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ABSTRACT

Objective: Mitral valve repair is the gold standard treatment for degenerative mitral
regurgitation; however, a multitude of repair techniques exist with little quantitative
data comparing these approaches. Using a novel ex vivo model, we sought to eval-
uate biomechanical differences between repair techniques.

Methods: Using porcine mitral valves mounted within a custom 3-dimensional-
printed left heart simulator, we induced mitral regurgitation using an isolated P2
prolapse model by cutting primary chordae. Next, we repaired the valves in series
using the edge-to-edge technique, neochordoplasty, nonresectional remodeling,
and classic leaflet resection. Hemodynamic data and chordae forces were
measured and analyzed using an incomplete counterbalanced repeated measures
design with the healthy pre-prolapse valve as a control.

Results: With the exception of the edge-to-edge technique, all repair methods
effectively corrected mitral regurgitation, returning regurgitant fraction to baseline
levels (baseline 11.9% = 3.7%, edge-to-edge 22.5% =+ 6.9%, nonresectional re-
modeling 12.3% =+ 3.0%, neochordal 13.4% =+ 4.8%, resection 14.7% =+ 55%, P
< 0.01). Forces on the primary chordae were minimized using the neochordal
and nonresectional techniques whereas the edge-to-edge and resectional tech-
niques resulted in significantly elevated primary forces. Secondary chordae forces
also followed this pattern, with edge-to-edge repair generating significantly higher
secondary forces and leaflet resection trending higher than the nonresectional and
neochord repairs.

Conclusions: Although multiple methods of degenerative mitral valve repair are
used clinically, their biomechanical properties vary significantly. Nonresectional
techniques, including leaflet remodeling and neochordal techniques, appear to
result in lower chordal forces in this ex vivo technical engineering model. (JTCVS
Techniques 2021;10:244-51)

Biomechanical Findings of Various
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Biomechanical comparison of various mitral valve
repair techniques.

CENTRAL MESSAGE

Mitral repair techniques that
avoid resection, such as leaflet
remodeling and neochord
reconstruction, appear to result
in less regurgitation and lower
chordal forces, which may influ-
ence durability.

PERSPECTIVE

Mitral valve repair is the gold standard treatment
for degenerative MR. A multitude of techniques
exist to repair the mitral valve; however, limited
quantitative data exist comparing these tech-
nigues. Ex vivo analysis demonstrates that nonre-
sectional techniques, such as leaflet remodeling
or neochord reconstruction, appear to reduce
regurgitation and lower chordal forces.

See Commentary on page 252.
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Abbreviations and Acronyms
FBG = Fiber Bragg Grating
MR = mitral regurgitation
3D = 3-dimensional

E' Video clip is available online.

Degenerative mitral valve regurgitation is the most
prevalent cause of valvular heart disease in the Western
world, with 3% of the US population experiencing at least
moderate mitral regurgitation (MR).' Of patients with at
least moderate MR, approximately 10% develop severe
MR requiring surgical correction.®'’ Mitral valve repair
is the gold standard for treatment of degenerative MR and
is superior to valve replacement with regard to patient
survival, left ventricular function, and freedom from
reoperation.'' " Since being first described approximately
70 years ago, mitral valve repair has become a
reproducible and effective therapy.”'*’

A multitude of techniques have been described, and these
can be grouped into several categories, including edge-to-
edge repair, leaflet resection, nonresectional techniques,
and artificial neochord repairs.”*”® Although leaflet
resection is extremely effective, this method can be more
involved and time-consuming than other techniques, and
it is also irreversible.”*> Identifying the optimal amount
of tissue to resect is challenging, because overzealous
resection may result in monoleaflet function, whereas
inadequate resection often results in systolic anterior
motion of the mitral valve.”®”’ Nonresectional techniques
and neochordoplasty are effective and can be easily
reversed, but may not address excessive tissue redundancys;
these techniques also leave diseased tissue in place, which
may result in recurrent MR.*

