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a b s t r a c t 

Transapical off-pump mitral valve repair with neochord implantation is an established technique for 

minimally-invasive intervention on mitral valve prolapse/flail. The procedure involves the positioning of 

artificial chords, whose length/tension is adjusted intraoperatively, adopting different methods based on 

the experience of the surgeon. This unsystematic approach occasionally leads to complications such as 

leaflet rupture and excessive/insufficient load on the neochords. In this study, finite element models of a 

generalized prolapsing mitral valve are used to verify the effect of two alternative tensioning approaches 

(AT – All together and 1-by-1 – one by one sequences) on the coaptation area and valve biomechan- 

ics, comparing results with a corresponding healthy configuration. The total force of about 1 N is exerted 

by the chords in both strategies, but the maximum stress and coaptation area are closer to those of 

the healthy configuration in the 1-by-1 sequence. However, the analysis also provides an explanation for 

the chords unloading in the 1-by-1 strategy observed in the clinical practice, and suggests an optimum 

tensioning methodology for NeoChord procedures. The study also reveals the potential power of the im- 

plemented numerical approach to serve as a tool for procedural planning, supporting the identification of 

the most suitable ventricular access site and the most effective stitching points for the artificial chords. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Experimental and numerical investigations are nowadays

argely used to assess the safety and efficacy of cardiovascular de-

ices and procedures, by identifying an enhanced medical practice

nd support clinical decisions [1–6] . However, the application of

hese approaches to treatments of mitral valve (MV) diseases still

epresents a major challenge, due to the complex anatomy of the

alvular and subvalvular apparatus. 

Mitral regurgitation (MR) is one of the most complex valvu-

ar diseases. MR is classified into two categories: functional MR

FMR), due to left ventricular (LV) dilation and dysfunction, and

egenerative MR (DMR), due to a structural abnormality of the

alve apparatus, mainly. The latter can lead, among possible valve

ailures, to prolapse or flail [7–9] . Recently a new MV procedure

ith off-pump transcatheter access with neochord implantation

as emerged as a new promising surgical procedure to restore the
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unctionality of DMR [10 , 11] . It consists in the replacement of na-

ive chordae tendineae with artificial tethers, inserted by transapi-

al access. The clinical outcome has confirmed the safety and

ffectiveness of the approach [12] , enlightening the issues to be

ddressed to enhance the reliability of the procedure and support

reoperative planning. In particular, the optimum tensioning of the

rtificial chords still needs to be determined, in order to maximize

he efficacy of the technique and the durability of the solution [13] .

his issue is further complicated by the fact that the transapical

mplantation approach results in non-physiological orientations of

he artificial sutures, which load the leaflet along directions differ-

nt from the native chordae 

A number of in vitro and in silico studies have attempted to

tudy the biomechanics of MV repair with neochords implantation

14–19] analyzing the post-implant configuration after the com-

lete surgical procedure. Differently by the cited studies, the Neo-

hord procedure is performed in beating-heart. Consequently, in

rder to identify the most suitable implantation protocol end the

ommonly reported procedural complications, such as leaflet rup-

ure or neochords overloading/unloading, the study of NeoChord

https://doi.org/10.1016/j.medengphy.2019.09.014
http://www.ScienceDirect.com
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Fig. 1. MV geometry of the model at the end of diastole. (a) Atrial to ventricle view: A indicates the anterior leaflet, C1 and C2 the commissural leaflet scallops, P1, P2 and 

P3 the posterior leaflet scallops, and APD and CD the ateropostirial and commissures distance, respectively. (b) Perspective view: red lines indicates MV annulus. CT the 

chordae thendinae, and PMs the papillary muscles. (c) Lateral view. The chordae thendinae in green have been cut off to generate prolapse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Dimensional parameters adopted for leaflets and chordae of the MV model. Data 

were set in accordance with [18,17] . APD and CD indicate the ateropostirial and 

commissures distance, respectively. 

Leaflets 

Anterior Posterior Commissure 

P2 P1/P3 

Height (mm) 20 13.8 11.2 8.8 

Ann. Length (mm) 32.3 17.5 12.7 6.7 

Area (mm 

2 ) 457.6 204.4 123.9 51.2 

Thickness (mm) 0.69 0.51 0.6 

Chordae Tendineae 

Cross-sectional area (mm 

2 ) 0.29 0.27 0.28 

Annulus 

APD (mm) 22 

CD (mm) 30 

Area (mm 

2 ) 552.7 

Table 2 

Determined coefficients of Eq. (1) for anterior and posterior leaflets. (All units in 

MPa). 

