analysed the short axis and longitudinal movement of a mid-septal point (S), a mid-lateral point (L), a mid-anterior
point (A) and a mid-posterior point (P) on the TA throughout the cardiac cycle. The tethering distance of the tricuspid leaflets and the
integrated orbiting volume of the TA were also measured.

RESULTS: The TA area (mm2) and AP and LS distances (mm) did not differ significantly between the two groups, but the longitudinally
moving distances (mm) of the four points were significantly shorter in patients with FTR than in healthy subjects. Also, the mean tether-
ing distance (mm) was significantly longer in patients with FTR than in healthy subjects (9.0 ± 1.5 vs 4.0 ± 1.3, respectively; P < 0.001),
and the integrated volume (mm3) of the annular moving track, throughout the cardiac cycle, was significantly larger in healthy subjects
than in patients with FTR (40 428 ± 10 951 vs 22 967 ± 6079, P < 0.001).

CONCLUSIONS: The longitudinal flexibility of the TA in FTR patients was significantly less than that in the healthy subjects, and the
tethering of the tricuspid leaflets occurred in FTR patients despite the absence of TA and RV dilation, which can be one triggering
factor of early FTR. Four-dimensional geometric assessment, using cardiac MRI and the tracking program that we have developed, is
capable of determining TA structure and flexibility.
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INTRODUCTION

Tricuspid regurgitation can result from alterations in any one or
all the components [e.g. the leaflets, chordae tendineae, annulus
and papillary or adjacent right ventricular (RV) muscles] of the
tricuspid valve (TV) apparatus. It is classified as primary when
caused by an intrinsic abnormality and secondary when caused
by RV dilatation. Secondary residual functional tricuspid regurgi-
tation (FTR) is common following left-sided heart valve surgery.
Here, the main mechanism of FTR is thought to be the second-
ary effect following the annular dilation and the tethering of leaf-
lets associated with RV dilation [1–3].

Tricuspid regurgitation resulting from myocardial dysfunction
or dilatation is associated with poor prognosis, including a mor-
tality of up to 50% in 5 years [4–6]. With surgical intervention,

prognosis is improved. Tricuspid annuloplasty using prosthetic
bands is the preferred intervention for FTR. However, even after
tricuspid annuloplasty, residual FTR can persist [7, 8]. This dis-
crepancy may result from a disconnect between the goal of tri-
cuspid annuloplasty and the mechanism responsible for FTR in
these patients.
Recently, geometric assessments of the tricuspid annulus (TA)

by real-time three-dimensional (3D) echocardiography have
determined that the structure of the TA in FTR patients is more
planar than in healthy subjects [9, 10]. The authors concluded
that the flattening of the annulus may cause the lowest point
of the annulus to be stretched away from the papillary muscles,
increasing the tethering of leaflets. In order to reconstruct
the annulus and correct this flattening, some surgeons prefer a
3D rigid band. Although this procedure has resulted in good
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mid-term outcomes, 10–14% of patients receiving a 3D rigid
band still suffered from significant tricuspid regurgitation pro-
gression after the operation [11, 12]. In addition, we frequently
encounter cases of FTR that are not associated with RV dilation,
particularly when patients have chronic atrial fibrillation and a
dilated atrium. These observations indicate that other mechan-
isms may be responsible for early FTR, and therefore, alternative
procedures for tricuspid repair may be required. The reappraisal
of techniques to eliminate FTR should be based on a more ac-
curate geometric assessment of the TA.

Cardiac imaging techniques, including echocardiography, are
extremely useful in identifying whether FTR is the result of struc-
tural abnormalities or myocardial dysfunction and dilatation.
Doppler techniques are useful for the visualization of regurgitant
jets, the measurement of flow velocities and the estimation of
RV systolic pressure. However, when it comes to accurate geomet-
ric assessment of the heart, cardiac magnetic resonance imaging
(MRI) offers advantages over echocardiography. Geometric assess-
ment by real-time 3D echocardiography can provide clear images
of structure; however, deriving accurate and reliable quantitative
data from these images is difficult as echovectors vary depending
on the location of the ribs and lungs. Cardiac MRI offers superior
tissue contrast and high spatial and temporal resolution and
enables the accurate tracing of specific points.

