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ABSTRACT

Objective: Hypoplastic left heart syndrome (HLHS) is a congenital disease charac-
terized by an underdevelopment of the anatomical components inside the left
heart. Approximately 30% of newborns with HLHS will develop tricuspid regurgita-
tion, and it is currently unknown how the valve annulus mechanics and geometry
are associated with regurgitation. Thus, we present an engineering mechanics-
based analysis approach to quantify the mechanics and geometry of the HLHS-
afflicted tricuspid valve (TV), using 4-dimensional echocardiograms.

Methods: Infants born with HLHS (n ¼ 8) and healthy newborns (n ¼ 4) had their
TVs imaged, and the data were imported to 3D Slicer. The annular curves were
defined at 5 points in the cardiac cycle. The geometry and deformation (strain)
of the TV annulus were calculated to elucidate the mechanics of this critical struc-
ture and to compare them between neonates with and without HLHS.

Results: For the annular geometry, HLHS-afflicted newborns had significantly larger
annular circumferences (20%-30%) and anteroposterior diameters (35%-45%)
than the healthy patients. From a biomechanics’ perspective, the HLHS patients
had significantly smaller strains in the anterior segments (–0.1 � 2.6%) during
end-diastolic and end-isovolumetric relaxation (1.7 � 3.0%) compared with the
healthy counterparts (–13.3 � 2.9% and 6.8 � 0.9%, respectively).

Conclusions: The image-based analysis presented in this study may provide novel
insights into the geometric and mechanistic differences in the TV annulus between
the healthy and HLHS newborns. Future longitudinal studies of the biomechanics of
TV annulus and other subvalvular structures may inform our understanding of the
initiation and development of tricuspid regurgitation and the design of optimal re-
pairs in this challenging population. (JTCVS Open 2022;10:324-39)
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Computed TV annulus strain for patients with
HLHS.
/

CENTRAL MESSAGE

The derived mechanics and
geometry-based metrics of the
tricuspid valve annulus in pa-
tients with HLHS can provide
novel insight into the refinement
of the timing for surgical
interventions.
PERSPECTIVE
Hypoplastic left heart syndrome patients under-
going the staged palliation are susceptible to
tricuspid valve regurgitation. Currently, there is
limited information regarding the tricuspid valve
annulus mechanics in this population, and an
engineering-based analysis approach was per-
formed to elucidate the distinct features (eg, me-
chanical strain) present in this unique congenital
heart defect.
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Abbreviations and Acronyms
AP ¼ anteroposterior
DAP ¼ anteroposterior diameter
DSL ¼ septal-lateral diameter
ED ¼ end diastole
EIVC ¼ end-isovolumetric contraction
EIVR ¼ End-isovolumetric relaxation
ES ¼ end systole
HLHS ¼ hypoplastic left heart syndrome
IRB ¼ institutional review board
r ¼ Pearson correlation coefficient
RVPmin ¼ minimum right ventricular pressure
TR ¼ tricuspid regurgitation
TV ¼ tricuspid valve
(X, Y, Z) ¼ Cartesian coordinates
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Video clip is available online.

Hypoplastic left heart syndrome (HLHS) is present in 1 of
every 3841 births in the United States and is associated
with a 20.6% mortality rate within the first 2 weeks of
life.1,2 Staged cardiac palliation surgery is the primary treat-
ment method for neonates with HLHS; however, interstage
mortality, postpalliation mortality, and tricuspid valve (TV)
complications remain emerging challenges for this
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pediatric population.3-5 For example, up to 32% of
newborns develop significant tricuspid regurgitation (TR)
by the second palliation stage,6,7 which is associated with
a relatively high mortality rate and suboptimal repair out-
comes.8,9 Patient characteristics with the presence and
recurrence of TR have been documented, including early
intervention (eg, younger, lower body weight) and
abnormal valve architectures (eg, leaflet tethering).6-8,10-16

These complications may be due to the increased
afterload on the TV during the reconstructive palliations,
subsequently resulting in valvular tissue remodeling to
maintain tissue homeostasis.17-19

