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ABSTRACT

Objectives: Intraoperative assessment of the proper neochordal length during
mitral plasty may be complex sometimes. Patient-specific finite element models
were used to elucidate the biomechanical drawbacks underlying an apparently
correct mitral repair for isolated posterior prolapse.

Methods: Preoperative patient-specific models were derived from cardiac mag-
netic resonance images; integrated with intraoperative surgical details to assess
the location and extent of the prolapsing region, including the number and type
of diseased chordae; and complemented by the biomechanical properties of mitral
leaflets, chordae tendineae, and artificial neochordae. We investigated postopera-
tive mitral valve biomechanics in a wide spectrum of different techniques (single
neochorda, double neochordae, and preconfigured neochordal loop), all reestab-
lishing adequate valvular competence, but differing in suboptimal millimetric
expanded polytetrafluoroethylene suture lengths in a range of �2 mm, compared
with the corresponding ‘‘ideal repair.’’

Results: Despite the absence of residual regurgitation, alterations in chordal
forces and leaflet stresses arose simulating suboptimal repairs; alterations
were increasingly relevant as more complex prolapse anatomies were considered
and were worst when simulating single neochorda implantation. Multiple chor-
dae implantations were less sensitive to errors in neochordal length tuning, but
associated postoperative biomechanics were hampered when asymmetric con-
figurations were reproduced. Computational outcomes were consistent with
the presence and entity of recurrent mitral regurgitation at midterm follow-up
of simulated patients.

Conclusions: Suboptimal suture length tuning significantly alters chordal forces
and leaflet stresses, which may be key parameters in determining the long-term
outcome of the repair. The comparison of the different simulated techniques sug-
gests possible criteria for the selection and implementation of neochordae implan-
tation techniques. (J Thorac Cardiovasc Surg 2015;150:1303-12)
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Study workflow: simulations of mitral prolapse and

ideal and suboptimal mitral repairs.
Central Message

Millimetric suboptimal suture length during

mitral plasty induces significant biomechanical

consequences on the entire mitral apparatus.
Perspective

Mitral neochordoplasty largely depends on the

intraoperative assessment of the appropriate

length of artificial sutures. Patient-specific

numeric models can explain the biomechanical

drawbacks due to a suboptimal millimetric tun-

ing of suture length, elucidate their relationship

with patient-specific features and neochordal

suture lengths, and lead the way to a more

reproducible and effective surgery.
See Editorial Commentary page 1312.
Supplemental material is available online.

Mitral valve (MV) plasty has successfully superseded valve
replacement as the standard method for the treatment of
degenerative MV prolapse.1,2 Several well-described ap-
proaches are currently available from leaflet resection to
expanded polytetrafluoroethylene (ePTFE) neochordal im-
plantation (NCI), with both surgical approaches associated
ery c Volume 150, Number 5 1303
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Abbreviations and Acronyms
cMRI ¼ cardiac magnetic resonance imaging
CoA ¼ coaptation area
DN ¼ double neochorda
ePTFE ¼ expanded polytetrafluoroethylene
FE ¼ finite element
FePTFE ¼ artificial suture tension
Fnc ¼ native chordal tension
IPP ¼ isolated posterior prolapse
DlNCI ¼ millimetric variation in the tuning of

neochordal length
MR ¼ mitral regurgitation
MV ¼ mitral valve
NCI ¼ neochordal implantation
Phys-model ¼ physiologic model
PM ¼ papillary muscle
Pre-model ¼ preoperative model
SI ¼ maximum principal stress
SI

MAX ¼ peak value of maximum principal
stresses along the leaflet free margin

SL ¼ standard loop
SN ¼ single neochorda
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with excellent results in early and late outcomes.3-5 Since the
clinical introduction of NCI in the late 1980s, the procedure
has become an established technique6,7 proven to be safe
and effective for both the anterior and posterior leaflets,8 al-
lowing for a more physiologic repair with preserved leaflet
mobility compared with resection techniques. However, the
results of NCI largely depend on the appropriate number
and length of the ePTFE sutures,9 which are still highly
demanding issues, almost entirely based on the surgeon’s
expertise.10-13 Furthermore, when tuning the proper repair
configuration with NCI, surgeons may have to progres-
sively adjust the initially attempted repair to overcome
residual mitral regurgitation (MR), although at the price of
a longer and more difficult procedure. Therefore, a better
understanding of the biomechanical effects of different NCI
techniques on the MV apparatus and their relationship with
patient-specific features and neochordal suture lengths may
lead the way to a more reproducible and effective surgery,
thus avoiding potential biomechanical drawbacks associated
with a suboptimal repair. This aim can be pursued by means
of finite element (FE)modeling, widely adopted today for the
numeric analysis of the MV.14-16

