ADULT: MITRAL VALVE: EVOLVING TECHNOLOGY
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ABSTRACT

Objective: Neochordal implantation is a common form of surgical mitral valve (MV)
repair. However, neochord length is assessed using static left ventricular pressuri-
zation, leading surgeons to evaluate leaflet coaptation and valve competency when
the left ventricle is dilating instead of contracting physiologically, referred to as dia-
stolic phase inversion (DPI). We hypothesize that the difference in papillary muscle
(PM) positioning between DPI and physiologic systole results in miscalculated neo-
chord lengths, which might affect repair performance.

Methods: Porcine MVs (n = 6) were mounted in an ex vivo heart simulator and PMs
were affixed to robots that accurately simulate PM motion. Baseline hemodynamic
and chordal strain data were collected, after which P2 chordae were severed to
simulate posterior leaflet prolapse from chordal rupture and subsequent mitral
regurgitation. Neochord implantation was performed in the physiologic and DPI
static configurations.

Results: Although both repairs successfully reduced mitral regurgitation, the DPI
repair resulted in longer neochordae (2,19 £ 0.4 mm; P < .o1). Furthermore, the
hemodynamic performance was reduced for the DPI repair resulting in higher
leakage volume (P = .o1) and regurgitant fraction (P < .01). Peak chordal forces
were reduced in the physiologic repair (0.57 & 0.11 N) versus the DPI repair
(0.68 £ 0.12 N; P < .01).

Conclusions: By leveraging advanced ex vivo technologies, we were able to quantify
the effects of static pressurization on neochordal length determination. Our find-
ings suggest that this post-repair assessment might slightly overestimate the neo-
chordal length and that additional marginal shortening of neochordae might
positively affect MV repair performance and durability by reducing load on sur-
rounding native chordae. (JTCVS Techniques 2022;12:54-64)
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Robotic ex vivo simulation of static pressurization
assessment for neochordal repair.

CENTRAL MESSAGE

Neochord length might be over-
estimated during static pressuri-
zation testing of post-repair
mitral valve competency because
of diastolic phase inversion of
ventricular geometry, altering
biomechanics.

PERSPECTIVE

We quantified neochord length error from dia-
stolic phase inversion of left ventricular geometry
due to static pressurization, with the finding that
this assessment of post-repair competency might
length leading to
reduced hemodynamic and chordal repair perfor-
mance. Surgeons should be aware of this error

overestimate neochord

when adjusting neochordae, and marginal short-
ening might improve repair performance.
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Abbreviations and Acronyms
CT computed tomography
DPI diastolic phase inversion
e-PTFE = expanded polytetrafluoroethylene
FBG = Fiber Bragg Grating

IPM = image-guided papillary muscle
LV = left ventricle

MR = mitral regurgitation

MV = mitral valve

PM = papillary muscle

El Video clip is available online.

Mitral valve (MV) prolapse is a common disease character-
ized by a combination of elongated or ruptured chordae ten-
dineae, excessive leaflet tissue, and annular dilation. These
pathologic changes often result in mitral regurgitation (MR)
requiring surgery, and US prevalence estimates of this
disease range from 2% to 15% and up to 35% in some
studies." The standard of care is increasingly prioritizing
surgical repair over replacement, because repair is consid-
ered superior in terms of patient survival, left ventricular
function, and freedom from reoperation for many
patients.”™ Surgical repair in this context commonly
involves chordal replacement via artificial neochord
implantation using expanded polytetrafluoroethylene (e-
PTFE) sutures, spanning from the leaflet to the papillary
muscle (PM), which has shown excellent clinical results.””

The most common difficulty with neochordal repair is
determining the optimal length of the artificial neochor-
dae.'" To help mitigate this challenge, surgeons often
deliver saline to the left ventricle (LV) using a suction irri-
gation device or syringe to visually inspect leaflet coapta-
tion and valve competency and to appropriately adjust the
neochord length (Video 1). Although this static LV pressur-
ization assessment technique, also known as the saline or
waterproof test, can help surgeons to approximately esti-
mate neochord length, there exists a critical source of error
involved in this method. When pressurizing the LV of an ar-
rested heart, the MV apparatus and subvalvular structures
dilate in a state similar to that of diastole when the LV would
otherwise be contracting during systole in a beating
heart.'>"® More specifically, in vivo, the PMs, which
commonly serve as the distal anchor point of the neochor-
dae, move with each heartbeat, translating and rotating rela-
tive to the valve annulus, and this movement can be
generally characterized as a reduction in the distance be-
tween the PM and the valve annulus upon leaflet coapta-
tion.'*'> On the contrary, static pressurization simulates

