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DynaRing: A Patient-Specific
Mitral Annuloplasty Ring With
Selective Stiffness Segments

Annuloplasty ring choice and design are critical to the long-term efficacy of mitral valve
(MV) repair. DynaRing is a selectively compliant annuloplasty ring composed of varying
stiffness elastomer segments, a shape-set nitinol core, and a cross diameter filament. The
ring provides sufficient stiffness to stabilize a diseased annulus while allowing physiolog-
ical annular dynamics. Moreover, adjusting elastomer properties provides a mechanism
for effectively tuning key MV metrics to specific patients. We evaluate the ring embedded
in porcine valves with an ex-vivo left heart simulator and perform a 150 million cycle
fatigue test via a custom oscillatory system. We present a patient-specific design
approach for determining ring parameters using a finite element model optimization and
patient MRI data. Ex-vivo experiment results demonstrate that motion of DynaRing
closely matches literature values for healthy annuli. Findings from the patient-specific
optimization establish DynaRing’s ability to adjust the anterior—posterior and intercom-
missural diameters and saddle height by up to 8.8%, 5.6%, 19.8%, respectively, and
match a wide range of patient data. [DOI: 10.1115/1.4054445]
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1 Introduction

Mitral regurgitation (MR) remains the most common valvular
abnormality and affects over 2% of the global population [1].
Myxomatous degeneration is the most prevalent etiology, charac-
terized by the deterioration of the connective tissue that maintains
the structural integrity of the mitral valve (MV) complex [2]. In
particular, MR is often associated with the structural and func-
tional disruption of the MV annulus, the ring of connective tissue
bounding the mitral orifice that contributes to the effective and
timely valve closure during systole and unimpeded filling of the
left ventricle during diastole [3]. Thus, perturbations to the
mechanical integrity of the MV complex give rise to mitral regur-
gitation, characterized by ineffective valve closure and conse-
quent retrograde flow of blood from the left ventricle to the left
atrium during systole.

In particular, mitral annular three-dimensional (3D) motion is
thought to heavily contribute to valvular competency; specifically,
a healthy annulus takes on a flat, dilated shape during diastole to
enable filling and, through a sphincter motion, conforms to a sad-
dle shape during systole to promote leaflet coaptation [4]. Further-
more, studies have elucidated the importance of these mitral
annular dynamics on the uniform distribution of stresses across
the MV complex, particularly the mitral leaflets [5]. Thus, MR
treatment should focus on both restoring structural valvular geom-
etry and the functional dynamics of the mitral annulus in order to
promote long-term durability.

A common treatment for MR is MV repair, which often
includes the implantation of an artificial annuloplasty ring to
restore annular dimensions and proper leaflet coaptation with the
aim of facilitating effective valve closure and mitigating retro-
grade blood flow [6]. However, studies have demonstrated that
commercially available options unfavorably reduce annular
dynamics and suggest the more rational design of annuloplasty
rings using concepts of functionally graded materials for heteroge-
neous support [7]. Our prior work introduced DynaRing, a selec-
tively compliant annuloplasty ring of varying stiffness that aims
to restore annular dimensions while enabling critical annular
dynamics (Fig. 1) [8].

Patient variability remains an important factor in MV treatment
longevity [9]; however, the span of current rings on the market
fails to encompass the variations in dynamic annular geometry
and pathology across patients. Several groups have demonstrated
the ability for automated, rapid imaging of patient annuli through
techniques such as 3D echocardiography and cine MRI, motivat-
ing the transition toward tailored ring design based on patient
imaging data [10,11]. In particular, Stndermaan et al. demon-
strated the feasibility of patient-specific annuloplasty ring design,

Fig. 1 DynaRing is a selectively compliant annuloplasty ring.
A shape-set NiTi wire is embedded in four elastomer segments
of varying stiffness and an AP mounted filament controls the
AP diameter.
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wherein a customized, solid metal ring was constructed from elec-
trocardiogram gated-CT imaging in pigs [12].

Inspired by the need for patient specificity, we expand on our
previous work on the development of a selectively compliant
annuloplasty ring by (1) investigating a modular ring design pro-
cess (Fig. 2) that is informed by patient data and (2) evaluating
the long-term durability of the patient-specific ring using fatigue
testing.

