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Abstract
Objective—To demonstrate the clinical feasibility of accurately measuring tricuspid annular area
by 3-dimensional (3D) transesophageal echocardiography (TEE) and to assess the geometric
differences based on the presence of tricuspid regurgitation (TR). Also, the shape of the tricuspid
annulus was compared with previous descriptions in the literature.

Design—Prospective.

Setting—Tertiary care university hospital.

Interventions—Three-dimensional TEE.

Participants—Patients undergoing cardiac surgery.

Measurements and Main Results—Volumetric data sets from 20 patients were acquired by
3D TEE and prospectively analyzed. Comparisons in annular geometry were made between
groups based on the presence of TR. The QLab (Philips Medical Systems, Andover, MA) software
package was used to calculate tricuspid annular area by both linear elliptical dimensions and
planimetry. Further analyses were performed in the 4D Cardio-View (TomTec Corporation
GmBH, Munich, Germany) and MATLAB (Natick, MA) software environments to accurately
assess annular shape. It was found that patients with greater TR had an eccentrically dilated
annulus with a larger annular area. Also, the area as measured by the linear ellipse method was
overestimated as compared to the planimetry method. Furthermore, the irregular saddle-shaped
geometry of the tricuspid annulus was confirmed through the mathematic model developed by the
authors.

Conclusions—Three-dimensional TEE can be used to measure the tricuspid annular area in a
clinically feasible fashion, with an eccentric dilation seen in patients with TR. The tricuspid
annulus shape is complex, with annular high and low points, and annular area calculation based on
linear measurements significantly overestimates 3D planimetered area.
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In patients with left-sided valvular disease, tricuspid regurgitation (TR) is most often
functional, with normal tricuspid valve (TV) morphology, and often is associated with right
ventricular (RV) dysfunction.1–3 The favorable prognostic effects of TV annuloplasty, as an
adjunct procedure under these circumstances, are well established.4–8 However, prior to the
development of clinically significant TR, the annulus undergoes significant remodeling
through dilation when RV dysfunction is potentially reversible.9 Therefore, during left-sided
valvular surgery, TV annuloplasty often is recommended for annular dilation even in the
absence of significant TR.10,11 This decision is based on echocardiographic evidence of the
‘functional’ nature of the TR and demonstration of tricuspid annular dilation. Therefore, in
addition to leaflet structure and function and quantification of TR, accurate
echocardiographic measurement of tricuspid annular dimensions has important clinical and
surgical implications.

Despite its importance, the echocardiographic views and axes to measure the tricuspid
annular diameter are not well established.12 In addition, some studies suggest that the actual
axis of annular dilation may be different from those routinely measured during
echocardiography.13–15 As the tricuspid annulus has a complex and irregular shape, the
concept of estimating area from a linear diameter in one axis is flawed intuitively. To better
understand the complex tricuspid annular structure, there have been a number of invasive
animal studies or in vitro models.16–18 In humans, the volumetric nature of the 3-
dimensional (3D) data with transesophageal echocardiography (TEE) has the potential to
allow a more comprehensive assessment of the tricuspid annulus. Ready availability of real-
time 3D TEE (RT-3D TEE) already has provided a better geometric understanding of
similar complex intracardiac structures, such as the mitral annulus.19,20 The 3D data are
particularly useful to analyze nonplanar structures and to make accurate linear
measurements using the multiplanar reformatting (MPR) method. MPR is a method by
which the 3D data set may be manipulated to ensure that planes for measurement are
precisely across the structure of interest, ensuring that there is no ambiguity or parallax error
in dimensions. The authors, therefore, sought to demonstrate the clinical feasibility of
geometric reconstruction of the tricuspid annulus utilizing volumetric data obtained with
RT-3D TEE. To compare tricuspid annular shape with what has been described previously,
the authors analyzed tricuspid annular area by both the 2D ellipsoid method and planimetry
via 3D MPR.

MATERIALS AND METHOD
The study was conducted as a part of an Institutional Review Board–approved protocol with
a waiver of informed consent for prospective data collection in cases undergoing routine
intraoperative TEE examinations for cardiac surgery. Data from 20 consecutive patients
with echocardiographically adequate 3D images were used for analysis (Table 1). All
patients had normal RV function and structurally normal TVs.