VIDEO 1. Intraoperative video highlighting the use of static left ventric-
ular pressurization, or the saline test, during neochordal mitral valve repair.
Video available at: https://www.jtcvs.org/article/S2666-2507(22)00037-2/
fulltext.

the opposite as it causes the LV to dilate, moving the PMs
further away from the annulus upon leaflet coaptation.
This phenomenon, which we refer to as the diastolic phase
inversion (DPI), means that neochord length assessment oc-
curs when the PMs are further away from the valve leaflets
than what would otherwise be the case upon coaptation dur-
ing systole (Figure 1). We hypothesize that the difference in
PM positioning during DPI from static pressurization
compared with that during physiologic systole results in
longer implanted neochord lengths, which in turn might
affect hemodynamic performance and chordal stresses of
the repair. By simulating these conditions in an ex vivo
left heart simulator using our advanced image-guided PM
(IPM) robotic system, we aimed to quantify this error and
evaluate the hemodynamic and biomechanical performance
of MV repair in the presence of DPI (Figure 2). Through
these experiments, we hope to further elucidate the intri-
cacies of artificial neochord implantation and to provide
mechanical guidance on repair performance.

METHODS
IPM Robotic System

Using our previously validated IPM robotic system, we can mimic the
precise motion of PMs throughout the cardiac cycle (Figure 3, A)."> The
robotic actuators were designed as a modified Stewart platform system con-
sisting of 6 servo motors and actuating rods connecting to an end-effector
platform. This design allowed us to create a high-bandwidth system with 6
degrees of freedom (3 rotational and 3 translational) to fully capture the
native kinematics of the PMs, and advanced mathematical analyses and
supercomputing simulations were used to precisely tune design parame-
ters. Three-dimensional validation tests revealed a low spatial error in rec-
reating 6 degrees of freedom motion. These robots were incorporated in our
ex vivo left heart simulator, and the PM of explanted porcine MVs were
mounted to the IPM end-effectors as precise cycle timing was synchronized
with the linear piston pump. The motion of this robotic system was pre-
scribed by high-resolution human computed tomography (CT) imaging,
which generates a more physiologically accurate simulation. The CT imag-
ing data were acquired from a deidentified data set of high-resolution scans
of an adult human heart with 10 images over the course of 1 cardiac cycle.
To determine the physiologic motion of the PMs, the MV annulus and PMs
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FIGURE 1. Labeled illustration of mitral valve neochordal repair with static pressurization for post-repair assessment and diastolic phase inversion (DPI).

We hypothesize that DPI results in neochord length overestimation, which might lead to a suboptimal repair and reduced hemodynamic performance.

were tracked using CEMRG software (Cardiac Electro-Mechanics
Research Group), and the PM trajectories were adjusted to compensate
for the native motion of the annulus, setting the inertial reference frame
to that of the annulus, as the annulus is fixed in our ex vivo simulator.'”
Our IPM robotic system represents a significant advancement for ex vivo
simulation, enabling more reliable cardiac simulations and repair optimiza-
tions. More importantly, the development of such a system empowers our
research group to quantify a new regime of cardiac biomechanics because
PM positioning and motion are crucial components to simulating and
exploring novel experimental questions such as that of DPI.

Left Heart Simulator Testing

MVs (n = 6) were carefully explanted from porcine hearts obtained
fresh from an abattoir (Animal Technologies) in accordance with institu-
tional guidelines and mounted in a left heart simulator using a 3D-printed
silicone sewing ring (SIL 30), and the PMs were affixed to the IPM robots,
as previously described (Figure 3, B).">'° The left heart simulator flow loop
features a pulsatile linear piston pump (ViVitro Superpump; ViVitro Labs)
used to generate physiologic hemodynamics for the valve; the pump
controller and software (ViVitest Software; ViVitro Labs) are programmed
in accordance with ISO 5840 standards for in vitro valve testing.'” The
heart simulator features an electromagnetic flow probe (Carolina Medical
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Electronics) positioned to record MV flow; 0.9% normal saline was used as
the test fluid to ensure proper transduction of the flow probe. Ventricular,
aortic, and atrial pressures were measured using pressure transducers
(Utah Medical Products Inc). The linear piston pump was programmed
to generate an effective stroke volume of 70 mL at 70 beats per minute.
The heart simulator also features 2 compliance chambers as well as adjust-
able peripheral resistance; both were titrated at baseline to produce a mean
arterial pressure of 100 mm Hg (systolic 120 mm Hg, diastolic 80 mm Hg).
For each test, hemodynamic data were collected and averaged across 10
cardiac cycles.

