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Clinical Impact of Size, Shape, and
Orientation of the Tricuspid Annulus in
Tricuspid Regurgitation as Assessed by
Three-Dimensional Echocardiography
Hiroto Utsunomiya, MD, Yuji Itabashi, MD, Sayuki Kobayashi, MD, Florian Rader, MD, Robert J. Siegel, MD,
FASE, and Takahiro Shiota, MD, FASE, Los Angeles, California

Background: Tricuspid annuloplasty for tricuspid regurgitation (TR) depends on themeasurements of tricuspid
annular diameter (TAD) obtained in an apical four-chamber view on two-dimensional (2D) transthoracic echo-
cardiography (TTE). We performed a combined 2D and three-dimensional (3D) echocardiographic study to un-
derstand the impact of the size, shape, and orientation of a dilated annulus on the inconsistencies between
measured 2D TTE-TAD and the actual annular diameter.
Methods: A total of 185 patients with grade$3+ TR and 50 controls underwent 2D TTE and 3D transesopha-
geal echocardiography (TEE) assessment of the tricuspid valve. The 3D TEE-TAD, defined as the longest
dimension, and tricuspid annulus (TA) eccentricity index, defined as the shortest/longest dimension ratio,
were obtained. The angle between the major tricuspid annulus axis and interatrial septum parallel to the ver-
tical axis (a�) was measured as an index of TA orientation.
Results:Compared with controls, TR subgroups had a larger a� irrespective of TR etiology and cardiac rhythm
(P < .05), with the posteriorly displaced TAmost frequently noted in patients with atrial fibrillation. An excellent
correlation was found between 3D TEE-TAD and 2D TTE-TAD, but 2D TTE-TAD was significantly smaller than
3D TEE-TAD (35.9 6 5.4 vs 39.86 5.7 mm; P < .001; bias, 3.96 2.6 mm; limits of agreement, �1.1-8.9 mm).
After multivariate adjustment, a larger 3D TEE-TAD and larger absolute value of 90� � a� were independent
determinants of the bias between 3D TEE-TAD and 2D TTE-TAD (both P < .001).
Conclusions: The inconsistencies betweenmeasured 2D TTE-TAD and the actual annular diameter can be ex-
plained throughmorphologic factors such as TA size and orientation. (J AmSoc Echocardiogr 2019;-:---.)

Keywords: 3D echocardiography, Transesophageal echocardiography, Transthoracic echocardiography,
Tricuspid annular diameter, Valvular heart disease
Tricuspid regurgitation (TR) is a relatively common valvular heart dis-
ease in clinical practice1 and, when severe, is associated with
increased mortality regardless of pulmonary hypertension and left
ventricular systolic function.2 Concomitant tricuspid valve (TV) annu-
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loplasty is recommended at the time of left-sided valve surgery
because of its beneficial effect on right ventricular (RV) function
and remodeling,3 but the surgical decision-making depends heavily
on the measurements of tricuspid annulus (TA) size. Conventional
two-dimensional (2D) transthoracic echocardiography (TTE) is a
widely accepted diagnostic tool for the assessment of TA size; there-
fore, current guidelines recommend that TA diameter (TAD) mea-
surements be made in an apical four-chamber view on 2D TTE.4,5

However, 2D TTE-TAD and its thresholds for TA enlargement are
not well validated. Furthermore, TA geometry has been shown to
have a complex three-dimensional (3D) shape.6 As surgical tricuspid
annuloplasty and new percutaneous tricuspid devices are improving
over time, more accurate sizing of the TA and detailed interpretation
of 2D TTE-TAD are required.

Recently introduced 3D echocardiography can provide more ac-
curate geometric information on the TV, whereas 2D TTE-based
TV assessment may be limited by the angle and location of the 2D
plane.7,8 Notably, real-time 3D transesophageal echocardiography
(TEE) studies suggested various shapes and orientations of the dilated
TA in association with TR severity and etiology.9,10 These findings
evoke the hypothesis that currently performed 2D measurements
1
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2D = Two-dimensional

3D = Three-dimensional

3DQ = Three-dimensional
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ANOVA = Analysis of
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RA = Right atrial

RV = Right ventricular,

ventricle

SR = Sinus rhythm

TA = Tricuspid annulus

TAD = Tricuspid annular

diameter

TEE = Transesophageal

echocardiography

TR = Tricuspid regurgitation

TTE = Transthoracic

echocardiography

TV = Tricuspid valve
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and the diagnostic accuracy of
2D TTE-TAD for TA enlarge-
ment using recommended
thresholds ($40 mm or
21 mm/m2) would be affected
by TA shape and orientation,
highlighting the need for reap-
praising the methodology for
the measurement of TAD.