The objective of this study was to develop and use a 4D track-
ing system utilizing cardiac MRI and to assess TA flexibility in
patients with early FTR, without TA and RV dilation, as a prelim-
inary investigation for the mechanism of early FTR.

METHODS

Study participants

The study population consisted of 20 healthy volunteers (10
males and 10 females; mean age 32.2 ± 9.4 years) and 19
patients (11 males and 8 females; mean age 76.8 ± 7.0 years)
with moderate or severe FTR and non-dilated RV who had
received cardiac MRI. Healthy volunteers had no history and no
evidence of heart disease. The degree of tricuspid regurgitation
was assessed by 2D transthoracic echocardiography, and the
maximal jet area in any view was used to estimate the

regurgitation grade, using the standard colour Doppler tech-
nique. Severe tricuspid regurgitation was defined as a tricuspid
regurgitation jet area of >10 cm2. Non-dilated RV was defined as
the RV volume index of <100 ml/m2 [13]. RV function was
assessed by fractional change in the RV area, in the apical four-
chamber view.
Of the 19 patients, 18 were candidates for left-sided heart

surgery, and the primary underlying left-sided diseases were
mitral regurgitation and/or stenosis (12 patients), aortic stenosis
(5 patients) and ischaemic cardiomyopathy (1 patient). The final
patient had FTR complicated with severe emphysema. This study
was approved by the Ethics Committee of the Takeda General
Hospital Foundation.

Cardiac magnetic resonance imaging

MRI studies were performed with a 1.5-T MRI (Phillips Medical
Systems, Best, Netherlands) equipped with a 32-element Torsor
cardiac coil. A cardiac-triggered, steady-state, free-precession se-
quence was used for quantitative analysis. Images were acquired
during breath-holding using prospective electrocardiogram
gating, and most cases required two breath-hold phases to com-
plete all imaging. The temporal resolution was 30–50 ms/frame,
and 20 frames per heart beat were acquired for each slice.
The additional imaging parameters for the cine acquisition

were: repetition time (RT) = shortest, echo time (TE) = shortest,
flip angle = 55 degree, scan matrix = 192 × 122 (reconstructed to
256 × 256 pixels), field of view = 35 × 35 cm and slice thickness =
8 mm/gap = 1 mm (four-chamber vertical slice thickness = 10
mm/gap = 2 mm). Initial scouting images were also taken and
reference scans were performed.
We located four points (mid-septal, mid-lateral, mid-anterior

and mid-posterior) on the TA (Fig. 1) using the following proce-
dures. First, we used four-chamber cine imaging to measure the
RV end-systolic and end-diastolic areas (RV-EsA and RV-EdA)
and to identify mid-septal (S) and mid-lateral (L) points. Once
the rotational axis was defined, as the vector orthogonal to the
TA plane (approximately parallel to the ventricular septal wall)
and passing through the centre of the TA, the scanning plane
was rotated at 90° to scan the vertical long-axis cine (pseudo
two-chamber view), trace a mid-anterior point (A) and

Figure 1: Tracing of the four points on the tricuspid annulus. (A) Schematic diagram indicating the position of the four points [mid-septal (S), mid-lateral (L), mid-
anterior (A) and mid-posterior (P)]; (B) image showing the location and example of tracing for S and L points; (C) image showing the location and example of
tracing for A and P points.
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determine a mid-posterior point (P). By bisecting this rotational
axis, horizontal short-axis planes of the annulus (Fig. 2) and RV
were determined. These were used to measure the tricuspid
annular area (TAA) and RV volume. RV area and volume were
normalized to the body surface area.