Additionally, high-resolution Fiber Bragg Grating (FBG) sensors
(DTG-LBL-1550 125 um FBGS International) were implanted in P1 and
P3 primary and secondary chordae to directly measure forces on the sur-
rounding chordae (Figure 3, C). These sensors have been used and vali-
dated for measuring chordal stress in ex vivo and in vivo settings,
elucidating numerous novel insights.'™'®*?* The FBG optical strain
sensors were calibrated to correlate strain to force using an Instron 5848
Microtester with a 20-N load cell as previously described.'® FBG measure-
ments were recorded at a sampling frequency of 1000 Hz with an optical
interrogator (Micron Optics si255 with ENLIGHT, Micron Optics), and
force data of the chordae were analyzed using a variety of data analysis
and signal processing libraries using Python (Python Software
Foundation).
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* While both repairs successfully reduced MR, the DPI repair resulted

in significantly longer neochordae

* Hemodynamic performance was reduced for the DPI repair resulting

in significantly higher leakage volumes and regurgitant fractions

* Peak chordal forces were significantly lower for the physiologic repair

IMPLICATIONS

Static pressurization for neochordal post-repair length assessment
may overestimate neochord length, and additional marginal
shortening of neochordae may positively affect repair performance
and durability by reducing load on surrounding chordae

FIGURE 2. The study’s methods, results, and implications. Experimental design to test the effects of diastolic phase inversion (DPI) of left ventricular
geometry after static pressurization for assessment of post-repair mitral valve (MV) competency. Explanted porcine MVs were mounted in our robotic

ex vivo simulator with implanted chordal strain gauges (n = 6). Four paired experiments were tested on each valve in the simulator: baseline control, pro-
lapse, DPI repair, and physiologic repair. TEE, Transesophageal echocardiography; FBG, Fiber Bragg Grating; MR, mitral regurgitation.

To conduct our experiment, hemodynamic and chordal strain data were
collected for all control and experimental conditions, whereas PM motion
was initially calibrated for the control condition and remained unchanged
throughout each experiment. PM motion was used in conjunction with pul-
satile physiologic simulation whenever valve testing and data recording

occurred. First, healthy explanted porcine MVs were mounted and run in
our simulator, which we refer to as the baseline condition and which serves
as the control. Next, P2 chordae were severed to simulate posterior leaflet
prolapse from chordal rupture and subsequent MR, which is referred to as
the prolapse condition. After the induction of prolapse, the valve was
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FIGURE 3. Heart simulator experimental setup, from Imbrie-Moore. A, Picture of the image-guided papillary muscle robotic system sewn to papillary
muscles of a porcine mitral valve to mimic the motion of the heart. B, Diagram of the custom left heart simulator with stationary papillary muscles during
ex vivo cardiac simulation experiments. C, High-resolution Fiber Bragg Grating strain gauge sensor instrumenting a chordae tendineae; the sensor is cali-
brated to correlate strain to force. The chord is severed between the 2 suture attachment points, denoted by red arrows, to transmit all force through the
sensor. Reproduced with permission from the Royal Society."
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statically repaired in 2 configurations in a randomized order. The first,
which we refer to as the physiologic repair, represents the repair in which
the PMs were positioned in the physiologically accurate locations that cor-
responded to the time domain of leaflet coaptation during peak systole,
confirmed by healthy, human CT imaging. The second, which we refer to
as the DPI repair, represents the repair commonly implemented in a real
operating room setting in which static LV pressurization is used to assess
leaflet coaptation, inducing DPI and the associated geometric error. This
state corresponds to a PM positioning locus similar to that found in end
diastole, as the dilation of the heart upon LV pressurization can be corre-
lated to the diastolic geometry of the heart. The static PM position was
again confirmed using the CT images and translated to the ex vivo simu-
lator via IPM robotic control, where artificial neochordal implantation
was performed. Neochord implantation using e-PTFE, CV-5 suture, and
the standard interrupted neochord technique was performed in the physio-
logic and DPI stationary PM configurations and through the same PM and
leaflet anchoring loci, after which the valves were reanalyzed in the simu-
lator using the originally calibrated PM trajectories.

