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Abstract

Background-—Repair of complete atrioventricular canal (CAVC) is often complicated by
residual left atrioventricular valve regurgitation (AVVR). The structure of the mitral and tricuspid
valves in biventricular hearts has previously been shown to be associated with valve dysfunction.
However, the three-dimensional (3D) structure of the entire unrepaired CAVC valve has not been
quantified. Understanding the 3D structure of the CAVC may inform optimized repair.

Methods-—We created novel open-source workflows in SlicerHeart for the modeling and
quantification of CAVC valves based upon 3D echocardiogram (3DE) images. We applied these
methods to model the annulus, leaflets, and papillary muscle structure of 35 patients (29 with
Trisomy 21) with CAVC using transthoracic 3D echocardiograms. The mean leaflet and annular
shapes were calculated and visualized using shape analysis. Metrics of the complete native
CAVC valve structure were compared to normal mitral valves, using the Mann-Whitney U test.
Associations between CAVC structure and AVVR were analyzed.

Results-—CAVC leaflet metrics vary throughout systole. Compared to normal mitral valves, the
left CAVC PMs are more acutely angled in relation to the annular plane (p<0.001). In addition,
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the antero-lateral PM is laterally and inferiorly rotated in CAVC, while the postero-medial PM

is more superiorly and laterally rotated, relative to normal mitral valves(p<0.001). Lower native
CAVC atrioventricular valve annular height and annular height-to-width ratio (AHWR) prior to
repair are both associated with moderate or greater left atrioventricular valve (LAVV) regurgitation
after repair (p<0.01).

Conclusions-—It is feasible to model and quantify 3D CAVC structure using 3DE images. We
demonstrate significant variation in CAVC structure across the cohort and differences in annular,
leaflet and PM structure compared to the mitral valve. These tools may be used in future studies
to catalyze future research intended to identify structural associations of valve dysfunction and to
optimize repair in this vulnerable and complex population.

Subject Terms:
Congenital Heart Disease; Echocardiography; Valvular Heart Disease

INTRODUCTION

In the current era, complete atrioventricular canal(CAVC) repair is typically performed

in early childhood. Despite low operative mortality, hemodynamically significant
atrioventricular valve regurgitation (AVVR) occurs in up to 40% of patients, with suboptimal
results after surgical reintervention.[1-4]

In adults, the understanding of the dynamic three-dimensional (3D) structure of the mitral
and tricuspid valve has been significantly informed by 3D echocardiography (3DE) and
3DE-based modeling.[5-7] Numerous studies have demonstrated that the architecture of
the mitral valve leaflets, annulus, and papillary muscles (PM) are all associated with
regurgitation in both children and adults, and that the assessment of preoperative leaflet
structure can predict durability of repair.[8-10]

Left atrioventricular valve structure after CAVC repair is a product of both the native
unrepaired CAVC valve structure, and the surgical repair technique. As such, a detailed
understanding of the native CAVC valve structure may inform design and method of surgical
repair, which in turn may lead to improved outcomes.[11-13] However, to date there has
not been an accessible tool for quantitative 3D modeling of the native, unrepaired CAVC
valve before repair. We have previously performed an analysis of the native CAVC annulus
but at the time were unable to analyze the individual leaflets and subvalvular structure.[14]
This deficit prevented a quantitative, 3D image-derived exploration of the structure of the
complete native CAVC valve. In this study, our primary goal was to develop the capability
to model, visualize, and quantify the CAVC valve leaflets and papillary muscles, and apply
the tools to characterize the native CAVC valve structure using 3DE. We hypothesized that
CAVC leaflet, and PM structure differ from normal mitral valves, and that these tools could
be used to identify relationships of CAVC structure to LAVV regurgitation after repair.
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MATERIAL AND METHODS

Subjects

Institutional databases at the Children’s Hospital of Philadelphia (CHOP), Boston Children’s
Hospital, and Evelina London were used to identify patients with CAVC in whom
transthoracic apical 4 chamber 3DE had been collected for clinical studies. To augment these
studies, dedicated acquisitions in the operating room prior to repair were obtained at CHOP.
These studies were obtained with parental consent per an institutional review board (IRB)
approved protocol. For a control group, 3DE of the mitral valves of young children without
known pathology and otherwise normal echocardiograms (echo) were identified as prior.[15]
Schematic comparisons between normal heart anatomy and CAVC anatomy are depicted in
Fig 1. Exclusion criteria for all studies included presence of significant stitch artifact, lack of
inclusion of the entire CAVC valve in the acquisition or inability to delineate the individual
valve leaflets clearly. This study was performed according to a protocol approved by the IRB
at the Children’s Hospital of Philadelphia.