Therefore, the purposes of the
present study were to charac-
terize TA deformations using
3D TEE in patients with grade
$3+ TR with various underlying
etiologies and to investigate the
diagnostic accuracy of 2D TTE-
TAD for TA dilatation using 3D
TEE-derived TAD as the refer-
ence standard.
Figure 1 Measurements of 2D TTE-TAD were performed in the
apical four-chamber view in mid-diastole at the time of the
maximum TV opening between the two hinge points at the junc-
tion between the leaflets and the annulus (yellow dotted line).
RA, Right atrium.
METHODS

Patient Population

This is a cross-sectional, obser-
vational study of 185 patients
with grade$3+ TR with various
underlying causes including pri-
mary TR and functional TR,
retrospectively recruited from
January 2014 toDecember 2015 as part of a large 3DTV cohort study
whose aim was to provide comprehensive data for quantitative pa-
rameters obtained with 3D TEE.10 All patients underwent 2D TTE
and 3D TEE assessment of the TV on the same day. The protocol
of this study was approved by the Cedars-Sinai Institutional Review
Board. Additionally, measurements of 2D and 3D TV parameters
were obtained from 50 normal controls who were referred to the
echocardiography laboratory to investigate the cause of transient
ischemic attack or atypical chest pain. TR or heart failure was ruled
out by a health questionnaire, physical examination, and echocardiog-
raphy. No controls had any echocardiographic abnormality including
TV or right-sided chambers and thus could be considered as having
normal TV geometry.
Two-Dimensional TTE

A comprehensive 2D TTE with a focus in the TV and the right
ventricle (RV) was performed using a commercially available ultra-
sound system (S5-1 probe; IE33, Philips, Andover, MA). Using the
zoom mode focused on the TV, images were acquired in an apical
four-chamber view. Measurements of the 2D TTE-TAD were per-
formed off-line by the first author and the echocardiography specialist
(level III trained) inmid-diastole at the time of themaximumTVopen-
ing between the two hinge points at the junction between the TV leaf-
lets and the TA (Figure 1). In patients with atrial fibrillation (AF), three
to five cycles were analyzed and averaged to determine the value of
2D TTE-TAD. The RV was imaged from multiple views, including
an RV-focused apical four-chamber view. Two-dimensional right-
sided chamber size and function were measured according to the
American Society of Echocardiography guidelines for the echocardio-
graphic assessment of the right heart.4 Right atrial (RA) volume was
calculated using single-plane disk summation techniques in a dedi-
cated apical four-chamber view. Systolic pulmonary artery pressure
was calculated from the systolic RV pressure gradient and RA pres-
sure. RA pressure was estimated from the inferior vena cava diameter
and respiratory changes.4 Grading TR severity was determined by us-
ing a multiparametric integrated approach.11 The vena contracta
width was also measured from the apical four-chamber and paraster-
nal RV inflow views during held end expiration. Average vena con-
tracta width from these two roughly orthogonal views was
calculated to account for its noncircular and ellipsoidal shape.12
Three-Dimensional TEE

Three-dimensional TEE was performed under sedation using intra-
venous injection of midazolam using an IE33 or EPIQ7 ultrasound
imaging system equippedwith a fully sampledmatrix-array TEE trans-
ducer (X7-2t Live 3DTEE transducer, Philips), which can display both
2D and 3D images. At first, the 2D TV images were clearly demon-
strated in the midesophageal oblique short-axis view, coronary sinus
view, or transgastric RV inflow view (Figure 2A). Then volume data
sets were obtained using the live 3D zoom mode (n = 80; median
frame rate = 14 Hz) or six-beat full-volume mode (n = 105; median
frame rate = 40 Hz) focused on the TV (Figure 2B, left panel). In pa-
tients with AF, the live 3D zoom mode with one-beat volume acqui-
sition was chosen to avoid stitch artifacts. The view was optimized for
depth and gain setting before 3D acquisition, and close attention was
given to including the entire TV and RV in the sector boundaries. All
3D TEE data were digitally stored for off-line analysis, and TomTec’s
4D RV Function (TomTec, Munich, Germany) was used to measure
RV volumes.



Figure 2 Three-dimensional TEE data acquisition and analysis. (A
esophageal oblique short-axis view, coronary sinus view, or trans
sets were obtained using the live 3D zoom mode or six-beat full-
diastole andmidsystole (left panel). To grasp the whole picture of the
and displayed with the interatrial septum placed inferiorly in the 6 o
anterolateral-posteromedial (AL-PM) directions were determined ba
an anterior direction. The 3D TEE-TAD, defined as the longest dime
shortest/longest dimension ratio, were obtained on the mid-diastoli
nally oriented planes in mid-diastole at the time of the maximum valv
fully using guidance on the corresponding 3D TV image, in which th
bottom, and the TV on the top. The angle between the major TA
measured as an index of TA orientation. A, Anterior; ATL, anterior tric
septum; MV, mitral valve; PTL, posterior tricuspid leaflet; SAX, shor

HIGHLIGHTS

� Patients with TR have a more dilated, circular, and posteriorly

displaced TA.