The above procedures produced the following types of data:

(i) The RV-EsA and RV-EdA indices (mm2/m2) in an apical
four-chamber view and the RV end-diastolic volume index
(RV-EdV index; ml2/m2). RV volume was calculated by
summing the volume of each slice with Simpson’s rule.

(ii) RV ejection fraction (RVEF; %); RVEF was calculated as
(RV-EdA − RV-EsA)/RV-EdA × 100 [14].

(iii) AP distance (mm), during mid- and end-systole and mid-
and end-diastole phases of the cardiac cycle.

(iv) LS distance (mm), during mid- and end-systole and mid-
and end-diastole phases of the cardiac cycle.

(v) TAA (mm2), during mid- and end-systole and mid- and
end-diastole phases of the cardiac cycle.

(vi) The longitudinal movement (mm) of four points (S, L, A
and P) on the TA, between end-systole and end-diastole
phases of the cardiac cycle.

(vii) Tethering distance of the TV (determined as shown in
Fig. 3).

Analysis of the tricuspid annulus flexibility

Prior to analysing the dynamic movement of the TA, we needed
to develop a program to track the annulus, since the annulus
does not have an outline, i.e. the boundary between the annulus
and surrounding tissues is quite obscure. Our program, which was
semiautomatic, was a modification of that developed by Oka and
colleagues [15], which used 2D continuous dynamic programming
and weak-spotting to accurately track annulus movement. First,
six slices were obtained at 12 mm intervals, by parallel imaging in
the four-chamber view. Twelve points bisecting the annulus were
manually traced and an outline of the annulus was automatically
created using a 3D spline-curving procedure [16]. Subsequently,
the system automatically tracked the movement of the traced
points through sequential parallel image slices and created a 3D
animation from these MRI motion slices using Swing and Java

Figure 2: Determination of horizontal short-axis planes used to determine the tricuspid annular area. (A) Image showing the four-chamber view and the tricuspid
annular line to obtain the short-axis plane of the tricuspid annulus (TA). (B) Image showing the short-axis plan of the TA.

Figure 3: The measurement of the tricuspid leaflet tethering height. Tethering
height was determined by measuring the distance between the annular plane
and the coapted point (distance between two red points).

Supplementary Video S1: Animation showing the 4D movement of a tricus-
pid annulus (TA) outline, created using a 3D spline-curving procedure. This
technique enables the assessment of TA flexibility and allows determining the
orbit volume of the annulus.
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3D software (Supplementary Video S1). In order to identify the
3D position of the tracked points, x, y and z coordinates were
established and used for integrated TAA movement along the
y-axis (the longitudinal vector) throughout the cardiac cycle. This
allowed us to determine the orbiting volume of the annulus
(Fig. 4).

Statistical analyses

All values are presented as mean ± SD. Comparison of quantitative
parameters between the healthy subjects and in patients with FTR
was made using unpaired t-tests for numerical data and χ2 or
Fisher’s exact tests for categorical data. Two-way repeated-
measures ANOVAs, followed by post hoc testing with the Bonferroni
corrections were used to compare the AP and LS distances and the
TAA between the study groups during phases (mid- and end-
systole and mid- and end-diastole) of the cardiac cycle.

Differences were considered significant if P < 0.001. A
SigmaPlot package (SigmaPlot, version 11, Systat Software INC,

CA, USA) was used for statistical analyses. This software uses
the Kolmogorov–Smirnov test to test for a normally distributed
population.

RESULTS

Baseline demographic and clinical characteristics of healthy sub-
jects and FTR patients are presented in Table 1. Patients with
FTR were significantly older than healthy subjects and were
slightly male-dominant, but body weight and height were similar
between the two groups. Of the FTR patients, six had diabetes,
five hyperlipemia, four lung disease, two chronic renal disease
and nine chronic atrial fibrillation. Among the healthy subjects,
one had hyperlipemia and three were smokers.
Among the patients, the mean left ventricular ejection fraction

(%) was 54.6 ± 12.1, and left-ventricular end-systolic and end-
diastolic dimensions (mm) were 36.1 ± 9.9 and 51.2 ± 9.1, re-
spectively. Moderate tricuspid regurgitation was found in 16
patients, and severe tricuspid regurgitation in 3. The mean

Figure 4: Tricuspid annulus (TA) point tracking and determination of TA orbital volume. The movement of points on the TA was tracked through six sequential,
parallel MRI slices. 3D movement was determined by superimposing the images on an x, y and z planes (left). The orbital path, along the y-axis, was determined
and the enclosed area (orbital area) was calculated (right).