D 1 C 10 C 20 C 30 C 40 C 50 

Anterior leaflet 4.999 0.008 −0.073 0.742 −3.093 4.635 

Posterior leaflet 6.564 0.006 0.001 0.015 −0.045 0.037 
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procedure also requires the investigation of the leaflet coaptation

and stress pattern during the chords positioning, i.e. during the

operative phase of the implant procedure. Recently, a FEM analy-

sis was developed in order to evaluate the sutures length effect in

MV repair with transapical neochord implantation [20] . However,

the main focus of our present study consists in analysing the pro-

cedural and post-implant outcome of the two strategies currently

in use for neochords tensioning during the repair: 

• the ‘ all together ’ strategy, i.e., all chords are tensioned contem-

porarily all together; 
• the ‘ one by one ’, i.e., the chords are tensioned one at the time

by subsequently applying to each chord a proper tensioning

with a certain order. 

For both tensioning strategies, the intraoperative behavior of

leaflet coaptation, the stress distribution in the valve apparatus,

and the tensioning force in each chord are determined by means

of numerical simulations of a generalised MV prolapse. 

2. Methods 

2.1. Mitral valve model 

Healthy MV prevents blood backflow from the left ventricle

to atrium during systole by coaptation of posterior and anterior

leaflets; a number of tendinous strings ( chordae tendinae ) con-

tribute to holding the closed valve in place, by tethering the

leaflets to the ventricular wall via papillary muscles structure.

Leaflets were designed to include the common anatomical seg-

ments usually identified, including the anterior leaflet scallop, A ;

the commissural leaflet scallops, C1 and C2 ; the posterior leaflet

scallops P1, P2, and P3 , as represented in Fig. 1 . All main parame-

ters of valve geometry, e.g., the thickness and cross-sectional area

used for the leaflets and chordae in the various portions of the

model, are summarized in Table 1 . 

Since the proposed study is concerned essentially with the sys-

tolic phase, the dynamic motion of the annulus and papillary mus-

cles were not simulated, keeping the annular profile fixed on a

plane and maintaining a constant distance between the annulus

plane and the papillary muscles (idealized as anchoring points –

red dots in Fig. 1 ). These assumptions, which are common in the

literature [21 , 22] , are considered acceptable due to the compara-

tive nature of this study. 

Leaflets were modeled as membranes, with the isotropic hyper-

elastic incompressible constitutive law based on a 5th order re-

duced polynomial strain energy potential formulation. According

to previous works concerning the analysis of MV repair [23–26] ,
 reads: 

 = 

5 ∑ 

i =1 

C i 0 
(
I 1 − 3 

)i + 

5 ∑ 

i =1 

1 

D i 
( J el − 1 ) 

2 i (1)

Where I 1 is the first deviatoric strain invariant I 1 = λ̄2 
1 

+ ̄λ2 
2 

+
¯ 2 

3 
, where λ̄i = J −

1 
3 λi are the deviatoric stretches, with J the total

olume ratio and λi the principal stretches;. C i 0 and D i are the co-

fficients determined from mechanical tests performed on porcine

itral valves [27] , averaging data obtained along radial and cir-

umferential direction, and they are summarized in Table 2 . The

nisotropy shown by the biaxial tensile tests performed by May–

ewman appears rather reduced and, given the comparative pur-

ose of the present work, it was decided to assume an isotropic

yperelastic behavior for the leaflet’s tissue. 

Chords were modeled as linear elastic trusses, with Young mod-

lus ( E ) equal to 40 MPa [ 21 , 28 ]; In the NeoChord procedure, artifi-

ial chords are usually obtained from e-PTFE CV-4 Gore-Tex sutures

ith a cross-section of 0.074 mm 

2 , tied to the leaflet margin with

 girth hitch knot approach, resulting in two suture stands pulled

n the same direction [29] . In the model, each artificial chord was

epresented by linear truss element with a circular cross-section of
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.148 mm 

2 (i.e., equal to the sum of the cross-section of the two

tands). The neochord’s Young modulus was determined experi-

entally by performing tension testing on an e-PTFE wire. For the

est, the wire was settled on the tensile testing machine (Zwick-

oll, Zwick GmbH & Co.KG, Zwick USA ) in a wet environment of

aline solution at a temperature of 37 °, to recreate physiological

onditions. A 40 mm initial length was used, i.e., the length of the

eochords in the numerical model. Results suggested a value of the

oung modulus equal to 2.3 GPa for the CV-4 Gore-Tex suture . 