� AF rhythm, rather than TR etiology, is related to more posteri-

orly TA expansion.

� TA orientation is a crucial determinant of the underestimation

of 2D TTE-TAD.
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TR Subgroup Determination

Before 3D TA quantitative analysis, the initial 3D TV screening
was performed to reveal an anatomic abnormality in the TV leaflets
and to determine TR etiology.10 For the initial TV screening, the live
3D zoom or full-volume data set was imported into the QLAB 3D
quantification (3DQ) software package (Philips). The 2-orthogonal
long-axis planes through the TV were reconstructed. These planes
roughly corresponded to the RV-focused apical four-chamber and
the parasternal RV inflow views on 2D TTE. On the short-axis
plane, the 2-orthogonal long-axis planes are shifted throughout
the TV to determine primary TR with the presence of organic TV
) 2D TEE: TV images were clearly demonstrated in the mid-
gastric RV inflow view. (B) 3D volume rendering: volume data
volume mode to view the TV from the RA perspective in mid-
TV for TA orientation, 3D volume rendering was first interrogated
’clock position (right panel). (C) MVN: Anteroposterior (A-P) and
sed on the commissure between anterior and septal leaflets as
nsion; TA area; height; and TA eccentricity index, defined as the
c frame. (D) 3DQ: the TV can be displayed using three orthogo-
e opening. The short-axis image of the TV was generated care-
e aortic valve (Ao) is located on the left, the mitral valve on the
axis and interatrial septum parallel to the vertical axis (a�) was
uspid leaflet; AV, aortic valve;CS, coronary sinus; IAS, interatrial
t axis; STL, septal tricuspid leaflet.
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disease. After the 3D TV screening, the functional TR group was
categorized as one of the following four types through an in-
depth chart review: (1) functional TR because of left-sided heart dis-
ease including valve disease or left ventricular dysfunction; (2) func-
tional TR resulting from any causes of pulmonary arterial
hypertension; (3) functional TR resulting from any cause of RV
dysfunction; (4) functional TR secondary to chronic AF.10 Because
of the multiplicity and complexity of causes of TR, study population
subgroups were simply stratified by etiology (functional vs primary)
and cardiac rhythm (AF vs sinus rhythm [SR]) for the comparison of
size, shape, and orientation of the TA.
TA Quantitative Analysis

TA Size and Shape. The live 3D zoom or full-volume data set was
imported into the workstation (QLAB ver. 10.7; Philips). The mitral
module of the QLAB mitral valve navigator (MVN) software
(Philips) was used in an off-label fashion for semiautomated indirect
measurement of 3D TEE-TAD during diastole. As previously
described in our study,10 we used 20 landmarks to delineate the TA
and analyzed the TV leaflets using #22 intersections per patient.
Anteroposterior and anterolateral-posteromedial directions were
determined based on the commissure between anterior and septal
leaflets as an anterior direction. The 3D TEE-TAD, defined as the
longest dimension (Figure 2C); TA area; height; and TA eccentricity
index, defined as the shortest/longest dimension ratio, were obtained
on the mid-diastolic frame. In patients with AF, three measurements
from three different beats were averaged.
TA Orientation. To grasp the whole picture of the TV for TA orien-
tation, 3D volume rendering was first interrogated and displayed with
the interatrial septum placed inferiorly in the 6 o’clock position
(Figure 2B, right panel).13 Using the 3DQ software, the TV can be dis-
played using three orthogonally oriented planes in mid-diastole at the
time of the maximum valve opening. The short-axis image of the TV
was generated carefully using guidance on the corresponding 3D TV
image, in which the aortic valve is located on the left, the mitral valve
on the bottom, and the TV on the top. Then the angle between the
major TA axis and interatrial septum parallel to the vertical axis (a�)
was directly measured as an index of TA orientation (Figure 2D).
This angle represents the direction of TA expansion. The remaining
2-orthogonal long-axis planes approximately corresponded to the
RV-focused apical four-chamber and the parasternal RV inflow views.
Substudy Analysis for the TTE-TAD Measured with Both
2D and 3D Echocardiography

In a subset of 46 patients with TR (10 primary TR and 36 functional
TR), 3D TTE volume data sets were also obtained using the live 3D
zoommode (n = 16; median frame rate = 10 Hz) or four-beat full-vol-
ume mode (n = 30; median frame rate = 29 Hz) focused on the TV.
Using theQLABMVNsoftware, semiautomated indirectmeasurement
of 3D TTE-TAD was performed and compared with 3D TEE-TAD and
2DTTE-TAD. Annular measurements were performed at mid-diastole,
defined as the frame at the time of the maximum TVopening. The 3D
TTE-TAD was defined as the longest dimension of the annulus.
Statistical Analysis