While these advancements facilitate a deeper understand-
ing of the geometric abnormalities related to the presence of
TR in patients with HLHS, there are currently no
biomechanics-focused studies of the TV structures. Me-
chanical strain, caused by external constraints or loads (in
this case due to right ventricular contraction and valve
closure), is a geometric measure of deformation, represent-
ing the relative displacement between particles in a material
body. Understanding the functional strains, together with
other engineering mechanics metrics, is crucial for opti-
mizing TV surgical techniques that can ideally prevent
TR progression. Specifically, TV interventions, such as val-
vuloplasty, may be improved to better target the desired tis-
sue homeostatic stress and strain to avoid adverse tissue
remodeling and the subsequent disease worsening. To this
end, we develop a mechanics-based TV annulus analysis
pipeline to quantify and systematically analyze the
clinical, geometric, and engineering mechanics metrics in
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Congenital: Hypoplastic Left Heart Syndrome Ross et al
HLHS-afflicted TVs (Figure 1). In this pilot study, we use
this pipeline to analyze a cohort of 8 newborns with
HLHS (n ¼ 8) and 4 healthy newborns (n ¼ 4), which
can lay the foundation for future studies to identify the
predictors of TV annulus mechanics associated with TR.
METHODS
This is a single-center study, reviewed and approved by the institutional

review board (IRB) at the University of Oklahoma Health Sciences Center,

for a retrospective (IRB no. 14112; obtained on December 8, 2021) enroll-

ment of patients diagnosed with HLHS from July 2019 to present. Due to

the retrospective nature of the study, patient consent was not required.

Study Population
The inclusion criteria for the 8 currently enrolled patients with HLHS

were that they (1) have HLHS and (2) have no evidence of moderate or se-

vere TR. Meanwhile, the inclusion criterion for another 4 healthy patients

was the absence of cardiovascular disease or defects, and they were imaged

for concerns, such as hypoxia or heart murmurs, but presented with normal

cardiovascular function. Table 1 summarizes the characteristics of all 12

patients (eg, birth weight, gestational age).

Echocardiogram Imaging and Image Segmentation
Routine 4-dimensional full-volume transthoracic echocardiographic

data for a full cardiac cycle was collected in the apical view (coronal

scanning plane) using a Philips EPIQ ultrasound machine (Philips NV)

equipped with 5-MHz and 7-MHz matrix-array transducers under our

IRB-approved protocol, where none of the patients were under sedatives/

medications during the imaging procedure. The acquired 4-dimensional

echocardiographic imaging data was converted into a Cartesian Digital Im-

aging and Communications in Medicine (3DDCM) format in QLAB Car-

diac Analysis software (Philips NV).19 The corresponding Digital Imaging

and Communications in Medicine files from the patient imaging were then

imported to the 3D Slicer software using the SlicerHeart module for defi-

nition of the TVannulus using the 3 standard views—the axial, sagittal, and

coronal planes (Figure 2).15,19,20 For the subsequent geometrical and engi-

neering mechanics-based analyses, we defined 5 key time points of interest

over the cardiac cycle20-22:
TABLE 1. Patient characteristics for the newborns with HLHS and health

Patient ID Race Sex

Birth weight/

height Gestational a

HLHS newborns

1 Hispanic Male 2790 g/46 cm 36 þ 0/7 wk

2 Caucasian Male 3020 g/48.5 cm 37 þ 1/7 wk

3 Caucasian Male 3310 g/52 cm 38 þ 2/7 wk

4 Caucasian Male 3350 g/49 cm 38 þ 1/7 wk

5 Caucasian Male 3180 g/52 cm 38 þ 4/7 wk

6 Unknown Female 2700 g/49 cm 39 þ 2/7 wk

7 Caucasian Female 2780 g/47.5 cm 38 þ 5/7 wk

8 Hispanic Male 3350 g/47.8 cm 39 þ 1/7 wk

Healthy newborns

9 Hispanic Female 1670 g/42.5 cm 33 þ 3/7 wk

10 Hispanic Male 3575 g/55.5 cm 40 þ 3/7 wk

11 Unknown Male 2260 g/45 cm 32 þ 5/7 wk

12 Caucasian Male 2960 g/50 cm 39 þ 4/7 wk

Note that the diameter of the ascending aorta, RVFAC, and TAPSE scores were not measu

annular plane systolic excursion; RVFAC, right ventricular fractional area change; MS, mi
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� Right ventricular minimum pressure (RVPmin): The TV is open (ie,

leaflets are not in contact), and the right ventricle is at the minimum

volume.