.2. Simulations 

The mitral valve was modeled by using the explicit approach

ith the finite element code ABAQUS (SIMULIA, Providence, RI).

eaflets and chords were represented by linear triangular mem-

rane elements (2D elements) and truss (1D elements), respec-

ively. The connections between the leaflets free-margin and the

hordae tendineae were modeled simulating the physiological

ntra-leaflets insertion of the native chords as described by [30 , 31] ,

n the basis of an accurate clinical analysis. In the model, along

ith the free-margin insertion, the native chordae elements were

rolonged inside the leaflets by sharing the same nodes discretiza-

ion for three nodes, thus avoiding unrealistic stress concentration

nd singularity points. 

The nodes describing the annulus were fixed in space, allow-

ng rotations of the leaflets elements about all axes. Similarly, the

hordae were pinned at the nodes corresponding to the papillary

uscles. The unloaded valve model was generated in a fully open

osition [32] . 

The closed configuration was achieved by applying a spatially

niform pressure on the ventricular side. Since the model does

ot describe the annulus and papillary muscles dynamics occur-

ing during the cardiac cycle, some preliminary simulations were

erformed to verify the effect of the load history on the systolic

onfiguration. In particular, the comparison between the values of

he maximum principal stresses at the peak load, which were ob-

ained applying physiologically pulsatile pressures and steady pres-

ure conditions reached by ramping the load linearly ( Fig. 2 (c)),

ndicated lower stress in pulsatile condition, with differences in-
ig. 2. Restoration of MV. (a) P2 prolapse before the tensioning of neochords (red lines).

re inserted 3 mm far from leaflet free margin. The contact line between anterior (ma

omparison between pulsatile (dotted line) and steady pressure condition (solid line) lin

imulation. (For interpretation of the references to colour in this figure, the reader is refe
erior to 10%. Differences in term of displacement were negligible

nd inferior to 0.5%. Hence, the decision was taken to apply a spa-

ially uniform pressure linearly increasing from 0 to 120 mmHg in

00 ms (corresponding to the systolic peak) to the ventricular side

f the valve, for all analyzed cases. This approach significantly re-

uced the overall computational cost of the simulations, as well. 

A reference model, including the presence and healthy function

f all chordae, was run to estimate the optimal anterior–posterior

eaflets coaptation achievable with the selected MV description

see Fig. 1 ). A MV incompetence was then simulated by detaching

ix central chords (see green chords in Fig. 1 ), leading to a central

idth prolapse (P2 section in Fig. 2 (a)) that is the most common

eaflet disease for patients who underwent NeoChord repair [33] . 

In the prolapsed scenario, the repair was simulated by adding

our artificial neochords between the margin of the prolapsed

eaflets portion and the ventricle entry site (see Fig. 2 (b)), [34] . The

ntry site was located 40 mm apart from the annulus, according to

n-vivo measurements, to form the optimal neochord trajectory im-

lantation [35] . 

In the first stage of the analysis, the four sutures were not

ensioned until the maximum pressure load was achieved (case of

mplanted but inactive artificial chords to mimic the prolapsed pre-

ensioning configuration) so that the valve reached the idealized

rolapse condition before the tensioning. From the end-diastole

onfiguration, with a linear pressure load from 0 to 120 mmHg, the

alve is forced to close. During this first stage of the simulation, all

he artificial sutures implanted were not tensioned (i.e., one side

s attached to the leaflet while the other side was free to move

n order to simulate the clinical phase during which the external

utures remain outside the ventricle before the tensioning stage).

n the second stage of the analysis, two different strategies for

estoring the valve coaptation were pursued. In the first one, indi-

ated as all together strategy (AT) the four chords were tensioned

ontemporarily, by applying the displacement required to restore

eaflets coaptation ( Fig. 3 (a)). In the second strategy, indicated

s one by one strategy (1-by-1), the four chords were tensioned

ne at the time by subsequently applying to each chord the same

isplacement as the AT case. In all simulations, for all the schemes

nalyzed, the tensioning was performed by imposing at the proxi-
 (b) P2 prolapse mitigation due to the tensioning of the neochords. Virtual sutures 

genta line) and posterior (blue line) leaflet determines the coaptation length. (c) 