2 Related Work

New insights into the 3D dynamic behavior of the mitral valve
and the necessity to homogenize tissue mechanics have prompted
a reevaluation of annuloplasty ring designs. For example, Purser
et al. suggest the use of a shape-memory core, which resulted in
reduced deformation of surrounding tissue compared to commer-
cial semirigid rings [13]. In pursuit of a similar objective, Tjgrnild
et al. use 3D printing to vary ring geometry and control the ring
properties [14].

Furthermore, recent studies have evaluated the use of soft poly-
mers to promote annular dynamics following ring implantation. In
a recent study, Pierce et al. develop a flexible ring through fast-
setting silicone with a shore hardness of 40A [15]. Implantation of
the flexible ring with multiple force transducers enabled a compara-
tive analysis of cyclic dynamic forces in healthy Dorsett hybrid
sheep. The results demonstrated that the lower stiffness ring prefer-
entially reduced suture forces on the structurally weaker posterior
annulus as compared to rigid and semirigid rigs, motivating stiff-
ness as a parameter to vary when optimizing potential annuloplasty
ring designs. In order to demonstrate the feasibility of a multimate-
rial ring design that enables annular dynamics while also providing
structural integrity, Ncho et al. demonstrated the development of a
heterogeneous annuloplasty ring using a combination of titanium
and silicone segments [16].

The insights gained from prior investigations on annuloplasty ring
designs motivate the combination of mechanical heterogeneity and
multimaterial design to achieve optimized ring dynamics and struc-
tural support. In this work, we expand on previous efforts by provid-
ing a modular, selectively compliant ring design and method for
optimizing segment stiffnesses to match patient-specific parameters.

3 Ring Design

Healthy annular motion is critical to the long term efficacy of
mitral valve repair. While annular dynamics vary greatly among

Ring Design
Requirements

Critical Function
Prototype

Patient Metrics

()

Fig. 2 Annuloplasty ring design flowchart. A critical function
prototype is developed from initial design requirements using
variable stiffness segments over a nitinol core [8]. A representa-
tive finite element model is constructed and segment stiff-
nesses are optimized to match desired patient metrics. The
optimized ring is then fabricated and tested in an ex-vivo setup.

Finite Element Model

Optimized Ring Ex-Vivo Testing
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patients [10], today’s commercially available rings fall into broad
categories based on patient size, overall rigidity, and initial con-
formation. An ideal ring includes readily adjustable features that
are tailored to specific patients based on disease state and patient
anatomy. The following design requirements guide our approach
to a patient-specific annuloplasty ring. Specifically, the design
must have the ability to

e vary initial ring conformation

e change stiffness values along ring perimeter

e control variation in anterior—posterior (AP) diameter
e undergo approximately 800 million cycles (20 years)

To achieve these criteria, we utilize a shape-set, super elastic
Nitinol (NiTi) wire core embedded in polymer segments of vary-
ing stiffness and an AP-mounted filament. Shape-setting proper-
ties of the NiTi core enable matching the initial conformation of
the ring to specific patients. Moreover, the NiTi core provides
structural rigidity to contract a dilated valve and promotes ring
longevity. The polymer segments, cast around the NiTi core, pro-
vide ability to specify bending stiffness along the ring perimeter
and greatly influence dynamic properties of the mitral annulus.
The AP-mounted filament provides direct control of AP diameter
and passively induces saddle shape formation. Choice of elasticity
in the filament dictates AP diameter variation throughout the car-
diac cycle and controlling AP diameter has been shown to signifi-
cantly impact leaflet coaptation in MR [17].

Four segments in DynaRing mimic the four primary morpholo-
gies of the MV: anterior, posterior, commissural left (Cl), com-
missural right (Cr). Stiffness values of each segment dictate
annular motion and resulting functional metrics such as orifice
area and saddle height. In Sec. 4.1, we describe an optimization
technique that leverages patient data to determine desired stiffness
values for each segment. To evaluate DynaRing’s annular dynam-
ics in an ex-vivo experiment, we created a prototype using the
manufacturing process described in our previous work [8]. We
provide a summary of the manufacturing process below (Fig. 3).
Polymers were selected to match tissue properties found in Ref.
[18] with segments preserving the relative stiffness (ratio of
Young’s moduli) between annulus sections. The materials

selected for the physical prototype were smooth-on room tempera-
ture vulcanizing urethanes PMC 70A, Vytaflex 30A, Vytaflex
40A, and Vytaflex 50A for the anterior, posterior, Cl, and Cr,
respectively. Room temperature vulcanizing urethane provides an
effective prototyping material, however, in future designs, other
polymers will be used to ensure biocompatibility.

