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Abstract

Background: Repair of complete atrioventricular canal (CAVC) is often complicated by
atrioventricular valve regurgitation, particularly of the left-sided valve. Understanding the three-
dimensional (3D) structure of the atrioventricular canal annulus prior to repair may help to inform
optimized repair. However, the 3D shape and movement of the CAVC annulus has yet to be
quantified nor has it been rigorously compared to a normal mitral valve annulus.

Methods: The complete annuli of 43 patients with CAVC were modeled in 4 cardiac phases
using transthoracic 3D echocardiograms and custom code. The annular structure was compared
to the annuli of 20 normal pediatric mitral valves using 3D metrics and statistical shape analysis
(Procrustes analysis).

Results: The unrepaired CAVC annulus varied in shape significantly throughout the cardiac
cycle. Procrustes analysis visually demonstrated that the average normalized CAVC annular shape
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is more planar than the normal mitral annulus. Quantitatively, the annular height to valve width
ratio of the native left CAVC atrioventricular valve was significantly lower than that of a normal
mitral valve in all systolic phases(p<0.001).

Conclusions: The left half of the CAVC annulus is more planar than that of a normal mitral
valve with an annular height to valve width ratio similar to dysfunctional mitral valves. Given the
known importance of annular shape to mitral valve function, further exploration of the association
of 3D structure to valve function in CAVC is warranted.
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CHD; septal defects; Echocardiography; Mitral Valve

Common atrioventricular canal defect (CAVC) is a developmental abnormality whereby
there is one atrioventricular valve (AVV) over both ventricles with a single annulus. In the
current era, repair of CAVC is typically performed in the first 6 months of life. Despite

low operative mortality, hemodynamically significant atrioventricular valve regurgitation
(AVVR) occurs in up to 40% of patients.(1-3) Results of surgical reintervention are poor
with more than a quarter of patients requiring two reoperations or more.(4, 5) Previous
reports suggest that different surgical techniques are not associated with different surgical
outcomes. This observation suggests that underlying structural contributions to AVVR may
be incompletely understood.(6)

In adults, the understanding of the dynamic three-dimensional (3D) structure of the mitral
valve has progressed significantly with the advancement of 3D echocardiography (3DE).(7,
8) Normal mitral valve annular shape has been demonstrated to be important to valve
function(9, 10) and this understanding has informed structurally targeted annuloplasty
therapies such as non-planar annuloplasty rings.(11, 12) During CAVC repair, the surgeon
divides the common valve into two valves. The resulting atrioventricular annular shape is
thus the product of both the native anatomy and the surgical repair. As such, a detailed
understanding of the native CAVC annular shape and motion may inform design and
application of surgical repair that better replicates the “normal” atrioventricular valves.

In this study, our primary goal was to compare the morphologic features of the unrepaired
CAVC valve annulus to normal mitral valves. We also sought to characterize, visualize, and
quantify the dynamic shape and motion of the CAVC annulus.

Material and Methods

Subjects

Institutional databases at the Children’s Hospital of Philadelphia (CHOP), Boston Children’s
Hospital, and Evelina London were used to retrospectively identify patients with CAVC

in whom transthoracic 3DE had been collected for clinical studies between 2016 and

2019. To augment these unsedated studies, dedicated acquisitions in the OR prior to repair
were obtained at CHOP between 2016 and 2019. These latter studies were obtained with
parental consent per an institutional review board (IRB) approved protocol. For a control
group, 3DE of the mitral valves of children without known pathology and otherwise
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normal echocardiograms were identified.(13) These children were on average older than the
children in the CAVC group, due to the lack of existing availability of or ethical means of
obtaining dedicated sedated echocardiograms of normal children in the age 2-6 month range
typical of CAVC repair. Exclusion criteria for all studies included presence of significant
stitch artifact, lack of inclusion of the entire valve annulus in the acquisition, and inability to
delineate the valve annulus. This study was performed according to a protocol approved by
the IRB at each site.