Table 1: Basic and clinical characteristics and RVEF (%), RV-EsA and RV-EdA indices (mm2/m2) and RV-EdV index (ml/m2)

Healthy subjects (n = 20) Patients with FTR (n = 19) P-value

Age 32.2 ± 9.4 76.8 ± 7.0 <0.001
Gender (male/female) 10/10 11/8 0.863
Body weight (kg) 59.5 ± 12.9 50.2 ± 12.5 0.050
Diabetes mellitus 0 6 0.008
hyperlipaemia 1 5 0.091
Hypertension 0 14 <0.001
Previous stroke 0 0 1.000
Lung disease 0 4 0.047
Renal disease 0 2 0.231
Chronic atrial fibrillation 0 9 <0.001
Smoker 3 2 1.000
RVEF (%) 49.6 ± 5.3 39.8 ± 6.8 0.012
RV-EsA index (mm2/m2) 677.2 ± 113.9 731.1 ± 183.6 0.347
RV-EdA index (mm2/m2) 1280.5 ± 221.0 1325.2 ± 168.3 0.597
RV-EdV index (ml/m2) 50.8 ± 9.4 55.8 ± 13.4 0.403

RVEF: right ventricular ejection fraction; RV-EsA: right ventricular end-systolic area; RV-EdA: right ventricular end-diastolic area; RV-EdV: right ventricular
end-diastolic volume; FTR: functional tricuspid regurgitation.
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pressure gradient (mmHg) across the TV was 37.4 ± 9.1. RVEF (%)
and RV-EsA and RV-EdA indices (mm2/m2) were 49.6 ± 5.3,
677.2 ± 113.9 and 1280.5 ± 221.0, respectively, in healthy subjects
and 39.8 ± 6.8, 731.1 ± 183.6 and 1325.2 ± 168.3, respectively, in
patients with FTR. The RV-EdV index (ml/m2) was 50.8 ± 9.4 in
healthy subjects and 55.8 ± 13.4 in patients with FTR. These
values did not differ between the two groups (Table 1). The
mean TAA (mm2), AP distance (mm) and LS distance (mm), from
mid- to end-systole and mid- to end-diastole phases, also did
not differ between the two groups (Fig. 5). The 3D structure of
the TA appeared normal in both groups; with anteroseptal
points located at the farthest and posteroseptal points located
closest to the apex. Despite the normal TA structure, the longitu-
dinal moving distances (mm) of TA points differed between the
two groups. The mean distances of S, L, A and P movement in
healthy subjects (12.7 ± 2.3, 21.4 ± 3.7, 16.3 ± 2.8 and 17.8 ± 3.3,
respectively) were significantly longer than those measured in
FTR patients (5.3 ± 2.9, 12.3 ± 3.7, 9.8 ± 3.2 and 10.0 ± 4.2, respect-
ively; Table 2). In addition, the tethering heights (mm) in healthy
subjects were significantly smaller than in patients with FTR
(4.0 ± 1.3 vs 9.6 ± 1.5, respectively; P < 0.001; Table 2). Animations
of TA movement were created for each case to confirm differ-
ences in longitudinal flexibility between groups. The results of
these animations confirmed the above findings. They indicated
that the normal 3D structure of the TA was maintained in both
groups during longitudinal movement, but the integrated orbiting
volume (mm3) of the TAA, as it moved throughout the cardiac

Figure 5: Comparison of the tricuspid annular area (mm2), AP distance (mm) and LS distance (mm) during the cardiac cycle between in healthy subjects and in
patients with functional tricuspid regurgitation.