early reached. The latter was applied to the ventricular surface of the valve for all 

rred to the web version of this article.) 
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Fig. 3. Simulated protocol tensioning. In AT procedure all neochords are pulled to- 

gether. In 1-by-1 procedure the chords are pulled one by one following three se- 

quences: (a) central to lateral, (b) lateral to central, and (c) lateral to lateral. In all 

simulations, neochords are numbered in crescent order starting from left external 

position to right external position. 
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mal nodes of the artificial sutures the same outward displacement

along the longitudinal direction. Such displacement promotes the

reduction of the prolapsed portion of the posterior leaflet, since

its margin moves towards the anterior one, until the repaired

configuration is achieved. The prescribed displacement was set

equal to 11 mm, to obtain the proper coaptation length. This value

was defined after some preliminary analysis by tuning the chords

displacement until the maximum coaptation length between the

anterior and posterior free margin was measured at the anterior-

posterior axis (see Fig. 1 ). In order to compare the two pulling

strategies, we chose to prescribe the same displacement of the su-

tures in all simulations, coherently with the clinical practice, where

clinicians can easily control the chordae displacement. In order to

examine the different strategies commonly adopted by surgeons

when repairing MV prolapse by NeoChord procedure, the following

possible sequences of chord pulling were simulated ( Fig. 3 (b)): 
Fig. 4. Overall contact area on the Posterior leaflet during chord tensioning normalized

strategy, blue, magenta and green lines represent 1-by-1 strategies following sequence (a)

this figure, the reader is referred to the web version of this article.) 
(a) central to lateral pulling (1-by-1a); 

(b) lateral to central (1-by-1b); 

(c) lateral to lateral (1-by-1c). 

. Results 

The healthy configuration of the generalized MV model pro-

uced a leaflets coaptation length along the axis of symmetry of

bout 8 mm, corresponding to a total contact area, A c,H , between

he anterior and posterior leaflet of about 270 mm 

2 . The contact

rea, A c , restored during neochords tensioning procedures, normal-

zed with A c,H is reported in Fig. 4 . 

Fig. 5 shows the contour map of the stress field computed on

he treated leaflet P2 for all analyzed configurations. A scale from

 to 0.5 MPa was chosen to better visualize the areas of stress con-

entration. The maximum stress reached any point in P2 was de-

ermined, and its evolution upon time is summarized in Fig. 6 , ir-

espective of the position on the scallop where it was recorded. 

Finally, since neochord tensioning was simulated by imposing a

isplacement, the corresponding force along the sutures was cal-

ulated. Fig. 7 describes the variation of the force in time for each

f the four implanted neochords, for both AT (panel a) and 1-by-1

trategies (panels b-d). 

. Discussion 

The MV presents a complex structure that results in a large

opulation variability in both anatomies (e.g., the number of

hordae, leaflets, and annulus shape) and size. Since, the main

urpose of the study is to understand the main effects of the

ensioning procedure of artificial chords during the NeoChord im-

lantation and to generalize the results regardless the patient-

pecific anatomy, a model based on an idealized morphology of a

opulation average size [21] was adopted to reproduce the MV ap-

aratus and prolapse simulation. MV prolapse repair has the func-

ion of restoring proper leaflet coaptation. To this aim, the com-

uted contact area at the systolic peak, A c , normalized over the

ontact area estimated in healthy conditions, is chosen to provide

n indication of the efficacy of the procedure. The same parame-

er was previously adopted in similar works [17 , 18] , in which the

ynamics of the MV is simulated through a more sophisticated

atient-specific model. Results reported in Fig. 4 suggest that the

estoration of MV functionality is achieved for both AT and 1-by-1

trategies. 
 with the contact area of the healthy configuration A c,H . Red line represents AT 

, (b) and (c) of Fig. 3 , respectively. (For interpretation of the references to colour in 
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Fig. 5. MV stress patterns at systolic peak. Leaflet stress in healthy configuration, prolapsed configuration with inactive neochords, AT strategy configuration, and 1-by-1 

strategy at different steps of pulling. The stress field in 1-by-1 cases is reported after the complete load of the neochord labeled by the irrespective number. (For interpretation 

of the references to colour in this figure, the reader is referred to the web version of this article.) 