The existence of so many repair techniques has resulted
in limited controlled comparative studies reporting
quantitative data supporting one particular repair technique
over any other, which may have reduced overall experience
and adoption of mitral repair. Several groups have studied
the biomechanical properties of various aspects of the
mitral valve apparatus, such as annular and leaflet kinetic
studies. However, there are limited quantitative biomechan-
ical data comparing individual repair techniques to one
another in a standardized and translatable fashion.””™"'

In this study, we have performed a comprehensive
biomechanical comparison of various categories of mitral
valve repair, which include edge-to-edge repair,
nonresectional leaflet remodeling, leaflet resection, and

neochord repair. It is our hope that these analyses lead to
improvements in choice of repair strategy to ultimately
result in more durable repair results for patients undergoing
mitral valve repair.

MATERIALS AND METHODS
Left Heart Simulator

A 3-dimensional (3D)-printed customized and modular left heart
simulator, which we have previously described extensively, was used
as our testing platform to compare various mitral valve repair techniques
(Figure 1, A).42'5” Briefly, a 3D printer (M2, Carbon 3D, Redwood City,
Calif) was used to rapidly prototype a modular left heart which was
mounted to a pulsatile linear actuator (Vivitro Superpump, Vivitro
Labs, Victoria, BC, Canada). The device was equipped with pressure
and flow sensors to record atrial, ventricular, and aortic pressures as
well as transmitral and transaortic flow probes The chamber itself is
mostly rigid, with the exception of elastomeric seals and the
elastomeric annular mount. The pulsatile pump generates a pressure
waveform that propagates throughout the model. To model a
physiological heart, which does not have a fixed volume, we employed
several multi-element windkessel vessel compliance chambers that
could be tuned to modulate or dampen the pressure and flow
waveforms to mimic a physiologic heart. A viscoelastic impedance
adapter connected to the linear actuator further allowed for modeling
physiologic waveforms of ventricular contraction. A 29-mm mechanical
aortic valve (St Jude Regent, Abbott Vascular, Lake Bluff, I11) was used
in the aortic position for consistency as homograft valves tend to rapidly
degrade in the very saline pump environment. Because no 2 homograft
valves are identical, replacing biological tissue based valves should
they wear out mid-experiment creates a litany of problems. Thus, we
elected to use a mechanical aortic valve, which is infinitely durable
and can be cleaned easily between trials. Our reference valve in the
mitral position, used for tuning and zeroing the system, was a 28-mm
leakless disc valve (Vivitro). With this valve, the system was tuned to
generate a cardiac output of 5 liters per minute with a mean arterial pres-
sure of 100 mm Hg, systolic pressure of 120 mm Hg, and diastolic
pressure of 80 mm Hg. Normal saline was used as our test fluid for proper
conduction and function of the electromagnetic flow meters.

Sample Preparation

We obtained fresh porcine hearts from a local abattoir and dissected
the mitral valve apparatus free from the surrounding tissue, including
the chordae tendineae and connected papillary muscles, as well as the
annulus and a cuff of left atrial tissue. A total of 7 valves were tested
for each experimental condition. Valves of a similar size with
intercommissural distances of 34 to 36 mm were used. A 3D-printed
elastomeric sewing ring designed to mimic physiologic annular motion
was used to mount the valve inside of our simulator by sewing the left
atrial cuff to the elastomeric sewing ring using a continuous locking
suture to avoid a purse string effect. The combination of our customized
elastomeric sewing ring in conjunction with the preserved cuff of left
atrial tissue preserved the native annulus and allowed for physiologic
annular motion, which we have previously described in further
detail.***>>! Carbon fiber positioning rods with 3D-printed papillary
muscle mounting pads were used to secure the papillary muscles in
position by sewing the papillary muscles to the pads with braided
polyester suture.