Continuous variables are expressed as mean6 SD. Group compar-
isons were performed by one-way analysis of variance (ANOVA)with
post hoc test using the Tukey’s test or the Steel-Dwass method for var-
iables with or without normal distribution, respectively. Correlations
of the TA orientation with the RA and RV volumes were assessed us-
ing Pearson’s correlation coefficient and linear regression. To identify
determinants of the bias between 3D TEE-TAD and 2D TTE-TAD,
linear regression was performed for multivariate analysis. The covari-
ates were chosen as demographic variables and 3D TA parameters
including 3D TEE-TAD, TA eccentricity index, and the absolute value
of 90� � a�. These three parameters represent TA size, shape, and
orientation, respectively. The 2D TTE-TAD was compared with the
3DTEE-TAD using a paired t test and Pearson’s correlation coefficient.
The accuracy of 2DTTE-TADwas tested using Bland-Altman analysis
as compared with 3D TEE-TAD.
Reproducibility of 3DTEE-TADmeasurements, as described by ab-

solute difference 6 SD and intraclass correlations, was evaluated in
20 TV data sets a month after the initial measurement by first author
for intraobserver variability and by a second observer for interob-
server variability. The second observer selected the same TV data
set and the frame that the first observer used and performed 3D anal-
ysis independently. All analyses were performed using SPSS version
21.0 (IBM, Armonk, NY).
RESULTS

TR Subgroups

The study population comprised 85 men and 100 women with a
mean age of 70615 years. The severity of TR was 3+ in 111 patients
and 4+ in 74 patients, with a mean vena contracta width of
5.9 61.6 mm. The cardiac rhythm at the time of the TEE procedure
was AF in 80 patients (43.2%) and SR in 105 (56.8%). Seventeen pa-
tients (9.2%) had pacemaker or implantable cardioverter-defibrillator
lead. Among 185 TR patients, the initial 3D TV screening revealed an
anatomical abnormality in the TV leaflets of 38 patients (20.5%)
including 12 lead-associated TRs, 10 rheumatic heart diseases, eight
myxomatous degenerations, five cases of endocarditis, and one carci-
noid disease. After the 3D TV screening, 147 (79.5%) patients were
categorized as having functional TR with structurally normal TV leaf-
lets. The breakdown of functional TR was as follows: left-sided heart
disease-TR, n = 106; pulmonary arterial hypertension-TR, n = 4; RV
dysfunction-TR, n = 1; AF-TR, n = 36.
Clinical and Echocardiographic Parameters

The clinical and echocardiographic parameters of the normal controls
and patients with TR subgroups are listed in Table 1. Comparison of
functional versus primary TR showed that functional TR was associ-
ated with a higher systolic pulmonary artery pressure and a larger
RV end-systolic volume with worse biventricular function (all
P< .05 after multiple comparisons; Table 1). On the other hand, com-
parison of the AF group versus the SR group showed that patients
with AF were associated with a lower systolic pulmonary artery pres-
sure and a smaller RVend-systolic volume and larger RAvolume with
preserved biventricular function, resulting in a higher RA/RV end-
systolic volume ratio (all P < .05 after multiple comparisons; Table 1).
TV Parameters

The TV parameters of the normal controls and patients with TR sub-
groups are shown in Table 2. Compared with the normal controls, TR
patients showed a 22% increase in the 3D TEE-TAD (33.9 6 1.8 vs
41.4 6 5.3 mm; P < .001), a 70% increase in the TA area in mid-
diastole (754 6 83 vs 1,281 6 338 mm2; P < .001), a 21% increase



Table 2 TV parameters of normal controls and patients according to TR subgroups

Normal TV (n = 50)

Etiology

P (ANOVA)

Cardiac rhythm

P (ANOVA)Functional (n = 147) Primary (n = 38) AF (n = 80) SR (n = 105)

2D TTE-TAD, mm 30.8 6 2.3 37.6 6 5.0* 36.0 6 5.4* <.001 37.9 6 4.6* 36.7 6 5.5* <.001

3D TEE-TAD, mm 33.9 6 1.8 41.9 6 5.3*,† 39.5 6 5.2* <.001 41.8 6 5.2* 41.1 6 5.4* <.001

Bias between 3D

TEE-TAD and

2D TTE-TAD, mm

3.06 6 1.69 4.29 6 2.71* 3.57 6 2.62 .001 3.92 6 2.75* 4.31 6 2.66* .002

TA eccentricity index 0.75 6 0.05 0.91 6 0.06* 0.91 6 0.05* <.001 0.92 6 0.05*,‡ 0.90 6 0.06* <.001

a� 46.3 6 9.8 75.9 6 34.9* 81.4 6 36.1* <.001 88.3 6 36.1*,‡ 68.5 6 31.9* <.001

Tenting volume, mL 0.7 6 0.2 2.7 6 1.8*,† 2.0 6 1.7* <.001 1.8 6 1.5*,‡ 3.2 6 1.8* <.001

Data are expressed as mean 6 SD or n (%).
*P < .05 vs normal TV.
†P < .05 vs primary TR.
‡P < .05 vs SR.

