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Abstract

This work focuses on the design of a new device (called ChoRe) to place artificial chords in the mitral valve structure
during a trans-catheter procedure. The aim of the device is to restore the correct functionality of the valve and solve
mitral valve regurgitation, that is, a common consequence of chordae tendineae rupture. An analysis of the requirements
was carried out and used to design and develop a first functional prototype. The resulting device was able to connect
artificial chords at the posterior leaflet of the mitral valve and at the apex of the left ventricle, also allowing the control
of the artificial chord length. The ChoRe was tested ex-vivo in bovine hearts. The qualitative assessment of the ChoRe
focused on the performance of the device and preliminary evaluation of the procedure time. Results demonstrated that
the device is able to create a top and bottom fixation in an average time of 3.45 = .44 min. Future improvements will
focus on enhancing the connection at the leaflet, as well as the overall functionality, in order to guarantee better control
of the artificial chord length. This work shows future potentials for more patient-specific treatments in trans-catheter
scenarios for mitral valve repair.
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Introduction State-of-the-art interventional techniques

Mitral valve regurgitation Various surgical approaches have been developed to
treat mitral regurgitation, ranging from replacing the
full valve system to restoring the function by repairing
a single element of the valve. During replacement, the
diseased mitral valve is substituted by an artificial valve
consisting of the annulus and the leaflets made of bio-
logical or artificial materials.” During repair, single
elements of the mitral valve, such as the leaflets or the
chordae tendineae, are restored in their original func-
tionalities.® Both the replacement and the repair
approach can be conducted via traditional open-heart

Heart disease is a leading cause of death in industria-
lized countries. One of the most prevalent heart valve
dysfunctions, which cause disturbed blood flow
through the heart, is mitral regurgitation in which
blood leaks backward through the mitral valve between
the left atrium and the left ventricle.! Mitral regurgita-
tion increases with age and occurs in 10% of people
older than 75 years.? Figure 1 shows a cross section of
the mitral valve structure with the so-called chordae
tendineae, that is, branched chords that connect the
mitral valve leaflets to the papillary muscles that form
part of the ventricle wall.* One of the main causes of 'Ein'”SPiFEd :‘%Ch|"0|°fg>r’/I Gr:UR (?ILE)’.PerZ]iqt Of‘B:OP;'eC.hanic.ﬂ
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Figure |. Mitral valve structure with the principal elements:
the anterior and posterior leaflet, the annulus, the chordae
tendineae, the papillary muscles, and the apex of the left
ventricle.

Source: Adapted from Betts et al.?

surgery, with a sternal incision of approximately
240mm,” or by minimally invasive cardiac surgery
(MICS), in which a smaller incision of approximately
75 mm is made under the right breast.'®

In open-heart surgery, the surgeon can directly reach
the target structures, and has freedom of hand move-
ment and a direct view of the operation site. These ele-
ments are limited in MICS. In this case, the loss of
space and degrees of freedom make the procedure more
complex and, in some cases, lead to a longer operative
time,!" even if many methodologies such as trans-
esophageal echocardiography (TEE) guidance '*'?
have been developed to help the surgeon in visualizing
the operative site. Both open surgery and MICS are
performed with the use of cardiopulmonary bypass, a
technique that temporarily substitutes the functions of
heart and lungs during surgery.

However, due to the invasiveness of the surgery, in
almost 50% of patient with mitral valve regurgitation,
the surgery is not performed due to the high risk of
mortality related to the advanced age and comorbid-
ities.'* In this scenario, innovative approaches such as
trans-apical (a 45-mm incision to reach the apex)'’ and
trans-catheter (catheters are guided through the blood
vessels to reach the target point, and thereby limiting
the invasiveness of the procedure for the patient with
an incision in the skin only 5-6mm long)'®!” tech-
niques are gaining momentum. Especially in the trans-
catheter techniques, significative successful results have
been reported in high-risk patients.'"® Due to a lower
level of invasiveness, the patient is generally under local
anesthesia in beating-heart condition, thus avoiding
long recovery time, post-procedural complications, and
lowering risks of infection.”'*!>

Even though mitral valve replacement can be
achieved successfully, a majority of cardiac surgeons
prefer a repair approach in which the valve function is
restored with longer durability and without a need for

long drug therapy after surgery.'”** Moreover, the
damage often involves only one element of the mitral
valve, such as the chordae tendineae, which is the one
that needs to be repaired. Devices developed and
tested, such as the Neochord (Neochord, Inc., St. Luis
Park, MN, USA),21 TSD-5 (Harpoon Medical, Inc.
Baltimore, MD, USA),22 V-chordal off-Pump,23 and
Babic device,?* use the trans-apical approach to repair
the chordae tendineae. In the trans-apical technique
performed by the Neochord, the device is inserted
through the apex of the heart to enter the ventricle.
Then, the device attaches the artificial chords to the
leaflet. Finally, the artificial chords are fixed to the
outer wall of the ventricle apex. The trans-apical tech-
nique performed by the Neochord device is the only
one clinically accepted and is currently in the rando-
mized clinical trial phase.?

