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ABSTRACT

Objectives: An increasing number of high-risk patients with previous mitral valve
annuloplasty require transcatheter mitral valve replacement due to recurrent
regurgitation. Annulus dilation with a transcatheter balloon is often performed
before valve-in-ring transcatheter mitral valve replacement, which is believed to
reduce misalignment and paravalvular leakage, yet little evidence exists to support
this practice. Our objective was to generate intuitive annuloplasty ring analyses for
improved valve-in-ring transcatheter mitral valve replacement planning.

Methods: We generated a mathematical model that calculates image-tracked dif-
ferential ring curvature to build quantifications for improved planning for valve-in-
ring procedures. Carpentier-Edwards Physio M24 and M30 (n ¼ 2 each), Physio II
M24 and M26 (n ¼ 3 each), LivaNova AnnuloFlex M26 (n ¼ 2), and Edwards Geo-
form M28 (n ¼ 2) rings were tested with a 30-mm Toray Inoue balloon inflated
to maximum rated pressures.

Results: Curvature variance reduces with larger ring sizes, indicating that larger
rings are initially more circular than smaller ones. Evaluated semi-rigid and rigid
rings showed little to no difference between pre- and post-dilation states. Annulo-
flex rings (flexible band) showed a postdilation variance reduction of 32.83%
(P< .001) followed by an increase after 10 minutes of relaxation that was still
reduced by 19.62% relative to the initial state (P< .001).

Conclusions: We discovered that balloon dilation does not significantly deform
evaluated semi-rigid or rigid rings at maximum rated balloon pressures. This may
mean that dilation for these conditions before valve-in-ring transcatheter mitral
valve replacement is unnecessary. Our mathematical approach creates a founda-
tion for extended classification of this practice, providing meaningful quantification
of ring geometry. (JTCVS Techniques 2023;20:45-54)
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Modeling and analysis of annuloplasty ring geome-
try before and after balloon dilation.
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CENTRAL MESSAGE

Balloon dilation does not signifi-
cantly deform evaluated semi-
rigid or rigid rings at maximum
balloon pressures, which may
mean that dilation for these
conditions before ViR TMVR is
unnecessary.
PERSPECTIVE
We generated a mathematical model of image-
tracked differential ring curvature to build
quantifications for improved planning for ViR pro-
cedures.We found that balloon dilation does not
significantly deform evaluated semi-rigid or rigid
rings, meaning that dilation before ViR TMVR
could be unnecessary. Our approach creates a
foundation for extended classification and quan-
tification of ring geometry.
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Abbreviations and Acronyms
BVF ¼ bioprosthetic valve fracture
MR ¼ mitral valve regurgitation
MV ¼ mitral valve
TAVR ¼ transcatheter aortic valve replacement
THV ¼ transcatheter heart valve
TMVR ¼ transcatheter mitral valve replacement
ViR ¼ valve-in-ring

Adult: Mitral Valve Park et al
Mitral valve regurgitation (MR) is among the most preva-
lent forms of valvular heart disease in Western countries.1,2

It is estimated to affect up to 19% of the general population
in the United States3 and is a major cause of global
morbidity and mortality.4 MR can be caused by various
intrinsic lesions of the mitral valve (MV) apparatus,5 and
among these lesions, mitral annular dilation is among the
most common. MV surgical intervention is the current
gold standard for patients with severe primary MR,6,7 and
with the increase in surgical volume and expertise, as well
as the excellent long-term outcomes associated with mitral
repair, guidelines continue to recommend aggressive and
early mitral repair when indicated.8 Synthetic mitral annu-
loplasty rings are a fundamental component in mitral repair,
restoring the annulus to a healthy geometry to re-establish
proper leaflet coaptation and prevent further annular dila-
tion.9 Currently, there are dozens of mitral annuloplasty
rings available with varying geometries, designs, and mate-
rial properties. However, the lack of rigorous, unbiased,
biomechanical comparison of the wide variety of rings
makes quantifying the differences difficult, especially
because the choice of ring is still largely dependent on sur-
geon preference.