Statistical Analysis

Continuous variables are reported as mean =+ standard error. To account
for non-normally distributed forces as well as the multistaged experimental
design, nonparametric Friedman tests with pairwise comparisons were
used to compare continuous variables between groups. For pairwise com-
parisons of cardiac output between the DPI and physiologic repairs, we
assumed a normal distribution based on Shapiro-Wilk acceptance of the
null hypothesis and used a paired Student # test for comparison.

RESULTS

Hemodynamic data confirmed that cutting P2 chordae
successfully induced MR. The mean arterial pressure
(74.7 £2.8 mm Hg vs 99.4 &+ 1.1 mm Hg; P <.01) and car-
diac output (4.2 £ 0.23 L/min vs 5.4 & 0.3 L/min; P = .01)
were lower for prolapse compared with baseline. Moreover,
the mitral leakage volume (18.4 4.5 mL vs 1.1 0.5 mL;
P < .01) and regurgitant fraction (31.2 + 3.8% vs
9.0 £ 0.9%; P <.01) were higher for prolapse compared
with baseline. Mean flow and pressure tracings over a car-
diac cycle for the 4 stages of the experiment (baseline, pro-
lapse, DPI repair, and physiologic repair) are shown in
Figure 4, A and B, respectively, with the shaded regions rep-
resenting standard error.

For our experimental conditions, the physiologic and DPI
repairs were successful in eliminating regurgitation. Mitral
leakage volume was reduced from the prolapse value of
18.4 £4.5mLto2.1 £0.1 mL (P <.01) for the physiologic
repair and 3.6 £ 0.5 mL (P <.01) for the DPI repair. More-
over, pressures were restored for both repairs with similar
mean arterial pressures (P > .8) and cardiac output (P >
.7) between the repairs and baseline levels. However, we
also found that the DPI repair resulted in significantly
longer neochordae compared with those of the physiologic
repair (2.2 + 0.4 mm longer, an increase of 16.0%; P <.01).
This difference in neochord length had downstream effects
on the hemodynamics as well. Although both repairs
adequately reduced MR, the physiologic repair resulted in
marginally reduced MR (2.3 £+ 0.6%; P <.01, reported as
difference) and leakage volume (1.5 £ 0.4 mL; P = .01,
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FIGURE 4. A, Mean flow tracings for baseline, prolapse, diastolic phase
inversion (DPI) repair, and physiologic repair. Flow tracings show success-
ful induction of mitral regurgitation for the prolapse condition followed by
restoration of flow dynamics for both repairs. B, Mean pressure tracings for
all experimental conditions. Pressure data shows a reduction in pressures for
the prolapse condition, indicating successful induction of mitral regurgita-
tion, followed by a return to normal pressures for both repair conditions.
Shaded regions for both panels represent standard error.
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reported as difference) and marginally increased cardiac
output (0.2 £ 0.1 L/min; P < .05, reported as difference)
compared with those of the DPI repair.

Figure 5, A shows native P1 and P3 mean primary and
secondary chordal forces over the time domain of a single
cardiac cycle for both repair conditions, where the shaded
regions represent standard error. In the aggregate, peak
native chordal forces were reduced (P <.01) in the physio-
logic repair (0.57 £ 0.11 N) compared with those in the DPI
repair (0.68 £ 0.12 N). These chordal force results corre-
spond to a 0.11 £ 0.04 N or 16.4% reduction in forces on
average for the physiologic repair compared with those of
the DPI repair. Figure 5, B shows the box plot of peak
chordal forces with median and interquartile range for
both repair conditions. Full hemodynamic, chordal force,
and neochordal length data for all experimental conditions
can be found in Table E1.

DISCUSSION

Leveraging advances in ex vivo heart simulation technol-
ogy, we used precision robotics to biomechanically quantify
the error involved in DPI from static LV pressurization
assessment during artificial neochordal implantation. Our
results provide novel insights for better understanding this
surgical procedure, with deeper implications on optimizing
repair performance. By bringing a strong mechanical foun-
dation to techniques developed by surgeon experimentation
and preferences in the operating room, we have expanded
on the technical corpus of heart surgery aiming to translate
our ex vivo work to meaningful improvements and optimi-
zations in the clinic and for patient health and safety.