3.1 Manufacturing. DynaRing is manufactured with two
main processes: (A) NiTi shape setting, (B) polymer segment
casting (Fig. 3). NiTi is selected for its biocompatibility, fatigue
resistance, and shape memory properties. The NiTi wire used is
0.38mm in diameter (Malin Co. Gauge.015). A 112mm long
piece is shape set using a Joule heating method described in
Ref. [19]. The wire is placed into a 3D printed mold and secured
with screws that form leads to the Joule heating circuit. The mold
shape is similar to the 3D conformation of the Physio-II 40 ring.
Beads are glued at specific points on the wire (inset Fig. 3) and
are used for alignment in the casting process. The ends of the
shape-set NiTi wire are connected with a thin metal sleeve to
complete the core. Finally, prior to casting, a polytetrafluoroethyl-
ene (PTFE) filament is tied across the AP diameter.

Polymer casting occurs in two steps with the anterior and poste-
rior segments cast first, followed by the left and right commis-
sures. The commissure segments are cast prior to full cure of the
anterior and posterior to ensure a strong bond between ring seg-
ments. Alignment beads, secured to the NiTi wire earlier in the
process, are used to position the core in the mold.

4 Design Methods

4.1 Patient-Specific Optimization. The modular design of
DynaRing allows for tuning of segment stiffnesses to achieve the
desired functionality. In clinical practice, ideal ring functionality
could be determined through a combination of patient imaging
and degree of MV annular dysfunction [9]. Here, as a proof of
concept, we demonstrate the tunability of DynaRing by optimiz-
ing segment stiffnesses to achieve various dynamic trajectories of
healthy annuli, as defined by changes in functional metrics of
saddle height (SH), anterior—posterior (AP) diameter, and

Fig. 3 Manufacturing process. (a) An NiTi wire is shape set into a 3D conformation and the wire ends are
connected with a thin metal sleeve. A filament is mounted between the AP diameter. (b) Individual poly-
mer segments are cast by injecting material into an enclosed mold (only half the mold is shown in the
image).
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Table 1 Range of metrics achievable by varying DynaRing seg-
ment stiffness values between 0.01 MPa to 100,000 MPa

SH AP IC
Min (%) 29 0.0 0.1
Max (%) 19.8 8.8 5.6

intercommissural (IC) distance [20]. Considerations for imple-
mentation in a clinical setting where a patient’s predisease MRI
data are not available are detailed in the Optimization and Discus-
sion sections. The AP diameter was defined as the 3D distance
between the midpoints of the anterior and posterior segments.
Similarly, the IC diameter was defined as the 3D distance between
the midpoints of the left and right commissural segments. Finally,
the saddle height was selected as a measure of annulus flexion
during the cardiac cycle, and was defined as the vertical distance
between the highest and lowest points on the annulus.

The advancement of finite element (FE) modeling methods pro-
vides an efficient platform for in-silico device optimization and
has demonstrated efficacy in assessing the biomechanical effects
of mitral valve repair and annuloplasty ring design [21]. Neverthe-
less, optimization with FE models can become computationally
expensive and time-consuming when searching over a multidi-
mensional design space, such as the one presented here. More-
over, the lack of an explicit representative analytical expression
prohibits the use of gradient-based optimization. In this case, the
use of Bayesian Optimization through a surrogate model provides
a derivative-free, efficient alternative [22]. A Gaussian Process
Regression with a Matérn kernel was chosen to formulate the sur-
rogate model given that the degree of uncertainty for any design
point can be explicitly calculated. An expected improvement
exploration acquisition function was iteratively employed for
parameter optimization [23-25]. All optimization algorithms were
written and implemented in Python (code available upon request).
The construction of the FE model is detailed in Sec. 4.3.

