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Abstract

Background—Accurate identification of tricuspid valve (TV) leaflets by two-dimensional (2D)
transthoracic echocardiography is difficult because of variability in the intersection between the
imaging plane and leaflets. Using information obtained from multiplanar reconstruction (MPR) of
three-dimensional (3D) data sets, the investigators sought to define “novel” 2D views that would
allow targeted interrogation of TV leaflets using 2D transthoracic echocardiography.

Methods—Images of the TV in the standard 2D views (apical four chamber, right ventricular
focused, right ventricular inflow, and parasternal short axis) and 3D data sets were acquired from
the same probe position in 106 adults. Three-dimensional MPR was used to determine which
leaflet combination was seen in the 2D image: anterior and septal, anterior and posterior, anterior
alone, or posterior and septal. Using this analysis, 2D landmarks were identified to define
nonstandard TV views tailored to depict specific leaflets. Two-dimensional images in these views
and 3D data sets were then prospectively collected in 54 additional patients. Three independent
readers analyzed these 2D views to determine TV leaflet combinations, and their interpretation
was compared with 3D MPR—-derived reference.

Results—Three-dimensional MPR views made it possible to define six nonstandard 2D views on
the basis of anatomic clues and landmarks, which consistently depicted all the aforementioned
leaflet combinations. When these six views were prospectively tested, the agreement of TV leaflet
identification against 3D MPR was excellent (x=0.88, x=0.93, and » = 0.98).

Conclusion—The nonstandard 2D views defined in this study allow accurate TV leaflet
identification and may thus be useful when localization of TV leaflet pathology is clinically
important. (J Am Soc Echocardiogr 2016;29:74-82.)
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Standard views of the tricuspid valve (TV) on two-dimensional (2D) transthoracic
echocardiography (TTE) include the right ventricular (RV) inflow (RVIF), the parasternal
short-axis (PSAX), and the apical four-chamber (A4C) views. Recently the RV-focused
(RVF) view has also been introduced as a potentially useful imaging window from which to
visualize the TV. Typically, only two of the three TV leaflets are seen in each of these views.
Prominent echocardiographic textbooks differ considerably when it comes to describing
which two leaflets are being seen in each view,1~* leading to the belief that there is no
consistency in the TV leaflet pairs imaged in any one of the three standard views. With the
advent of three-dimensional (3D) echocardiography, it is possible to determine, using multi-
planar reconstruction (MPR), where the 2D echocardiographic cut plane falls in relation to
the 3D tricuspid leaflet-annulus complex® and thereby determine with confidence which
leaflets are visualized. This knowledge has reinforced the fact that with 2D
echocardiography alone, it is impossible to be sure which TV leaflets are being imaged.

Significant efforts have been invested in understanding which scallops of the mitral valve are
visualized on both transthoracic’8 and transesophageal echocardiographic views.%-12 In
contrast, little effort has been invested in understanding the position of the 2D imaging cut
planes relative to the TV leaflets®8 and which leaflets are being imaged accordingly. This is
likely because until recently, it has been more difficult to image the TV than the mitral valve.
Three-dimensional TTE allows the simultaneous visualization of all three TV leaflets. It is
especially helpful for imaging the TV because of the close proximity and anterior position of
this valve to the chest wall. We hypothesized that this inherent advantage of 3D over 2D
TTE could help determine which tricuspid leaflets are visualized in standard 2D imaging
views and aid in modifying the 2D imaging planes during acquisition to increase the
confidence regarding which TV leaflets are being visualized. The aim of the present study
was to use MPR of 3D data sets obtained from the RVIF, PSAX, A4C, and RVF views to (1)
determine the prevalence of leaflet pairs visualized on each of the standard views, (2) define
a set of nonstandard 2D views that would consistently depict specific combinations of TV
leaflets, and (3) prospectively test these predefined 2D views in an independent group of
patients.