Transthoracic Image Acquisition

3DE images were acquired using Full Volume gated acquisitions. Transthoracic X7 or X5
probes were used with the Philips IE33 and EPIQ 7 ultrasound systems (Philips Medical,
Amsterdam, Netherlands). The frame rate of the acquisitions ranged from 25 — 43 Hz.
Qualitative assessment of ventricular function and degree of AVVR were drawn from
clinical interpretations by attending physicians at the time the study was acquired. Post
-repair studies were performed prior to discharge from the hospital. Grading of AVVR
before and after repair was performed by a single observer. Identification of Rastelli type
was drawn from clinical reports and confirmed by visual inspection of the 2D and 3D echo
images.

Annular Curve Modeling and Quantification

Annular modeling was performed analogously to our previous descriptions, but was
performed using the new CAVC, mitral, and tricuspid presets in the Valve Annulus Analysis
module in SlicerHeart(Video 1, Figure 2B and 2C).[14, 16] In total, 4 equally spaced
cardiac phases were modeled for CAVC, mitral, and aortic valves (End-diastole[ED], Mid-
Systole[MS], End-Systole (ES), and Mid-Diastole[MD]). Annular metrics, annular height to
valve width ratio (AHWR), and Procrustes analyses were calculated as previously described
(Supplemental Figures S1, S2, S3, S4).[14, 16]

Leaflet Modeling

After defining the annular curve, the superior bridging leaflet, inferior bridging leaflet, right
mural leaflet, and left mural leaflet were individually segmented in ED, MS, and ES by
creating a CAVC modeling framework in the Valve Segmentation module in SlicerHeart
(Fig 2D, 2E, and 2F, Video 1). Leaflet segmentation took 1-3 hours for an experienced
research assistant. All metrics were calculated using this new functionality in the Valve
Quantification module in SlicerHeart (Video 2). Individual leaflet areas were calculated

by semi-automatically extracting the surface of the leaflets. The total leaflet area was
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calculated two ways: by summing the areas of the individual leaflets (including coaptation
surfaces), and by extracting the “atrial” surface of the valve (excluding coaptation surfaces).
Coaptation surface area was defined as the area of coaptation between two adjacent leaflets
(Fig 3B, Video 2). Mean coaptation height was defined as the average height of coaptation
(Fig 3B). The “soap bubble” annular surface was used to define the boundary between
tenting volume and billow volume(Fig 3C), as previously described.[6, 9]

Papillary Muscle Modeling

Statistics

The PM base point, tip point, and chordal insertion points were placed for the normal
mitral and left side of the CAVC in MS using the new Valve Papillary Analysistool in
SlicerHeart(Video 2). The PM angle was then characterized using two classes of metrics:
1) the PM angle relative to the annular plane, and 2) the rotational angle of the PM within
the left ventricle. Different nomenclature has been used to describe the left side papillary
muscles in CAVC. For the purposes of consistency in our comparison to the normal mitral
PM, we refer to the supero-lateral and infero-medial PM of the CAVC as antero-lateral and
postero-medial, respectively.

The PM base to annulus plane angle was defined as the angle between the annular plane and
the line connecting the base of the PM to the chordal insertion point on the coaptation of the
leaflets(Fig 4A).

Two separate PM rotational angles were computed which were designed to mimic previous
explorations using 2D metrics[17, 18]. Both methods used a reference frame created by a
line between the center point of the right side and the center point of the left side of the
CAVC annulus (for CAVC) or the center points of the mitral and tricuspid valves (for normal
controls). The septal point-based PM rotational angle was calculated as shown in Figure 4B.
For the center point-based PM rotation angle was calculated as shown in Figure 4C. The
antero-lateral and postero-medial PM were modeled for the normal mitral and left side of the
CAVC in MS using all three methods.