Chordae Force Measurements

Previously, we developed extremely high-fidelity chordae force sensors
using fiber optic sensors called Fiber Bragg Gratings (FBGs), which have
been described in depth previously.** Briefly, FBGs are optical fibers with a
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FIGURE 1. A, Schematic of the Stanford left heart simulator in the mitral testing configuration with each component labeled. B, Close-up view of FBG

force sensor attached to a chordae tendinea of interest. PL, Posterior leaflet; AL, anterior leaflet; TEE, transesophageal echo; APM, anterolateral papillary

muscle; FBG, fiber Bragg Gratings; PPM, posteromedial papillary muscle.

series of spatial period gratings etched within their structures such that they
are designed to reflect a particular wavelength of light back to a receiver
based upon the spacing of the gratings. When tensile force is applied, the
gratings spread farther apart and the wavelength shifts correspondingly;
the same is true for compressive force, only opposite. The degree of
wavelength shift can be used to measure real-tine strain, which can
ultimately be used to calculate dynamic force readings by calibrating the
fibers before use. To calibrate the sensors we used an Instron microtester
to perform automated tensioning cycles in generating our conversion
equations. This calibration process is detailed in our previous work.**
The FBGs are encased in an outer shell for stability and also to serve as
a structure for attachment to the chordae of interest (Figure 1, B). For
each valve, we instrumented 2-4 primary and secondary chordae on both
the anterior and posterior leaflets. Of note, higher pressures (primarily
systolic) results in higher force measurements. Because a regurgitant valve
will by default have lower hemodynamic pressures, it will also have
correspondingly lower chordae force measurements. To accurately and
consistently compare the force measurements across repair techniques
notwithstanding their efficacy for eliminating regurgitation, we normalized
each chordae force measurement based on the mean arterial pressure
during that particular measurement relative to the baseline pressures using
a correction factor.

Study Design and Experimental Setup

In our ex vivo experimental series, we used a repeated measures design
whereby each valve serves as its own positive and negative control.
Hemodynamics and forces are first measured in the valve at baseline.
Next, isolated P2 prolapse is induced by severing several P2 primary
chordae and hemodynamics and forces are again measured. Next, the
valves were repaired in series using various repair techniques in an order
from least destructive to the valve to more destructive: edge-to-edge
suture repair, neochord repair, nonresectional leaflet remodeling, and
finally triangular resection (Figure 2, Video 1). The repairs were per-
formed by the same surgeon for each experiment. Hemodynamic param-
eters and chordae forces were measured after each repair. The valves we
tested were unpreserved porcine tissue, and experiments were performed
at body temperature; thus, rapid degradation can occur. As a result, we
subjected the valves to pulsatile conditions only long enough to zero
and calibrate the system before each measurement. Typically, this took
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less than 5 minutes, or 250 beats per iteration, and was consistent across
experimental trials.

Data Acquisition and Statistical Analysis

Hemodynamic data were recorded with a data acquisition system
packaged with the linear pump (Vivitro). To gather FBG sensor data, an
optical interrogator was used (Micron Optics si255, Micron Optics,
Atlanta, Ga) at an interrogation rate of 1000 Hz. The wavelength
measurements were converted into forces using calibration algorithms
collected during manufacture of our sensors. MATLAB was used for signal
processing, and R was used for statistical analysis. A linear mixed model fit
by the restricted maximum likelihood model was used to compare our
groups in a repeated measures fashion. Post hoc testing for pairwise
differences was performed using the Bonferroni method. Experimental
group (baseline, edge-to-edge, nonresectional, neochord, and resection)
was the fixed effects, and valve sample number and order were the random
effects for analysis of hemodynamic factors as shown in Table 1. For
comparison of chordae forces and a subset of hemodynamic data, we
normalized each experimental group to baseline to focus on the
comparisons of most interest and to maintain statistical power while also
keeping the required sample size to a realistic level. In these analyses,
experimental group included the baseline-normalized data for edge-to-
edge, nonresectional, neochord, and resection. Data are normal and homo-
scedastic unless otherwise noted and presented as mean =+ standard
deviation.