However, the trans-apical approach still needs an
incision in the skin, of approximately 45mm, and in
the heart, to insert the 8-mm instrument.’® Moreover,
despite promising results in trans-catheter mitral valve
implantation (TMVI)*’ and annulus and leaflet
repair,”® ! there is no clinically accepted device that is
capable of performing the reconstruction of the chor-
dae tendineae via the trans-catheter route.

Therefore, in this work, we design a new device to
repair the chordae tendineae, mainly focusing on the
working principle of the device to place artificial chords
at the required sites in a trans-catheter scenery. This
work presents the most distal segment of the entire
device. The design of the catheter and the guiding
sheath for insertion of the device, as well as the method
of positioning the device into the ventricle, are out of
our scope at this stage.

Design of the ChoRe

Conventional procedure

The technique for the repair of chordae tendineae has
continuously changed over the years, but, regardless of
the level of invasiveness, the main steps of the proce-
dure are similar in all methods.**> The damaged chordae
tendineae are left in place and do not need to be
removed, while new artificial chords (usually made of
artificial biocompatible material) are installed to repair
the valve. In the first step, the artificial chords are fixed
to the bottom of the ventricle, the papillary muscle, or
the apex of the ventricle (see Figure 1). The artificial
chords are then connected to the leaflet, their length is
adjusted and fixed, and a leakage test is carried out.>
The number of artificial chords generally placed comes
to a maximum of 10,** with an average of three,
depending on the valve defect.*®> One of the most impor-
tant factors affecting the end result of the intervention
is that the artificial chord length has to be estimated by
means of echocardiographic images and adjusted
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Figure 2. Sketches of the ChoRe implant: (a) The pre-constructed knot with the polyester thread in blue and the leaflet pledget in
green; (b) The artificial chord with the ePTFE thread in black and the apex pledget in yellow; (c) The apex pledget, previously
positioned into the device, is pushed through the ventricle wall using a cannula to create the apex fixation. The apex pledget folds
into an accordion shape due to the movement of the device from the apex to the leaflet and the interaction of the apex pledget with
the ventricle wall; (d) the pre-constructed knot is pushed by the surgeon against the leaflet; (e—f) once the length is decided, the
surgeon tightens the pre-constructed knot around the artificial chord to finalize the procedure; (g) sketch of the artificial chord
installed in the left ventricle, the red box shows a close-up of the implant on the posterior leaflet. The red arrows represent the
movements made by the surgeon while the blue arrows the tightening of the pre-constructed knot. The catheter (light blue) and the

device (red) are shown only once for simplicity.

during the procedure depending on the patient’s anat-
omy. The length of the artificial chords is generally in
the range of 14-21 mm™* if the chord is attached to the
papillary muscles, or 53-85mm®® if the chord is
attached to the apex of the ventricle. Moreover, the
artificial chords have to be attached to a safe and solid
connection to the free edge of the leaflet and the bottom
of the ventricle.’”*® It is extremely important not to
damage the healthy chordae tendineae or the mitral
valve, considering that the prolapsing leaflet tissue is
very thin and fragile, while the papillary muscle is thick
and rather stable.*?

Design requirements

The knowledge of the conventional procedure led to a
new design for an innovative device capable of repair-
ing the chordae tendineae in a trans-catheter scenario.
The general idea behind the device is that it has to be
used in combination with a dedicated steerable catheter
that enables the device to reach the target site. The
device has been designed considering the possibility of
performing measurements in a pre-operative phase by
means of echocardiographic images, in order to esti-
mate the required length of the artificial chords. We
decided to use an anchorage at the apex of the heart
due to the difficulties involved in grasping the papillary
muscles having a width of approximately 15mm.** At
the start of the design process, we established a set of
design requirements:

Functions

e The device must connect an artificial chord to the
bottom of the ventricle.

e The device must connect an artificial chord to the
mitral valve leaflet.

e The device must adjust the length of the artificial
chord depending on the patient’s anatomy.

Size constraints

e For insertion in the femoral vein, the inferior vena
cava, and the heart, the maximum diameter of the
device should be 22F (7.3mm), as in currently
available devices for interventions inside of the
heart.*

e The rigid length of the device must not exceed
25mm, considering the average physiological size
of an adult human heart and the curvature of the
inferior vena cava blood vessel.

e The shape of the device must be smooth without
any sharp edges.

The assumption here is that the procedure is per-
formed using TEE and fluoroscopy guidance to visua-
lize the surgical site* and starts right after the insertion
of the device mounted on a catheter with a steerable
guiding sheath, which has been positioned in the left
atrium through a trans-septal puncture. The steerable
guiding sheath requires a deflection of approximately
90° to reach the perpendicular position in the left
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Figure 3. (a) Exploded view of the CAD ChoRe model: (1) Needle, (2) cannula, (3) piston, (4) external shell, (5) thread support,
(6-7) leaflet clamp, (8) harpoon-shaped needle, (9) clamping tube, (10) chord grasper; (b) CAD model of the assembled ChoRe
device; (c) cross-section view of the CAD ChoRe model; (d) top view of the CAD ChoRe model; (e) cross-section view of the CAD
model with the artificial chord, and the pre-constructed knot; (f) a detail of the internal structure of the leaflet clamp and the thread

support holding the artificial chord.

atrium.** Once the device reaches its position perpendi-
cular to the plane of the mitral valve, the device is
moved forward in order to reach the apex of the left
heart through the left ventricle (Figure 2).