MATERIALS AND METHODS
Background of the Present Study

In a recent study,17 we adopted patient-specific FE models to quantify

the biomechanical effects of different ePTFE neochordal techniques in

different morphologies ofMV isolated posterior prolapse (IPP). Our results

strongly suggested that different NCI techniques may equivalently recover

MV coaptation while inducing notably different biomechanical
1304 The Journal of Thoracic and Cardiovascular Sur
consequences on the surrounding tissues, potentially affecting postopera-

tive remodeling. These differences were dependent on both NCI techniques

and patient-specific IPP. However, ‘‘ideal’’ NCI techniques may require

millimetric adjustments, which are difficult to obtain in the ‘‘real daily sur-

gical world’’ because of the subjective nature of manual surgical gestures.

In the present work, using different NCI techniques, we evaluated the

biomechanical effects of apparently correct repairs (ie, without residual

MR) due to a suboptimal millimetric ePTFE suture length.

Patient-Specific Mitral Valve Finite Element
Modeling

The institutional review board approved the study, and informed consent

was obtained from all patients. Four patients in stable sinus rhythm were

selected from 20 contemporary cases affected by fibroelastic deficiency

and scheduled for surgical repair of IPP due to chordal rupture. Selected pa-

tients fit the paradigm of a candidate for NCI, in that they had P2 prolapse

characterized by different IPP mechanisms: single primary chordal rupture

anchoring on mid-P2 (patients 1 and 4); triple primary chordal rupture

anchoring on mid-P2 (patient 2); and single paracommissural, between P2

andP3 scallops, primary chordal rupture (patient 3).17Cardiacmagnetic reso-

nance imaging (cMRI) acquisitions were preoperatively performed on the

selectedpatients througha 3.0TTXAchieva system (PhilipsMedical System,

Irvine, Calif), with 1.25-mm in-plane resolution and 8-mm slice thickness,

following a well-established protocol of acquisition.18 With the use of dedi-

cated software (MATLAB, The MathWorks Inc, Natick, Mass), reference

points were manually traced on all MV substructures in the end-diastolic

frame (ie, the last frame preceding transient leaflets closure) and used to

obtain the 3-dimensional model of the MV apparatus, which was assumed

to be stress-free in this condition.14,18 The 3-dimensional model was refined

on the basis of intraoperativemeasurements of the annulus to free edge extent

of theMV leaflets at different reference points and on details of the IPP lesion

(eg, number and type of the chordae involved, papillary muscle [PM], and

posterior leaflet insertion). Models were completed by a realistic description

of the stress-strain response of MV tissues and ePTFE neochordae.17,18

The mitral annulus and PMswere traced on cMRI frames from end dias-

tole to peak systole (ie, the mid-systolic frame within the R-R interval) to

derive the respective motion, which was imposed as a boundary condition

together with a standard time-dependent transvalvular pressure load to

simulate MV closure from end diastole to peak systole. The commercial

solver ABAQUS Explicit 6.10 (SIMULIA, Dassault Syst�emes, V�elizy-Vil-

lacoublay, France) was used.

With this simulation setup, the following 3 general conditions were

analyzed for each MV (Figure 1):

� Physiologic model (Phys-model), characterized by an intact chordal

apparatus and providing the physiologic level of MV coaptation and dis-

tance between the insertion of the ruptured chordae and the correspond-

ing PM head.

� Preoperative model (Pre-model), reproducing the actual MV lesion and

dysfunction (Figure 1, A).