Table 1 Clinical and echocardiographic parameters of normal controls and patients according to TR subgroups

Normal

TV (n = 50)

Etiology

P (ANOVA)

Cardiac rhythm

P (ANOVA)

Functional

(n = 147)

Primary

(n = 38) AF (n = 80) SR (n = 105)

Age, y 60 6 11 72 6 14*,† 64 6 15 <.001 74 6 11*,‡ 67 6 16* <.001

Sex, female 23 (46.0) 71 (48.3)† 28 (73.7)* .013 47 (58.8) 52 (49.5) .29

Body surface area, m2 1.8 6 0.2 1.9 6 0.3 1.8 6 0.2 .09 1.8 6 0.3 1.9 6 0.2 .87

AF 0 (0) 63 (42.9)* 17 (44.7)* <.001 80 (100) 0 (0) <.001

Average vena contracta

width, mm

N/A 5.9 6 1.5 6.3 6 1.6 .15 5.9 6 1.4 5.9 6 1.6 .92

Systolic pulmonary artery

pressure, mm Hg

22.8 6 6.5 55.8 6 16.7*,† 40.5 6 11.5* <.001 46.2 6 13.7*,‡ 59.1 6 16.2* <.001

RV end-diastolic volume, mL 70 6 18 120 6 53* 110 6 48* <.001 102 6 43*,‡ 131 6 54* <.001

RV end-systolic volume, mL 33 6 10 76 6 44*,† 62 6 33* <.001 57 6 34*,‡ 86 6 43* <.001

RV ejection fraction, % 51 6 5 39 6 12*,† 47 6 7 <.001 46 6 10*,‡ 36 6 10* <.001

LV ejection fraction, % 62.2 6 3.3 52.2 6 17.2*,† 61.6 6 10.1 <.001 58.1 6 10.8‡ 51.1 6 19.2* .002

LA volume index, mL/m2 18.5 6 1.3 53.8 6 23.2* 54.6 6 33.0* <.001 57.3 6 29.5* 51.4 6 21.5* <.001

RA volume index, mL/m2 15.8 6 2.2 49.7 6 25.6* 46.7 6 24.5* <.001 56.1 6 28.0*,‡ 43.7 6 21.8* <.001

RA/RV end-systolic

volume ratio

0.8 6 0.2 1.5 6 1.1 1.6 6 1.0 .32 2.1 6 1.2*,‡ 1.1 6 0.7* <.001

Data are expressed as mean 6 SD or n (%). LA, Left atrial; LV, left ventricular.

*P < .05 vs normal TV.
†P < .05 vs primary TR.
‡P < .05 vs SR.
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in the TA eccentricity index (0.75 6 0.05 vs 0.91 6 0.06; P < .001),
and a 66% increase in the a� (46.3� 6 9.8� vs 77.0� 6 35.1�;
P< .001). Functional TR had a larger 3DTEE-TAD and tenting volume
compared with primary TR (both P < .05 after multiple comparison),
whereas 2D TTE-TAD, TA eccentricity index, and a� were similar be-
tween the TR subgroups. On the other hand, patients with AF showed
a higher TA eccentricity index and a larger a� with a smaller tenting
volume (all P < .05 after multiple comparison), whereas 2D TTE-
TAD and 3D TEE-TAD were similar between the TR subgroups.

Distribution of TA Orientation

Distributions of TA orientation in the total patient population
and according to TR subgroups are shown in Figure 3.
Notably, the two most frequent orientations were demonstrated
in the histogram (Figure 3A). Compared with patients with
normal TV, TR subgroups had a larger a� irrespective of TR eti-
ology and cardiac rhythm (all P < .05; Table 2). In particular, the
TR subgroup with AF had a larger a� than the normal TV group
and the TR subgroup with SR (88.3� 6 36.1� vs 46.3� 6 9.8� vs
68.5� 6 31.9�, P < .05 after multiple comparisons; Table 2). The
posteriorly displaced TA (a� > 120�) occurred most frequently in
the TR subgroup with AF (20.0% [16/80] vs 0% [0/50] vs 8.6%
[9/105], P < .001; Figure 3B). Furthermore, in the AF group, pa-
tients with severe TR (n = 30) had a more posteriorly displaced
TA than those with moderate TR (98.9� 6 36.5� vs
81.9� 6 34.6�; P = .04).