MRI annular tracking data from healthy individuals was
obtained from Ref. [11]. Based on this data, we identified a range
of variability in metrics representing annular dynamics. Specifi-
cally, each subject’s annular motion was characterized through
change in saddle height, AP Diameter, and IC distance for a single
cardiac cycle. Here, the optimization process is demonstrated for
the cases of two simulated patients, patient A and patient B. A and
B were selected to demonstrate a significant difference in annular
dynamics in an effort to illustrate the power of the design and
optimization to achieve metrics across the physiological spectrum.
Additional optimization parameters, such as filament elasticity
and pretension, may be included in future iterations to better ena-
ble independent control of metrics and reduce coupling. The sur-
rogate model was developed using fifty training data points
obtained through FE simulations of the ring with variable segment
stiffnesses, as defined by a Latin hypercube sampling of the four-
dimensional design space (ranging from 0.01MPa to
100,000 MPa) [23]. The cost function, J(x), was defined as the dif-
ference between FE simulated functional metrics and ideal patient
metrics (Eq. (1))

J(x) = (AP — AP(x)")?
+(IC —1C(x)*)*
+ (SH — SH(x)")? )

where AP, IC, and SH represent AP diameter, IC distance, and
saddle height ideal metrics, respectively, and AP(x)", IC(x)", and
SH(x)" represent the simulated metrics for a given state of seg-
ment stiffnesses, x. Thus, the optimization of the surrogate model
with respect to J(x) results in the DynaRing segment stiffnesses
that achieve the ideal metrics under physiological loading condi-
tions. Investigations into annular dynamics for various MR

031009-4 / Vol. 16, SEPTEMBER 2022

etiologies have demonstrated a significant deviation of all three
metrics in the disease state compared to healthy controls [26,27].
For these reasons, the cost function was constructed as a sum of
equally weighted metrics. Future work includes investigation on
the relative importance of individual metrics. Optimizing for
known ideal ratios, such as maintaining an AP:IC ratio of 3:4 and
an annular height to commissural width ratio of greater than 15%,
is an alternate approach for clinical settings where healthy base-
line MRI data are not available [27].

Table 1 summarizes the maximum and minimum percentage
changes observed in a Latin hypercube sample of 50 different
stiffness combinations that were evaluated in our FE model.
Details on the FE model are described in Sec 4.3.

Prior to the patient optimization, an intuitive test case was run
to validate the proposed optimization pipeline. For the test case,
all target metrics were set to 0% change (i.e., an immobile annu-
lus) with expected convergence at high stiffness for all segments
in order to prevent motion (upper bound Young’s modulus (YM)
of 100,000 MPa). Figure 4 displays the results of these validation
tests. First, only the anterior segment was optimized, and the pos-
terior, left, and right segments were set to a constant of
100,000 MPa (Fig. 4(b)). This test resulted in anterior segment
stiffness of 100,000 MPa, as expected. Then, a two-dimensional
test was performed with both the anterior and posterior segments’
stiffness optimized while the left and right segments were held
constant at 100,000 MPa. Finally, all four segments were allowed
to vary in a final validation test. The expected improvement model
converged to an optimal design of all four segments having an
YM of 100,000 MPa, as predicted.

4.2 Ex-Vivo Experimental Setup. To investigate DynaR-
ing’s ability to enable annular dynamics, we performed ex-vivo
experiments in the Stanford left heart simulator (LHS) [28,29]
with porcine valves. The simulator is actuated with a ViVitro
pump and includes a junction between the atrial and ventricular
chambers that acts as the location of the mitral valve (Fig. 5).
Details can be found in our previous work [8]; a summary is pro-
vided here. Two primary rings were tested under analogous condi-
tions: our custom DynaRing and a physio-II ring (an example
commercially available semirigid ring). For mounting inside the
heart simulator, rings were embedded inside a soft silicone sewing
cuff (smooth-on dragon skin 20A), which forms a seal between
the chambers. A healthy porcine valve was excised to include the
mitral valve, surrounding annular tissue, and the papillary muscles
connected via the chordae tendineae. The annuloplasty ring and
sewing cuff were then sutured to the porcine valve and secured in
the LHS junction between the atrial and ventricular chambers
(Fig. 5). Finally, the papillary mounts were connected to the bot-
tom of the ventricular chamber.

Custom microcoordinate markers and a dual-camera system
were used to track annular motion (Sony Cyber-shot DSC-RXO0 II,
Sony, New York). The coordinate markers (inset Fig. 5(c)) were
3D printed (Form?2 rigid) and colored at the origin and each end
point. The markers provide 6DoF information on the vector nor-
mal to the plane of the annulus surface. Given the perpendicular
axes constraint between coordinate points, a least-squares optimi-
zation via Procrustes analysis was used to improve 3D reconstruc-
tion accuracy [30].