METHODS

Patient Population and Study Design

One hundred sixty patients with a wide range of RV sizes and function and tricuspid annular
sizes without previous TV surgery were prospectively studied. All patients had undergone
clinically indicated TTE. Of these patients, the first 106 patients became the study group,
and the following 54 became the test group. Table 1 summarizes the baseline characteristics
of both groups. The study group was used to address the first and second aims, whereas the
test group was used to address the third aim. Specifically, using data obtained from the MPR
analysis of the study group, 2D view-specific details were identified to describe nonstandard
2D views tailored to depict specific TV leaflets. Two-dimensional acquisitions of these
“novel” views combined with the 3D data sets obtained from the identical transducer
position were subsequently prospectively collected in the test group. These nonstandard
views were reviewed by three independent observers, whose determination of which leaflets
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were visualized were compared with 3D MPR reference. The study was approved by the
institutional review board.

Protocol I: The Study Group

In the study group, digital cine loops of the TV were acquired in the three standard 2D
views: A4C, RVIF, and PSAX, as well as in the RVF view (iE33; Philips Medical Systems,
Andover, MA) by a single sonographer using the fully sampled matrix-array X5 transducer.
For each of the four transducer positions on the chest wall, a full-volume 3D data set was
acquired immediately after the 2D acquisition (Figure 1). Full-volume or zoomed
acquisitions were performed using electrocardiographic gating over four consecutive cardiac
cycles during a single breath-hold.13

MPR of 3D Data Sets

Digital 3D data sets were analyzed offline using commercial software (QLAB version 9.0;
Philips Medical Systems) to determine which combination of leaflets (anterior and septal
[A-S]; anterior and posterior [A-P]; posterior and septal [P-S]; posterior, anterior, and septal;
or anterior alone [ANT]) was visualized in each 2D image. This was done by manipulating
the data set using QLAB with 3DQ functionality (Figure 2). The green plane (Figure 2, fop
lef?) represented the original 2D input. The position of this plane was not adjusted. To
determine which leaflets were depicted in the original 2D image, the red (orthogonal) and
blue (cross-sectional) planes were adjusted to depict a cross-section of the TV as viewed
from the RV perspective. The leaflets seen in the original 2D imaging plane were then
determined by carefully assessing the intersection between the green plane and the blue
plane in systole and diastole (Figure 2). In the study group, the combinations of TV leaflet
pairs were counted to obtain the percentage frequency of each combination for each of the
standard views.

Protocol II: The Test Group
Three independent readers were requested to analyze the nonstandard 2D views obtained in
the test group and to identify the TV leaflets in each image. This was done after a brief
teaching session, which described the novel 2D views and the TV leaflets expected to be
visualized in each of these novel views. The interpretation of these readers was compared
with the 3D MPR-based analysis, which was performed by an independent investigator.

Statistical Analysis

In protocol 11, r statistics of agreement between categorical variables were used to compare
the 2D and 3D MPR determinations. The calculated x coefficients were judged as follows: 0
to 0.20, low; 0.21 to 0.40, moderate; 0.41 to 0.60, substantial; 0.61 to 0.80, good; and >0.80,
excellent.

RESULTS

Of the 106 study group patients, 25 did not have 2D or 3D data sets from the RVF view of
sufficient quality. Time required for the MPR analysis was approximately 25 sec/view and
approximately 75 sec/patient on a standard personal computer.
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The frequency of leaflet combinations seen in the 2D images is summarized in Figure 3. In
the A4C view, the P-S combination was seen in the majority of patients (96 of 106 [91%)]).
The A-S combination was seen in only 10 of 106 (9%). In the RVF view, the P-S
combination was almost exclusively seen (80 of 81 [99%]); in the single patient in whom the
A-S combination was seen, the left ventricular outflow tract was seen, and therefore the
acquired image was not a true RVF view. In the RVIF view, the A-S combination was seen
in most patients (80 of 106 [75%]), while in the remaining 26 patients, the A-P combination
was visualized. Interestingly, in none of the RVIF acquisitions was the P-S combination
noted. In the PSAX view, the A-P combination was seen in fewer than half of the patients
(43 of 106 [41%]). The next most common leaflet combination in this view was the P-S
combination, in 24 of 106 (23%), followed by the A-S combination, in 12 of 106 (11%). In
this view, it was also possible to image the anterior leaflet alone, as was the case in 14 of 106
patients (13%); at times, all three TV leaflets could be visualized simultaneously in 13 of
106 (12%).