Shape Analysis—We utilized Spherical Harmonic (SPHARM) Point Distribution Models
(PDM) shape parameterization tools in SlicerSALT to calculate the mean leaflet shape of
the CAVC leaflet model population (Video 3).[19, 20] We also applied principal component
analysis to identify the major modes of variation in the CAVC valves and highlight variation
in shape across the population(Video 3).[19, 21]

Annular area measures were normalized to body surface area (BSA), and linear measures
(e.g. annular diameter) were normalized to BSA%-5.[16, 22] Leaflet area and volume
measures were normalized to BSA. Continuous variables are presented as median [IQR].
Friedman’s Test was utilized to compare leaflet metrics throughout the cardiac cycle.
Comparisons of continuous variables between categorical variables were made using Mann-
Whitney U-test. Intra-observer and inter-observer agreement for 17 annular measurements
has been previously described. Similarly intra-observer and inter-observer agreement for 15
leaflet measurements were taken on 8 different 3DE datasets modeling in MS. The results
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were analyzed using intraclass correlation coefficients (ICC). All analysis was performed
using RStudio version 1.1.456 (R Studio, Inc., Boston, MA).

The CAVC leaflets were modeled in ED, MS, and ES in all 35 patients. PM analysis was
performed in 34 of the 35 CAVC patients in MS. The median age of the CAVC patients at
echo was 0.3 years [IQR 0.2-0.3 years]. Twenty patients had Rastelli type A, and 15 patients
had Rastelli type C anatomy. Twenty-nine of the 35 patients had Trisomy 21. Thirty-two
patients had qualitatively normal left ventricular systolic function, 2 had mildly diminished
left ventricular systolic function, and 1 had moderately diminished left ventricular function
prior to repair. Twenty-five patients had trivial/mild and 10 patients had moderate/severe
AVVR prior to repair. Thirty-four of the 35 patients underwent CAVC repair. Twenty-one
patients had trivial/mild and 13 patients had moderate/severe left sided AVVR after repair
(Table 1). Five out of the 13 patients with post-op moderate or worse left AVVR had
pre-existing pre-op moderate or worse AVVR. Two out of 6 patients with post-op moderate
or worse right AVVR had pre-existing pre-op moderate or worse AVVR.

Characterization of CAVC Native Structure and Comparison to Normal Mitral Valves

Leaflet Analysis—An example of a segmented model of the individual CAVC valve
leaflets is shown in Fig 3A. The CAVC total and individual atrial leaflet areas, billow
volume, billow height, tenting volume, and tenting height all varied significantly throughout
the cardiac cycle (Table 2). The average individual leaflet areas relative to the total valve
area were: superior bridging leaflet -- 41%, the inferior bridging leaflet -- 28%, the right
mural leaflet -- 17%, and the left mural leaflet -- 14%. Reproducibility of leaflet modeling
was excellent (Table S1).

The mean leaflet shapes and principal components of variation in each phase are shown in
Video 3. Individual leaflet models are then shown projected across the first two principal
components to demonstrate variability in shape across the population.

Papillary Muscle Analysis—The CAVC antero-lateral and postero-medial PM had
smaller angles relative to the annular plane (more laterally directed) compared to the normal
mitral valve (p<0.001). Both metrics of PM rotational position demonstrated differences in
CAVC compared to the normal mitral valve (Table 3). As viewed from the ventricle both the
antero-lateral and postero-medial CAVC PM were more laterally located and closely spaced
(p <0.001). All results are shown in Table 3.

Annulus Analysis—The median[IQR] of the total normalized annular area of the normal
mitral and normal tricuspid valve complex (11.9 cm?/m? [10.8-13.4]) was significantly
smaller than the median[IQR] of the total annular area for the CAVC (19.6 cm?/m? [18.0—
23.7]) in MS (p<0.001). Compared to the normal mitral valve, the CAVC annulus height
was significantly smaller and annular width was significantly larger, resulting in a smaller
AHWR (more planar shape) in all phases (Table S2). The mean annular shapes and principal
components of variation in each phase for this cohort are shown in Supplemental Figures
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S2-S4. Annular metrics analogous to our previous annular analysis are further summarized
in Table S2 and S3 to provide a complete assessment of the CAVC.

of Pre-Repair CAVC Structure to Pre-Repair and Post Repair AVVR

We preliminarily investigated associations of CAVC 3D structure to AVVR. There were

no significant differences in global or individual leaflet area, billow volume, billow height,
tenting volume, or tenting height between native CAVC valves with mild or less AVVR and
moderate or greater AVVR (Table S4, S5, S6). Similarly, we demonstrated no significant
association of PM angle relative to the annulus, or rotational position to pre- or postoperative
AVVR (Table 4).

However, the total pre-repair annular height and AHWR in MS was less in patients with
moderate/severe post-repair AVVR compared to patients with trivial/mild post-repair left
AVVR (p=0.01, Table 5, Table S3). In addition, the minimum left-sided coaptation height in
MS prior to repair was greater in patients with mild or less left AVVVR compared to patients
with moderate or greater left AVVR (p = 0.04), and the mean LAVV coaptation height
trended similarly(p<0.1) (Table 5, Table S7).