Although both repairs successfully reduced MR, our re-
sults indicate that neochordal repair in the presence of the
geometric error involved in DPI contributes to the higher
leakage volume and regurgitant fraction levels seen in the
DPI repair. Multiple hemodynamic metrics including regur-
gitant fraction, leakage volume, cardiac output, and energy
loss all corroborate the reduction of hemodynamic perfor-
mance of the simulated DPI repair. Furthermore, when we
analyzed native chordal forces in the P1 and P3 regions of
the MV, we observed an increase in peak forces in the
DPI repair relative to those of the physiologic repair.
Although we observed differences in our results, these dif-
ferences were relatively small between conditions, which
might suggest that the increased forces might not present
a direct, acute danger to the repair. However, over long
time durations, the additional forces might contribute to
higher fatigue stresses and faster deterioration of the sur-
rounding chordae, resulting in a less durable repair.”’*’
Small hemodynamic or mechanical changes in repair
performance are significantly amplified in the context of
extended time frames of long-term outcomes and durability,
because of the repeated cyclic loading of cardiac systems
and the cumulative properties of mechanical fatigue.

Primary and Secondary Chordal Forces

Force [N]

--- Primary Chordae: DPI Repair

— Secondary Chordae: DPI Repair

--- Primary Chordae: Physiologic Repair
— Secondary Chordae: Physiologic Repair

A
Mean Peak Chordal Forces (N)
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B

FIGURE 5. A, Mean force tracings for primary and secondary chordae in
diastolic phase inversion (DPI) and physiologic repair conditions. A Fiber
Bragg Grating sensor was used in each case to measure real-time native
chordae forces. Shaded regions represent standard error. On average, the
physiologic repair resulted in lower chordal forces than those of DPI repair,
with peak force data additionally reflecting that reduction. B, Box plot of
combined primary and secondary peak chordal forces for the DPI and phys-
iologic repairs. The upper and lower borders of the box represent the upper
and lower quartiles, the middle horizontal line represents the median, and
the upper and lower whiskers represent the maximum and minimum
values. Lines between points represent paired data. The peak forces were
lower (P < .01) for the physiologic repair (0.57 £ 0.11 N) compared
with the DPI repair (0.68 £ 0.12 N).

When applying this phenomenon to chordae, it has been
shown that additional mechanical tension exponentially in-
creases the rate of creep for these viscoelastic load-bearing
structures.”” This mechanism leads to a loss of organized
collagen structure, inducing microcracks, which strongly
suggests that spontaneous chordal rupture and elongation
is caused by mechanical fatigue.
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Additionally, although the DPI state during an intraoper-
ative, flaccid ventricle saline injection is not truly analogous
to physiologic diastole in the heart, which is an active
myocardial process, we used the PM positioning of end
diastole to dictate the DPI state in these experiments. How-
ever, the use of physiologic diastole to simulate the DPI
state represents a lower bound of error because the LV is
pressurized at much lower levels during end diastole
compared with that of a static pressurization test. Studies
that classified left ventricular end diastolic pressure via
in vivo human left ventricular catheterization or echocardi-
ography, indicate that left ventricular end diastolic pressure
values range from 3 to 8 mm Hg for normal individuals, and
15 to 30 mm Hg or greater for patients with severe alveolar
edema.””*® However, the pressures of static testing in the
operating room during MV repair are meant to re-create
the systolic configuration of the valve and often reach levels
much greater than 30 mm Hg, indicating greater levels of
PM distension and neochordal length error.

Although the explicit mechanistic causation is still spec-
ulative, our results indicate that the reduction of hemody-
namic performance and the inferior chordal dynamics
might be directly attributable to the relatively longer im-
planted neochord length of the DPI repair. Mechanically,
a longer neochord corresponds to increased forces on the
surrounding chordal architecture because e-PTFE as a su-
ture material behaves in an elastic—plastic manner when
loaded in uniaxial tension, prescribing an approximate Hoo-
kean elastic behavior of the neochord, and load distribution
is complete and deterministic according to Newtonian
mechanics.””*® Therefore, shorter neochordae result in
improved performance because of increased neochordal
loading and faster preload response. The increased loading
reduces prolapse and leakage, whereas the faster response
refers to how quickly the neochord loads relative to the
time domain of the cardiac cycle. The marginally shorter
neochord will load more and faster after the end of diastole,
preventing regurgitation and improving the hemodynamic
performance of the valve, all of which were corroborated
by our results but will need to be validated by further
in vivo studies.