� Postoperative models (NCI models), reproducing 3 different NCI tech-

niques: single neochorda (SN), double neochorda (DN), and a standard

loop (SL) consisting of 3 premeasured neochordae of the same length

anchored to the PM tip (Figure 1, B and C).17 For each technique, an

‘‘ideal’’ setting and several suboptimal although realistic settings (named

‘‘apparently correct’’) were simulated. In the ‘‘ideal’’ SN and DN, neo-

chordal length was tuned to reproduce the distance between the PM tip

and the ‘‘leaflet’’ sites of NCI, as computed in the Phys-model. In the

ideal SL, the length of each loop was equal to the maximal distance

(Lmax) of the 3 insertion points from the PM tip, as computed in the

Phys-model (Figure 1, B). Conversely, ‘‘apparently correct’’ settings of

NCI techniques were simulated as follows: SN with ideal suture length

altered by �2 mm (LP �2 mm); DN with separate alteration by �2 mm

of each single ideal neochorda (LQ� 2 mm, LR� 2 mm) or alteration of

both ideal sutures (LQ and LR �2 mm); SL with the length of the 3 loops
gery c November 2015



FIGURE 1. Study workflow: MV numeric simulation of patient-specific IPP geometry in patient 2 (A) and mechanical stress redistribution on the prolaps-

ing MV posterior leaflet. B, Simulated standard NCI techniques adopting an ideal setting of NCI tuning (SN, DN, and SL) and systolic mechanical stress in

postoperative conditions on the posterior MV leaflet. C, Simulation of postoperative MV systolic function after MV repair using the same NCI techniques

and taking a realistic tuning of neochordal length into account.MV, Mitral valve; NCI, neochordal implantation; ePTFE, expanded polytetrafluoroethylene;

SN, single neochorda; IPP, isolated posterior prolapse; DN, double neochorda; SL, standard loop.
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concomitantly altered by �2 mm (Lmax �2 mm) or with a �2 mm error

in the tuning of the central loop only LP0 �2 mm (Figure 1, C).

As a result, 17 simulations were run for each patient, 12 of which repro-

duced the 3 different simulated NCI techniques with an ‘‘apparently cor-

rect’’ (ie, suboptimal) level of precision in tuning neochordal length. For

each simulated condition, the following biomechanical parameters were

calculated at peak systole (Figure 2).

� Coaptation area (CoA), measured as the total extent of the elements in

the posterior leaflet characterized by positive contact pressure.
The Journal of Thoracic and Car
� Peak value (SI
MAX) of leaflet maximum principal stress (SI), that is, the

maximum tensile stress at each point, next to the site of NCI.

� Artificial suture tension (FePTFE) and sum of forces exerted by the native

chordae tendineae adjacent to the site of NCI (Fnc).
RESULTS
Mitral Valve Prolapse
A similar pattern of detrimental effects was reported in

MV biomechanics for all Pre-models (Tables E1 and E2).
diovascular Surgery c Volume 150, Number 5 1305



FIGURE 2. A, Sketch of the MV in its closed configuration depicting the region of coaptation (black arrow), the ruptured native chordae, and the ePTFE

suture (red line). B, Representation of the CoA, identified by the region where mechanical interaction between the mitral leaflets (ie, contact pressure) was

computed at peak systole. CoAwas quantified as the sum of the areas of the triangular elements where positive contact pressure was obtained. C, Repre-

sentation of the computed biomechanical variables. FePTFE and Fnc represent the tension (ie, the axial force) acting on the ePTFE suture and the adjacent

native chordae, respectively. SI is the maximum principal stress over the mitral leaflets: At every point, an infinitesimal portion of tissue is considered, and

the stresses acting on it are analyzed in a local reference frame where no shear stresses are present, and the maximum possible tension at that point (P) is SI.

The peak value of SI over the leaflets (located in the red region) is SI
MAX.MV, Mitral valve; CoA, coaptation area; SI, maximum principal stress; SI

MAX, peak

value of maximum principal stresses along the leaflet free margin; FePTFE, artificial suture tension; Fnc, native chordal tension; ePTFE, expanded polytetra-

fluoroethylene.
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As a result of IPP, coaptation was absent in the prolapsing
region, low SI values were identified in the prolapsing
region, and stress concentrations were computed at the
insertions of the adjacent residual native chordae.

Effects of Simulated Mitral Valve Repair
The CoA values are reported in Table E1 and Figure 3

(red histograms). When the ‘‘ideal’’ settings of SN, DN,
and SL were considered, different results were obtained
for the 4 patients (Figure 3, red lines and vertical dotted
lines). In patients 1 to 3, for every considered ‘‘ideal’’
NCI technique, the postoperative CoA was smaller than
the one obtained in the corresponding Phys-model. Differ-
ences with respect to Phys-model were inferior to 3% for
at least 1 techniquewith multiple neochordae (eg, SL for pa-
tient 1, DN for patients 2 and 3), with SN always being the
least effective technique. On the contrary, in patient 4, the
postoperative ‘‘ideal’’ CoA was always higher (by 8% to
9%) compared with the Phys-model, regardless of the
simulated NCI technique.