Overall design

The overall design of our device, called “ChoRe,” was
created in Solidworks 2015-2016. Its function relies on
first creating the bottom connection at the ventricle wall
and then ending with the top connection at the valve
leaflet. The procedure can be divided into three main
phases: (1) apex fixation, (2) leaflet fixation, and (3)
length adjustment. The most important component of
the ChoRe is the “implant”: the component that has to
fix the regurgitation. The implant is composed out of
two elements: an artificial chord and a pre-constructed
knot (Figure 2).

The artificial chord is composed of an expanded
polytetrafluoroethylene (ePTFE) thread in a loop

configuration, black in Figure 2(b), and an apex pledget
(a piece of wad made of felt textile material), yellow in
Figure 2(b). The apex pledget is sewn with the ePTFE
thread in a loop configuration and folded into an accor-
dion shape to allow deployment for creating a stable
placement of the apex connection, as presented for a
different purpose in Siminiak et al.?’(Figure 2(c)).

The pre-constructed knot is composed of a leaflet
pledget, green in Figure 2(a), and a polyester thread,
blue in Figure 2(a). Inspired by the knot used in
Ramponi et al.’s** work, the pre-constructed knot is an
adjustable fixation element at the leaflet side. The
polyester thread creates a multiple loops knot using the
leaflet pledget as support. The knot is tightened around
the artificial chord only when the required chord length
has been determined by the interventionist (Figure
2(d)—~(g)). In addition to the implant, the ChoRe has
been designed with 10 components that can be grouped
into three units: an apex fixation unit, a leaflet fixation
unit, and a length adjustment unit, Figure 3.
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(b) (d)

Figure 4. (a) The needle passes through the leaflet pledget
after capturing the ePTFE thread; (b) the chord grasper closes
around the ePTFE thread due to the clamping tube; (c) the pre-
constructed knot is closed around the ePTFE thread to finally fix
the implant; (d) the chord grasper releases the artificial chord,
as well as the harpoon-shaped needle. In the sketches, the
whole process is emphasized in displacements.

Apex fixation unit. The apex fixation unit consists of a
needle (1), a cannula (2), and a piston (3), Figure 3(a).
The piston and the cannula are both hollow and fit
around the needle. The cannula, 2.3mm in diameter,
ends in a conical shape with an opening. Before the
procedure, the cannula is preloaded with the needle,
surrounded by the artificial chord. In the first step of
the procedure, the needle is inserted through the apex
of the heart to define the pathway for the other compo-
nents. Once the needle is positioned, the cannula is
pushed downward over the needle until the entire open-
ing is pushed out of the ventricle wall. Reaching this
position, the surgeon can push out the apex pledget by
means of the piston to form the apex fixation. When
the apex pledget closes in the accordion shape, it cre-
ates a solid fixation for the implant, thus preventing
bleeding after the extraction of the cannula.

Ledflet fixation unit. The apex fixation unit fits into a
dedicated channel of a leaflet clamp, composed of two
parts (6 and 7). The leaflet clamp is part of the leaflet
fixation unit including also an external shell (4), a
thread support (5), and a miniature harpoon-shaped
needle (8). The artificial chord, at one side connected to
the apex to the heart, is at the other side kept in posi-
tion in the leaflet clamp by the thread support and the
external shell. In order to fix the artificial chord to the
leaflet, the ChoRe system is moved upward from the
apex to the leaflet. Here, the leaflet is clamped between
parts 6 and 7. The harpoon-shaped needle is then
inserted and pushed through the leaflet to hook the
artificial chord and to pull it up through the leaflet.
The external shell is then rotated to release the artificial
chord from the leaflet clamp.

Length adjustment unit. The length adjustment unit con-
sists of a chord grasper (9), which can slide along the
main axis into a clamping tube (10) (Figure 3(a)). The
main role of these components is to enable the surgeon
to tune the length of the artificial chord. When the arti-
ficial chord has been pulled up through the leaflet, the
harpoon-shaped needle is positioned above the chord
grasper and the clamping tube. The harpoon-shaped
needle can be moved up and down relative to the leaflet
to adjust the chord length under ultrasound imaging.
During the adjusting, the chord grasper can be closed
by pushing it out of the clamping tube, thereby tempo-
rarily fixing the chord and setting its length. At the cor-
rect chord length, the pre-constructed knot is fastened
by pulling at both ends of the knot and the implant is
completed. The two ends of the knot are then cut off
once ChoRe is retracted (Figure 4).

The procedure described above can be summarized
into the following 12 steps (Figure 5).

Apex fixation

1. The needle is pushed through the apex of the heart
to create the pathway for the cannula.

2. The cannula slides over the needle until the open-
ing is all out of the ventricle wall.

3. The apex pledget is pushed out through the open-
ing by the piston.

4. The needle, the cannula, and the piston are
retracted into the leaflet clamp.

Ledflet fixation

5. The ChoRe is moved up to reach the leaflet plane
and the apex pledget folds to create the apex
fixation.

6. The leaflet clamp grasps the leaflet.

7. The harpoon-shaped needle is pushed through the
leaflet to hook the artificial chord and to pull it up
through the leaflet, above the chord grasper and
the clamping tube.