Transthoracic Image Acquisition

3DE images were acquired using Full Volume gated acquisitions. Transthoracic X7 or X5
probes were used with the Philips IE33 and EPI1Q 7 ultrasound systems (Philips Medical,
Andover, MA). Qualitative assessment of ventricular function and degree of AVVR were
drawn from clinical reports as there is no accepted quantitative grading scale for AVVR
in CAVC. Identification of Rastelli type (Figure S1) was drawn from clinical reports and
confirmed by visual inspection of the 2-dimensional and 3D echo images. Postoperative
studies were performed prior to discharge from the hospital.

Annular Curve Modeling and Quantification

3DE images of the CAVC and normal mitral patients were imported into the QLAB 10.4
CV 3D module (Philips Medical, Andover, MA), exported as Cartesian Digital Imaging and
Communications in Medicine format, and then imported into 3D Slicer (www.slicer.org).
(14, 15) CAVC, mitral, and aortic annular curve modeling was performed using 3D Slicer
as demonstrated in Figure 1 and as previously described.(14) Aortic annular modeling was
included to demonstrate differences in relationships of the aortic annulus to the CAVC valve
compared to normal mitral valves. In total, 4 equally spaced cardiac phases were modeled
for CAVC. Analysis began with the identification of anatomic landmarks and selection

of the end-diastolic (ED) frame (first frame with valve closed) and the end-systolic (ES)
frame (last frame before valve opens). The single mid-systolic (MS) frame was defined as
the frame midway between these two frames. Similarly, the mid-diastolic (MD) frame was
defined as the frame halfway between valve opening and valve closing. Normal mitral valve
modeling was also performed in the same phases.

Quantification was performed using Euclidian geometry in custom code using the metrics
displayed in Figure 2, as previously described in detail.(14) Annular height was calculated
as the distance from the highest point on the annulus to the lowest point on the annulus
relative to a least squares plane. Given the visual differences in annular shape we created
two analogous metrics to compare the non-planarity of the normal mitral valve to the left
side of the CAVC valve (Figure 3). Annular height to valve width ratio (AHWR) was
defined as annular height / antero-lateral (AL) to posterior medial (PM) diameter ratio
(often described as the annular height to commissural width ratio —~AHCWR -- for normal
mitral valves). For CAVC we calculated two AHWR metrics: left annular height / LA-LP
diameter for the left CAVC annulus and total CAVC annular height / LA-LP diameter.
LA-LP distance was chosen as the shortest opposing distance on the left CAVC annulus,
analogous to the AL-PM distance in the normal mitral valve. Bending angle for the CAVC
annulus was calculated by fitting a least squares plane to the left half the CAVC annulus as
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well as the right half of the CAVC annulus and calculating the angle between them. Annular
3D area was calculated by fitting a least area manifold surface (the surface a “soap bubble”
would make on the annulus) to the annulus.(8, 14) To further quantify changes in annular
shape and motion, the full annular area was divided into quadrants (Figure 2C). Annular
metrics were compared between the four modeled phases. In order to compare the length of
the left ventricular outflow tract in CAVC and mitral valves, we quantified the distance from
the center of the left AVV to the center of the aortic valve (LC-AC distance, Figure 2B).
Procrustes analysis -- a type of shape analysis which allows the calculation of a mean shape
of a group of individual shapes — was used.(14, 16) This analysis was applied to annular
points in order to optimize alignment of translation and rotation of the annular shapes for the
4 different phases of the cardiac cycle across various cohorts, and generate a mean shape for
CAVC and mitral groups (Figures S2, S3, S4, S5).

Annular area measures were normalized to BSA, and linear measures were normalized
to BSAC5, as previously described.(14, 17) Continuous variables are presented as median
[IQR]. Friedman’s Test was utilized to compare annular 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, each at 4 different phases of the cardiac cycle, were taken on 15 different
3DE datasets (Table S5) and compared using interclass correlation coefficient (ICC). All
analysis was performed using RStudio version 1.1.456 (R Studio, Inc., Boston, MA).

The complete CAVC annuli and aortic annuli were modeled in each of the cardiac phases
(ED, MS, ES, and MD) in a total of 43 patients. Thirty-five (81%) of these patients had
Trisomy 21. The median age of the CAVC patients at echo was 3 months [IQR 2-4 months].
25 patients had Rastelli type A, and 18 patients had Rastelli type C anatomy. 41 patients
had qualitatively normal ventricular systolic function and 2 patients had mildly diminished
ventricular systolic function (Table 1). Normal mitral patients were older and larger than
CAVC patients (p< 0.05, Table 1).