RESULTS

Hemodynamic parameters and chordae forces for each
technique are summarized in Table 1. Mean and peak
gradient did not differ significantly between groups (P =
.23 and .16, respectively). Leaflet resection was associated
with higher systolic, diastolic, and mean arterial pressures,
whereas the edge-to-edge technique was associated with
significantly lower pressures, likely due to increased regur-
gitation (P < .01 for all comparisons). Likewise, cardiac
output was significantly lower in the edge-to-edge tech-
nique compared with the other methods and baseline values
(P <.01). Although effective orifice area trended toward
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FIGURE 2. En face view of each valve at baseline, after induction of prolapse, and after each repair technique during mid-systole demonstrating leaflet

coaptation differences among each technique.

being lowest in the edge-to-edge technique, it did not meet
statistical significance (P = .62). With the exception of the
edge-to-edge technique, all repair techniques successfully
repaired MR and returned regurgitant fraction to baseline
levels (baseline 11.9% =+ 3.7%, edge-to-edge 22.5% =+
6.9%, nonresectional 12.3 + 3.0, resectional 14.7 + 5.5,
neochord 13.4 £+ 4.8, P <.01, Figure 3, A).

Primary chordae forces were minimized using the
nonresectional and neochord techniques (1.03 4+ 0.11 and
0.864 0.15, respectively, relative to baseline) were signifi-
cantly higher with the edge-to-edge and resectional tech-
niques (1.33 £+ 0.3 and 1.32 £ 0.29, respectively, P =
.002, Figure 3, B). Secondary chordae forces followed a
similar pattern and were minimized and closest to baseline
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VIDEO 1. En face view of high speed videometric footage highlighting
each repair technique. Video available at: https://www.jtcvs.org/article/
$2666-2507(21)00671-4/fulltext.

chordae forces in the nonresectional and neochord tech-
niques, whereas the edge-to-edge technique was associated
with significantly higher secondary chordae forces (nonre-
sectional: 1.05 £ 0.19, neochord: 1.08 + 0.16, edge-to-
edge: 1.47 £ 0.34, Figure 3, C). Leaflet resection resulted
in moderately increased secondary chordae forces as
compared with baseline (1.22 4 0.28).

DISCUSSION

A plethora of techniques exist for mitral repair in the
setting of degenerative MR, and many of these are both
reproducible and effective, at least in the immediate
perioperative and postoperative time period. Long-term
prospective studies directly comparing outcomes and dura-
bility of individual mitral valve repair techniques do not
exist to our knowledge. Instead, whether or not a particular
repair technique is deemed effective and chosen to be used
is guided primarily by visual assessment and perioperative
echocardiography. As such, the decision of which technique
to use in a surgeon’s repair strategy is, for the most part,
entirely subjective and not based in quantitative data. As a
result, early failure after valve repair occurs, and
long-term durability of mitral valve repair can likely be
improved through the use of more biomechanically optimal
repair techniques. In this article, we have demonstrated
several important differences in biomechanical parameters
that enhances our understanding of various repair
techniques and may guide repair strategy choice.

JTCYVS Techniques ¢ Volume 10, Number C 247


https://www.jtcvs.org/article/S2666-2507(21)00671-4/fulltext
https://www.jtcvs.org/article/S2666-2507(21)00671-4/fulltext