� End diastole (ED): The time instant right before the coaptation of the TV

leaflets.

� End-isovolumetric contraction (EIVC): The TV is closed (ie, TV leaflets

are in contact), and the right ventricle is at the maximum volume.

� End systole (ES): The TV is closed, and the ventricular volume is at the

minimum.

� End-isovolumetric relaxation (EIVR): The TV is closed, and the ven-

tricular volume is at the minimum volumewithout a change in ventric-

ular volume.

At each of the aforementioned time points, the (X, Y) locations of the 3

commissure regions were first identified on the axial plane, ie, the ante-

roseptal, the anteroposterior (AP), and the posteroseptal (PS) commis-

sures (Figure 2, A). Then, the segmentation of the TV annulus was

performed within the 3D Slicer software through manual segmentation

of the TV leaflet hinge points (Figure 2, B). These leaflet hinge points

were identified at every 8� to 9� of the TV annulus by rotation of the

sagittal plane view about the centroid of the imaging viewpoint

(Figure 2, D). Following segmentation, the (X, Y, Z) coordinates of the

segmented TV annulus point clouds were exported for the geometry

and mechanics analyses. To ensure the consistency and robustness of

our overall manual image segmentation, all TV annulus segmentations

were performed in consultation with multiple clinicians (eg, pediatric

cardiologist and pediatric cardiac surgeon) at the Oklahoma Children’s

Hospital and Children’s Hospital of Philadelphia.

Geometry- and Engineering Mechanics–Based
Analyses for the TVAnnulus

The (X, Y, Z) coordinates from the TVannulus point clouds (ie, a collec-

tion of segmentation points; Figure 3, A) were imported to MATLAB

(MathWorks). Annulus curve fitting was performed using a moving

least-squares algorithm,23,24 from which we retrieved 300 uniformly

spaced material points (the number of material points was chosen to yield

convergent strain, strain rate, and curvature) for the subsequent analyses.

Note that we defined the 0� angle as the location of the AP commissure

(Figure 3, B) and the positive angle as the clockwise rotation around the

annulus circumference from 0� to 360�.
y newborns considered in this study

ge

Diameter of

ascending aorta TAPSE RVFAC (%) HLHS subtype

0.29 cm (z ¼ �3.44) 8.0 mm 44 MS/AoS

0.20 cm (z ¼ �4.77) 8.5 mm 40 MS/AoA

0.16 cm (z ¼ �5.17) 8.4 mm 41 MS/AoA

0.23 cm (z ¼ �4.73) 8.0 mm 44 MS/AoS

0.32 cm (z ¼ �3.93) 9.0 mm 45 MS/AoS

0.40 cm (z ¼ –3.07) 8.0 mm 43.8 MS/AoS

0.18 cm (z ¼ N/A) 8.5 mm 37 MA/AoA

0.22 cm (z ¼ �4.76) 6.5 mm 40 MA/AoA

N/A 10.5 mm 55 N/A

N/A 10.7 mm 45 N/A

N/A 8.7 mm 40 N/A

N/A 13.3 mm 62 N/A

red in the healthy patients. HLHS, Hypoplastic left heart syndrome; TAPSE, tricuspid

tral stenosis; AoS, aortic stenosis; AoA, aortic atresia; N/A, not available.



FIGURE 2. Four-dimensional transthoracic echocardiographic data from a representative newborn with HLHS (patient #1): (A) axial plane, (B) sagittal

plane, and (C) coronal plane. D, Illustration of our image segmentation of the TVannulus. HLHS, Hypoplastic left heart syndrome; TV, tricuspid valve; AS,

anteroseptal; AP, anteroposterior; PS, posteroseptal.