8. The external shell is rotated and the artificial chord
is released from the leaflet clamp.

Length adjustment

9. The chord grasper can be closed around the artifi-
cial chord by pushing it out of the clamping, tem-
porarily fix the length.

10. The pre-constructed knot is fastened by pulling at
both ends of the knot.

11. The pre-constructed knot is left on the leaflet.

12. The harpoon-shaped needle releases the artificial
chord due to a small movement toward the leaflet
and a small rotation. The leaflet clamp is opened
to release the leaflet and closed afterward to retract
the entire device back in the steerable guiding
sheath.
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Figure 5. (1-12) Drawings of the procedure steps with the
Solidworks model of the ChoRe device. The steerable catheter
is represented in light blue.

Prototype manufacturing

In order to evaluate its functionality, a ChoRe proto-
type has been constructed (Figure 6). Most parts were
manufactured with additive manufacturing technology
using the 3-D printer Perfactory®4 Mini XL with an
Enhanced Resolution Module (ERM) provided by

EnvisionTEC (Gladbeck, Germany) at TU Delft. The
materials used to print the different parts are liquid
photopolymers, RS and R31, specifically customized
for prototyping (Figure 6(a) and (b)). The RC31 mate-
rial is stiffer than RS and was used to make the external
shell more rigid. In addition, the needle for the apex
fixation and the harpoon-shaped needle were made of
stainless-steel wire. All parts were manufactured twice
as large as the designed size due to constraints related
to the use of 3-D printer (0.06 X 0.044 mm native pixel
size and 0.4mm in resolution). All elements were
printed as separate individual parts, except for the leaf-
let clamp in which the thread support was glued after
the printing.

The geometrical design as described in these sections
is the intended design for ChoRe to function in a trans-
catheter scenario. Simple hand-pieces were added to
operate the device during the test to investigate its
functionality.

Functional test in bovine hearts

Parameters of interest

The functionality of the ChoRe prototype determines
the success of the procedure and relies on the correct pla-
cing of the implant. The prototype was therefore tested
ex-vivo in bovine hearts due to the scaled-up size of the
device (twice as large as the final size). We qualitatively
tested the outcome of the procedure by performing it 10
times. We also measured the time that is required to con-
duct the procedure to have a preliminary evaluation of
the amount of time the final procedure would take.

Material preparation

Artificial chords preparation. The test was carried out by
using GoreTex ePTFE biocompatible suture thread
(W. L. Gore &Associates, Inc., Arizona, USA)** and
Bard®PTFE felt fabric (Bard Peripheral Vascular,
Inc., Arizona, USA) for the pledgets.*’ ePTFE is a spe-
cific type of thread customized for the repair of the
chordae tendineae; it is a highly flexible, non-absorb-
able, microporous monofilament with high resistance
to fatigue and tensile strength, and high bio-integration
property. Bard®PTFE felt is a non-absorbable fabric
usually applied as buttresses under sutures to reinforce
the tissue and avoid tearing, for instance, in the repair
of left ventricle rupture.*® The pledget was cut in a rec-
tangular element, folded into an accordion shape, and
sewn together with the ePTFE thread, as shown in
Figure 6(d), to allow its deployment. For the pre-
constructed knot, a polyester thread (Medtronic,
Minnesota, USA), and the Bard®PTFE felt were
used. The polyester thread was sewn into the pledget
and the pre-constructed knot was created as shown in
Figure 6(c).
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Figure 6. The 3-D-printed and scaled-up ChoRe prototype
with the manipulator part: (a) The disassembled ChoRe
prototype. The picture shows all the elements. Starting from the
top: the needle, the cannula, the artificial chord, the piston, the
harpoon-shaped needle, the chord grasper, the pre-constructed
knot, the clamping tube, the leaflet clamp, and the external shell;
(b) the assembled ChoRe prototype; (c) an example of the pre-
constructed knot structure tightened around the artificial chord;
(d) the artificial chord: the apex pledget and the ePTFE in loop
configuration.

Bovine hearts preparation. The test was performed ex-
vivo using bovine hearts. Bovine hearts are commonly
used in cardiac studies due to their similarities with the
human heart at a larger scale.*’ The dissection of each
heart was performed following the procedure used by
Lodder et al.,*® thus to have a better visualization of
the left ventricle. First, the right chambers of the heart
were taken out, as well as the left atrium. Second, the
inter-ventricular septum was removed. Then, a portion
of the ventricle wall was removed to obtain a better
visualization of the mitral valve structure. Finally, the
natural chords were cut at the locations at which they
commonly break. This included the chords connected
to the free margin of the posterior leaflet.*

Test procedure. The experimental set-up comprised the
bovine hearts and a chronometer. A total of 10 trials
were performed to improve the statistic of the test.
However, since the mitral valve structure of one heart
has not enough space to accommodate 10 chords, we
decided to use three bovine hearts, similar in size, and
implant the artificial chords one after the other without
removing the previously implanted chord. For practical
reasons, a total of 10 cannulae were prepared in
advance and loaded with pledgets for the apex side,
while the pre-constructed knot was inserted into the
leaflet clamp every time the procedure was repeated.
The procedure was performed by one of the authors of
this article with no experience with the ChoRe when
started the functional test. The task completion time
was measured with the chronometer. For each implant,
the time measuring was started when the ChoRe was
positioned in the starting position (in the apex of the
left ventricle) and was stopped when the implant was
finally attached to the leaflet. The overall procedure

was performed according to the method described
above (Figure 7).