In the RVIF view, the leaflet seen to the right of the 2D image (nearest the aortic valve) was
always the anterior leaflet. When the RVIF view was acquired with the septum in view, the
A-S leaflet combination was always imaged. When the septum was not visualized, it was not
possible to determine from the 2D image whether the septal or posterior leaflet was being
imaged, because the 2D image with the A-S leaflet combination and the image with the A-P
combination looked similar (Figure 4).

The PSAX view showed the most leaflet combination possibilities of all views (Figures 3
and 5). Some consistent observations included the following. The leaflet closest to the aortic
valve was always the anterior or septal leaflet and never the posterior leaflet. The leaflet
farthest from the aortic valve and arising from the RV free wall was either the posterior or
the anterior leaflet and never the septal leaflet.

When the ANT leaflet was in view (14 cases), the aortic valve was visible in all cases, and in
13 of 14 cases, all three leaflets of the aortic valve were also visualized. In this view, the
ANT leaflet was seen as a single leaflet (Figure 5A, Videos 1 and 2). When the A-P
combination was seen (43 cases), the aortic valve was always in view, and in 39 of 43 cases,
all three aortic leaflets were also seen in the same plane. Additionally, the A-P leaflets came
together at a central coaptation point (Figure 5B, Videos 3 and 4). When the A-S leaflets
were seen together, the septal leaflet was always on the side of the aorta. In this view, the
aorta was not as well seen as it was when the A-P combination was imaged. This is because
the septal leaflet arises from the membranous septum, and in order for it to be in the imaging
plane, the plane would need to contain the septum. Of note, the septal leaflet was often the
smaller of the two, and the coaptation between that A-S leaflet was closer to the aorta and
therefore not midline. This view did not have particular landmarks and was therefore
difficult to reproduce with certainty. When the P-S combination was imaged, the aortic valve
was either poorly visualized or not seen at all (22 of 24 cases). In this plane, the left
ventricular outflow tract or septum was visualized throughout most of the cardiac cycle
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(Figure 5C, Video 5). Once again, this is because the septal leaflet arises from the
membranous septum, so that throughout the cardiac cycle, ether the septum or the left
ventricular outflow tract was seen in place of the aorta. This view was also difficult to
reproduce, as the very basal short-axis plane that rendered this leaflet combination was
difficult to consistently reproduce in different patients. Finally, in the PSAX view,
occasionally, all three leaflets were seen simultaneously. The septal leaflet was on the side of
the aorta and often appeared small, while the anterior leaflet was in the middle and the
posterior leaflet was against the RV free wall.

The Apical Views

The apical views included both the A4C and the RVF views. The advantage of the RVF view
was often the fact that the leaflets could be better visualized in both the zoomed and full-
volume data sets. First, it was observed that when the best RVF view was obtained, P-S
leaflets were consistently imaged (Figure 6A). When the left ventricular outflow tract was
visualized, the A-S leaflets were seen, and when the coronary sinus was visualized, the P-S
leaflets were viewed (Figures 6B and 6C).

The Test Group

Anatomic landmarks identified to direct 2D interrogation of the TV leaflets in the test group
are tabulated in Table 2 and elaborated in Figure 7. When these six nonstandard 2D views
were tested, the agreement of TV leaflet identification for all three readers against 3D MPR
was excellent (= 0.88, x=0.93, and = 0.98).

DISCUSSION

The most important textbooks in echocardiography as well as recent societal guidelines are
inconsistent when describing which specific tricuspid leaflet combinations are visualized
from each of the standard TV views.1~# The most commonly proposed descriptions suggest
that the posterior and anterior leaflets are seen in the RVIF view, whereas the septal and
anterior combination are visualized in the PSAX view and the septal and anterior leaflets in
the A4C view. Three-dimensional analysis in our study resulted in data that challenge the
textbooks and guidelines, as they demonstrate that it is impossible to predict with certainty
the TV leaflet combination visualized in any of the standard 2D views.