Ross et al Congenital: Hypoplastic Left Heart Syndrome
After annulus curve fitting, the typical clinical and geometric indices

were quantified,18 including: (1) the 2 primary annulus diameters: the

AP diameter DAP and the septolateral (SL) diameter DSL (Figure 3,

B), (2) the annular height (Figure 3, C), and (3) the bending angle,

which is defined as the angle between the best fit planes of the flat re-

gion and the elevated region (the flat region is composed of the posterior

annulus and the bordering half of the bisected septal annulus region,

whereas the elevated region consists of the anterior annulus and the

neighboring half of the bisected septal region) (Figure 3, C). We also

determined other geometry-based metrics of interest, including the

circumference, the annulus area, which is approximated by the sum of

the area of triangles delimited by any 2 adjacent material points and

the centroid of the annulus curve,25 and the sphericity, which is calcu-

lated by DAP/DSL.

In addition, the biomechanical metrics were determined using the ma-

terial points from the fitted curve. Herein, we defined RVPmin as the refer-

ence configuration, as it is the time point in the cardiac cycle closest to a

stress-free reference configuration.26 The annulus strains associated with

each material point i located at (Xi, Yi, Zi), were computed as the changes

in segment lengths between the RVPmin and the subsequent time points

(the direction of strain is along the tangential direction of the annulus

curve) (Figure 3, A). Thereafter, the strain rate was calculated as the dif-

ference in strain between the reference configuration and the subsequent

time points per unit time (in seconds). We also quantified the curvature

and the relative curvature (ie, the difference in curvature between the

RVPmin and the subsequent time points).27 A representative illustration

of the spatial variations in the strain, strain rate, and curvature, between

EIVC and RVPmin are shown in Figure 3, D. For more details on the
moving least-squares curve fitting and the subsequent biomechanics-

based quantifications, we refer the readers to Appendix 1.

Statistical Analysis
Normally distributed data was reported as the mean� standard error of

the mean and non-normal data as the median [the interquartile range]. For

comparisons between patients, annular area measurements were first

normalized by the body surface area, whereas the linear measurements

were normalized by
ffiffiffiffiffiffiffiffiffiffi
BSA

p
.15 Herein, the body surface area was estimated

using Haycock’s formula.28 Statistical comparisons were performed be-

tween the newborns with HLHS and healthy newborns: normal data via

Student’s t test (with Welch’s correction in the case of unequal variances),

and non-normal data via Wilcoxon rank-sum test. To analyze trends be-

tween the clinical measurements of patient right ventricular function and

the TV geometries, we analyzed the Pearson’s correlation coefficient (r).

Remark 1. Note that this study is a pilot investigation, and the statisti-

cal comparisons performed provide preliminary insights into the differ-

ences between newborns with HLHS and healthy ones. Future studies

with larger cohorts will be required for more conclusive findings.

RESULTS
TVAnnulus Geometric Features in Newborns With
HLHS
From the perspective of geometry, we observed distinct

changes in the TV annulus during the cardiac cycle for
the newborns with HLHS (Figure 4 and Figure E1).
JTCVS Open c Volume 10, Number C 327
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Specifically, DAP decreased during the leaflet coaptation
(EIVC) by –12.9 � 4.0%, whereas the trends for DSL

were less consistent, with one half of patients demonstrating
an increase in DSL (6.6%-45.7%), whereas the remaining
patients exhibiting a decreased DSL during EIVC (�3.6%
to�18.5%). These changes were reflected in the sphericity
and the annular area. For sphericity, nearly all patients
(except patient #4) had an elliptical annulus shape (sphe-
ricity >1.0) at RVPmin, then becoming more circular
throughout the cardiac cycle (ie, sphericity z 1.0). For
annular area, we found decreases between RVPmin and
EIVC for all but one of the patients with HLHS (–42.1%
to �6.8%), and a 13.0% increase for patient #7, who had
a restrictive atrial septal defect. In contrast, the circumfer-
ence remained relatively constant for each patient (varia-
tions within �10% throughout the cardiac cycle).