Adult: Mitral Valve: Evolving Technology

Paulsen et al

TABLE 1. Hemodynamic parameters and chordae forces

Baseline Edge-to-edge Remodeling Resection Neochord P value

Mean gradient (mm Hg) 1.2+15 2.0+2.1 1.7+24 1.3 +£1.8 1.0+ 0.8 23
Peak gradient (mm Hg) 59+28 9.8 +7.1 6.2 +3.5 6.3 £3.0 49+ 1.1 .16
Mean arterial pressure (mm Hg) 100.0 + 1.1 929+ 7.1 103.0 £ 6.9 102.0 £ 3.4 101.0 £+ 8.3 .01
Systolic pressure (mm Hg) 120.0 £ 2.6 111.0 £ 7.8 122.0 £ 7.1 122.0 £2.9 120.0 £ 9.5 <.01
Diastolic pressure (mm Hg) 81.7+£20 76.0 £ 6.4 84.1+£74 833 £49 835+£77 .03
Mean atrial pressure (mm Hg) 8.8+ 1.5 10.0 £ 1.5 9.8 £2.0 89+24 94+ 1.5 33
Heart rate (bpm) 70.0 £ 0.0 70.0 + 0.0 70.0 £ 0.0 70.0 £ 0.0 70.0 + 0.0 -

Pump stroke volume (mL) 110.0 £ 0.2 110.0 £ 0.1 110.0 £ 0.2 110.0 £ 0.2 110.0 £ 0.2 -

Mitral cardiac output (L/min) 48+0.3 41+04 47+£02 45+03 47+£02 <.01
Mitral forward volume (mL) 755 +5.5 752 £ 6.6 76.4 £5.8 752 +2.6 773 +5.5 .84
Mitral closing volume (mL) 8.6 +29 9.9 + 3.9 87 +28 89+ 3.0 89+34 <.01
Mitral leakage volume (mL) 0.5£0.5 72£29 09 £0.5 22+1.6 1.7£14 <.01
Regurgitant fraction (%) 11.9 £ 3.7 225469 123 +£3.0 147+5.5 134+ 438 <.01
Mitral orifice area (cm?) 6.4+33 4.8 +£26 6.1 £2.9 6.1 £3.1 6.1 +1.9 .62

Data presented as summarized marginal means + standard deviation in that they are unconditional over the experimental settings. Sample size n = 7. P values refer to partial

5

F-statistics for repair technique from the analysis of variance for the given outcome’s fixed effect model. Note that the symbol “-” is used for P values for outcomes that are
structurally deterministic. Bold denotes P < .05.

In terms of residual regurgitation, leaflet resection,
neochord reconstruction, and the nonresectional leaflet
remodeling techniques all demonstrate comparable
efficacy, and return regurgitant fraction to baseline levels.
The edge-to-edge technique, which improves regurgitation
from the prolapse state, is less effective when compared
with the other repair techniques and does not return
regurgitant fraction to baseline levels in our experimental
model. The edge-to-edge technique also results in
significantly higher primary and secondary chordae forces
when compared with baseline levels and when compared

P< .01

to the other repair techniques studied, with the exception
of leaflet resection, which also seems to result in higher pri-
mary chordae forces. These findings may influence the
durability of this technique; however, further investigation
is necessary before any clinical conclusions can be made.
Additional research into this technique is especially impor-
tant given that many percutaneous technologies that have
been developed or are in development rely on the principles
behind this repair strategy.

Neochord reconstruction and nonresectional leaflet
remodeling resulted in the lowest primary chordae forces
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FIGURE 3. A, Regurgitant fraction is significantly higher in the edge-to-edge (E) group relative to the other repair techniques when normalized to baseline

values (P <.01 for each). B, Primary chordae forces relative to baseline are significantly higher in the edge-to-edge technique versus the neochord technique
(P = .002). The resection technique also results in higher primary chordae forces when compared with the neochord (P = .001) and nonrsectional
remodeling (P = .04) techniques. C, Secondary chordae forces relative to baseline forces were significantly elevated after edge-to-edge repair versus

neochord repair (P = .03) and nonresectional remodeling techniques (P = .02), whereas the other repair techniques resulted in similar secondary chordae
forces compared with baseline levels. NC, Neochord; NR, nonresectional remodeling; R, resection. The P values refer to post hoc comparisons with

Bonferroni correction from the mixed model.
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when compared with the other mitral repair techniques we
tested and resulted in primary chordae forces that trended
lower than they were at baseline. This intuitively makes
sense in terms of neochord reconstruction, as additional
chordae are being added, which essentially increases the de-
nominator, whereas total force, the numerator, remains con-
stant. Why the nonresectional leaflet remodeling technique
also results in lower primary chordae forces compared with
baseline is less clear, but may be due to restoration of leaflet
coaptation, allowing forces to be distributed more evenly to
the remaining primary and secondary chordae.