Unlike the mitral, the TV has three leaflets, and even slight variations in probe position
result in different imaging planes and therefore different leaflet combinations. The clinical
significance of identifying the correct TV leaflets is seen in this example (Figure 8). A
patient may have minimal tricuspid regurgitation when visualizing the TV from one RVIF
position and severe tricuspid regurgitation with leaflet malcoaptation when the valve is
visualized from a different RVIF position. This is simply because in the first instance, the 2D
cut plane is close to the septum and therefore images the A-S leaflet combination, while in
the second instance, the cut plane is far away from the septum so that the A-P combination is
viewed. The leaflet malcoaptation was between the anterior and the posterior leaflets (Figure
8). In the initial part of our study, we were able to demonstrate that it is essentially not
possible to predict which leaflet combination is being imaged in any standard 2D view of the
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TV. We performed 2D and 3D imaging of the TV in the RVIF, PSAX, and A4C views,
demonstrating that both the A-S and the A-P combinations were possible in the RVIF view;
the A-S, A-P, ANT, P-S, and posterior, anterior, and septal were all possible in the PSAX
view; whereas the A-S and P-S combinations were seen in the A4C view. Similar
conclusions have been drawn by another group using a similar analysis.®

Recent studies indicate that moderate and severe tricuspid regurgitation has a detrimental
impact on morbidity and mortality.24-16 For this reason, there has been renewed interest in
the literature to better understand the anatomy and physiology of the TV.17-20 Localization
of TV pathology is important in this regard. With the help of 3D MPR analysis, we were
able to identify, in each of the standard 2D views, particular landmarks, which would enable
targeted imaging of specific tricuspid leaflets pairs. On the basis of these landmarks, we
propose six nonstandard novel 2D views: the RVIF plus septum view to interrogate the A-S
leaflets, the PSAX single-leaflet view to visualize the ANT leaflet, the PSAX two-leaflet
view to depict the A-P combination, the RVF view and the A4C view with coronary sinus
visualization to image the P-S combination, and finally the A4C view with the left
ventricular outflow tract to display the A-S combination (Figure 7). When these 2D views
were prospectively tested, there was excellent agreement between the 2D interpretation and
the MPR analysis. Using these novel views, it was possible to determine with confidence
which TV leaflets were imaged.

Targeted analysis of the TV would allow improved localization of TV leaflet pathology (e.g.,
endocarditis), improved assessment of mechanical leaflet problems (e.g., prolapse, flail), and
clarification of the mechanisms of tricuspid regurgitation (e.g., as in the case of tricuspid
regurgitation due to malcoaptation between specific leaflets). For example, in a patient with
TV prolapse, using the proposed targeted novel views, it was possible to localize the
prolapse to the anterior leaflet (Figure 9). First, in the A4C view with the coronary sinus
visualized, the prolapse was not seen (Video 6), suggesting that the prolapse did not involve
the posterior or septal leaflets. In the AAC view with left ventricular outflow tract, the
prolapse was seen (Video 7), demonstrating that the pathology was located in the anterior
leaflet. MPR analysis in each of the 2D views and subsequent 3D zoom analysis from the
right atrial perspective (Figure 9) confirmed these findings.

TV leaflet pairs on 2D echocardiography have been studied using 3D analysis before. In the
most recent study,® leaflet combinations were studied for each of the three standard TV
views on 2D echocardiography. In this study, the A-S combination was most frequently seen
in the A4C view. Our results are different, because we found that in this view, the P-S
combination was the most frequently encountered. This difference may be sonographer
specific, due to a more posteriorly positioned 2D plane used to acquire the A4C view in our
study, whereas, in a study by Stankovic et al.,8 the 2D plane used to image the A4C view
was positioned more anteriorly. Our results agree in part with the results of Stankovic et al.
for the RVIF view. Both studies showed that if the septum is on display in the 2D view, the
TV leaflets imaged are the septal and the anterior. If the septum is not visualized, the most
commonly imaged leaflet pair, in our study, was sill the A-S combination (about three
quarters of cases), while the most commonly imaged pair in the study by Stankovic et a/.
was the A-P combination (also in three quarters of cases). In the PSAX view, both studies
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showed that it was possible to see all three TV leaflets simultaneously. When this occurred,
the posterior leaflet was closest to the RV free wall, the septal leaflet was closest to the aorta,
and the anterior leaflet was between these leaflets. In addition, in both studies, the leaflet
adjacent to the aortic valve was either the anterior or septal leaflet, never the posterior
leaflest. The most common leaflet combination seen was the A-P combination. We identified
a novel view in which only the anterior leaflet was visualized. This view has not been
described before and provides an alternative way to image the anterior leaflet with certainty.
Finally, we also studied the RVF view. By convention, the RVF view is obtained by moving
the probe more laterally to focus on the right ventricle. This movement also forces the 2D
cut plane to present the right ventricle in a nonforeshortened view while maximizing its
basal dimension. This is naturally a more posterior cut plane, such that the P-S combination
was more likely imaged in this view.