The bending angle and annular height provide insights
into the changes in the out-of-plane “saddleness” of the
328 JTCVS Open c June 2022
TVannulus. Specifically, we found the annulus to be flatter
in the relaxed state (RVPmin, 166.2

� [22.2�]) and more
“bent” at valve closure (EIVC, 143.9� [8.1�]).We also noted
an 8.2% to 87.7% increase in the annular height for 3 of the
8 newborns with HLHS at EIVC, whereas the remaining 5
patients showed a decrease in the annular height of –1.6%
to –36.5%. In contrast, the quantified geometric changes for
the healthy newborns are shown in Figure 5 and Figure E2.

Analyzing the patient right ventricular function data
(Table 1), we observed moderate-to-strong correlations of
the right ventricular fractional area change to the quantified
geometric indices: DAP (�0.78 < r < �0.44), DSL

(�0.75< r<�0.03), area (�0.57< r<�0.36), bending
angle (�0.55< r< 0.81), height (0.22< r< 0.67), and
sphericity (–0.74<r<0.22), whereas the right ventricular
fractional area change was weakly correlated with the me-
chanical strain and strain rate along with a moderate corre-
lation with the curvature in the septal segment
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(0.57 < r < 0.66). In addition, there were moderate-to-
strong correlations between the diameter of the ascending
aorta and the annular height (0.71<r<0.86) and the strain
in the posterior segment (0.36<r<0.76).
TVAnnulus Mechanics for Newborns With HLHS
The spatial variations of the computed annulus strain

around the circumference at each of the analyzed time
points for one representative patient (ie, patient #1) are
shown in Figure 6, whereas the computed annular strain,
strain rate, and relative curvature across all patients are
presented in Figure 7, Figure E3, and Figure E4, respec-
tively. Video animations depicting the annulus shape and
strains throughout the cardiac cycle for each patient
(HLHS and healthy) are provided in Videos 1-12.
From the representative patient, we observed the largest

compressive strains in the posterior annulus (a maximum
strain of –8.8% at ED), whereas the anterior segment under-
went the smallest strain throughout the cardiac cycle (<5%
on average). Similarly, across all patients, we found the
largest strains in the posterior and septal segments
(–5.7 � 2.2% and –8.7 � 3.8% at ED, respectively), and
JTCVS Open c Volume 10, Number C 329
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the minimal strain in the anterior segment (<5% on average
at all selected time points). For the strain rate, the largest
changes were found at EIVC: posterior segment
(5.2 � 63.0%/s), anterior segment (60.9 � 66.6%/s), and
septal segment (–158.8 � 96.1%/s). Finally, we observed
a maximum change in the relative curvature for the poste-
rior and anterior segments (�1.0 mm�1), along with a
�2.0 mm�1 curvature change for the septal segment.

Differences Between Healthy and HLHS Newborns
We noted several key differences in TVannulus geometry

between the newborns with HLHS and healthy newborns.
First, DAP and the annular circumference were larger for
330 JTCVS Open c June 2022
patients with HLHS at all 5 analyzed time points (35%-
45% and 20%-30% larger, respectively; .001<P<.040).
Interestingly, however,DSL was similar between the 2 groups
(.074<P<.260). These trends were similarly reflected in the
annular area, wherein the area was significantly larger (44%-
65%) for the patients with HLHS at all time points, except
EIVC (.002<P<.060). The sphericity was also significantly
different between patient subgroups at all time points except
ED (.017<P<.040). Specifically, the healthy newborns ex-
hibited an elliptical annulus with themajor axis in theDSL di-
rection (ie, DAP/DSL<1), whereas the patients with HLHS
had an elliptical annulus at RVPmin (ie, DAP/DSL>1) that
becamemore circular during valve closure (ie,DAP/DSLz1).
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From the biomechanics standpoint, we did not observe
as many significant differences between the newborns
with HLHS and healthy newborns. For the strain, a signif-
icant difference was found in the anterior segment (HLHS
vs healthy): �0.1 � 2.6% versus �13.3 � 2.9% at ED
(P ¼ .010), and �1.7 � 3.0% versus 6.8 � 0.9% at
end-isovolumetric relaxation (P ¼ .026). This trend was
partially reflected in the larger strain rate of 15%/s at
ED for the healthy patients than the newborns with
HLHS (P ¼ .011). For curvature, significant differences
were found for the septal segment at EIVC, ES
(P ¼ .002), anterior segment at RVPmin, ED
(.008 < P < .040), and posterior segment at EIVC, ED,
and ES (.016<P< .049).
DISCUSSION
In this study, we presented a novel biomechanics-based