Clinical Perspective

Our findings are the first, to our knowledge, to quantify
neochordal length error when using static pressurization
for post-repair assessment of MV competency. Although fi-
delity is lost in ex vivo experimentation, presenting chal-
lenges for extracting specific clinical guidance on the
basis of our results, we can speculate that additional mar-
ginal shortening of the neochord might improve the chordal
mechanics and hemodynamic performance of the repair,
leading to a potentially more durable outcome. However,
it is important to note that the amount of DPI error depends
on the level of pressurization experienced by the LV during
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the saline test, with additional patient-specific variance due
to left ventricular architecture, which means that the
amount of additional shortening required for the repair
will vary. We advise not overfilling the LV to avoid geomet-
ric changes that might induce further error upon evaluation.
Additionally, although our experiments elucidate the differ-
ence between repairs in the presence of DPI and physiologic
systole, further work is required to directly correlate and
specifically quantify the amount of additional neochordal
shortening in the presence of DPI to optimize repair perfor-
mance, and as such care must be taken when generalizing
our results, which do not directly indicate that any specific
quantified amount of active shortening will lead to
improved performance.

Limitation

Although we took many steps to accurately simulate and
isolate the repair conditions experienced in the operating
room, there were some crucial obstacles of note. Because
heart surgery is very dependent on technique and prefer-
ence, a primary concern of this work was surgeon variance.
Although we tried to account for such variation by ensuring
a single surgical operator for all repair experiments, it is
difficult to extrapolate the specific length quantifications
in these results to all operating conditions. Moreover,
patient-specific left ventricular architecture and level of
pressurization adds to the potential variability of neochord
length during a repair. Although our surgical model re-
mained robust and consistent throughout experimentation,
neochordal length accuracy can be further optimized to ac-
count for pressure and geometric idiosyncrasies on a case-
by-case basis. Specifically, we are currently exploring the
use of patient-specific, image-based modeling to quantify
DPI in real time, dependent on measured static left ventric-
ular pressure loads. In doing so, we can provide immediate
feedback to the surgeon estimating DPI error, enabling
advanced, next-generation tooling for neochordal length
determination.

Another limitation of our work was that porcine hearts
were used with human CT data as a model for a human oper-
ating room scenario. However, we have taken care to isolate
the MV apparatus and reduce the influence of porcine
anatomical divergence by removing most of the surround-
ing left ventricular and atrial tissues. Moreover, we have
taken considerable steps to provide a generalizable platform
for accurate transfer of human CT data to our porcine model
geometry. Primarily, we have engineered trajectory scaling
on the basis of normalized anatomic geometric valve size,
measured using standard valve sizing methods. This allows
us to account for gross valve geometric differences for indi-
vidual porcine valves.

It is additionally worth noting that chordal ruptures can
be associated with severe, chronic MR with accompanying
ventricular remodeling and alterations in subvalvular
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geometry, and it is unclear whether physiologic and DPI PM
positions retain the same relationship as that of normal hu-
man hearts. Although it is true that neochordal repair might
occur in the context of chronic MR, the number of different
chronic etiologies and the lack of comprehensive and gener-
alizable degenerative ex vivo MR models makes testing this
hypothesis difficult. Because this is, to our knowledge, the
first documented experiment to study DPI induced during
surgical repair, rather than simulating this condition across
the entire spectrum of primary and degenerative MR etiol-
ogies, we instead chose to evaluate this condition using an
isolated chordal rupture model, which describes the most
common primary MR etiology. This allowed us to simplify
our model, providing the foundational evidence for future
expansions into a more holistic subset of degenerative
models and surgical conditions, and the technical basis
describing the DPI error.

Finally, another obstacle adding complexity to under-
standing repair performance is the effect of long-term,
post-repair ventricular remodeling. This phenomenon
might alter the long-term performance of the repair regard-
less of exact neochord length, and it is difficult to under-
stand the effects without a longitudinal in vivo clinical
evaluation. However, restoring hemodynamics and chordal
loading to a state more similar to that of the baseline,
healthy valve is estimated to have a positive effect on ven-
tricular remodeling. This is because it has been shown that
pathological mechanical changes and cues, such as
increased wall stresses, can further aggravate the heart
biology, causing complex signaling cascades that prompt
the heart to further remodel.>”*° Therefore, a more accurate
reconstitution of the native, healthy biomechanics of the
valve, guided by a greater understanding of DPI error, might
additionally contribute to improved long-term outcomes of
the repair.