Results

During the test, all 10 artificial chords were successfully
implanted. In all the trials, the ChoRe was able to
attach the artificial chord first to the apex of the ventri-
cle and then at the leaflet of the mitral valve. The maxi-
mum time registered during the first trial was 8.25 min,
while the minimum time to perform the procedure was
2.34min. The calculated average time was 3.45 + 1.44
min considering all 10 trials and 3.14 = 0.36 min with-
out considering the first time (nine trials), as shown in
Figure 8.

Figure 8 shows that a learning factor has a principal
role in the collected data of the one chord fixation time.
As the number of the performed procedures increased,
the time decreased accordingly with an average of
3.45 = 1.44 min considering all 10 trials (average of 10
values) and 3.14 = 0.36 min without the first measure-
ment (average of nine values). After six trials, the time
value stabilizes with an average of 2.59 = 0.35min
(average of the four last values) keeping constant the
intra-variability of the data. These data give just an
impression of the time the final procedure would take
to implant one chord but can be compared to the aver-
age of Smin for each implanted chord reported by
Rucinskas et al.?® using the clinically accepted
Neochord device in a trans-apical procedure.

Discussion

A new concept for chord replacement

This work presents a new device for the treatment of
chordae tendineae rupture using trans-catheter
approach. The compactness of ChoRe comes without
any sharp edges. As such, the resulting device allows
for easy motion into the cardiac chambers without cre-
ating damage. The simplicity of the design allows for
relatively fast production time and assembly using 3-D
printing technology for the functional test phase. Even
though this first prototype of ChoRe has proven its
functionality and overall performance, a number of
improvements can be made to further develop the
design. For example, the length of the opening in the
cannula, in the first stage determined considering the
thickness of the heart wall, may be designed longer in
order to allow relatively easier ejection of the pledget.
Another improvement involves the design of the piston,
which could have a narrower tip to allow the pledget to
be pushed out better. The need for these adjustments
became apparent after the first prototype was manufac-
tured and assembled.

The dimensions of ChoRe in its intended scale, 22 F
in diameter and 25 mm in length, are relatively modest
and similar to one of the devices currently used in
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Figure 7. Procedural steps of the functional test carried out on bovine hearts: (a) ChoRe is positioned on the apex of the heart;
(b) the needle is pushed through the apex; (c) the cannula is pushed through the apex; (d) the apex pledget is pushed out; (e) ChoRe
is moved to the leaflet plane; (f) the leaflet is grasped; (g) the harpoon-shaped needle passes through the leaflet; (h) a detail with the
clamp opened to show the harpoon-shaped needle after having captured the chord; (i) the chord length is fixed with the chord
grasper; (j) the external shell is rotated; (k) the leaflet is released; (I) a detailed of the leaflet fixation of implanted chord; (m) the

implanted chord, highlighted by the red square.

mitral valve trans-catheter procedures.* These dimen-
sions leave the possibility to use the device in the major-
ity of the patients, retaining its geometry. Moreover, to
minimize risks of additional damages to the mitral valve
structure, we tried to implement technologies already in
use for heart surgery. For example, the harpoon-shaped
needle was kept with the same size of the one already
used in Neochord™ and the in accordion-shape pledget
is already used in the heart to reduce the size of the
annulus of the mitral valve in the Mitralgn system.*

To conclude, while commercially available devices,
such as the Neochord,* or devices still in a clinical trial
phase, such as the TSD-5*2 or the V-chordal off-
Pump,” are generally intended for trans-apical use,
ChoRe was developed to be integrated into a catheter
and perform the repair of the chordae tendineae in
trans-catheter scenarios. Having the intent to use the
device in trans-catheter procedures with a beating-heart

condition in the future, the device needs to be further
improved for catheterization possibilities; for example,
the connection between the flexible shaft and the
ChoRe needs to be developed, as well as the controls of
each element of the device through a flexible catheter.

Prototyping and testing

With the first prototype being created through additive
manufacturing, the quality of the design could be eval-
uated quickly. This allows ameliorating aspects of the
device during the manufacturing phase, such as the size
of the chord grasper. Similarly, the test set-up, as well
as the results, could be gained relatively fast. For exam-
ple, it was noticed that the preloading of the cannula
with the pledget took approximately 30 min on average.
This time needs to be reduced to increase the perfor-
mance of the device, for example, by means of a
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Figure 8. Plot of the duration of the procedure, in minutes, for
each of the 10 trials (black stars). The red line shows the
average of the duration considering all 10 trials while the green
line shows the average without the first measurement.