All TEE examinations were conducted after induction of general anesthesia and prior to the
institution of cardiopulmonary bypass and were conducted with an iE-33 ultrasound system
with an X7-2t TEE probe (Philips Medical Systems, Andover MA), capable of RT and R-
wave-gated 3D data acquisition. The 3D data were acquired during brief periods of apnea
without electric interference or patient movement over 4 to 8 R-wave-gated cycles. Image
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acquisition was initiated in the midesophageal 4-chamber view, and the TEE probe was
positioned to include the entire tricuspid annulus in the sector boundaries. Then,
echocardiographic data, which were devoid of artifacts and image dropout, were exported
via digital media in Digital Imaging for Communication in Medicine format (the standard
echocardiography export format) to a Windows-based workstation (Windows 7, Microsoft
Corporation) equipped with Image Arena software (TomTec Corporation GmBH, Munich,
Germany) for analysis. The data were accessed by the 4D Cardio-View (version 2.1) module
in Image Arena for further processing. All analyses were conducted at end-diastole in the
frame immediately prior to initiation of TV closure.

In the 4D Cardio-View interface, the sagittal, coronal, and transverse views were displayed
simultaneously, with the rendered 3D image in the lower right quadrant (Fig 1). The TV was
identified, and with manipulation of the software controls, the MPR was aligned with the
tricuspid annulus in the sagittal and coronal planes. The points of intersection of the MPR
planes were manipulated to cross the point of coaptation in the sagittal and coronal planes
and through the center of the transverse plane. A digital landmark was added to the point of
insertion of the septal leaflet of the tricuspid leaflet in the coronal plane. Next, the transverse
plane was rotated and opposing annular points digitally marked in the associated coronal and
sagittal planes in a series of 16 paired points (32-point software limit), until the entire
annulus was represented. These digital annular points were displayed simultaneously in the
3D rendered image in the lower right quadrant (Fig 1). Then, the 3D data of the spatial
orientation of the annular points (x, y, and z coordinates) were exported as a comma-
separated version text file.

Each comma-separated version file containing the spatial coordinate data was exported to
the MATLAB environment where the tricuspid annulus for each patient was to be
graphically visualized. Then, the appropriate anterior, posterior, septal, and lateral points
corresponding to the coordinates labeled in 4D Cardio-View were identified in the
MATLAB environment. The 3D distance was calculated between anterior and posterior
points and labeled as the anterior-posterior (AP) diameter. Also, the 3D distance between the
septal and lateral points was calculated and labeled as the septal-lateral (SL) diameter. Then,
the annular height was calculated by subtracting the maximum z coordinate from the
minimum z coordinate for each data set (Fig 2). The 2D area was approximated by
calculation with the ellipse formula, using AP and SL diameters as the orthogonal
dimensions. The ellipse formula can be described as follows: Area = π × ½AP × ½SL.

For the second portion of the analysis, the 3D data were then accessed by QLab (version
8.1) to calculate the diameters and area using planimetry. Manipulation of the 3D data sets
by MPR was performed to accurately identify the transverse, coronal, and sagittal
dimensions of the tricuspid annulus (Fig 3). The SL and AP dimensions were measured in
the coronal and sagittal plane, respectively, and then, the tricuspid annulus was planimetered
in the transverse plane to obtain a tricuspid annular area directly.

STATISTICAL ANALYSIS
The groups were divided into ‘Group 1’ with none-to-trace TR and ‘Group 2’ with mild or
greater TR (Table 2). This grouping was based on TR severity agreed upon by 2 National
Board of Echocardiography–certified anesthesiologists. Following this, statistical analysis of
geometric variables was conducted by 2-tailed t-tests for unpaired parameters between these
groups. The parameters of AP and SL diameters and height were compared between Group
1 and Group 2, as well as the tricuspid annular area calculated by both methods.

After these variables were compared between Group 1 and Group 2, an additional analysis
among all the patients was performed to compare the areas as measured by the 2 methods of
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MATLAB and QLab. Paired t-tests were used to assess whether there was any difference in
areas calculated between these methods, as the MATLAB area calculation was based on
linear dimensions, whereas the QLab measurement was based on direct planimetry. A
scatterplot for linear regression was constructed to assess the correlation of these
measurements, and the Bland-Altman analysis was completed to assess their agreement.

RESULTS
Echocardiographic data from 20 consecutive patients were collected, with 3 patients
excluded for atrial fibrillation (unable to obtain R-wave-gated acquisitions) and one with
inadequate image quality for analysis. No differences in demographics were found among
these 20 patients, except for a significant increase in weight in Group 1 (Table 1).

From analysis of the data in MATLAB after importing the coordinates from Image Arena
(Table 3), there was a significantly larger diameter in both the SL and AP diameters of the
tricuspid annulus in Group 2 (p = 0.0060 and 0.041, respectively). Also, the area as derived
from the ellipse formula was significantly larger in Group 2 (p = 0.0045). However, the
annular height did not differ between the 2 groups (p = 0.70), nor did the ratios of the height
to SL and AP diameters (p = 0.24 and p = 0.34, respectively).