Table 2: Comparison of the longitudinal moving distance (mm) of points S, L, A and P on the tricuspid annulus (TA) and the
tethering height (mm) of tricuspid leaflets

Point on the TA Tethering height

S L A P

Healthy subjects 12.7 ± 2.3 21.4 ± 3.7 16.3 ± 2.8 17.8 ± 3.3 4.0 ± 1.3
Patients with FTR 5.3 ± 2.9 12.3 ± 3.7 9.8 ± 3.2 10.0 ± 4.2 9.6 ± 1.5
P-value <0.001 <0.001 <0.001 <0.001 <0.001

FTR: functional tricuspid regurgitation.

Figure 6: Comparison of the integrated orbiting volume of the tricuspid
annulus. Integrated volume of the annular moving track throughout the
cardiac cycle was significantly larger in healthy subjects than in patients with
functional tricuspid regurgitation.
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cycle, was significantly larger in healthy subjects than in patients
with FTR (40428 ± 10951 vs 22967 ± 6079, respectively; P < 0.001;
Fig. 6).

DISCUSSION

The dilation of the RV and resulting dilation and planarization of
the TA and the tethering of the tricuspid leaflets are considered
the primary cause of FTR in patients with myocardial dysfunction
[1–3]. Previous geometric assessments of the TA, using real-time
3D echocardiography, have shown that the TA achieves a non-
planar and non-circular shape during the systole phase [9, 10].
This geometric change seems as if it would contribute to correct
coaptation of the three leaflets. However, the same geometry is
observed in both healthy subjects and patients with FTR, indicat-
ing an alternative pathological mechanism of FTR. In addition,
FTR is not always associated with the dilation of the RV and the
flattening of the TA.

In this study, as a preliminary investigation for alternative
mechanisms of FTR, we targeted patients with moderate or severe
FTR and non-dilated RV to assess TA flexibility. Interestingly, we
found that the 3D structure of the TA was maintained and the
annulus was not significantly dilated in patients with FTR, yet the
tethering distance was significantly longer than in healthy subjects.
We hypothesize that the tethering distance was greater, despite
the absence of RV and TA dilation, because of loss in the longitu-
dinal flexibility of the TA.

The longitudinal moving distances, of all points on the TA,
were significantly longer in healthy subjects than in patients with
FTR. On the systolic phase, the TA of healthy subjects was flexible
and moved vertically towards the apex to reduce the tethering
height and allow the adequate coaptation of the tricuspid leaf-
lets. In contrast, the TA in patients with FTR was less flexible and
their longitudinal movement was more restricted. Accordingly,
the distance between the TA plane and the ventricular apex
during the systolic phase was greater, increasing the tethering
distance of the tricuspid leaflets.

Several studies suggest that left ventricular ejection fraction is
a poor indicator of early myocardial dysfunction, whereas the
longitudinal myocardial velocity, strain and strain ratio appear to
be more sensitive and specific identifiers of early ventricular dys-
function [17–19]. In addition, the movement of the TA plane
during the systolic phase is known to be correlated with RV
function [20, 21]. Therefore, it is possible that the onset of RV
dysfunction can be initiated by the loss of longitudinal myocar-
dial contractility prior to the decrease in RVEF or the dilation of
the ventricle. This may cause the loss of TA longitudinal flexibility
in patients with early FTR before they develop RV dilation.
Further investigation of the relation between the loss of TA longi-
tudinal flexibility and the tethering of tricuspid leaflets is neces-
sary to unravel the initial mechanism of FTR.