Leaflet resection was extremely effective in eliminating
MR, but resulted in significantly higher post-repair primary
and secondary chordae forces relative to baseline, despite pres-
ervation of all viable chordae during resection. As a result, the
total number of remaining chordae was similar after
nonresectional leaflet remodeling and leaflet resection, yet
forces differed. This may be due to leaflet resection resulting
in overall reduced coaptation area compared with the remod-
eling technique, which ultimately may not allow for optimal
distribution of forces throughout the mitral valve apparatus.

Whether these increased chordae forces will result in
reduced durability after mitral repair using the
edge-to-edge or leaflet resection techniques cannot be
definitively ascertained in this study. This conclusion is
plausible given the pathophysiology of degenerative MR
with chordae elongation and rupture being a common cause
of both the initial regurgitation and repair failure. However,
further investigation into the effects of chordae forces on
repair durability is warranted, and large animal in vivo
studies are currently under way.

Study Limitations

Although our ex vivo study provides a reproducible and
controllable environment in which to study the biomechanics
of mitral repair, there are limitations to our approach. First,
our model does not perfectly recreate interactions between
the annulus and ventricle. In addition, the valves we used
were healthy porcine valves and prolapse was induced by cut-
ting chordae rather than through native pathological processes
resulting in chordae elongation and rupture, although this is an
accepted model of MR frequently used experimentally.”** We
did not use an annuloplasty ring in our experiments, which
could influence our results given that annuloplasty is the stan-
dard of care in addition to repair techniques. We chose not to
include annuloplasty ring so as not to confound our results,
but they should be interpreted with this limitation in mind. In
addition, healthy porcine valves do not possess the excess tissue
typical of valves afflicted by degenerative disease, and as a
result, resectional techniques may not be perfectly modeled
and the measured chordae forces may be overestimated. MR
also results in pathological changes to the structure and func-
tion of the left ventricle, namely, that of volume overload. In
our system, being composed of a series of rigid chambers,

volume is fixed. However, pathological conditions can be
modeled through alterations in chamber compliance and the
driving waveform of the linear actuator. However, for consis-
tency and to minimize confounding factors, we elected to
keep our model tuned to that of a normal physiological
ventricle. This is a limitation as the pathological remodeling
may imbue important changes on the results of each repair.
Likewise, the fixed rigid chamber does not likely generate
the physiological helical flow patterns produced by the native
hearts’ twisting motion. To what degree this may influence
the validity of our results is unclear. Our study also does not
use a non-Newtonian blood analog, but rather normal saline
to facilitate flow meter accuracy. To overcome many of these
limitations, the next phase of our study, which is under way,
will be studying these repairs in vivo using a large animal
model, ideally followed by a clinical study in humans. Lastly,
the use of porcine valves rather than human mitral valves is a
limitation. However, porcine valves are strikingly similar
anatomically in terms of leaflet, annular, and papillary muscle
geometry and also have similar chordae tendineae density and
cellular composition.”*”

CONCLUSIONS

Our study provides one of the first comprehensive
biomechanical comparisons of a wide range of mitral repair
techniques and provides concrete, quantitative data that can
be used to objectively compare these techniques. We have
found that the biomechanical properties of these various
repair techniques vary considerably. In particular, we found
that techniques that avoid leaflet resection, such as
neochordal reconstruction and leaflet remodeling, appear
to generate lower chordal forces and reduce regurgitant
fraction. It is our hope that this knowledge may inform
further study into the durability and function of various
repair techniques, which may ultimately help guide repair
strategy to result in higher rates of mitral repair and
enhanced durability.
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