Fig. 6. Maximum principal stress calculated on the P2 scallop during simulations. The black dotted line represents the stress calculated for the Healthy configuration ( H ). The 

red line represents the AT strategy. The blue, magenta and green lines represent 1-by-1 strategies following sequence (a), (b) and (c) of Fig. 3 , respectively. (For interpretation 

of the references to colour in this figure, the reader is referred to the web version of this article.) 
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Fig. 7. Force applied by neochords during the implant in (a) AT strategy, (b) 1-by-1a (central to lateral sequence), (c) 1-by-1b (lateral to central sequence), and (d) 1-by-1c 

(lateral to lateral sequence). 
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For the AT strategy, the achieved coaptation area is about 95%

of the healthy value A c,H ; whilst with the 1-by-1 strategy A c,H is

matched or even slightly exceeded. It is also worth noting that, in

the case of the 1-by-1 scheme, the first neochord tensioning al-

ready results into a coaptation area equal to the 90% of A c,H , sug-

gesting that MV restoration could be achieved by means of just

one suture, for the present type of prolapse. However, as discussed

below, the use of multiple chords allows to better diffuse stresses

over a larger leaflet region, similarly to the physiological case, and

distribute the load between the different chords. 

The stress distribution on the valvular apparatus reported in

Fig. 5 shows that, for the prolapsed configuration, portion P2 expe-

riences stress levels similar to the healthy case, while high-stress

regions appear located at the adjacent portions of P1 and P3 scal-

lops, close to the position of native chords rupture, in agreement

with the literature [17] . It is worth noting that the correspondence

between the present results and those obtained with a patient-

specific based model confirms the reliability of the adopted sim-

plifications. The stress pattern after the procedure is similar to the

healthy case, for both AT and 1-by-1 tensioning. However, in 1-by-1

simulations significantly higher stress levels are obtained at differ-

ent stages of the procedure. In particular, the first chord pulling

causes high stress in one region around the chord insertion site.

This effect is clearly mitigated after the second chord pulling, with

high stress redistributed in two smaller regions; then, tensioning

of the third and fourth chord reduces only slightly the amplitude
f high stress regions and transfers the stress concentration in

roximity to the external chords insertion. The results are partially

upported by the works of Rim et al. [17] , and Sturla et al. [18] ,

hich focus on the MV restoration by chords replacement consid-

ring neochordoplasty, i.e., a different surgical technique, carried

ut through the classical open-chest surgery. In particular, they

ested a virtual repair, at peak systole, of prolapsed MV and its

itigation by implanting different numbers of chordae. The results,

oth in terms of stress reduction and distribution, on the posterior

eaflet are consistent with the results of the present analysis. In

act, the same pattern of stress is observed at the end of the pro-

edure, showing the maximum at the external sutures, although it

esults in 20% lower [17] . In Fig. 6 , the analysis of the maximum

tress on the valve leaflets, σ max , indicates that the 1-by-1 and

T strategies give very similar results, reaching values of about

.9 MPa at the end of the procedure. These values are larger than

he maximum stress estimated in the healthy condition, which is

bout 0.75 MPa. It is worth noting that the sequences of pulling

n the 1-by-1 strategies can affect the stress condition on the

eaflets, showing higher values when the first chord is pulled, with

 σ max of about 1.5 MPa for 1-by-1a, and 1.4 MPa with the other

ensioning sequences. The tensioning of the other sutures leads to

rogressively lower stress levels, and at the end of the implant, we

stimated additional stress of 0.9 MPa in all cases of analysis,

xcept for the 1-by-1a strategy, which achieves σ max = 1.0 MPa

see Fig. 6 ). 
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Table 3 

Forces calculated on the neochords after the implantation of the four cases ana- 

lyzed. Forces are expressed in N . 

Neochord Tot 

a b c d 

AT 0.27 0.17 0.18 0.27 0.89 

1-by-1a 0.34 0.10 0.20 0.28 0.92 

1-by-1b 0.32 0.11 0.19 0.28 0.90 

1-by-1c 0.32 0.11 0.19 0.29 0.91 
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The assumption of isotropic behavior, taken as an average of

he radial and circumferential stress-strain curves, although may

ave some minor effects on the final stress distribution on the

eaflets, leads to negligible differences in terms of chords tension-

ng forces, which are the principal aspect under investigation and

ssentially depend on the transvalvular pressure and on the shape

f the leaflets. 