DISCUSSION

We present a novel 3DE-based modeling workflow which we have used to visualize and
quantify the native CAVC valve prior to repair. Our major findings are that: 1) modeling
of the native CAVC valve annulus, leaflets, and PM from 3DE is feasible using our newly
released open-source framework; 2) both the PM angle relative to the annulus and the
papillary rotational positions in CAVC differ from normal mitral valves and; 3) the CAVC
annulus is flatter than a normal mitral valve; 4) a more planar native CAVC annulus in
mid-systole prior to repair may be associated with the presence of moderate or greater
LAVYV regurgitation after repair.

Structure of CAVC Atrioventricular Valve in Comparison to Normal Mitral Valve

Leaflet Anatomy—To our knowledge this is the first 3D imaging-derived characterization
of the leaflets in the native CAVC valve before repair and the first to quantify 3D CAVC
leaflet metrics in this unique population. We found that on average the superior bridging
leaflet is largest, followed by inferior bridging, right mural, and left mural leaflet. However,
there is significant variation in the structure of the CAVC leaflets as demonstrated with
shape analysis.

The CAVC LAVV after repair is the product of both the native valve anatomy and the
surgical modification of the native anatomy to create two valves from one. We modeled

the native CAVC valve before repair. Notably, Takahashi et al. previously examined the 3D
structure of the CAVC LAVV afterrepair.[23] The analyses allow comparison, but did differ
in additional ways. While our study focused only on CAVC, Takahashi et al. was comprised
of 30 patients with partial atrioventricular canal(AVC)(e.g. primum atrial septal defect and
cleft mitral valve), and 23 patients with CAVC.[23] While we normalized our metrics to
appropriate indices of BSA, they normalized their linear values to ventricular length. In
addition, their methods were comprised of a mixture of a commercial modeling program
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al.

Page 7

intended for the mitral valve and custom code, while our methods are now freely-available
and segmentation-based. Their analysis created leaflet models, but the valve was primarily
modeled as one piece, and did not divide the valves into individual leaflets or assess
coaptation. Further comparison of their post-repair CAVC LAVYV and our analysis of the
native CAVC is discussed in context of anatomy and physiology below, along with other
studies.

Papillary Muscle Anatomy—We found that the left sided PM in our pre-repair CAVC
cohort had more acute angles in MS relative to the annular plane than normal mitral
controls. Notably, Takahashi et al. found that the PM angles relative to the annulus in

their post-repair LAVV cohort had a variable relationship to the PM angles in normal
controls which appeared dependent on the PM measured(antero-lateral vs. postero-medial),
the degree of LAVV regurgitation, and cardiac phase.[23] For the postero-medial PM in
MS they found a more acute PM angle in the LAVV groups relative to normal controls.
However, for the antero-lateral PM in MS they noted a less acute (greater) PM angle in

the LAVV patients with mild regurgitation, compared to those with moderate or greater
regurgitation or normal controls. This discrepancy could be due to the differences in cohort
(CAVC vs. partial AVC), the repair process, or methodology.

Takahashi et al. did not evaluate the rotational position of the PM. However, in previous
work, Chin et al. and Meijboom et al. examined the rotational position of the left
atrioventricular valve PM in patients with AVC defects compared to a normal mitral valve
using 2D echocardiography with conflicting results.[17, 18] Chin et al. concluded that the
antero-lateral PM is shifted posteriorly and inferiorly in the CAVC and the postero-medial
PM is in its normal location. In contrast, Mejiboom et al. suggested that the postero-medial
PM is displaced away from the septum towards the lateral wall and that the antero-lateral
PM is positioned normally. Notably, these groups utilized different methods and reference
frames which may have contributed to differences in their findings. In our study, we used
3D adaptations of both of their methods to assure use of the same reference frame for each
analysis. Our findings based on 3D analysis suggest that 1) antero-lateral PM is shifted
posteriorly and inferiorly (clockwise as viewed from the ventricle) in the CAVC, and 2)

the postero-medial PM is shifted superiorly and laterally (counterclockwise as viewed from
the ventricle) in CAVC prior to repair compared to normal mitral valves, resulting in a
smaller angle between them compared to normal mitral valves. We believe that our 3D
analysis avoids many of the pitfalls of 2D analysis, and provides new insights with regard to
rotational position of the PM in addition to their angle relative to the annular plane.[23]