framework for the analysis of dynamic valve annuli that
we have preliminarily applied to elucidate the TVannular
mechanics in neonates with HLHS. A complete under-
standing of the dynamic changes in the TVannulus biome-
chanics and geometric features will be integral in
identifying patient conditions that are related to TR initi-
ation and progression.
Comparisons Between Healthy Newborns and
Newborns With HLHS
Comparing the newborns with HLHS and healthy new-

borns, we observed different annular geometries. Specif-
ically, patients with HLHS had a larger circumference,
area, and DAP than the healthy cohort, along with different
trends in sphericity over the cardiac cycle.
In contrast, the similarity in annular strain between

healthy patients and patients with HLHS could have inter-
esting implications for understanding the remodeling of
the TV annulus in this unique congenital condition. For
example, the HLHS-afflicted TV may adapt during em-
bryonic developments to maintain similar homeostatic tis-
sue strains as in the healthy (ie, non-HLHS) scenario.
However, future studies are warranted to corroborate this
postulation, which could include analyzing in utero echo-
cardiograms of HLHS development. Also, the trends in
annular strains could be related to the circumferential
strains of the right ventricle, as shown to be similar be-
tween healthy newborns and newborns with HLHS.29 It
is worth noting that a previous study indicated that post-
Norwood patients with HLHS had a reduced longitudinal
strain of the right ventricle compared with the healthy pa-
tients, indicating the future development of TR and/or
right ventricular dysfunction.30
JTCVS Open c Volume 10, Number C 331
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Development of TR in HLHS Newborns
Previous investigators shed light on the distinct differ-

ences in the TV for newborns with HLHS with and without
TR. It has been found that patients with HLHS with TR
have (1) a larger annular area, (2) a lessened change in
area during the cardiac cycle (TR, 12% vs no-TR,
20%),11,12 (3) a flatter annulus with a reduced “active
bending” (14� vs 27� changes in bending angle, TR vs
VIDEO 1. Change in the annular strain throughout the cardiac cycle for

patient #1 with HLHS. Note that the TVannulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.
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no-TR),6,12 and (4) heterogenous annular contractions,
whereas in “normal” patients with HLHS, the contractions
are homogenous.12,15 While we were unable to enroll any
patients with HLHS with TR in the present work, we may
be able to observe the onset of TV anomalies as we track
our patients in a future longitudinal study. For example,
patient #8 had smaller changes in the annular area during
the cardiac cycle (3%-13%) compared with others in the
VIDEO 2. Change in the annular strain throughout the cardiac cycle for

patient #2 with HLHS. Note that the TV annulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.
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VIDEO 3. Change in the annular strain throughout the cardiac cycle for

patient #3 with HLHS. Note that the TV annulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.

VIDEO 5. Change in the annular strain throughout the cardiac cycle for

patient #5 with HLHS. Note that the TV annulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.
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cohort, which may serve as an indicator for potential TR
initiation and development.
Comparisons to Previous TVAnnulus Biomechanics
Studies

While we can contextualize our annulus biomechanics
findings regarding the previous in vitro animal studies and
ex vivo heart pressurization systems, these studies analyze
biventricular hearts. Between the biventricular and
HLHS-afflicted hearts, the TV has numerous differences:
(1) the TV is not designed to function with a circular
annulus; (2) the septal–lateral contraction forces that main-
tain leaflet coaptation are reduced; and (3) ventricular dila-
tion can cause papillary muscle shifting and a loss of leaflet
coaptation.12 Considering these differences, we observed
strain magnitudes of �8%, on average at each time point,
which were similar to those reported in other in vivo ovine
animal studies using the sonomicrometry technique. For
example, Malinowski and colleagues31 incrementally
VIDEO 4. Change in the annular strain throughout the cardiac cycle for

patient #4 with HLHS. Note that the TV annulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.
cinched the ovine TV annulus and found annular strains
increased from 20% to 40% with increased suturing
strengths, whereas another study of the healthy ovine TV
annulus observed peak strains of approximately 10%.27