Despite the lack of comprehensive ring comparisons, un-
derstanding ring properties is essential for thorough surgical
planning, especially as an increasing number of high-risk
patients with previous MV annuloplasty require further
intervention due to recurrent MR particularly for those
with ischemic MR and left ventricular remodeling.10,11

For such nonoperable, high-risk patients, transcatheter
mitral valve replacement (TMVR) is a common minimally
invasive treatment alternative, resulting in the implantation
of a mechanical prosthetic MV within an annuloplasty ring,
known as a valve-in-ring (ViR) procedure. Concerningly,
ViR procedures have been reported to have low levels of
procedural success (as low as 57.4%11 and 66.7%12 in
separate studies), high mortality rates (30-day, 1-year,
2-year, and 4-year mortality rates of up to 9.9%, 30.6%,
50%, and 50.3%, respectively, from different studies),
and of significant paravalvular leakage rates, which remain
the main predictor of mortality at follow-up.11-17
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Because transcatheter prosthetic valves are circular
whereas annuloplasty rings have a D-shape, annulus dila-
tion with a transcatheter balloon is often performed in
smaller rings to deform the implanted ring into a circular ge-
ometry before TMVR, which is believed to reduce the
misalignment, paravalvular leakage, and patient–
prosthesis mismatch.13,18 However, the lack of character-
ization of the diverse rings makes planning difficult, and
understanding how ring curvature reacts to balloon dilation
is a critical yet not well understood component of ViR
TMVR procedures. By developing the mathematical foun-
dation to characterize and quantify ring curvature, our
objective was to generate the technical methodology to
build intuitive ring quantifications and to extract rigorous
ring comparisons for improved planning and ring selection
for ViR and annuloplasty procedures. The validation of our
mathematical model and its applications for further classi-
fying commercially available mitral annuloplasty rings,
can help predict the circularity and deformation behavior
of different rings following balloon dilation during ViR
TMVR procedures. This model could be used as a pre-
TMVR planning tool for improving patient selection and
procedural planning.

MATERIALS AND METHODS
Ring Selection

Annuloplasty rings size M30 or smaller were purchased in a retail ca-

pacity and were chosen based on availability from an online surgical supply

store (eSutures.com), which included a variety of flexible, semi-rigid, and

rigid rings, all of which were complete rings without any of the anterior

leaflet portions cut out. Only rings smaller than M30 were selected because

balloon dilation is usually not performed in patients with larger annulo-

plasty rings. We were able to acquire and test the following rings:

Carpentier-Edwards (Edwards Lifesciences) Physio M24 and M30

(n ¼ 2 each), Physio II M24 and M26 (n ¼ 3 each), Edwards Geoform

M28 (n ¼ 2), and LivaNova (LivaNova) Sorin Carbomedics AnnuloFlex

M26 (n ¼ 2). Each ring was tested with a 30 mm Inoue balloon (Toray In-

dustries Inc).

Imaging Acquisition and Analysis
For annuloplasty ring testing, a custom mounting fixture was used to

suspend the ring, camera, and transcatheter balloon. We then recorded

the ring using a high-speed camera (Chronos 1.4; Kron Technologies

Inc) and generated still images for analysis. We then performed image

tracking using ImageJ software (National Institutes of Health), which

translated the geometry into a planar, two-dimensional projection. This

output data, which was calibrated to a millimeter scale, was a collection

of approximately 70-point coordinates in sequential order around the

ring. These coordinates were analyzed using a custom Python script that

implemented the mathematical model calculations detailed below, as

well as a Gaussian convolution smoothing filter. We were then able to

perform variance analyses and quantify circularity between conditions.