The stress distribution on the leaflets is related to the tensile

orce measured in the sutures ( Fig. 7 ). Neochords pulled accord-

ng to the AT procedure are subjected to a symmetrical force

istribution, with a difference of about 30% between the force

cting on the central and lateral insertions (0.18 N and 0.27 N,

espectively, see Fig. 7 (a)). 1-by-1 simulations show that the ten-

ioning order affects the measured force. Specifically, tensioning a

hord reduces the force applied to the chords previously pulled,

nd the reduction strongly depends upon the maneuver order

nd chords position. For instance, in the 1-by-1a case ( Fig. 7 (b))

he force on the neochord pulled first (neochord 2) diminishes

s soon as neochord 3 is pulled (F reduction around 50%) with

 further reduction, when neochord 1 is pulled (F reduction

round 40%); i.e., the force on a chord reduces as soon as nearby

hords become active. Results also show that no symmetry can

e recognized in the final force distribution with respect to either

eochord position or tensioning order. Moreover, the force is

ound to vary in the range 0.3–0.35 N for the external chords

nd in the range 0.1–0.2 N for the central one, showing that the

aximum force difference between lateral and central artificial

lements can be as large as 80%. The latter finding suggests that

 central neochord can possibly result approximately unloaded at

he end of neochords implantation, as reported by surgical clinical

ractice. 

In all cases, the force on one neochord is well below the failure

orce of the suture, which is about 16 N, according to the GORE-

EX 

R © SUTURE ePTFE manual. Finally, values of end procedure

orce applied to each neochord (see Table 3 ) also show that the

verall force on the group does not significantly vary between the

our simulated strategies of pulling, further reinforcing the idea

hat differences in force repartition is due to the pulling sequence.

n summary, the AT procedure guarantees an almost symmetric

istribution of the tensioning force on the neochords and the

inimum stress level during the implant procedure, but does not

ully restore the healthy contact area. One-by-one strategies allow

ptimizing the coaptation area, although the stresses generated in

he leaflets following the procedure were equal to that in the AT

rocedure, except for the central to lateral tensioning sequence,

hich presents a higher stress level and it is proved to be the

east appropriate. Furthermore, the 1-by-1 strategies may lead to

lmost inactive chords if care is not given to this aspect. 

. Study limitations 

The present study is limited to the P2 central prolapse, i.e. the

ost common MV prolapse. A different stress force distribution

ay be expected for the lateral ( P1 –P2 or P2 –P3 ) and the anterior

 A ) prolapse. In particular, in the former, due to its asymmetry, the
ensioning of the suture is more likely to depend on the pulling

trategy. 

The use of membrane elements instead of shell elements, ne-

lecting the response to bending, leads to some minor change in

he contact area which, due to the higher flexibility of the selected

lement, can result a bit overestimated. Consequently, stresses on

he leaflets can result slightly lower (up to 10%), whereas the

orce exerted by the sutures does not experience any significant

hange. 

The use of both more realistic geometric configuration and

ore physiologic boundary condition can further improve the re-

ults and highlight additional aspects of the NeoChord implant. It

an be foreseen that, lastly, application of the presented approach

o patient-specific anatomies may provide a useful tool for proce-

ural planning, improving the efficacy of the treatment. 

. Conclusions 

The present investigation compares the two most common ten-

ioning procedures adopted in the transapical neochords implanta-

ion for mitral valve prolapse repair, i.e., ‘all together’ and ‘one by

ne’ pulling approach. The study was performed on a generalized

V morphology, with prolapsed P2 scallop. Although idealized ge-

metries and simplified constitutive behaviors were assumed, the

tudy captures some of the clinical effects observed by surgeons,

.g., the unloading of previously pulled neochords. 

The close similarity between healthy and repaired configuration

btained for all investigated strategies confirms the reliability and

fficacy of the preferred surgical choice of four chords to treat the

rolapse here considered. 

Differences found in the results concerning coaptation area,

tress distribution, and force on the neochords for AT and 1-by-

 repair suggest that the 1-by-1 lateral to central and lateral to

ateral approaches are the most suitable solutions to reach maxi-

um coaptation and maintaining operative leaflets stresses closer

o those experienced in healthy conditions. AT strategy appears

ore conservative in terms of maximum stress during the intra-

perative insertions since all the chords are activated at the same

ime, though this happens at the expense of the optimal valve clo-

ure. 

Though this first study was based on a generalized symmetrical

odel, the robustness and reduced computational cost of the pre-

ented methodological approach makes it is suitable to be adopted

or the clinical planning of the treatment in patient-specific cases.

n addition, this model can represent the first step towards a more

ophisticated platform, using patient-specific images to optimize

he surgeical procedure. 
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