Dynamic Motion and Shape Change of the CAVC Annulus

The mean shape of the CAVC annulus at each of the four phases throughout the cardiac
cycle was determined using Procrustes analysis, as shown in Figures S2 and S4. An
animation of a representative annulus moving through 4 cardiac phases is shown in Video 1.
The CAVC annular area, diameters, and circumference all changed significantly throughout
the cardiac cycle, contracting from ED to ES (Table S1 and S2). The bending angle between
the right and left halves of the annulus also varied significantly, flattening by on average 10
degrees from ED to ES. The total annular height, as well as the individual right and left side
annular heights, did not vary significantly throughout the cardiac cycle.
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On average, all annular quadrants moved symmetrically throughout the cardiac cycle with
no clear differences in movement between quadrants (Figure 2C, Table S2). Reproducibility
of annular modeling was excellent using ICC as shown in Table S5.

Comparison of CAVC Valve by Subgroup (Rastelli Type)—The mean annular shape
in ED, MS, ES, and MD of the Rastelli Type A (n=25) and Rastelli Type C (n=18) patients
is shown in Figure S5. Quantitative comparison of annular metrics is shown in Table S4.
Overall there were not substantial differences in annular shape between the two subgroups
(all p>0.10).

Comparison of the CAVC Annulus to the Normal Mitral Valve Annulus

Comment

A comparison of the mean shape of the CAVC annulus and the normal mitral valve annulus
in mid-systole is shown in Figure 4. The mean shape of the CAVC and mitral valve annuli
in all phases are shown in Figures S2, S3, and S4. An animation of the mean shape of

the CAVC and mitral valve annulus moving through the cardiac phases is shown in Video
1. Visually the mean shape of the left half of the CAVC annulus appeared to be more
planar (smaller annular height to valve width ratio), compared to the mitral valve annulus.
Quantitatively the left AHWR was significantly lower in the CAVC (p<0.001 in all phases)
relative to normal mitral valves as shown in Table 2. Annular height was also significantly
lower in patients with CAVC, and the annular width was greater (p<0.01 for both, all
phases). The distance from the center of the left half of the CAVC valve to the aorta
(LC-AC distance, Figure 2B) was significantly greater (p<0.001 in all phases) compared to
the distance from the center of the mitral valve to the aorta (MC-AC distance) as shown in
Table S3.

We present a detailed analysis of visualization and quantification of the dynamic native
CAVC annulus and leaflets using 3DE. We believe this is the first quantitative description of
the dynamic annular motion of the native, unrepaired CAVC valve using 3DE. It is also the
first quantitative comparison of the structure of native CAVC valve annuli to normal mitral
valve annuli.

Our major finding was that the shape of the left 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 biventricular heart (AHWR<15).

Implications for Valve Dysfunction

The non-planar, saddle shape of the normal mitral annulus (AHWR ~ 25) has been
demonstrated in engineering simulations to be important for reducing mitral leaflet and
papillary muscle stress.(8) Clinically, a more planar mitral annulus has been associated with
degenerative valve disease and mitral regurgitation in both children and adults, manifesting
as increased leaflet billow and papillary chordal rupture.(18) As such, maintenance of the
normal mitral annular shape is thought to be structurally important; non-planar annuloplasty
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rings based on the normal mitral annular shape are commercially available and routinely
used during surgical mitral valve repair.(19)

In previous work, Takahashi et al examined the annular structure of the left AVV annulus

in patients with CAVC after repair.(20) They demonstrated significant differences in the
annular height to left ventricular length ratio between normal mitral controls and the left
AVV afterrepair. Further, lower annular height after repair was associated with moderate

or greater regurgitation. However, it was unknown whether these findings were due to

the preexisting structure of the CAVC, or the result of the “composite” annular structure
determined both by the native anatomy and the surgical addition. In our study, the median
CAVC left AVvV AHWR was 14, which is less than the mitral AHWR found in normal
children and adults (AHWR ~ 25), and in the range of children and adults with degenerative
mitral valve disease or connective tissue disease such as Marfan syndrome.(18, 21) In this
context, the relatively planar native CAVC annular structure may contribute to a more planar
shape after repair, which may in turn be relevant to the lack of durability of left AVV
function after repair of CAVC. However, to our knowledge, there is no published CAVC
repair technique the goal of a normal, non-planar mitral annular shape for the left AVV. In
the absence of a known intervention targeting creation of a more normal annular shape, it