These findings were similar to another work perfusing
ex vivo human hearts to identify peak strains of �10%.32

The discrepancy in the observed peak strains may be attrib-
uted to the image acquisition methods (ie, interpolation
with 8 sonocrystal locations vs 40-45 segmented locations
in the present work), the differences in the ovine and the
HLHS-afflicted hearts, or the use of in vivo versus ex vivo
experimental methods.
Clinical Relevance and Translatability of the TV
Annulus Pipeline
The development of this framework lays the foundation

for improved patient diagnostics that can be used in refined
clinical decisions and surgical planning. Using this pipeline,
clinicians can receive the geometric and engineering-based
analytics within an hour, demonstrating another benefit of
VIDEO 6. Change in the annular strain throughout the cardiac cycle for

HLHS patient #6 with HLHS. Note that the TV annulus is visualized in

an orientation similar to Figure 6. Video available at: https://www.jtcvs.

org/article/S2666-2736(22)00069-9/fulltext.
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VIDEO 7. Change in the annular strain throughout the cardiac cycle for

patient #7 with HLHS. Note that the TVannulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.

VIDEO 9. Change in the annular strain throughout the cardiac cycle for

healthy patient #1 (ie, patient #9). Note that the TV annulus is visualized

in an orientation similar to Figure 6. Video available at: https://www.

jtcvs.org/article/S2666-2736(22)00069-9/fulltext.
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our present work. While we opted to perform manual seg-
mentation, semiautomated or deep learning-based auto-
matic approaches for echocardiogram segmentation of the
subvalvular components are a growing field of interest
and could further improve the ease of use—a potential
future extension.18,33-35 With extensions of our TV
analysis framework to include the leaflets and ventricle,
further information on the unique biomechanics-based indi-
cators can become available for surgical guidance such as
the optimal timing of performing TV valvuloplasty repair.
Limitations and Future Extensions
There are a few limitations of the present work. First, we

had a limited population size for our pilot investigation;
thus, our findings are preliminary and should be interpreted
in the correct context (ie, not be applied a larger popula-
tion). Second, we were unable to identify trends in the
development of TR in our HLHS cohort due to the limited
VIDEO 8. Change in the annular strain throughout the cardiac cycle for

patient #8 with HLHS. Note that the TVannulus is visualized in an orien-

tation similar to Figure 6. Video available at: https://www.jtcvs.org/article/

S2666-2736(22)00069-9/fulltext.
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available data from our retrospective patient enrollment.
Third, there is a potential loss of local landmarks and fea-
tures in the TVannulus due to the image-segmentation tech-
nique (ie, manual point placement or image resolution) or
the moving least squares data fitting/smoothing algorithm.
Nonetheless, the circumference changes observed in our
study (up to 9% on average) were similar to those reported
in the literature,15,27,31 ensuring confidence in our analysis
technique.

Future work includes investigating the changes in geom-
etry and strains of the TV leaflets and other subvalvular
structures, examining right ventricle function, and
capturing the longitudinal changes in the TV annulus dy-
namics in individual patients using follow-up imaging
data (eg, at 8 weeks vs 16 weeks of age, or at stage II/stage
III palliation) to elucidate the time-evolving indicators of
the initiation and progression of TR between the palliation
stages. While the present work provides the foundation for
understanding the TV annulus in patients with HLHS, the
occurrence of TR is multifactorial, and all subvalvular
VIDEO 10. Change in the annular strain throughout the cardiac cycle for

healthy patient #2 (ie, patient #10). Note that the TVannulus is visualized

in an orientation similar to Figure 6. Video available at: https://www.jtcvs.

org/article/S2666-2736(22)00069-9/fulltext.
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VIDEO 11. Change in the annular strain throughout the cardiac cycle for

healthy patient #3 (ie, patient #11). Note that the TVannulus is visualized

in an orientation similar to Figure 6. Video available at: https://www.jtcvs.