Curvature variance gives an approximate estimate of curvature variability

throughout a shape, which is a metric that describes deviation from circu-

larity, as a perfect circle demonstrates 0 curvature variance. Moreover, cur-

vature variance provides a metric that can be used to compare changes in

ring shape given our experimental conditions. For example, a reduction

in curvature variance indicates an increase in circularity.

http://eSutures.com
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Mathematical Model
Using a curvature-based mathematical modeling approach, we were

able to generate meaningful visualizations and quantifications comparing

annuloplasty rings. This model consists of calculating the regional curva-

ture defined by the formula

K¼ lim
Ds/0

�
�
�
Da

Ds

�
�
�

This standard curvature equation allows us to provide continuous

quantification of ring circularity based on a differential approximation

of the image-tracked shape analysis (Figure 1). Similar analysis has

been used for native annulus classification and has additionally been

used with Gaussian spline fitting.19,20 However, using curvature as a

tool for analyzing time- and stretch-dependent changes is a powerful

new way to classify annuloplasty ring geometry, especially in the context

of TMVR balloon dilation and requirements for ViR circularity. As such,

we have plotted curvature values on an x-axis range of ring progress,

including calibration geometries, to provide greater intuition and context

on curvature interpretation. In general, greater circularity results in a vari-

ance reduction for plotted curvature versus curve progress, with a

perfectly circular geometry resulting in a straight zero-slope line. Using

this intuition, we provide additional deeper quantifications rooted in

state-based variance change and correlation metrics, comparing different

ring states for similarity analysis.

Experimental Procedure
To calibrate our imaging system and model, we plotted curvature for 4

custom geometries to verify the model behavior (Figure 2). A custom, 3D-

printed, semi-rigid annuloplasty ring was also tested to provide calibration

data for our full mounting and image acquisition setup and to illustrate our

mathematical quantification (Figure 3, A). The 30 mm maximum diameter

balloon was inflated to a pressure of approximately 2 atm and a diameter of

approximately 29.5 to 30 mm within the ring for 30 seconds with 10 mi-

nutes of rest in between, while imaging data was continuously recorded

(Figure 3, B). Finally, images were recorded in a relaxed state once the

entire experiment was complete.

Statistical Methods
Continuous variables are reported as mean� SE. Comparisons of all re-

ported metrics were performed using non-parametric Friedman tests with

pairwise comparisons to account for non-normally distributed statistics.
RESULTS
To generate curvature plots for each of the rings, we

calculated curvature differentials around the ring,
� = lim
�s�0 s

��
�

FIGURE 1. Curvature formula and derivation. Labeled image describing

our mathematical model and parameter definition. Da is the angle between

the curve differential derivatives and Ds is the differential arc length.
resampled the data across curve progress, and then plotted
the values against curve progress denoted as a percentage
(Figure 4). These graphs numerically describe annuloplasty
ring shape in a plotted form, and we plotted each dilation
state as overlays on the same axes to provide a visual under-
standing of ring shape changes throughout the dilation pro-
cess. Ring types were plotted and grouped together by color
and all plotted data represent curve progress-domain aver-
ages for each ring type and size.
By calculating curvature variance, we compared the cur-

vature between rings and conditions (Figure 5, Table 1).
Regarding initial ring geometry, curvature variance is
reduced with larger sizes, indicating that larger rings are
initially more circular than smaller sizes. Specifically,
Physio II M24 rings had a curvature variance of 1.92E-3
� 4.70E-4 and M26 rings had a lower variance of 9.92E-
4 � 6.84E-5, representing a 48.43% variance reduction
(P< .001), whereas Physio M24 rings had a variance of
2.07E-3 � 6.11E-4 and M30 rings had a variance of
1.21E-3 � 4.17E-4, representing a 41.67% variance reduc-
tion (P< .001). We found that every ring in every size,
except for the flexible Annuloflex ring, showed no signifi-
cant differences between the paired initial, final, and
relaxed states, indicating that dilation with our given
balloon and under these conditions does not significantly in-
fluence curvature (Table 1). The Annuloflex ring was the
only ring to show a significant difference between initial,
final, and relaxed states, which depicted an initial state vari-
ance of 2.02E-3 � 3.18E-4, followed by a variance reduc-
tion after dilation for the final state (1.36E-3 � 3.62E-4,
or 32.83%; P<.001), followed by an increase in variance
after relaxation that was still reduced relative to the initial
state (1.62E-03 � 4.12E-4, or 19.62%; P<.001).