is difficult to directly test the importance of annular planarity to left AVV function after
CAVC repair. As such, the importance of annular shape in CAVC can only be inferred by
the known importance of annular shape to mitral valve disease in children and adults, and by
previous work demonstrating that in CAVC a more planar annular shape is associated with
increased AVVR. New repair techniques would need to be developed and applied to directly
demonstrate the potential benefit of a more normal mitral annular shape to durable repair of
the left AVV. In addition, leaflet and papillary muscle structure are known contributors to the
durability of left AVV function after CAVC repair.(1, 20) It is unknown whether creation of
the stereotypic mitral annular shape can be achieved while creating optimal support of the
CAVC leaflets via the subvalvar apparatus. In other words, it remains to be demonstrated
that the optimal annular shape for a mitral valve is the optimal annular shape for the left
AVV after repair of CAVC. Future work is needed to design, implement, and validate novel
strategies guided by structural optimization in this complex population.(22)

Our study is retrospective. 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

full 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, (13)
and given the large differences in shape, this age difference is unlikely to influence our
conclusions. Despite the clear differences in annular shape and height by visualization of
mean annular shape, quantitative comparison of the mitral annulus to the CAVC annulus is
challenging due to the lack of a septum in the CAVC annulus; metrics are representative,
but not identical. However, the annular width utilized for all quantification in CAVC was
the smallest annular diameter (denominator of AHWR) available on the left valve, and

Ann Thorac Surg. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nam et al. Page 7

would as such tend to overestimate AHWR, not underestimate AHWR. Analysis was done
semi-automatically by experienced modelers which requires training, is time-consuming,
and contributes to variability. Our analysis focused on the annulus and did not model leaflets
or papillary muscles which are clearly relevant to CAVC valve function.(1, 20)

Conclusions

The left side of the native CAVC annulus is significantly more planar than the normal
mitral annulus. Given the known association of loss of the normal mitral shape to valve
dysfunction, this structural feature may be relevant to the lack of durable left AVV function
in CAVC. Additional studies are needed to further elucidate the relationship of 3D valve
structure to valve function in CAVC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

3D Three Dimensional

3DE Three-dimensional Echocardiography
AHWR Annular Height to Width Ratio

AL antero-lateral

AVV Atrioventricular Valve

AVVR Atrioventricular Valve Regurgitation
CAVC Complete Atrioventricular Canal
Echo Echocardiography

ED End-diastole

ES End-systole

MR Mitral Valve Regurgitation

MD Mid-diastole

MS Mid-systole

PM Posterior Medial
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Figure 1. Overview of CAVC Annular Modeling.
A. Volume rendered CAVC annulus from the ventricular view; B. 36 points placed to define

valve annulus from the ventricular view; C. Smoothed CAVC and aortic annular contours

in mid-systole from a left lateral view; D. Smoothed CAVC and aortic annular contours in
mid-systole from the ventricular view; E. CAVC and aortic annular contours in mid-diastole
(dark blue), end-diastole (light blue), mid-systole (red), and end-systole (green) from a left
lateral view; F. CAVC and aortic annular contours in four phases from the ventricular view.
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Diagram Modeling

MP
Figure 2. CAVC Annular Measurements from the Ventricular View.

A. CAVC linear annular measurements; B. Division of total CAVC annular area into
quadrants. AC = aortic valve centroid, A = anterior, P = posterior, AL = antero-lateral,

PM = posterior medial, R = right, L = left, RA = right anterior, MA = mid anterior, LA = left
anterior, RP = right posterior, MP = mid posterior, LP = left posterior, LC = left centroid.
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Mitral CAVC

Left Total
Annular Height Annular Height

Annular Height

PM

rRp MP

Figure 3. Annular Height and Annular Width Comparisons between Mitral Valve and CAVC in
Mid-systole.
A. Annular height comparison between normal mitral valve, left side of CAVC, and total

CAVC. B. Annular width comparison between normal mitral valve (AL-PM distance) and
CAVC (LA-LP distance). AC = aortic valve centroid, A = anterior, P = posterior, AL =
antero-lateral, PM = posterior medial, R = right, L = left, RA = right anterior, MA = mid
anterior, LA = left anterior, RP = right posterior, MP = mid posterior, LP = left posterior.
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Figure 4. Visualization of Mean CAVC and Mean Mitral Annular Shape in Mid-systole using
Procrustes Analysis.