For each test, twelve markers were pinned to the ring using a
needle tip embedded into the 3D printed part. The cameras were
calibrated using a jig with known marker positions. The LHS was
run at physiological pressures and flows and high frame rate (480
fps) video was captured over four cardiac cycles. Marker motion
was then determined from the videos using direct linear transform
software for biological and biomimetic applications [31].

4.3 Modeling. A FE model of DynaRing embedded in a sili-
cone sewing cuff was constructed in SOLIDWORKS (Solidworks,
Mathworks) (Fig. 6). A fixed boundary condition was applied
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along the circumferential face of the sewing cuff, representing fix-
ation to the LHS. Net pressures, extracted from pressure measure-
ments in the LHS, of 140 mmHg and —4 mmHg were applied to
the inferior (ventricular) face of the sewing cuff to replicate sys-
tole and diastole, respectively. Strain in the systolic configuration
is shown in Fig. 6(a). A linear isotropic material with tetrahedral
elements was used; additional details on the FE model, including
material properties, can be found in our previous work [8].
Although not representative of the nonlinear nature of the poly-
meric design, a linear approximation was assumed adequate to
demonstrate  trends associated with segment stiffness

G

MV w/ Trackers dlp

El

C . :
Fo.

Papillary Muscle

~

modification. As an improvement to the original model, the PTFE,
cross-diameter filament was simulated via application of 1N
forces on the anterior and posterior segments pointing to the inte-
rior of the DynaRing (chosen to be similar to chordal forces found
in Ref. [32]). Depending on the fiber material and pretension, dif-
ferent modeling techniques could be employed. To better under-
stand how sensitive the optimization results are to the PTFE line
and its attachment, we compared the constant force to a spring
connector element and resultant performance metrics were within
1% for a spring generating forces centered at 1 N. Finally, mitral
leaflet forces were applied to the model based on prior modeling

Sewing Cuff

Fig. 5 (a) Left heart simulator. The device includes (1) atrial, (2) ventricular and (3) aortic chambers. A ViVitro
pump cycles fluid at physiological flow rates and pressures. (b) A camera view of the DynaRing mounted inside
the simulator with tracking markers embedded. (¢) The sewing cuff, with an embedded annuloplasty ring,

mounted to a porcine valve.
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and simulation of the mitral valve that incorporates leaflet and
chordae tendinae mechanics [33]. Specifically, the model used in
Ref. [33] was modified such that the annular geometry matched
DynaRing geometry. A mechanical equilibrium was solved for at
systolic pressure, and net forces on the annulus were extracted,
shown in Fig. 6(b). For more detail on the numerical methods
involved, we refer to previous work by our collaborators [33]. The
extracted forces were then summed into net forces per DynaRing
segment and applied to the DynaRing FE model. Percent change
between maximum and minimum pressure combinations experi-
enced in the LHS for each functional metric (AP diameter, IC dis-
tance, and saddle height) were evaluated for patient-specific
optimization.

4.4 Fatigue Testing. The average mitral valve undergoes
roughly 700k cycles per week. To ensure ring longevity, and in
particular durability of DynaRing segment bonds, we performed a
150 million cycle fatigue test using a custom device (Fig. 7). The
device consists of a slider-crank mechanism with a DC motor
driving the crank. The slider stroke length is 1cm, chosen to
induce an upper bound deflection to those expected in vivo [11],
and is fixed to the ring with a link across the AP diameter. As the
motor rotates, the ring flexes back and forth, mimicking saddle
formation during a cardiac cycle. The motor rotates at 3000 rpm,
resulting in a 50 Hz oscillation of the ring. The force to deflect the
ring Smm was measured using a mark-10 force gage approxi-
mately every 35 million cycles. Additionally, segment joints were
visually inspected for delamination.

5 Results
5.1 Ex-Vivo

5.1.1 Evaluation Metrics. To characterize annular dynamics,
four commonly reported metrics used to define MV geometry

031009-6 / Vol. 16, SEPTEMBER 2022

were chosen for ease of comparison: (1) AP diameter, (2) IC dis-
tance, and (3) saddle height, and (4) mitral orifice area [20]. Met-
rics (1)—(3) were calculated as described in the Patient-Specific
Optimization section, where midpoints were defined with annular
markers. To calculate the orifice area, the twelve annular markers
and their geometric centroid were used to divide the annulus into

Fig. 7 (a) A custom oscillatory device for fatigue testing the
annuloplasty ring. A motor drives a crank slider mechanism to
oscillate the ring at 50 Hz over a 1 cm stroke. (b) Bottom of the
stroke, and (c) top of the stroke.
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Fig. 8 (a) Tracking data over the cardiac cycle for each metric. (b) Ring conformations at respective maximum and minimum
locations. (c) Metric comparison between the two rings and literature control values.