Annulus—We have previously reported a comparison of the native CAVC annulus to the
normal mitral valve [14]. Our major finding from that study was that the shape of the

native, unrepaired CAVC annulus is significantly more planar than the annulus of a normal
mitral valve, with an AHWR typical of a dysfunctional mitral valve in the heart.[8] We
confirmed those findings in this smaller, but predominantly new cohort. While Takahashi
noted differences in regional annular height between normal mitral valves and CAVC LAVV
after repair, it is difficult to compare their findings to our analysis directly as we cannot
calculate the AHWR from their study.[23] They did not however find a difference in annular

JAm Soc Echocardiogr. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al.

Page 8

bending angle between repaired LAVV with minimal regurgitation and normal mitral valves
in their cohort, which would suggest no difference in annular planarity. However, their
cohort had predominantly partial AVC patients, and not exclusively CAVC as in our cohort.

In this study we also found that the total size of the CAVC native annulus is larger than

the combined area of the normal mitral and tricuspid valves. This comparison may be
confounded by the fact that the ventricular septum occupies part of this area. However, it
may represent dilation of atrioventricular valve annular size and ventricular size in response
to volume load in the setting of large atrial and ventricular septal defects.

Implications for CAVC Valve Dysfunction

Hemodynamically significant left AVVR after CAVC repair remains a clinical challenge.
[1-4] Previous analysis by Takahashi et al. found that significant LAVV regurgitation

was associated with leaflet prolapse, larger annular area, and lateral papillary muscle
displacement.[23] However, prior to our study there had been only limited 2D and 3D
image-based quantitative exploration of associations of native CAVC structure before repair
to LAVV function after repair. In a 3D study, Bharucha et al. found that more laterally
directed PM are associated with post-operative LAVV regurgitation by leveraging multiplane
reconstruction and a protractor on the screen.[24] In previous 2D analyses of the CAVC
valve prior to repair, Ho et al. found that a smaller angle between the PM (more closely
spaced PM) was associated with AVVR, but that a smaller left mural leaflet was not.[12] We
could not confirm either of these relationships in our small study.

Our study did identify several new CAVC structural factors of interest with respect to LAVV
regurgitation. Lower AHWR of the native CAVC valve in MS prior to repair was associated
with moderate or greater left AVVR after repair. This is intriguing as we have previously
demonstrated that the median AHWR in CAVC valves is lower than normal mitral valves,
and in the range of dysfunctional mitral valves.[14] In this context, we hypothesized that a
more planar CAVC annular structure may lead to a more planar shape after repair, which
may in turn be relevant to LAVV function after repair of CAVC. [6, 8, 14] However, while
Takahashi et al. demonstrated that lower annular height in regions of the annulus after
CAVC repair is associated with AVVR, they did not note differences in non-planar angle
across regurgitation groups.[23] Their finding is not consistent with association of annular
shape to adult and pediatric mitral valve pathology, and it emphasizes the need for larger
studies of annular geometry in CAVC using equivalent and open methodology.[8, 15]

Finally, we found that less left-sided AVV coaptation height preoperatively may be
associated with LAVV regurgitation post-repair. This is intuitive, as regurgitation is thought
to emanate from coaptation defects. However, our sample size is small, and the ability to
accurately determine leaflet coaptation height is highly reliant on image quality. Further
work will be needed to determine if this is a reliable metric.

Clinical Relevance and Contribution to Future Research

Both our analysis and clinical experience has demonstrated significant heterogeneity in the
structure of the atrioventricular valve leaflets in the CAVC population, and association of
LAVYV structure to function.[23, 24] For example, Colen et al. described a combination of

JAm Soc Echocardiogr. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al.

Limitations

Page 9

abnormalities including short chordae and commissural abnormalities in which full closure
of the “cleft” between the superior and inferior bridging leaflets can result in LAVV
regurgitation.[11] While clinical observations such as these are helpful, generalizing this
concept to explore image-derived quantitative phenotypes may be especially powerful in this
highly variable population.

Currently the segmentation-based individual leaflet analysis is too slow for routine use.
However, emerging techniques including machine learning can rapidly and accurately
create models in seconds when provided with sufficient segmented data.[33] Further,
techniques such as shape analysis can be used to automatically quantify and compare
valve morphologies.[20, 34] The combination of these techniques could allow the rapid
characterization of an individual valve within a population, which in turn could inform risk
stratification and inform optimal repair strategies.