CONCLUSIONS

DPI from static LV pressurization is a critical phenome-
non to more closely investigate because it directly affects
the mechanical performance of neochordal repair. By
leveraging advanced, robotic ex vivo technologies and
biomechanics analyses, we quantified the effects of static
LV pressurization during the neochord length determination
procedure. In the process of better understanding DPI, we
have generated meaningful insights that might improve
the clinical implementation of neochordal repair. Specif-
ically, our findings suggest that DPI error might cause a
slight overestimation of neochord length and that additional
marginal shortening of neochordae might positively affect
MYV repair performance and durability by reducing load
on surrounding native chordae and improving neochord me-
chanics. Future experimentation should incorporate patient-
specific architecture and advanced modeling techniques to
correlate left ventricular pressure load to real-time clinical

tools that can be used to more precisely and accurately
determine optimal neochord lengths, bringing an interdisci-
plinary, cutting-edge engineering approach to cardiotho-
racic surgery.
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APPENDIX 1. SAMPLE SIZE ANALYSIS

To determine the appropriate sample size, a few initial
exploratory tests were performed to evaluate the feasibility
of the experimental setup as well as to analyze the magni-
tude of the obtained forces and the variance among them
to determine the study sample size. Among these initial
tests, we observed an expected mean paired difference of
approximately 2 mm for neochordal length, an expected
standard deviation of approximately 1 mm, an acceptance

of the Shapiro—Wilk null hypothesis for normal distribution
(P >.05), and a coefficient of variation >1. On the basis of
the power analysis of the compared paired difference results
of the exploratory tests, a total of n = 5 paired samples were
enough to observe a significant difference at standard 95%
confidence and 80% power levels. Therefore, we decided to
perform a total of 6 paired (n + 1), independent tests for
each neochord implantation condition to ensure adequate
power.
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TABLE E1. Hemodynamic, chordal force, and neochord length data

Baseline Prolapse DPI repair Physiologic repair
Pressure
Transmitral mean back pressure, mm Hg 99.386 74.731 99.053 98.806
Mitral positive pressure time, s 0.432 0.465 0411 0.446
Atrial RMS pressure, mm Hg 15.496 14.168 14.709 15.422
Atrial maximum pressure, mm Hg 46.886 40.709 44.614 45.740
Ventricular RMS pressure, mm Hg 65.586 57.465 65.385 66.109
Ventricular maximum pressure, mm Hg 121.352 113.108 123.286 123.460
Flow
Heart rate, bpm 70 70 70 70
Pump stroke volume, mL 110.055 110.011 109.961 110.056
Systolic time, s 0.300 0.300 0.300 0.300
Systolic percent of cycle 34.961 35.007 34.974 34.961
Mitral forward flow time, s 0.524 0.518 0.520 0.527
Mitral cardiac output, L/min 5.408 4.225 5.337 5.524
Mitral forward volume, mL 85.051 88.983 87.798 88.760
Mitral closing volume, mL —6.671 —10.233 —7.994 —7.757
Mitral leakage volume, mL —1.119 —18.392 —3.567 —2.110
Mitral leakage rate, mL/s —4.100 —68.790 —12.820 —7.764
Mitral mean flow, mL/s 161.431 171.006 167.645 167.391
Mitral RMS flow, mL/s 215.181 231.191 226.761 225.290
Mitral peak flow, mL/s 571.336 594.178 600.392 600.127
Mitral regurge fraction, % 9.014 31.158 13.335 11.087
Energy
Ventricular energy (VE), mJ 990.308 927.776 998.139 992.598
Transmitral closing energy loss, mJ 17.698 44.786 30.275 29.586
Transmitral closing energy loss, % VE 1.795 4.904 3.013 2.973
Transmitral leakage energy loss, mJ 16.032 200.185 46.967 29.565
Transmitral leakage energy loss, % VE 1.630 21.873 4.714 2974
Transmitral total energy loss, mJ 40.067 278.372 100.413 87.072
Transmitral total energy loss, % VE 3.972 30.521 9.928 8.652
Chordal data
Neochord length, mm N/A N/A 16.42 14.22
Primary and secondary chordal forces, N 0.662 0.549 0.681 0.568

All information is presented as averaged across all 6 paired experiments. DPI, Diastolic phase inversion; RMS, root mean square; bpm, beats per minute; VE, ventricular energy.
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