When the ‘‘apparently correct’’ setting of NCI techniques
was considered, competence was restored in any case
(Figure E1) with a CoAvalue in each patient, always higher
than the corresponding Pre-model. However, millimetric
variation in the tuning of neochordal length (DlNCI) had
different impacts on the 4 simulatedMVs: In patient 4, post-
operative CoA values changed with respect to the
1306 The Journal of Thoracic and Cardiovascular Sur
corresponding ‘‘ideal’’ setting of NCI, with changes ranging
from �7.6% and þ4.2% based on the specific simulated
technique, although CoA always resulted in significantly
higher values than the Pre-model and Phys-model. In pa-
tients 1 and 2, CoAs were greater than the Pre-model with
all simulated NCI techniques, although some of these had
such a critical response to DlNCI to result in CoA values
far from the ‘‘ideal’’ and approximating Pre-model values,
although they still allowed for MV competence (eg, SL with
LMAX þ2 mm simulated on patient 1 and DN with
LQþ2 mm simulated on patient 2 yielded a minimal recov-
ery of CoA of only 4.2% and 1.1% compared with the Pre-
model, respectively). In patient 3, CoA response to DlNCI
was even more evident than in patients 1 and 2. In most
simulated NCI scenarios, physiologic-like values of CoA
were computed, but in some cases ‘‘apparently correct’’
NCI led to wider CoA compared with the ‘‘ideal’’ model
(eg, þ32.0% in SN with LP �2 mm vs ‘‘ideal’’ SN, and
þ9.7% in SL with LP0 �2 mm vs ‘‘ideal’’ SL) (Figure 3)
and in others to nearly pathologic CoA values (eg, DN
with LR þ2 mm �15.8% vs ‘‘ideal’’ DN and þ5.5% vs
Pre-model; SL with LLmax þ 2 mm �17.3% vs ‘‘ideal’’
SL and þ1.7% vs Pre-model).
Stress analysis. SI

MAX values are shown in Table E1 and
Figure 3 (blue histograms). In patients 1, 2, and 4, the simu-
lated ‘‘ideal’’ settings of SN, DN, and SL (Figure 3, blue
lines and vertical dotted lines) led to a decrease of SI

MAX
gery c November 2015



FIGURE 3. Percentage variation, with respect to the corresponding ‘‘ideal’’ SN, DN, and SL repair, of the computed CoA (red bars) and peak of mechan-

ical principal stress (SI
MAX, blue bars) for each tested ‘‘apparently correct’’ configuration. Absolute values of CoA and SI

MAX are provided for each ‘‘ideal’’

SN, DN, and SL configuration (using a horizontal colored line); the percentage variation for each ‘‘apparently correct’’ configuration is reported with respect

to the corresponding ‘‘ideal’’ MV repair. The range of variability between the preoperative condition (Pre-model, dotted vertical line) and the physiologic

state (Phys-model, continuous vertical line) for each reported variable. All the reported ‘‘apparently correct’’ configurations are detailed in the section ‘‘Pa-

tient-Specific Mitral Valve Finite Element Modeling.’’ SN, Single neochorda; DN, double neochorda; SL, standard loop; CoA, coaptation area; SI
MAX, peak

value of maximum principal stresses along the leaflet free margin.
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in the region of the prolapsing scallop subtended by native
chordae and to a technique-specific redistribution of me-
chanical stress close to neochordal insertions with respect
to the Pre-model. In patient 3, SI

MAX decreased with respect
to the Pre-model only when the SL techniquewas simulated.
In all patients, stress reduction was more marked in case of
multiple neochordae insertion compared with SN, for
example, up to 29.6% with an SL ideal configuration in pa-
tient 2 and 37.6%with a DN ideal configuration in patient 4.
The Journal of Thoracic and Car
When simulating ‘‘apparently correct’’ NCI settings, a
systematic S1

MAX increase was noticed with a�2 mmDlNCI,
whereas in case ofþ2 mmDlNCI the changes in S1

MAX were
IPP specific (Figure 3). For instance, in the SN, a 2-mm
shortening increased SI