DISCUSSION
The lack of characterization of the diverse rings makes

planning difficult, and understanding how ring curvature re-
acts to balloon dilation is a critical yet not well understood
component of ViR TMVR procedures. To date, there is no
mathematical model to visually plot the circularity of MV
annuloplasty rings. In this study, we set out to develop the
mathematical foundation to characterize and quantify ring
curvature, and our objective was to generate the technical
methodology to build intuitive ring quantifications, and to
extract ring comparisons for improved planning and ring se-
lection for ViR and annuloplasty procedures. To accomplish
these goals, we utilized an image-tracked 2-dimensional
projection of ring shape and a curvature-based analysis
with variance comparisons to evaluate the differences in
ring circularity before and after balloon dilation. In per-
forming our calibration experiments, we demonstrated the
practical interpretation of these analyses, which depict the
phenomenon that greater curvature variance across ring
progress represents a greater deviation from circularity,
JTCVS Techniques c Volume 20, Number C 47
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FIGURE 2. Calibration geometries with corresponding curvature plots. The red circles indicate from which point curvature was calculated and correspond

with the red circles in the plots below. Note that greater circularity corresponds to reduced variance levels and corners correspond to peaks in y-axis cur-

vature. A perfect circle would be plotted as a zero-slope line as seen in the far left figure.
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with a perfect circle being plotted as a 0-slope line (Figures
2 and 3). Our findings show that despite balloon dilation un-
der these specified conditions, the evaluated rigid and semi-
48 JTCVS Techniques c August 2023
rigid rings fail to meaningfully deform, bringing into ques-
tion the practice of preimplantation dilation for ViR TMVR
procedures.
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M24 ring. Data were recorded for 3 separate conditions: the initial state, the final state (immediately postdilation), and the relaxed state (10 minutes after

dilation). Curvature is plotted below with reported variance changes for this representative example.
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We acknowledge that mitral annuloplasty rings can be
manually deformed by using different surgical tools. How-
ever, for ViR TMVR procedures, transcatheter balloons are
the only available tool to dilate annuloplasty rings.
Commercially available catheter balloons have limited
sizes and pressures, and the intraprocedural time to dilate
the annuloplasty ring with the balloon is limited to a few
seconds due to the resulting left ventricular inlet obstruc-
tion. Even in our experiments where balloon dilatation
was performed under ideal conditions, not accounting for
additional resistance conferred by surrounding cardiac tis-
sues, we were not able to observe significant shape defor-
mation of the semi-rigid and rigid rings. Our finding is
therefore a crucial discovery as balloon dilation introduces
additional risks such as thromboembolic events, acute car-
diac decompensation during valve occlusion, annular or
leaflet injury, and atrioventricular groove rupture, without
having an impact on annuloplasty ring geometry
changes.21-23 Furthermore, additional postoperative
calcification and scar tissue formation around the
annuloplasty ring is suspected to increase annulus and
annuloplasty ring stiffness, making our calculated
deformation quantifications an upper bound for the pre-
ViR condition, and whereas the beating heart conditions
of this procedure may confer additional forces onto the
annulus and annuloplasty ring, many of these forces are
JTCVS Techniques c Volume 20, Number C 49
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negligible relative to the circumferential forces applied by
pressurized balloon dilation. These results point to the
removal of such a practice prior to performing a ViR
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TMVR because balloon dilation does not seem to signifi-
cantly alter ring circularity to justify the additional risks,
and after observing the results in this present study, we
ature Variance
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en conditions indicates an increase in circularity for the given ring. Rings

LivaNova Annuloflex.



TABLE 1. Averaged curvature variance results for evaluated annuloplasty rings before balloon dilation (initial), after 30 seconds of dilation (final),

and after 10 minutes of relaxation (relaxed)

Annuloplasty ring model Initial Final Relaxed

Carpentier-Edwards Physio M24 (n ¼ 2) 2.07E-03 � 6.11E-04 2.02E-03 � 5.62E-04 2.07E-03 � 7.35E-04

Carpentier-Edwards Physio M30 (n ¼ 2) 1.21E-03 � 4.17E-04 1.23E-03 � 5.62E-04 1.32E-03 � 5.60E-04