12 triangular regions. The area was then calculated as the sum of
the areas of all the regions.

5.1.2 Comparative Performance. Figure 8(a) shows the vari-
ous metric changes tracked over a single cardiac cycle for two
cases: physio-II and DynaRing. Orifice area and AP distance
change dynamically from late diastolic maxima to early systolic
minima for the DynaRing case (with percent changes of and 12%
and 6%, respectively), whereas the Physio-II Ring case features a
minimally varying orifice area and AP distance throughout the

cycle (1% and 2% changes, respectively). For IC diameter and
saddle height, both cases follow a similar pattern throughout the
cycle, with DynaRing showing a much greater maximum varia-
tion over the cycle compared to physio-II. A time-series visualiza-
tion of annular performance metrics for a healthy human control,
comparable to patients A and B, can be found in Ref. [11].

Figure 8(b) shows reconstructed 3D annular conformations at
two selected states in the cycle: state 1 (representative of diastole)
and state 2 (representative of systole) for the physio-II and DynaR-
ing cases. The semirigid Physio-II ring at both stages of the cardiac
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IC Distance 4 4.64 14.8 2.0 1.86 71
Saddle Height 8.5 8.76 3.5 4.5 4.59 2

Fig. 9 (a) Optimization results for patients A and B. The plots present the best candidate at any given iteration and display
schematics of the initial and final ring stiffnesses. (b) Final metric values summarized.
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Fig. 10 The force to flex the ring 5 mm measured at intervals of
roughly 35 million cycles. The inset includes an image of the
ring extracted from the sewing cuff at over 100 million cycles.
No visible damage on the segment joints was observed.

cycle demonstrates virtually no change in 3D conformation. In con-
trast, DynaRing’s conformational change displays desired changes
in area as well as a saddle-shaped 3D conformation.

In Fig. 8(c), we compare the metrics of the ring test cases to lit-
erature control values obtained via in vivo cinefluoroscopy in
sheep, using the same metrics as those described in this study
[20]. A time-series representation of this control data can be found
in Ref. [20]. Control metrics for AP diameter, IC diameter, and
orifice area were closest to the performance metrics reported for
DynaRing. Specifically, the three aforementioned metrics, com-
pared between DynaRing and control, are as follows: AP diameter
5.4%0.3% versus 7*=1%; IC diameter 6.6+1.3% versus 5*1%;
orifice area 12.5+3% versus 10+2%. With respect to all perform-
ance metrics, the commercial physio-II ring and the reported litera-
ture values for healthy control differ significantly (p < 0.001), and
significant differences between physio-II and DynaRing (p < 0.001)
were also demonstrated. Furthermore, DynaRing preserves the nat-
ural 3:4 ratio between the AP and IC diameter during systole, while
the physio-II ring demonstrates a ratio of 2:3 [11].

5.2 Optimization. To evaluate the patient-specific tunability
of DynaRing, Bayesian Optimization via a Gaussian Process sur-
rogate model was performed on two simulated patients’ data. The
optimization function was run over 25 iterations, with the stiffness
combination associated with the lowest predicted cost function in
the surrogate model chosen for iterative evaluation by the FE
model. Figure 9 shows the results of optimization for two patients.
The minimum cost function observed during optimization was
plotted, with diagrams illustrating the evolution of DynaRing’s
design until an optimal solution was found. Cost function is plot-
ted as a percentage of the cost associated with the lowest cost
sample from Latin hypercube sampling.

For patient A, larger percentage changes in mitral valve metrics
were chosen: AP diameter 6.8%; IC diameter 4.0%; saddle height
8.5%. A 56% decrease in cost function was observed in the opti-
mal DynaRing design compared to the initial optimum in the
Latin hypercube sample. The optimization converged to a final
design with YM of 0.01 MPa in the anterior, left and right seg-
ments, and a stiff posterior segment with YM of 149 MPa. The
percent deviation of the final design’s change in mitral valve met-
rics compared to the target inputs are as follows: AP diameter
19.7%; 1C diameter 14.8%; saddle height 3.5%.