From the QLab analysis, similar findings were obtained (Table 4). An increased SL diameter
was seen in Group 2 with a p value of 0.02, and the AP diameter was larger but narrowly
insignificant with a p value of 0.07. Also, the area as measured by planimetry using MPR in
the QLab environment was significantly larger in Group 2 (10.71 ± 2.87 cm2) than Group 1
(7.32 ± 1.73 cm2) with a p value of 0.0039.

When comparing measurements among all the patients with the 2 modalities of MATLAB
and QLab (Table 5), the SL diameter did not differ between techniques, whereas the AP
diameter was slightly larger when measured by MATLAB (p = 0.05). The area, however,
was much larger when measured by the area of ellipse by MATLAB (10.28 ± 3.11 cm2)
when compared to the area measured by direct planimetry in QLab (8.67 ± 2.77 cm2), with a
p value of 0.0069. Although the area measurements by these 2 methods had reasonable
correlation with r = 0.68 (Fig 4), the distribution displayed by the Bland-Altman analysis
indicates that the MATLAB measurements consistently were larger than the areas as
measured by QLab (Fig 5). On this analysis, the bias was 1.61 cm2, precision −0.71 cm2 to
3.98 cm2, and limits of agreement −3.13 to 6.35 cm2.

DISCUSSION
This study has highlighted that it is clinically feasible to geometrically analyze 3D TEE-
acquired echocardiographic data of the TV using commercially available software.
Furthermore, using the described 3D reconstructive mathematic methodology in MATLAB,
the structure of tricuspid annulus outlined in the study conforms to its earlier descriptions in
the literature.13–16,21,22 The results demonstrated that the tricuspid annulus has a saddle
configuration with annular high and low points, similar to those described in previous
models (Table 6). It is also irregular in shape, thus further questioning the concept of using
linear measures to describe the dimensions and area. Importantly, the calculated annular area
using the 2D ellipsoid method was significantly larger than the 3D planimetered area of the
tricuspid annulus (p = 0.0069). Due to the assumptions inherent in area measurements of an
irregular annulus based on linear orthogonal dimensions, planimetered area obtained using
3D MPR is likely a more accurate representation of the tricuspid annulus. Also, the authors
were able to show differences in multiple anatomic parameters between Group 1 and Group
2. The results showed that both SL and AP diameters were increased in Group 2. However,
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the degree of dilation in the SL axis was of greater magnitude in Group 2, suggesting an
eccentric axis of dilation. Also, the tricuspid annular area was shown to be larger by both
ellipsoid calculation and planimetry in Group 2 patients. With this increase in diameters and
area, a concomitant reduction in annular height was not seen in Group 2, as has been
suggested by previous studies.13,23 Unlike the mitral valve, tricuspid annular height to either
AP or SL diameter ratio or the nonplanarity angle significantly did not differentiate the 2
groups,24 implying a more complex saddle shape (Table 3). However, the increase in
annular dimensions with no associated change in height implies a relative flattening of the
annulus qualitatively.

Tricuspid annular dimensions are used as markers of the chronicity of regurgitation and RV
dysfunction.1–3 However, the most suitable 2D TEE view for the measurement of tricuspid
annular diameters is not well established.12 Due to the irregular shape and complex
geometry, tricuspid annular area calculations derived from linear measures and based on the
assumptions of circular shape obviously are incorrect.13–16,21,22 The annular marking
methodology used in this study is based on visual tracking in 3D space and devoid of
assumptions of geometric shape. Due to the eccentric axis of dilation of the tricuspid
annulus, it also is intuitive to assume that planimetry would be a more suitable technique to
derive annular area. Many of the prior descriptions of tricuspid annular geometry were based
on time-consuming laboratory techniques or customized software.13,15–18 In this study, the
authors were able to perform similar reconstruction using 3D echocardiographic data
acquired during routine clinical care using commercially available software. Despite being
an off-line technique, the results were readily available, making it a clinically applicable
technique. With tricuspid annular dimensions gaining significance as the basis of surgical
decision making, prompt availability of this information can have a significant clinical
influence on patient care and outcome.

This study was significant in that it demonstrated the clinical feasibility of assessment of
tricuspid annular geometry and the limitations of tricuspid annular area estimations based on
single-axis linear measures. Due to its eccentric axis of dilation, 3D planimetry utilizing
MPR should be a more accurate estimate of tricuspid annular area. Therefore, the use of the
circumferential tricuspid annular area as a marker for annular dilation is a more logical and
accurate option than single-axis linear measures and indirect area calculation. This irregular
shape of the tricuspid annulus possibly explains the differences in annular diameters
obtained from previous studies (Table 5). By providing an accurate tricuspid annular area,
this methodology also has the potential to influence intraoperative surgical decision making
and postoperative outcome.