dedicated loading device. Even though manufacturing
a 3-D-printed model is a relevant opportunity to ana-
lyze the device in multiple aspects, there are a number
of disadvantages related to this method of manufactur-
ing. The polymeric and resin materials that were used
to print the device resulted in breakages during the test
phase due to their brittle characteristics. In addition, it
was not possible to print rigid needles due to their small
diameters, which resulted in flexible components.
Analyzing the behavior of the prototype during our
functional test, we found that the solution to connect
the ePTFE thread at the apex of the heart seems to
yield good results. This included the mechanical func-
tionality of device components and the robustness of
the apex pledget attachment. On the contrary, the
upper side of the connection showed some weaknesses.
The grasp of the leaflet with the leaflet clamp, the
harpoon-shaped needle, and the length adjustment unit
functioned according to the requirements, whereas the
mechanism of fixation for the leaflet connection has to
be re-designed as the pre-constructed knot. In fact,
even though the mechanism of the fixation for the leaf-
let connection was able to fix the length of the artificial
chord, it was not able to maintain the length and the
point of anchorage when pulled. The reason for this
can be found in the slippery properties of the ePTFE
thread, as well as in the pre-constructed knot structure
that required multiple loops of the thread around the
artificial chord. A possible solution to eliminate these
problems may be to replace the pre-constructed knot
with a clip that is able to fix the thread to the leaflet
side. Another important drawback concerns the fixa-
tion of a single artificial chord for each insertion of the
device. Having a device that is able to place multiple

chords during one device insertion could potentially
reduce the time and complexity of the procedure.

Moreover, it has been shown that the length of the
implanted ePTFE artificial chord affects the outcome
of the repair. In the case of an apex connection, as
reported by Grinberg et al.,’' the length of the artificial
chord is approximately two times longer than the
chords implanted in a conventional procedure, attached
to the papillary muscles. Studies have shown that the
increased length leads to a lack of potential shock-
absorption and an increase in stiffness that can nega-
tively affect the long-term results and lead to an early
failure of the implant.sz’53 Possible solutions, as sug-
gested by Jensen et al.,> could be to modify the trans-
ventricular fixation point in order to reduce the length
of the chords, or change the material of the artificial
chord. ePTFE is a highly porous suture thread that
facilitates the bio-integration of the implant; however,
other types of suture threads could be an option due to
the adaptability of our design that allows the use of dif-
ferent kinds of threads.

Future research will focus on improving not only
ChoRe individual elements, such as the piston shape or
the opening of the cannula, but also the functionality
of the device, such as reducing the time for preloading
the cannula. Moreover, the device will be adapted to be
used in beating-heart condition and will be fabricated
in its intended scale (22 F in diameter and 25mm in
length), with more resistant, ISO10993 biocompatible
materials, such as AISI 316 or 304 stainless steel for the
needles and polymers such as polyether ether ketone
(PEEK) or polyethylenimine (PEI) for the printed
parts, and integrated with a long, flexible catheter shaft
that can be used during catheterization. Nevertheless,
our ChoRe shows great potential in developing
advanced surgical devices using 3-D printing technol-
ogy and packing of complex multifunctionalities in a
miniature device for mitral valve repair.

Conclusion

This article introduced a novel mitral valve repair
device that is intended to operate in a trans-catheter
scenario. The device has been designed considering the
constraints, given by the biological structures, and the
fundamental procedure functions. The artificial chord
must be attached to the lower side of the mitral valve
structure on the apex of the heart and to the upper side
on the prolapsed leaflet of the mitral valve. A research
prototype was manufactured with dimensions that were
twice the required size to conduct an early evaluation
of the properties. The functionality of the prototype
was qualitatively tested giving a preliminary evaluation
of the procedure time. The resulting data showed that,
even if improvements in the design must be done espe-
cially for the connection of the artificial chord at the
leaflet side in order to guarantee a stable connection,
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this first prototype of ChoRe is a good starting point
for the development of new, multi-functional technol-
ogy for integrated mitral valve repair. Future work will
focus on the integration of the mitral valve repair
device with a steerable catheter and a dedicated exter-
nal manipulating device. This allows a future potential
for more patient-specific and less-invasive treatments in
mitral valve repair.

Acknowledgements

The authors would like to thank Menno Lageweg and
Remi van Starkenburg for their contribution in the
prototype manufacturing. C.C. and A.A. contributed
equally to this work.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publi-
cation of this article.

Funding

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication
of this article: This work is part of the research program
“Bio-Inspired Maneuverable Dendritic Devices for
Minimally Invasive Surgery” with Project No. 12137,
which is (partly) financed by the Netherlands
Organization for Scientific Research (NWO).

ORCID iD

Costanza Culmone
4194-3788

https://orcid.org/0000-0003-

References

1. Turi ZG. Mitral valve disease. Circulation 2004; 109:
38-41.

2. Nkomo VT, Gardin JM, Skelton TN, et al. Burden of
valvular heart diseases: a population-based study. Lancet
2006; 368(9540): 1005-1011.

3. Betts JG, Desaix P, Johnson E, et al. Anatomy and phy-
siology. OpenStax, https://openstax.org/details/books/
anatomy-and-physiology (2017, accessed 18 March
2019).