Figure 3 Distribution of TA orientation. (A) Total patient population and (B) according to TR subgroups. Note the two most frequent
orientations in these histograms and examples of TA orientations, with the posteriorly displaced TAmost frequently noted in patients
with AF.

Figure 4 Correlation and agreement between 3D TEE-TAD and 2D TTE-TAD. (A) Total patient population. (B) Stratified by tricuspid
annular orientation. The upper panels show scatterplots of the correlation between 3D TEE-TAD and 2D TTE-TAD with a regression
line (solid lines) and 95%CI (dotted lines) and with a line of identity (blue line). The lower panels depict the Bland-Altman plots with the
mean bias (solid lines) and 95% limits of agreement (dotted lines).
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Table 3 Factors related to the bias between 3D TEE-TAD and 2D TTE-TAD in patients with TR (N = 185)

Univariable Multivariable*,†

P Coefficient (95% CI) t P VIF

3D TEE-TAD <.001 0.183 (0.100-0.266) 4.345 <.001 1.955

TA eccentricity index .55 �3.358 (�9.320-2.604) �1.112 .27 1.183

Absolute value of
90� � a�

<.001 0.071 (0.052-0.091) 7.257 <.001 1.048

VIF, Variance inflation factor.
*All variables were adjusted for age, sex, body surface area, AF, and average vena contracta width.
†R2 = 0.372.

Figure 5 Substudy results: correlation and agreement of 3D TTE-TAD with 3D TEE-TAD (A) and 2D TTE-TAD (B). The upper panels
show scatterplots of the correlation of 3D TTE-TAD with 3D TEE-TAD and 2D TTE-TAD with a regression line (solid lines) and 95% CI
(dotted lines) and with a line of identity (blue line). The lower panels depict the Bland-Altman plots with the mean bias (solid lines) and
95% limits of agreement (dotted lines).
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Correlation and Agreement between 3D TEE-TAD and 2D
TTE-TAD

In the total patient population, an excellent correlation was found be-
tween 3D TEE-TAD and 2D TTE-TAD (R = 0.879, P < .001;
Figure 4A), but 2D TTE-TAD was significantly smaller than 3D TEE-
TAD (35.9 6 5.4 vs 39.8 6 5.7 mm; P < .001; bias,
3.96 2.6mm; limits of agreement,�1.1-8.9 mm).We divided the pa-
tient population into two subsets according to the value of a�

(60� # a� # 120� vs a� < 60� or a� > 120�). TA orientation did
not affect the excellent correlation; however, more prominent bias
between 3D TEE-TAD and 2D TTE-TAD was observed in the subset
of patients with a� < 60� or a� > 120� (bias, 4.66 2.6 mm; limits of
agreement, �0.4-9.6 mm; Figure 4B).
Determinants of the Bias between 3D TEE-TAD and 2D
TTE-TAD

To explore factors related to the bias between 3D TEE-TAD and 2D
TTE-TAD in patients with TR (n= 185), multivariable linear regression



Figure 6 The angle difference between major TA axis and various 2D TTE planes. (A) A representative case with large absolute value
of 90� � a� and posteriorly displaced TA presenting a large bias of 6.2mmbetween 3D TEE-TAD and 2D TTE-TAD. The solid white line
represents the reference line parallel to the interatrial septum. (B) Orientations of various 2D TTE planes for the measurement of TAD
including the apical four-chamber view, RV inflow view with CS orifice, and RV inflow-outflow view approximately parallel to the cor-
onal section of the RV. It can be seen that none of these three 2D image planes captures the largest TAD. CS, Coronary sinus; LV, left
ventricle; RA, right atrium; RVOT, RV outflow tract.
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was performedwith the following covariates: 3DTEE-TAD, TA eccen-
tricity index, and the absolute value of 90� � a�. After adjustment for
TR severity and several demographic variables including age, sex,
body surface area, and AF, a larger 3D TEE-TAD (coefficient, 0.183;
95% CI, 0.100-0.266) and larger absolute value of 90� � a� (coeffi-
cient, 0.071; 95% CI, 0.052-0.091) remained as independent deter-
minants of the bias between 3D TEE-TAD and 2D TTE-TAD
(Table 3). Namely, when the direction of TA expansion deviates
from 90�, the largest dimension is missed in an apical four-chamber
view on 2D TTE.
Substudy Results: Correlation and Agreement of 3D TTE-
TAD with 3D TEE-TAD and 2D TTE-TAD

The correlation between 3D TTE-TAD and 3D TEE-TAD was excel-
lent (R = 0.971, P < .001) with a slight underestimation of 3D TTE-
TAD (P= .03; bias, 0.661.3mm; Figure 5A). In addition, an excellent
correlation was also found between 3D TTE-TAD and 2D TTE-TAD
(R = 0.873, P < .001), but 2D TTE-TAD was significantly smaller
than 3D TTE-TAD (P < .001; bias, 3.8 6 2.6 mm; Figure 5B).
Reproducibility