In an older study, Anwar et al° also used 3D echocardiography to determine TV leaflet
combinations seen in the standard 2D views. They showed that the leaflet combination seen
in the A4C and RVIF views was exclusively A-S. The posterior leaflet was not seen in the
RVIF view. In the PSAX view, the A-P combination was the most frequent, followed by the
A-S combination.

Three-dimensional transesophageal echocardiography does not offer the same incremental
benefit in TV imaging as it does for the mitral valve, because unlike the latter valve, the TV
is predominantly located in the far field. Cardiac magnetic resonance imaging is not reliable
in imaging fast-moving structures such as valve leaflets. Likewise, other imaging modalities,
such as computed tomography and nuclear techniques, are not well suited for in-depth TV
assessment. Because of its anterior position in the chest and thus close proximity to the
transducer, TTE is the optimal tool for TV imaging. Unlike 2D echocardiography, 3D TTE
can display all three TV leaflets simultaneously, thereby enabling accurate localization of
leaflet pathology.?1-24 However, 2D echocardiography is still the main clinical imaging
modality, and therefore implementation of targeted and novel 2D views designed to
interrogate specific tricuspid leaflets would be clinically useful to localize tricuspid leaflet
pathology with certainty.

Our methods do not apply to TVs that are bicuspid or have more than three leaflets.
However, the frequency of these leaflet variations is reported to be low. In one study it was
reportedly 12%.5 The proposed 2D views would not yield the expected results in these cases.
Furthermore, in our study, 3D echocardiography was considered the gold standard. Surgical
comparison was not available.

CONCLUSIONS

Given the many different ways in which a 2D cut plane can intersect the TV leaflets and yet
produce similar images, it is not possible to define which TV leaflets are seen in the standard
2D views. We defined six novel nonstandard 2D views, which allow accurate TV leaflet
identification and therefore promise to be useful for improved localization of TV leaflet
pathology.
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3D view of the tricuspid
valve (open)

MPR view of the tricuspid
valve (closed)

Figurel.
The TV on 3D TTE as viewed from the RV perspective. Three-dimensional zoom

acquisition seen on the left and the cross-sectional MPR perspective that was used to assess
the intersection of the 2D cut plane with the tricuspid leaflets is seen on the right.
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Figure 2.
To determine which leaflets were being imaged in the 2D view, 2D and 3D full-volume data

sets were obtained with the transducer probe in the same position on the chest wall (/efz).
The full-volume data set was analyzed using MPR (right). The green plane (fop left)
represented the original 2D input. The position of this plane was not adjusted. The red
(orthogonal) and b/ue (cross-sectional) planes were adjusted to depict a cross-section of the
TV as viewed from the RV perspective (blue plane). The leaflets seen in the original 2D
imaging plane could then be determined by studying the intersection between the green
plane and the cross-sectional plane.
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Figure 3.
The frequency of leaflet combinations seen in the actual 2D images. P-A-S, Posterior,

anterior, and septal leaflets.
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2D view with septum 2D view without septum

Page 15
RVIF view Anterior
leaflet
Septal or
posterior leaflet

Figure 4.
In the RVIF view (Zop), the anterior leaflet is always seen on the side of the aorta. When the

2D plane intersected the septum, the A-S combination was seen (A, top with corresponding
MPR result, bottorm). When the septum was not seen in the 2D plane (B,C), the leaflet
combination imaged could be A-S or A-P.
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Figure5.