4. Lam JHC, Ranganathan N, Wigle ED, et al. Morphol-
ogy of the human mitral valve. Circulation 1970; 41(3):
449-458.

5. Enriquez-Sarano M, Akins CW and Vahanian A. Mitral
regurgitation. Lancet 2009; 373(9672): 1382—1394.

6. Jaron D, Lelkes P, Seliktar R, et al. Mechanical heart
valve. Body Synth 2008, http://www.pages.drexel.edu/
~nag38/Links.html

7. Bloomfield P. Choice of heart valve prosthesis. Heart
2002; 87(6): 583-589.

8. Bergsland J, Mujanovic E, Elle OJ, et al. Minimally inva-
sive repair of the mitral valve: technological and clinical

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

developments. Minim Invasive Ther Allied Technol 2011;
20(2): 72-717.

. Cheng DCH, Martin J, Lal A, et al. Minimally invasive

versus conventional open mitral valve surgery: a meta-
analysis and systematic review. Innov Technol Tech Car-
diothorac Vasc Surg 2011; 6(2): 84-103.

Wu Z, Pan J, Wang Q, et al. Surgical repair of mitral valve
prolapse through a minimal right vertical infraaxillary thor-
acotomy. J Card Surg 2012; 27(5): 533-537.

Ahangar AG, Charag AH, Wani ML, et al. Comparing
aortic valve replacement through right anterolateral thor-
acotomy with median sternotomy. Int Cardiovasc Res J
2013; 7(3): 90-94.

Iribarne A, Easterwood R, Chan EYH, et al. The
golden age of minimally invasive cardiothoracic surgery:
current and future perspectives. Future Cardiol 2011;
7(3): 333-346.

Wang D, Wang Q, Yang X, et al. Mitral valve replace-
ment through a minimal right vertical infra-axillary thor-
acotomy versus standard median sternotomy. Ann
Thorac Surg 2009; 87(3): 704-708.

Vahanian A, Iung B, Messika-Zeitoun D, et al. What are
the characteristics of patients with severe, symptomatic,
mitral regurgitation who are denied surgery? Eur Heart J
2007; 28(11): 1358—-1365.

Merk DR, Aidietis A and Seeburger J. Off-pump transa-
pical neo-chordae implantation. Ann Cardiothorac Surg
2015; 4(3): 293-294.

Cribier A, Eltchaninoff H, Bash A, et al. Percutaneous
transcatheter implantation of an aortic valve prosthesis
for calcific aortic stenosis: first human case description.
Circulation 2002; 106(24): 3006-3008.

Oren O, Oren M and Turgeman Y. Transradial versus
transfemoral approach in peripheral arterial interven-
tions. Int J Angiol 2016; 25(3): 148—152.

Lim DS, Reynolds MR, Feldman T, et al. Improved
functional status and quality of life in prohibitive surgical
risk patients with degenerative mitral regurgitation after
transcatheter mitral valve repair. J Am Coll Cardiol 2014;
64(2): 182-192.

Maisano F, Alfieri O, Banai S, et al. The future of trans-
catheter mitral valve interventions: competitive or com-
plementary role of repair vs. replacement? Eur Heart J
2015; 36(26): 1651-1659.

Vongpatanasin W, Hillis LD and Lange RA. Prosthetic
heart valves. N Engl J Med 1996; 335(6): 407-416.
Seeburger J, Rinaldi M, Nielsen SL, et al. Off-pump
transapical implantation of artificial neo-chordae to cor-
rect mitral regurgitation: the TACT Trial (Transapical
Artificial Chordae Tendinae) proof of concept. J Am Coll
Cardiol 2014; 63(9): 914-919.

Gammie JS, Wilson P, Bartus K, et al. Transapical
beating-heart mitral valve repair with an expanded poly-
tetrafluoroethylene cordal implantation device. Circula-
tion 2016; 134(3): 189-197.

Maisano F, Cioni M, Seeburger J, et al. Beating-heart
implantation of adjustable length mitral valve chordae:
acute and chronic experience in an animal model. Eur J
Cardio-Thoracic Surg 2011; 40(4): 840-847.

Panic G, Ristic M, Putnik S, et al. A novel technique for
treatment of mitral valve prolapse/flail. J Thorac Cardio-
vasc Surg 2009; 137(6): 1568—1570.


http://www.pages.drexel.edu/;nag38/Links.html

722

Proc IMechE Part H: | Engineering in Medicine 233(7)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ClinicalTrials.gov. Randomized trial of the Neochord
DS1000 system versus open surgical repair, https://clini-
caltrials.gov/ct2/show/NCT02803957 (2017, accessed
September 21 2018).

Rucinskas K, Janusauskas V, Zakarkaite D, et al. Off-
pump transapical implantation of artificial chordae to cor-
rect mitral regurgitation: early results of a single-center
experience. J Thorac Cardiovasc Surg 2014; 147(1): 95-99.
De Backer O, Piazza N, Banai S, et al. Percutancous
transcatheter mitral valve replacement: an overview of
devices in preclinical and early clinical evaluation. Circ
Cardiovasc Interv 2014; 7(3): 400-409.

Maisano F, Taramasso M, Nickenig G, et al. Cardio-
band, a transcatheter surgical-like direct mitral valve
annuloplasty system: early results of the feasibility trial.
Eur Heart J 2016; 37(10): 817-825.