A. Mean CAVC annular shape from the ventricular view; B. Mean mitral annular shape from
the ventricular view; C. Mean CAVC annular shape from a left lateral view; D. Mean mitral
annular shape from a left lateral view; E. Mean CAVC annular shape from an inferior atrial
view; F. Mean mitral annular shape from an inferior atrial view. R = right, L = left, AL =
antero-lateral, PM = posterior medial.
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Table 1.

Variable CAVC n=43 Normal Mitral n=20
Age (months) 3.0 (2.0-4.0) 30.9 (1.4-38)
Female gender (n, %) 22 (51.2%) 10 (50.0%)
Height (cm) 57 (50, 61) 88 (57, 98)
Weight (kg) 45(3.6,5.1) 12.9 (4.9,15.2)
BSA (m2) 0.27(0.23,029)  0.57(0.29, 0.64)

Heart Rate (bpm)
Rastelli Type
A (n, %)
C (n, %)
Trisomy 21 (n, %)
Quialitative systolic function
Normal (n, %)
Mildly diminished (n, %)
Moderately diminished (n, %)
Pre-Repair AVV Regurgitation
Mild or less (n, %)

Moderate or greater (n, %)

Post-Repair Left AVV Regurgitation

Mild or less (n, %)
Moderate or greater (n, %)

Frame rate (Hz)

137 (123, 144)

25 (58%)
18 (42%)
35 (81%)

41 (95%)
2 (4%)
0 (0%)

33 (77%)
10 (23%)

34 (79%)
9 (21%)
34.0 (30.5, 34.0)

BSA = body surface area; AVV = atrioventricular valve.

100 (83, 122)

100%

100%

30.0 (26.5, 33.0)

Data are expressed as median (interquartile range) or as a number (percentage).
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Table 2.
Comparison of Annular Metrics of Left CAVC Annuli and Normal Mitral Valves

Variable CAVC (n=43) Normal Mitral (n=20) p Value

Left Annulus Height (mm/m)

End-diastole 4.7[4.1,6.0] 6.7 [6.0, 7.2] <0.001 "
Mid-systole 4.8[3.4,6.2] 7.3[6.8, 8.4] <0.001”
End-systole 4.6[3.3,6.1] 6.7[6.1,7.7] <0.001”
Mid-diastole 5.1[3.7,5.8] 6.3[5.8,7.2] 0.003™

Annulus Width (cm/m)

End-diastole 3.7[3.3, 4.0] 2.9[2.8,3.3] <0.001”
Mid-systole 3.6[3.2,4.1] 2.9[25,3.1] <0.001 "
End-systole 3.6[3.2.4.0] 2.8[2.5,3.0] <0.001”
Mid-diastole 3.7[3.4,4.1] 3.0[2.7,3.2] <0.001”
Left AHWR
End-diastole 14 [10, 16] 22 [20, 24] <0.001”
Mid-systole 1419, 17] 27 [24, 30] <0.001”
End-systole 1419, 17] 25 [20, 30] <0.001”
Mid-diastole 139, 17] 21[20, 23] <0.001 "
Total AHWR
End-diastole 18 [15, 22] 22 [20, 24] 0.002*
Mid-systole 19 [16, 23] 27 [24, 30] <0.001”
End-systole 21[17, 26] 25 [20, 30] 0.050
Mid-diastole 18 [14, 24] 21[20, 23] 0,024

AHWR = annular height to width ratio

Annulus Width: For CAVC = LA-LP Distance; For Normal Mitral = AL-PM distance;

Left AHWR = For CAVC = Left annulus height / LA-LP Distance; For Normal Mitral = Total annulus height / AL-PM distance
Total AHWR = Total annulus height / LA-LP Distance; For Normal Mitral = Total annulus height / AL-PM distance

Values listed are Median [IQR]

*
p<0.05
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