In order to evaluate how differing target metrics can change
DynaRing design optimization, the target changes in mitral valve
metrics for patient B were smaller than those for patient A: AP
diameter 1.0%; IC diameter 2.0%; SH 4.5%. This time, a 93.2%
reduction in cost function was observed in the optimal DynaRing
compared to the best design from the Latin hypercube sample,
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indicating substantially more optimization occurred with smaller
target metrics. The optimization converged to a final design with
following YM values: anterior 1720 MPa; posterior 1960 MPa;
left 58.1 MPa; right 120 MPa. As expected, the segments were
stiffer on average with patient B compared to patient A. Finally,
the percent deviation of the final design’s change in mitral valve
metrics compared to the target inputs are as follows: AP diameter
12.9%; IC diameter 7.1%; SH 2.0%.

5.3 Fatigue. Figure 10 presents force data gathered through-
out the fatigue test and an image of the ring after over 100 million
cycles. At roughly 35 million cycle intervals, the oscillatory
device was paused, and the force to deflect the ring 5Smm was
measured. Forces were applied parallel to the linear rail at the
center point of the AP mounted link (Fig. 7). No statistically sig-
nificant force deviation is present over the cycles and the segment
bonds remained intact based on visual inspection.

6 Discussion

In this study, we expand on our previously reported design of
DynaRing, a selectively compliant annuloplasty ring of variable
stiffness aimed at restoring annular geometry while enabling
dynamic motion [8]. This work addresses the critical need to
develop an annuloplasty ring with superior dynamic performance
compared to commercially available semirigid rings. Patient-
specific design has been described as a major trend expected to
revolutionize medicine in the next decade [34]. In the context of
annular dynamics, our studies show that a patient-specific approach
is highly desired due to the greatly variable nature of interpersonal
annular dynamics, even in healthy individuals, as demonstrated by
Ref. [11]. Here, we propose a patient-specific design pipeline for
annuloplasty rings and demonstrate its utility in determining ideal
segment stiffness based on individual subjects’ annular motion.
Overall, our experimental results demonstrate a design process to
achieve predetermined subject-specific annular motion through
appropriate segment stiffness selection enhanced by a custom Bayes-
ian optimization approach. Given the demanding loading conditions
involved in mitral valve mechanics, a major concern is the durability
and integrity of the materials employed in the fabrication of the ring.
Our mechanical 150M cycle fatigue testing demonstrated DynaR-
ing’s material and design integrity through force-measurements and
visual inspection. In relation to the ISO 5910 cardiovascular implants
standards, our fatigue test addresses the primary physiological load-
ing experienced by the ring, specifically bending. Additional testing
is needed to examine other loading modes including radial dilation
and compression. Moreover, careful control of temperature is
required by the ISO 5910 standard and will be implemented in subse-
quent fatigue tests with the final biocompatible polymers.

The dynamic behavior of the physical prototype was evaluated
in our in-house left heart simulator to track dynamic performance
and enable comparative analysis with literature controls as well as
commercially available alternatives. As previously reported,
DynaRing dynamic behavior closely matches literature control met-
rics for change in AP and IC diameter, orifice area and SH (Fig. 8).
In contrast, the commercial semirigid ring alternative exhibits mini-
mal variation in shape and prohibits the formation of an annular
saddle, whereas DynaRing achieves a 3x increase in SH.

To address the high variability in subject-specific dynamic
behavior, we propose the use of a patient-specific optimization
pipeline used to demonstrate that selective stiffness of DynaRing
segments is an effective method for tuning annular metrics to spe-
cific patients (Fig. 9). The simulated patients’ data reported here,
based on metrics derived from MRI tracking data, display signifi-
cant differences in target metrics. In both instances, the optimiza-
tion converges to a suitable combination of stiffness values, which
is tailored to each subject. Of the metrics, AP diameter exhibits
largest variation in target values (19.6% and 12.9% for patient A
and B, respectively). The metrics selected to characterize dynamic
behavior are inspired by the rich literature describing annular
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dynamics. Nevertheless, despite having selected widely reported
metrics of annular function, such parameters display some mechanical
coupling, particularly between AP and IC diameter. This observed
behavior limits the theoretically achievable combinations compared
to if the metrics were idealized as independent variables. In future
work, filament material and pretension, as additional optimization
parameters would provide a means for finer and more independent
adjustment of AP diameter. A filament connecting the left and right
commissures may also be tested to more directly control IC diameter
variation. Moreover, initial ring conformation may be considered to
match patient specific shapes. Each parameter, however, has implica-
tions for integration into a clinical practice. For example, polymer
casting can be readily conducted at a clinic with a small, automated
machine. Variation in ring conformation, however, requires different
shape set nitinol cores and is a more intensive manufacturing step.