Siminiak T, Dankowski R, Baszko A, et al. Percutaneous
direct mitral annuloplasty using the Mitralign BidentTM
system: description of the method and a case report. Kar-
diol Pol ( Polish Hear Journal) 2013; 71(12): 1287-1292.
Puls M, Lubos E, Boekstegers P, et al. One-year out-
comes and predictors of mortality after MitraClip ther-
apy in contemporary clinical practice: results from the
German transcatheter mitral valve interventions registry.
Eur Heart J 2015; 37(8): 703-712.

Wendt D, Thielmann M, Melzer A, et al. The past, pres-
ent and future of minimally invasive therapy in endovas-
cular interventions: a review and speculative outlook.
Minim Invasive Ther Allied Technol 2013; 22(4): 242-253.
Ibrahim M, Rao C and Athanasiou T. Artificial chordae
for degenerative mitral valve disease: critical analysis of
current techniques. Interact Cardiovasc Thorac Surg 2012;
15(6): 1019-1032.

Shibata T. Loop technique for mitral valve repair. Gen
Thorac Cardiovasc Surg 2014; 62(2): 71-717.

Seeburger J, Borger MA, Falk V, et al. Gore-Tex loop
implantation for mitral valve prolapse: the Leipzig loop
technique. Oper Tech Thorac Cardiovasc Surg 2008;
13(2): 83-90.

Maselli D, De Paulis R, Weltert L, et al. A new method
for artificial chordae length “tuning” in mitral valve
repair: preliminary experience. J Thorac Cardiovasc Surg
2007; 134(2): 454-459.

laizzo PA. Handbook of cardiac anatomy, physiology, and
devices. Berlin: Springer Science + Business Media, 2009.
Bizzarri F, Tudisco A, Ricci M, et al. Different ways to
repair the mitral valve with artificial chordae: a systema-
tic review. J Cardiothorac Surg 2010; 5: 22.

Seeburger J, Leontjev S, Neumuth M, et al. Trans-apical
beating-heart implantation of neo-chordae to mitral valve
leaflets: results of an acute animal study. Eur J Cardi-
othorac Surg 2012; 41(1): 173-176.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ozbag D, Gumusalan Y and Demirant A. The compara-
tive investigation of morphology of papillary muscles of
left ventricle in different species. Int J Clin Pract 2005,
59(5): 529-536.

Sendergaard L, De Backer O, Franzen OW, et al. First-
in-human case of transfemoral CardiAQ mitral valve
implantation. Circ Cardiovasc Interv 2015; 8(7): €002135.

McLeod AJ, Moore JT and Peters TM. Beating heart
mitral valve repair with integrated ultrasound imaging.
Proc SPIE 2015; 9415: 941504-941508.

Abbott. MitraClip ® NT clip delivery system (MitraClip
® NT System, 2106481), 2016, http://eifu.abbottvascu-
lar.com/content/dam/av/eifu-us/EL2106481%20Rev.%20
A%202016-04-28.pdf

Ramponi F, Yan TD, Vallely MP, et al. Total percuta-
neous cardiopulmonary bypass with Perclose ProGlide.
Interact Cardiovasc Thorac Surg 2011; 13(1): 86-88.

W. L. Gore & Associates Inc. Instructions for use for:
e PTFE nonabsorbable monofilament for chordae tendineae

for chordae tendineae repair or replacement, https://

www.goremedical.com/products/suturechordae—ifu/
instructions (2012, accessed 18 March 2019).

C.R. Bard Bard peripheral vascular. Advancing Lives and
the Delivery of Health Care™, https://www.crbard.com/
Peripheral-Vascular (2018, accessed 28 February 2019).
Thorsteinsson DT, Valsson F, Geirsson A, et al. Major
cardiac rupture following surgical treatment for deep ster-
nal wound infection. Interact Cardiovasc Thorac Surg
2013; 16(5): 708-709.

Hutchison J and Rea P. A comparative study of the mor-
phology of mammalian chordae tendineae of the mitral
and tricuspid valves. Vet Rec Open 2015; 2(2): €000150.
Lodder J, Verkerke GJ, Delemarre BIM, et al. Morpho-
logical and mechanical properties of the posterior leaflet
chordae tendineae in the mitral valve. Proc IMechE, Part
H: J Engineering in Medicine 2016; 230(2): 77-84.
Fattouch K. IM degenerative. CARDIO-CHIRURGIA.
COM,  http://www.cardio-chirurgia.com/public/IT/im-
degenerativa.asp (2018 accessed 21 September 2018).
NeoChord, https://neochord.com/ (2018, accessed 21
September 2018).

Grinberg D, Adamou NK, Pozzi M, et al. Artificial
mitral chordae: when length matters. J Thorac Cardio-
vasc Surg 2019; 157(2): e23—e25.

Caimmi PP, Sabbatini M, Fusaro L, et al. A study of the
mechanical properties of ePTFE suture used as artificial
mitral chordae. J Card Surg 2016; 31(8): 498-502.

Jensen H, Jensen MO, Waziri F, et al. Transapical neo-
chord implantation: is tension of artificial chordae tendi-
neac dependent on the insertion site? J Thorac
Cardiovasc Surg 2014; 148(1): 138-143.