Carpentier-Edwards Physio II M24 (n ¼ 3) 1.92E-03 � 4.70E-04 1.91E-03 � 4.78E-04 2.01E-03 � 4.46E-04

Carpentier-Edwards Physio II M26 (n ¼ 3) 9.92E-04 � 6.84E-05 9.70E-04 � 9.56E-05 1.05E-03 � 5.88E-05

Edwards Geoform M28 (n ¼ 2) 5.43E-03 � 2.10E-03 5.41E-03 � 1.90E-03 5.31E-03 � 1.92E-03

LivaNova Annuloflex M26 (n ¼ 2) 2.02E-03 � 3.18E-04* 1.36E-03 � 3.62E-04* 1.62E-03 � 4.12E-04*

Relative curvature variance reduction corresponds to an increase in circularity of ring shape. *P<.05 for differences between conditions using nonparametric Friedman analysis.
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have since halted the practice of performing predilation
before ViR TMVR implantation.

Clinically, MV annuloplasty ring shape can be classified
according to shape, rigidity, and size, all of which are
important characteristics for ViR TMVR consideration.
Regarding shape, rings can be complete (ie, composed of
a single piece with no ends) or incomplete (ie, single piece
with 2 opposite ends) and regarding rigidity, rings can be
rigid, semi-rigid, or flexible. The importance of these char-
acteristics is related to the ability of these rings to conform
to the shape of the transcatheter heart valve (THV). The
MV, with its saddle-like shape that is dynamic throughout
the cardiac cycle, can be less amenable to a circular device.
As such, devices that are flexible and complete are most
suited for mitral ViR because these will more easily become
circular with an appropriately oversized THV. Other types
of rings may lead to two main issues. The first is the pres-
ence of gaps between the THV and the rigid ring, which
can lead to significant paravalvular regurgitation. The sec-
ond is an inappropriately expanded THV, which can lead
to leaflet pinwheeling, poor hemodynamics, and potentially
shortened durability. It should be noted that MVannuli and
rings can be significantly larger than valves, with some rings
reaching label sizes as large as 40 mm. Rings of this size are
not amenable to mitral ViR given currently available THV
sizes. Moreover, rigid rings, which are commonly oval
and open but rarer in the mitral position, will usually not
circularize after the implantation of THVs, often resulting
in paravalvular leaks and residual transvalvular obstruction,
and surgery may be the first-choice therapy unless abso-
lutely contraindicated. Patients with open rings or bands
are at particular risk of paravalvular leaks if both arms of
the ring are in different planes, and in patients with radiolu-
cent surgical rings, the risk of THV malposition is much
higher, which should be considered in the planning of the
procedure.

Functionally in the clinic, postimplantation dilation of a
THV can occur in the event of a higher transmitral pressure
gradient or significant paravalvular leakage. However,
based on the results of the present study, wewould speculate
that the postdilation condition does not considerably change
the shape of the previously implanted mitral annuloplasty
ring because the mitral ring and surrounding annular tis-
sues, with the additional resistance conferred by the THV,
will limit further expansion or dilation. Hence, postdilation
to improve gradients does not make sense in cases where the
THVis already deployed to its maximum size. Additionally,
by increasing balloon dilation time intervals and by per-
forming repeated dilation procedures, ring deformation
may behave differently to accomplish the goals of reducing
gradients and paravalvular leakage. However, upon
increasing both of these quantities, we do not believe that
the results would change significantly enough to warrant
their clinical application because sustained MV occlusion
carries with it significant clinical risks. As for repeat pro-
cedures, our results suggest that ring deformation is not sig-
nificant under ideal, sustained dilation, strongly indicating
that balloon dilation does not apply enough circumferential
force to reach or surpass the yield strength of the materials
to induce the onset of plasticity and permanent deformation.
While repeat procedures could induce fatigue damage to the
ring, which could deform the shape, the number of cycles at
sub-yield strength forces would be many orders of magni-
tude larger than feasible within a clinical setting. As such,
we have little reason to believe that longer time intervals
or repeat procedures would result in different outcomes un-
der relevant conditions.
Although our findings bring the practice of ring dilation

into question, in the operating room, instances of ring defor-
mation or fracture due to balloon dilation do occur.22 Partic-
ularly, bioprosthetic valve fracture (BVF) is a more
common practice for valve-in-valve transcatheter aortic
valve replacement (TAVR) and TMVR procedures.24-29