Intraobserver and interobserver variability in the 3Dmeasurements was
as follows: 3D TEE-TAD, 0.86 0.7 mm and 1.36 1.1 mm; TA eccen-
tricity index, 0.036 0.03 and0.056 0.03; anda�, 3.4� 6 3.0� and5.1�

63.9�, respectively. Intraclass correlations (95%CI) for eachof themea-
surements were as follows: 3D TEE-TAD, 0.94 (0.92-0.96) and 0.93
(0.91-0.95); TA eccentricity index, 0.93 (0.91-0.95) and 0.93 (0.90-
0.95); and a�, 0.92 (0.89-0.94) and 0.89 (0.85-0.93), respectively.
DISCUSSION

The present study substantiates the hypotheses suggested by several
prior studies, highlighting the putative value of a 3D
echocardiography-based evaluation of the TA for the measurement
of TAD.9,14 Three-dimensional TEE can assess TA orientation repro-
ducibly and precisely in multiplanar reconstruction of the TV using
guidance on the corresponding 3D volume rendering. Its main find-
ings in this cohort of patients with grade $3+ TR are the following:
(1) compared with normal controls, TA size, shape, and orientation
were altered in patients with TR, showing a more dilated, circular,
and posteriorly displaced TA; (2) AF rhythm, rather than TR etiology,
may be associated with more posterior TA expansion; (3) despite an
excellent correlation between 3D TEE-TAD and 2D TTE-TAD, 2D
TTE-TAD was significantly smaller than 3D TEE-TAD; and (4) not
only TA size but also its orientation were multivariable determinants
of the underestimation of 2D TTE-TAD.

Figure 6 depicts the angle difference between major TA axis and
various 2D TTE planes. The angle between the 2D TTE apical four-
chamber view and interatrial septum parallel to the vertical axis is usu-
ally closer to 90�. Therefore, the absolute value of 90� � a� is thought
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to be approximately the angle difference between the direction of the
2D TTE apical four-chamber view and the direction of TA expansion
(Figure 6A), which was independently associated with the bias be-
tween 3D TEE-TAD and 2D TTE-TAD in our regression model.

Tricuspid Annular Dilatation in Patients with TR

Despite the association of significant TR with increased mortality,2 the
disease often remains untreated partially because TR itself has not been
comprehensively and extensively studied. Thus far, the TV deforma-
tions including annular dilatation, leaflet tethering, and insufficient
coaptation status have been shown to be the main mechanisms in
the development of functional TR.6,10,15 As first reported by Sagie
et al.,16 TA dilatation is the most consistent and important determinant
of significant TR. Kim et al.17 evaluated 64 patients with TR andRV dila-
tation and found that 2D TTE-TAD showed the independent associa-
tions with TR effective regurgitant orifice area. Utsunomiya et al.10

reported 36 patients with TR and RA dilatation secondary to long-
standingAF, all ofwhomhad amore dilated, circular, and dysfunctional
TA compared with normal controls. They also showed the 3D TEE-
derived TA area was a multivariable determinant of TR vena contracta
width irrespective of TR etiologies.10 On the other hand, the present
study focused not only on the size and shape of the dilated TA but
also on its orientation. The TA orientation, which represents the direc-
tion of TA expansion, was altered in patients with TR compared with
normal controls; however, its distribution ranged widely, suggesting
the clinical importance of asymmetrical TA expansion.

Using 3D echocardiography-based TV screening, we can deter-
mine TR subgroups stratified by TR etiology and functional and pri-
mary TR. However, we did not find fundamental differences in TA
area, shape, and orientation according to TR etiology. The posteriorly
displaced TAwas frequently noted in patients with AF. This posterior
TA expansion might be explained by the fact that the posterior wall is
the only region of the TA that is not constrained by other cardiac struc-
tures and thus there is less support in this region. In the present study,
a modest correlation between TA orientation and RA/RVend-systolic
volume ratio was observed in the TR subgroup with AF (R = 0.529,
P < .001; Supplemental Figure 1). However, the probable interaction
between right heart remodeling and the changes in TA morphology
remains unclear.