In the PSAX view (/eft) the leaflet is closest to the aorta is always the anterior or septal and
never the posterior. Near the RV free wall, the posterior or anterior leaflet could be seen but
never the septal leaflet. The anterior leaflet was depicted if a single leaflet was seen on the
2D image (A with corresponding MPR result to the righi). The A-P combination was noted
if two leaflets were seen with a central coaptation point together with the aortic valve (B
with corresponding MPR result to the rjghf). When the 2D plane intersected below the aortic
valve, in the area of the left ventricular outflow tract or septum, and the aortic valve was not
seen throughout the cardiac cycle, the leaflets imaged were the septal and the posterior
leaflet (C with corresponding MPR result to the righi).
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Figure®6.
The apical views are presented with the 2D views on top and the corresponding MPR result

on the bottom. The views consisted of the RVF view (A), the apical view with left
ventricular outflow tract or apical five-chamber view (B), and the apical view with coronary
sinus (C). In all cases, the septal leaflet was seen closest to the septum. The leaflet against
the RV free wall could be either the anterior or the posterior leaflet. In the RVF view (A), the
leaflet against the RV free wall was almost always the posterior. The A-S combination was
seen if the 2D plane intersected with the LV outflow tract (B), while the P-S combination
was seen if the 2D plane was near the coronary sinus (C).
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PSAX + 1 leaflet PSAX + 2 leaflets

Figure7.
Proposed views of the TV targeted to interrogate specific leaflets: (1) the RVIF view with

septum, (2) the PSAX view with a single leaflet, (3) the PSAX view with two leaflets with
central coaptation point together with the aortic valve, (4) the RVF view, (5) the A4C view
with LVOT (/eft ventricular outflow tract), and (6) the A4C view with coronary sinus. CS,
Coronary sinus.
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Figure 8.
All images come from the same patient. The top row represents one RVIF probe position:

the tricuspid leaflets coapt (Zop, far left), there is minimal tricuspid regurgitation (Zop,
center), and the MPR demonstrates that the 2D plane is intersecting the anterior and the
septal leaflets (fop, right). The bottom row represents a slightly different RVIF probe
position: the TV leaflets do not coapt (bottom, far left), there is severe tricuspid regurgitation
(bottom, center), and the MPR demonstrates the 2D plane is intersecting the A-P leaflets
(bottom, right).
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Figure9.
Using the proposed nonstandard TV views to localize TV prolapse. In the A4C view with

coronary sinus (/eft, top row), the prolapse was not seen, suggesting that the prolapse did not
involve the posterior or the septal leaflets. In the A4C view with left ventricular outflow tract
(LVOT), the prolapse was seen (feft, bottom row), suggesting that the pathology was related
to the anterior leaflet. MPR analysis in each of the 2D views confirmed these conclusions
(/eft, top and bottom MPR views). Three-dimensional zoom of the TV as seen from the right
atrial perspective also confirmed these findings. CS, Coronary sinus.
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Table 1

Baseline characteristics of the study and test populations

Study group  Test group

(n =106) (n=54)
Age (y) 54 + 20 48 +23
Men 52 (49%) 25 (46%)
BSA (m?) 1.8+0.2 1802
Tricuspid annular diameter (mm) 33+7 34+8
RV basal diameter (mm) 55+ 6 53+6
TAPSE (cm) 19+05 1905
S’ (cm/sec) 11+3 11+3

BSA, Body surface area; TAPSE, tricuspid annular plane systolic excursion.

Data are expressed as mean = SD or as number (percentage).
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Table 2

Two-dimensional landmarks corresponding with specific 3D leaflet identification

Landmarkson 2D view

Leaflet(s) RVIF PSAX Apical
ANT — Single leaflet, Aortic valve —
A-S Septum  — LVOT
A-P — Central coaptation, Aortic valve —
P-S — — CS

CS, Coronary sinus; LVOT, left ventricular outflow tract.

Dashes signify that this leaflet combination cannot be reliably imaged from this view.
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