Valve-in-valve TAVR has shown a rapidly growing proce-
dural volume, with an elective case volume greater than
4500 in 2019, particularly due to the increasing prevalence
of bioprosthetic valves.21 In these cases incumbent valve
fracture is meant to allow for full expansion of the new
valve, which is believed to reduce transvalvular gradi-
ents.21,26 The primary discrepancies for our findings that
highlight the lack of ring deformation despite the preva-
lence of BVF, are the differences in balloon pressures. To
JTCVS Techniques c Volume 20, Number C 51
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FIGURE 6. An analytical, mathematical annuloplasty ring curvature model for planning of valve-in-ring transcatheter mitral valve replacement.
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achieve the pressures required for BVF, transcatheter bal-
loons must be dilated to pressures ranging from 8 to
24 atm depending on the bioprosthetic device, which far
exceed the balloon-rated burst pressures of transcatheter
balloons, requiring off-label use and double syringe and/
or indeflator modifications.24 Moreover, BVF can only
really occur in valves with polyester loops, as those with
metal sewing rings are not capable of transcatheter balloon
fracture, even in in vitro settings.24 However, in our exper-
iment, where we operated the Toray Inoue balloons at
maximum rated capacity, balloons were inflated to pres-
sures eclipsing 2 atm, which were not enough to meaning-
fully deform the rings, many of which are composed of
internal metal frames. Although deforming these rings
may be possible at higher pressures, off-label use of balloon
dilation products adds considerable risk to this practice,
highlighting the need for the development of safe and
focused products dedicated to either more deformable
ring materials or high-pressure transcatheter balloons, rated
for deformation of specific rings.

Whereas balloon dilation does not seem to be effective in
altering ring circularity at rated balloon pressures, the issues
52 JTCVS Techniques c August 2023
remain regarding the low success rates of ViR procedures,
largely in part due to significant paravalvular leakage rates,
the main predictor of mortality at follow-up. Based on Mai-
sano and Taramasso’s expert opinions, because annulo-
plasty devices are not carefully characterized, it is
difficult to identify which prosthetics are associated with
better results compared with others. Different rings have
different properties, and a surgical ring that is ideal for
the ViR procedure should have the ability to adapt to a cir-
cular shape, provide good anchoring and radio opacity, and
have proper sizes in the range of currently available TAVR
devices, which are used as the bioprosthetics for ViR
TMVR implantation.13,18 Additionally, there is little evi-
dence, and more of a clinical belief, that a more circular an-
nuloplasty ring shape might improve outcomes following
ViR TMVR. Although this theory would need further evi-
dence in clinical scenarios, under our experimental condi-
tions, ring dilation with a commercially available
transcatheter balloon at maximum rated pressures does
not significantly alter the annuloplasty ring shape, hence
hindering the actual clinical testing of this hypothesis
with the currently available technology.
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This feature exploration provides the basis of a much
deeper question of how to design therapeutics, specifically
annuloplasty rings, that are meant to accommodate for a
ViR procedure in the case of further postoperative dysfunc-
tion. Our research has shown that current commonly used
rings do not adequately accommodate for ViR procedures
in terms of geometry, but amongst all the semi-rigid and rigid
rings that were tested, the most evident increase in circularity
to balloon inflation came from a custom deformable, semi-
rigid ring material (Figure 3) but without a large sample
size dataset, statistical significance, nor rigorous numerical
analysis. Whether or not rings should be made from more
deformablematerials or perhaps evenmultimodal designs re-
mains a deeper question that will require design constraints
that simultaneously address the aims of therapeutic annulus
reduction, particularly in the anteroposterior dimension,
and postoperative ViR circularity accommodation, while
additionally accounting for the risk of postoperative recur-
rent MR due to further annular dilation if the ring material
is too soft. Furthermore, accommodating for ViR procedures
could create a new set of design opportunities, such as the
ability for annuloplasty rings to dockwithViR bioprosthetics
for transcatheter implantation or even a redesign of largely
circular TAVR devices to be directly suited towards the bi-
leaflet,D-shaped annulus morphology of the MV. Innovative
solutions, such as this modified annuloplasty ring prototype
with pull-springs, provide insight on novel designs that can
accommodate for future ViR procedures.30 Regardless,
greater foresight in designing MV prosthetics to accommo-
date for further postannuloplasty remodeling is extremely
important given the increasing prevalence of recurrent MR
following surgical MV annuloplasty and low success rates
of ViR procedures.