In the Bayesian optimization process we propose, predictions
are made on the annulus’ dynamic behavior based on the FE
model we developed from experimental data. In our previous
report, we determined consistent results between experimental
testing and FE simulation, despite an over-prediction of orifice
area by the FE model. In this study, we corrected the aforemen-
tioned shortcoming by accounting for the effect of forces from the
leaflets via the chordae tendineae acting on the mitral annulus,
which constrain and affect its motion. Inclusion of such forces in
this work significantly improved its predictive power. Although it
remains an open question how closely the parameters must match
to be acceptable in practice, we observed significant improvement
in orifice area prediction with our new model as compared to pre-
vious work [8].

Preliminary fatigue testing (150 million cycles) provides confi-
dence in the segmented polymer design of DynaRing. Mating features
at the segment bonds can be added for additional bond integrity. Fur-
ther ring iterations will include a fabric sheath that encases the ring to
further ensure cohesion of ring elements. Additional fatigue testing
will be required once final polymer materials are selected and will be
conducted in accordance to the ISO 5910 standards.

6.1 Study Limitations and Future Work. In this study, the
primary goal was to validate the concept and application of a
patient-specific optimization pipeline. Thus, optimization target
values were determined from MRI data collected from healthy
individuals. While this approach provides a means to validate the
concept of optimal selection of segment stiffness based on
individual-specific target metrics, the clinical applicability of
these results is limited by the lack of pre-existing valvular pathol-
ogy in the cases analyzed. Specifically, experimental data were
collected from healthy porcine valves and 3D annular tracking
data refers to healthy individuals. This limitation is partially due
to the lack of high-fidelity disease models for regurgitant mitral
annuli. In parallel work [35], our collaborators developed a 3D-
printed device to simulate and produce pathophysiologic mitral
annular dilation in a diseased valve. The method proposed by
Imbrie-Moore et al. could thus be used to reproduce more accurate
pathological physiology.

In future work, the process proposed here can be integrated in
the clinical workflow of data collection for diseased patients. In a
clinical workflow of a diseased case, imaging methods in combina-
tion with physician expertise could define desired annuloplasty ring
function and resulting target parameters. We note that the current
FEA model omits native annular tissue and assumes properties of
the annuloplasty ring dominate the system. Improved models that
include stiffness provided by the native annulus would further
enhance the predictive ability of our ring design process. Further,
chordal and leaflet forces input into the FE model could be more
representative of the patient’s disease state by modifying the model
in Ref. [33] to simulate patient-specific diseased annular geometry
derived from imaging.

In addition to the fatigue test limitations described in the discus-
sion with respect to the ISO 5910 standards, we note that
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experiments described in this work were performed on a small
number of DynaRing prototypes. Additional testing is needed to
understand variability in the manufacturing process and its impact
on the LHS experiments. Future testing will be performed in beat-
ing heart models such as those described in Refs. [36] and [37] and
can include comparison to rigid and flexible rings.

Lastly, future work includes investigation of transcatheter
deployment. DynaRing’s NiTi core and polymer segments enable
substantial deformation, potentially allowing for a ring design that
collapses into a sufficiently small form factor for delivery through
a catheter.

7 Conclusion

We present a selectively compliant annuloplasty ring for ena-
bling patient-specific annular motion. Our ex-vivo studies demon-
strate DynaRing’s ability to achieve healthy annular motions and
outperform commercial semirigid rings. Moreover, the patient-
specific optimization method illustrates a design process for tailor-
ing ring parameters to patient data by varying segment stiffnesses.
We perform the optimization on two simulated patients, based on
real MRI data, that include significantly different valve metrics
and achieve suitable ring designs in each case. Finally, we demon-
strate the feasibility of a segmented polymer ring design with a
150 million cycle fatigue test.
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