The results of this study may indicate why annuloplasty is not
100% effective in eliminating FTR. While tricuspid annuloplasty
involving the insertion of a prosthetic band is the preferred
intervention [7, 8] for FTR, this procedure was designed to
address the dilation and flattening of the TA. Theoretically, no
band or ring used for tricuspid annuloplasty can improve the
loss of the longitudinal TA flexibility, so that it should be difficult,
even with a 3D rigid band, to perfectly eliminate FTR associated
with the tethering of leaflets. Persistent residual tricuspid regurgi-
tation after ring annuloplasty is correlated with the degree of the

tethering [8]. It remains unclear if the vertical rearrangement of
the TA by the 3D rigid band, in which the vertical geometric gap
is only 2 or 3 mm, can truly reduce the tethering of leaflets. It is
likely that we need to develop the new technique to reduce the
residual tethering, particularly when patients have the seriously
tethered valves associated with pulmonary hypertension (PH) or
dilated RV. Some reports [12, 22] suggest that an additional pro-
cedure, such as the pericardial patch augmentation of the anter-
ior leaflet, is recommended to terminate a severe tricuspid
regurgitation associated with the tethering. Further investigation
is necessary to confirm the benefits of such additional proce-
dures or to determine if tricuspid replacement is necessary.
This study demonstrated that cardiac MRI can be used for

the geometric assessment of TA flexibility. Geometric assessment
by real-time 3D echocardiography can also provide clear images
of the annular structure. However, deriving accurate and reli-
able quantitative data from these images is difficult because
echovectors are variable, depending on the location of the ribs
and lungs. Cardiac MRI, with its superior tissue contrast and high
spatial and temporal resolution, enabled the accurate tracing of
specific points on the TA. Using a new program that we devel-
oped, we were able to track the movement of these points
during the cardiac cycle, quantify distances and TA orbital
volume and assess TA flexibility. This system also creates
dynamic animations (4D images), enabling the user to monitor
changes that occur during the cardiac cycle. This system may not
be limited to investigations of the TA and may be equally well
suited for investigations of other heart structures (e.g. the mitral
annulus or papillary muscles).
While the results of this study indicate the loss of TA longitu-

dinal flexibility and demonstrate a novel system for 4D imaging,
we recognize that it also has a few limitations. First, the study
population was relatively small and restricts our ability to con-
clude whether our findings can be applied to a broader popula-
tion of FTR patients. Second, the healthy subjects (our control
group) were significantly younger than the patients with FTR;
thus, age is a potential confounding factor in this study and may
have contributed to the differences in annular flexibility that we
observed between groups. Third, all healthy subjects had normal
sinus rhythm, but nine patients with FTR showed chronic atrial
fibrillation associated with left-sided heart disease. This could
have affected the dynamic data (movement of the TA) in patients
with FTR. Fourth, pulmonary hypertension in some cases was
amalgamated in FTR patients, which could be one of the factors
triggering the development of FTR in the absence of RV enlarge-
ment. It is certain that the patients with left-sided heart disease
can have more developed pulmonary hypertension. However,
the main mechanism of FTR is considered to be annular dilata-
tion and the tethering of the leaflets subsequent to RV dilatation.
Even severe pulmonary hypertension does not necessarily cause
notable FTR. Hence, it currently remains unclear how PH directly
damages the correct coaptation of tricuspid leaflets. Finally, since
we did not assess RV function using pulse-wave Doppler tissue
imaging, we are unable to describe the relationship between TA
flexibility and RV long-axis dysfunction.
In conclusion, we analysed the 4D geometry of the TA in

healthy subjects and in patients with FTR and non-dilated RV. The
longitudinal flexibility of the TA in FTR was significantly less than
in healthy subjects. This loss of longitudinal flexibility may cause
the tethering of tricuspid leaflets, as suggested by the greater
tethering height we observed in FTR patients. On the basis of
these findings, a mechanism, by which early FTR can develop
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independent of dilation and loss of TA curvature, should be eluci-
dated to eliminate FTR. The system we have developed here, for
the 4D geometric assessment of TA function using cardiac MRI,
provides an excellent modality to assess the TA flexibility.

SUPPLEMENTARY MATERIAL

Supplementary material is available at ICVTS online.
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