Limitations
Although our results provide substantial evidence support-

ing our analysis, there were a few obstacles of note that pro-
vide confounding limitations. Firstly, our mathematical
model provides a strong basis for performing shape analysis
of annuloplasty ring circularity, yet the translation of data
acquisition to computational interpretation introduces error
into our quantifications. Specifically, although we took care
to ensure that the orientations were consistent and that our
ring fixture system was not adding any undue stresses on
the rings, slight shifts in ring orientation contributed to pro-
jection mapping errors during the image tracking phase of
data analysis. Although this could skew the severity of circu-
lar deformation, this was not of major concern because the
ring orientations were not altered in between paired sample
sets, meaning that the error would have been consistent
within each ring sample. Moreover, although contributing
to quantifiable ring classifications were of importance for
this experiment, the primary aim for our work was to develop
and verify the mathematical model for such classifications.
This is not to say that we deprioritized generating specific
ring quantifications and comparisons, but given the limited
access and large costs of annuloplasty rings, our efforts to
provide large n datasets for more conclusive quantifications
were limited. This is further amplified by the fact that there
are not many avenues for commercial acquisition of rings
because ring consumption and infrastructure is specialized
for clinical applications and distribution channels. As such,
we were limited in the selection to acquire rings in a timely
and cost-effective manner. Secondly, whereas care was taken
to precisely track ring shape, this analysis was performed by
a human operator using ImageJ software and, as such, was
susceptible to operator error in image tracking. Automated
systems could improve such analyses, but an individual, sin-
gle operator performed image tracking for all samples and
images, ensuring operator consistency throughout the exper-
imental analyses and reducing interoperative error for paired
samples. Thirdly, our experiment does not account for addi-
tional resistance conferred by surrounding cardiac tissues.
Annuloplasty rings are often tied to the annulus, which se-
cures the ring in place and adds additional resistance that
would make the rings recoil even after balloon dilatation.
This would mean that our results represent an upper bound
for shape deformation from dilation because the clinical con-
dition would likely deform significantly less due to these
additional resistances. Lastly, our image tracking procedure
only provided a 2-dimensional projection of ring shape and
did not consider ring height (ie, 3-dimensionality), despite
the 3-dimensional profiles of many of the tested rings. How-
ever, although ring height plays a role in deformation, im-
planted prosthetic valves during the ViR procedure require
only 2-dimensional circularity for implantation making the
tracking of the third dimension superfluous to the scope of
this investigation.

CONCLUSIONS
Our mathematical approach creates a foundation for

extended classification of annuloplasty rings, expanding
the technical corpus of ring selection, deformation, and
design. This curvature analysis provides meaningful quan-
tification of ring geometry to interpretable and translatable
insights. Our findings show that despite balloon dilation, the
evaluated rigid and semi-rigid rings failed to meaningfully
deform at the maximum rated balloon pressures, bringing
into question the practice of preimplantation dilation for
ViR TMVR procedures and bringing attention to the need
to design new annuloplasty devices and/or balloons that
can accommodate for future ViR TMVR intervention
(Figure 6). We aim to further classify the curvature proper-
ties of many different annuloplasty rings and sizes, as well
as transcatheter balloon properties, for improved transpar-
ency of surgical planning and ring and balloon selection,
and we hope that our work can expand the discussion of
ring and balloon design, particularly addressing
JTCVS Techniques c Volume 20, Number C 53
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postimplantation remodeling and disease progression in
many patients.
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