Effects of TA Orientation on the TAD Measurement

Tricuspid annular dilatation appears earlier in the course of the dis-
ease.18 Thus, current recommendations have incorporated enlarged
TAD in addition to TR severity as an indication for concomitant TV
annuloplasty at the time of left-sided heart surgery to avoid the occur-
rence of significant late TR and to promote RV reverse remodeling
and improvement of RV function.5 In daily clinical practice, 2D
TTE is the most common modality used to measure TAD. Standard
views of the TV on 2D TTE include the RV inflow, parasternal
short-axis, and apical four-chamber views, and recently the RV-
focused view has also been recommended as a potentially useful im-
aging window fromwhich to visualize the TV.4,11 However, a 2DTTE
measurement of the maximum dimension of the TV annulus will not
be as accurate as a 3D echocardiographic measurement since the TV
annulus is not optimally oriented for it to be measured from an apical
four-chamber view.19

During the past decade, 3D echocardiography has been developed,
which allows accurate quantitative and qualitative analysis of cardiac
structures including the TV.7-10,15 Dreyfus et al.9 evaluated 194 pa-
tients with wide range of TR severity and compared 2D TTE-TAD
measured in an apical four-chamber view and 3D TEE-TAD defined
as the longest dimension of the TA, showing the 2DTTE-TAD as being
smaller than the 3D TEE-TAD with a systematic 4 mm underestima-
tion. Addetia et al.14 analyzed 2DTTE and 3DTEE in 209 healthy vol-
unteers and found that the longest 3D TA dimension was significantly
larger than diameters measured from both 2D TTE and 3D multipla-
nar reconstruction. Similar to the results of Dreyfus et al.9 and Addetia
et al.,14 we also found in patients with TR that 2D TTE-TAD is highly
correlated with 3D TEE-TAD but 2D TTE-TAD is significantly smaller
than 3D TEE-TAD, with a mean bias of 3.9 6 2.6 mm.

A very important point from our study is that when TA orientation
deviates from 90�, the largest dimension is missed in an apical four-
chamber view on 2D TTE (Figure 6A). Theoretically, in such cases,
other 2D TTE planes including the RV inflow view with coronary si-
nus orifice and the RV inflow-outflow view approximately parallel to
the coronal section of the RV would be more accurate to identify the
largest TA dimension than the apical four-chamber view (Figure 6B).

Clinical Implications

Ring annuloplasty is currently considered as the standard surgical pro-
cedure for TR; therefore, there is a primary emphasis on TA size in the
current guidelines. In contrast, TA orientation has received less atten-
tion than TA size, and our findings indicate that TA orientation differs
among normal controls and TR subgroups. As for the transcatheter
TV leaflet clip procedure, a recent study showed that a central/ante-
roseptal TR jet location and small coaptation gap size independently
predicted procedural success.20 Therefore, assessing the orientation
of the dilated annulus, detecting the exact location of proximal flow
convergence, and then first trying to capture the diseased lesion
correctly might be of vital importance for this procedure. With antic-
ipation of improvements in transcatheter TV interventions in the
future, this 3D echocardiography information may be utilized to
improve the chances for procedural success.
Limitations

This study has several limitations. First, this was a retrospective single-
center study from a tertiary referral center. Therefore, this study is not
free of referral bias. Second, our results may not guarantee an excel-
lent feasibility for measuring 3D TV parameters in general. To obtain
clear 3D TEE images that make accurate TV measurements possible,
it is of great importance to improve 3D images of the TV leaflets with
slight and proper modification of gain setting, probe depth, angle,
focus distance, and size of area of interest and to ensure enough frame
rate. In addition, 3D TEE is not the only tool available to accurately
obtain TAD. A recent publication by Volpato et al.21 reported the use-
fulness of 3D TTE-based TAD measurement in 70 patients with
various cardiac conditions including significant TR (�20% of study
population). Also, in the present study, a very small bias between
3D TTE-TAD and 3D TEE-TAD was observed in patients with grade
$3+ TR (Figure 5A). Third, our study is limited by the lack of gold
standard cardiac computed tomography imaging or pathologic confir-
mation. Most recently, Praz et al.22 investigated 38 patients with se-
vere TR and showed that semiautomated indirect planimetry results
in high agreement between TEE and computed tomography for TA
area and perimeter. Also, in the present study, the mitral module of
the QLAB MVN software was used in an off-label fashion for semiau-
tomated indirect measurement of 3D TEE-TAD during diastole.
However, the accuracy of 3D TEE-TAD and TA orientation needs
to be validated. Fourth, while the AF group does have more patients
with TA orientation >120�, it is also important to note that the large
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majority of AF patients have TA orientation <120� (Figure 3B).
Therefore, clinical factors associated with the occurrence of more pos-
teriorly displaced TA in AF patients, such as AF duration, should be
elucidated. Finally, serial TV assessment and clinical follow-up were
not performed; therefore, the actual impact of TA orientation on
worsening TR and clinical outcomes remains unclear.
CONCLUSION

The inconsistencies between measured 2D TTE-TAD and the actual
annular diameter can be explained through morphologic factors
such as TA size and orientation. In patients with clinically significant
TR, a 3D cutoff value for TA enlargement and a comprehensive
method for the measurement of TAD using both 2D and 3D echocar-
diography need to be established.
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Supplemental Figure 1 Correlations between TA orientation (a�) and RA/RV end-systolic volume ratio. (A) Patients with AF. (B) Pa-
tients with SR.
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