org/article/S2666-2736(22)00069-9/fulltext.
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components can likely contribute to the manifestation of the
comorbidity.
CONCLUSIONS
We have presented a comprehensive patient-specific TV

annulus analysis pipeline that is capable of quantifying both
the biomechanical and geometric indices, including annular
tissue strains from the 4-dimensional echocardiograms. We
found that newborns with HLHS had annular strains of
�8%, on average, and a more circular annulus during the
heart valve contraction. In addition, the HLHS TV annulus
was significantly larger than the healthy one, while main-
taining similar strains. Application of these techniques to
a larger patient cohort in future studies may inform the
optimal timing and selection of TV surgical intervention
for the challenging HLHS population.
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VIDEO 12. Change in the annular strain throughout the cardiac cycle for
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APPENDIX 1. DETAILS ON THE MOVING
LEAST-SQUARES CURVE FITTING AND
DETERMINATION OF GEOMETRY- AND
ENGINEERING MECHANICS–BASED ANALYSES
FOR THE TRICUSPID VALVE (TV) ANNULUS

The (X, Y, Z) coordinates from the TV annulus point
clouds were imported to MATLAB (MathWorks). Annulus
curve fitting was performed using a moving least-squares
algorithm to generate 300 material points to determine geo-
metric measurements: the anteroposterior septal-lateral di-
ameters, the annular height, the bending angle, the
circumference, the annular area, and the sphericity and
biomechanical metrics (eg, strain, strain rate, and relative
curvature).

Let C be the TVannulus curve parametrized by the mov-
ing least-squares functions in a cylindrical coordinate sys-
tem (r, q, z):

CðX; Y ; ZÞ¼
 XNP

J¼1

JJðqÞrJ ; q;
XNP
J¼1

JJðqÞzJ
!
; (A.1)

Where the TVannulus is represented by NP discrete points
associated with their unknown rJ and zJ coordinates and the
moving least-squares shape functions JJ. The transforma-
tion between the cylindrical and Cartesian coordinate sys-
tems follows: X ¼ rcosq, Y ¼ rsinq, and Z ¼ z.

According to Belytschko and colleagues23 and Chen and
colleagues,24 the 1-dimensional moving least-squares shape
functions are constructed by:

JJðqÞ¼HTð0ÞM�1ðqÞHðq� qJÞfðq� qJ ;wÞ; (A.2)

Herein, HTðq�qJÞ ¼ ½1; q�qJ ;/; ðq�qJÞN � is the basis
function up to a monomial order ofN,F is the window func-
tion with a support of w, and M(q) is the moment matrix
defined as:

MðqÞ¼
XNP
K¼1

HTðq� qKÞHðq� qKÞfðq� qK ;wÞ: (A.3)

In this study, we chose NP ¼ 9, a quadratic basis func-
tion, ie, N ¼ 2, a cubic B-spline function for F, and a sup-
port of w¼ 3.25 to parametrize the TVannulus curve (ie, a
periodic curve with q ¼ 0� – 360�) via standard linear
least-squares regression with respect to the segmented
3-dimensional point cloud data (Figure 3, A). After the
fitted curve was obtained, 300 uniformly spaced material
points were generated in the q coordinate for the subse-
quent analyses.
The biomechanical metrics were determined using the

material points from the fitted annulus curve. Herein, we
defined RVPmin as the reference configuration (U0), as it
is the time point in the cardiac cycle closest to a stress-
free reference configuration.26 The TV annulus strains,
associated with each material point i located at (Xi, Yi, Zi),
were computed by εi ¼ sti=s

0
i , where the superscripts

0 and t denote the reference U0 and deformed states Ut,
respectively. After the TVannulus strains were determined,
the strain rate between any 2 time points t1 and t2 was calcu-
lated by _εi ¼ Dsi=Dt ¼ ðst2i � st1i Þ=ðt2 � t1Þ. To further
gain insight into the geometry of the dynamic TV annulus,
we also calculated the curvature by using the first- and
second-order derivatives (d(1) and d(2)) associated with the
annulus curve27:

ki ¼
��dð1ÞðX;Y ; ZÞi3dð2ÞðX; Y ; ZÞi

����dð1ÞðX; Y ; ZÞij3
: (A.4)

In addition, we determined the relative curvature as the
difference in curvature between the reference configuration
and the subsequent time points (ie, ki,0 –ki,t).
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