We have released the tools and CAVC-focused presets used in this analysis open-source
within SlicerHeart, an extension for 3D Slicer, which we demonstrate in Videos 1 and 2.[16,
25, 26] We hope that the open-source functionality of our newly released CAVC modeling
workflow facilitates application to larger multi-institutional cohorts[27, 28], and in the future
catalyzes the creation of physical and computational models to guide CAVC repair.[26,
29-32]

Our study is retrospective. While we normalized all metrics to BSA, the patients with CAVC
were younger than the patients in the normal mitral group due to the lack of available

mitral 3D images in children with echocardiograms demonstrating normal anatomy in the
age group undergoing CAVC repair. There is not a clear indication for sedation (to enable
optimal 3DE acquisition) in normal children in this age group. However, we have shown
that the mitral annular shape (and specifically AHWR) to be highly preserved from neonate
to young adult [15], and given the large differences in shape, this age difference is unlikely
to influence our conclusions. We examined the annular shape and leaflet metrics at several
different points in the cardiac cycle, but not every possible time frame. In future studies, we
hope to be able to include all phases of the cardiac cycle leveraging automated methods.[33]
We had relatively few patients with significant AVVR, and this clearly limited our power

to elucidate more subtle differences across groups. Analysis was done semi-automatically
by experienced modelers which requires training, is time-consuming, and contributes to
variability. In the future, the development of automated segmentation methods could make
this more practical for clinical use.[33, 34] Finally, our study is limited to pre-operative 3D
imaging, and post-operative 3DE imaging was unavailable.

CONCLUSIONS

3DE-derived modeling and quantifying the 3D structure of the unrepaired CAVC leaflets,
annulus, and PM is feasible using novel software. We demonstrate significant differences in
annular, leaflet and PM structure compared to the normal mitral valve. Further research

is needed to identify 3D structural associations of valve dysfunction and inform the
development of 3D image-based customized repairs in this vulnerable population.
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Figure 1. Overview of Normal Anatomy and Complete Atrioventricular Canal Anatomy.
A. Cutaway diagrams of a normal heart and complete atrioventricular canal. B. Schematic

diagrams from a ventricular view.
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Figure 2. Visualization and Modeling of CAVC Annuli and Leafletsin Mid-Systole.
A. Schematic of CAVC annular modeling; B. Creation of CAVC Annular Curve; C.

Smoothed CAVC annulus curve visualized in SlicerHeart; D. Schematic of CAVC leaflet
modeling from ventricular view; E. 2D ventricular view of CAVC valve segmentation in
SlicerHeart from ventricular view; F. CAVC leaflet model visualized from atrial view in
with 2D slice intersections in SlicerHeart. (Red = superior bridging leaflet, Blue = right
mural leaflet, Green = inferior bridging leaflet, Orange = left mural leaflet).
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Atrial Inferior Ventricular
View View View

Figure 3. CAVC L eaflet Quantification.
A. Visualization of Segmented CAVC valve from atrial (left), inferior (middle) and

ventricular view (right) in SlicerHeart; B. Visualization of CAVC coaptation surface

areas from atrial (left), inferior (middle) and ventricular view (right) in SlicerHeart; C.
Visualization of leaflet billow (red) and tenting (blue) from atrial (left), inferior (middle) and
ventricular view (right) in SlicerHeart.
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4

Figure 4. Papillary Muscle Angle Quantification in CAVC and Normal Mitral Valves.
A. Papillary muscle angle relative to annulus plane in CAVC and normal mitral; B. “Septal

Point” based rotation angle measurement in CAVC and normal mitral valves. Reference
vector is perpendicular to the septal plane, and papillary muscle base points are projected
to the common CAVC and common normal mitral/tricuspid valve plane; C. “Center point”
based rotation angle measurement in CAVC and normal mitral valves. Reference vector is
perpendicular to the center plane, and papillary muscle base points are projected to the left
CAVC and mitral valve plane. CAVC = Complete atrioventricular canal, NM = Normal
Mitral.

JAm Soc Echocardiogr. Author manuscript; available in PMC 2023 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Nam et al.

Video 1:
Overview of CAVC Annular Modeling and Segmentation in SlicerHeart
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Video 2:
Overview of Leaflet, Annular, and Papillary Muscle Quantification in SlicerHeart

JAm Soc Echocardiogr. Author manuscript; available in PMC 2023 September 01.
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Video 3:
Demonstration of Mean CAVC Shape and Morphologic Variation using Principal

Component Analysis
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