The authors identified certain limitations of the study. Firstly, although the reconstruction
and analysis of the tricuspid annulus was based on RT-3D data, it was performed off-line.
However, the results of the analysis were available within minutes of data acquisition. The
MATLAB portion of the analysis was time consuming, yet this reconstruction was
conducted only to confirm annular shape with previous descriptions and not to show its
clinical feasibility. Secondly, the study group consisted of patients undergoing cardiac
surgery and, therefore, did not represent truly a normal population. Also, when patients were
divided based on the quantification of TR, the comparison groups were small. Larger studies
to determine the strength of this correlation between geometry and function should be
conducted in the future. However, the results of the study indicated that this would be a
worthwhile undertaking.

In conclusion, the authors were able to acquire RT-3D TEE data and analyze it to describe
the tricuspid annular shape and dimensions in a clinically feasible fashion. The results
showed that the tricuspid annulus is irregular in shape; hence, annular area derivation from a
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single-axis linear measure is not accurate. Also, differences in annulus shape were
demonstrated when patients were grouped according to the presence of TR. This information
may be helpful during intraoperative surgical decision making to accurately diagnose
tricuspid annular dilation and guide annuloplasty procedures.
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Fig 1.
Tricuspid annulus recreated with 32 landmark points in the TomTec 4D Cardio-View
environment. All points are represented in the 3D representation of the right ventricle at the
bottom right corner.
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Fig 2.
An example of a mathematic reconstruction of the tricuspid annulus in MATLAB following
importing of coordinates from TomTec 4D Cardio-View. The upper frame shows a plot of
all the coordinates in the 3 dimensions of X, Y, and Z. The least-square plane fit line
represents the neutral plane of the annulus, which is used as the baseline in the lower panel.
Here, the annular high and low points are indicated as +Z and −Z to reconstruct the 3D
annulus.
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Fig 3.
Tricuspid annular data imported into the QLab MPR environment to accurately measure
planimetered annular area in the bottom left corner. Through 3D manipulation of the coronal
and sagittal planes, an ideal axial plane for measurement by planimetry can be achieved.
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Fig 4.
Scatterplot of tricuspid annular area as measured by the ellipse formula in MATLAB versus
area as measured by direct planimetry by 3D MPR in QLab.
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Fig 5.
The Bland-Altman analysis to compare the agreement of the tricuspid annular area as
measured by the ellipse formula in MATLAB versus area as measured by direct planimetry
by 3D MPR in QLab. (Color version of figure is available online.)
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Table 1

Preoperative Data

Group 1 Group 2 p Value

Number of patients 12 8

Sex 8M, 4F 4M, 4F

Age 69.1 ± 6.5 71.3 ± 12.9 0.62

Height (in) 67.2 ± 3.0 66.5 ± 2.6 0.62

Weight (kg) 90.6 ± 14.6 74.6 ± 10.1 0.01
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Table 3

TomTec-acquired Data

Group 1 Group 2 p Value

SL diameter (cm) 3.25 ± 0.41 3.96 ± 0.61 0.0060

AP diameter (cm) 3.42 ± 0.37 3.96 ± 0.74 0.041

Annulus height (cm) 1.87 ± 0.90 1.73 ± 0.57 0.70

Area by the ellipse formula (cm2) 8.78 ± 1.41 12.54 ± 3.67 0.0044

Height-to-SL ratio 0.59 ± 0.33 0.44 ± 0.15 0.24

Height-to-AP ratio 0.56 ± 0.29 0.45 ± 0.19 0.34
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Table 4

QLab-acquired Data

Group 1 Group 2 p Value

SL diameter (cm) 3.17 ± 0.60 3.90 ± 0.70 0.022

AP diameter (cm) 3.10 ± 0.61 3.67 ± 0.72 0.072

Area by planimetry (cm2) 7.32 ± 1.73 10.71 ± 2.87 0.0039
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Table 5

MATLAB versus QLab Data

MATLAB QLab p Value

SL diameter (cm) 3.53 ± 0.60 3.46 ± 0.72 0.55

AP diameter (cm) 3.63 ± 0.59 3.33 ± 0.70 0.050

Calculated area (cm2) 10.28 ± 3.11 8.67 ± 2.77 0.0069

NOTE. Areas calculated by area for ellipse in MATLAB and planimetry in QLab.
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