MAX in a range from 25.2% (patient
3) to 47.5% (patient 1) versus corresponding ‘‘ideal’’ set-
tings, whereas the simulation of a 2-mm looser neochorda,
depending on the patient-specific IPP morphology, led
to different SI

MAX changes ranging from �35.4% in patient
diovascular Surgery c Volume 150, Number 5 1307
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2 to þ22.2% in patient 3 versus a corresponding ‘‘ideal’’
SN. In the DN, a 2-mm shortening of 1 or both neochordae
always led to a SI increase. On the one hand, the highest
stresses were computed in each patient when only 1 neo-
chorda was shortened (SI

MAX increased from 52.9% in pa-
tient 1 to 141.1% in patient 3 vs corresponding ‘‘ideal’’
DN). On the other hand, when both neochordae were
2 mm looser, SI

MAX was least affected with variations from
�27% in patient 2 to þ16.6% in patient 4 versus the corre-
sponding ‘‘ideal’’ DN. In the SL, the highest impact of
�2 mmDlNCI on SI

MAX was observed, with the most notable
SI

MAX increase due to a 2-mm shortening of the central su-
ture (SL with LP0 �2 mm, from þ83.4% in patient 1 to
þ261.8% in patient 3 vs corresponding ‘‘ideal’’ SL). The
impact of þ2 mm DlNCI on SI

MAX after SL was IPP depen-
dent, and SI

MAX was augmented in almost all cases, from
þ22.6% in patient 4 (SL with LP0 þ2 mm) to þ252.6% in
patient 3 (SLwith LP0 þ2mm),with respect to corresponding
‘‘ideal’’ SL; SI

MAX was reduced only simulating SL with
LMAXþ2 mm in patient 1 (�4.2%) and patient 2 (�22.5%).
Chordal and neochordal forces. Forces on ePTFE
sutures (FePTFE) and on the adjacent native chordae tendi-
neae (Fnc) are reported in Table E2 and Figure 4. When
‘‘ideal’’ NCI settings were considered, Fnc was always
markedly lowered with respect to the Pre-model. In pa-
tients 1, 2, and 4, multiple chordae techniques (DN or
SL) resulted in physiologic-like Fnc values (differences
from �1.7% with DN in patient 2 to þ15.2% with DN
in patient 1 vs corresponding Phys-model), and a smaller
Fnc reduction was obtained when simulating SN. This
trend was not confirmed in patient 3, in whom the
maximum relief was obtained with the ‘‘ideal’’ DN tech-
nique and the worst relief with the ‘‘ideal’’ SL. Changes
in Fnc were consistent with those in FePTFE; FePTFE
increased as Fnc decreased and vice versa. Of course, in
the SN ideal configuration, FePTFE was borne by the only
implanted neochorda (orange box in Figure 4), whereas a
less obvious outcome was obtained with the ‘‘ideal’’ DN
and SL, which did not evenly distribute loads among the
neochordae (ie, 50%/neochorda in DN and �33%/neo-
chorda in SL) (Figure 4).

When ‘‘apparently correct’’ NCI settings were consid-
ered, aþ2mmDlNCI almost always resulted in lower FePTFE
values and higher Fnc values compared with the correspond-
ing ‘‘ideal’’ configuration, with opposite results (ie, FePTFE
augmentation and Fnc reduction) with �2 mm DlNCI. How-
ever, in the DN and SL configurations of patient 3, �2 mm
DlNCI changes, in 1 or all neochordal lengths, did not neces-
sarily result in opposite changes between FePTFE and Fnc
(Figure 4). Moreover, changes in FePTFE in ‘‘apparently
correct’’ repairs reported a wider range of variations (from
�59.8% in patient 4 with SL LMAX þ2 mm to 73.8% in
patient 3 with DN LQ and LR þ2 mm) than in Fnc (from
�26.7% in patient 2 with SL LMAX �2 mm to þ39.8% in
1308 The Journal of Thoracic and Cardiovascular Sur
patient 3 with DN LQ and LR þ2 mm). Of note, the most
evident consequence of 2 mm longer or shorter neochordae
was the unbalance in FePTFE repartitionwhenmultiple suture
techniques were simulated. For instance, a 2-mm shortening
of 1 suture in the SL technique resulted in only the shorter 1
(of 3) bearing the entire (patients 1, 2, and 4) or almost the
entire load (patient 3).
Biomechanical ‘‘Holistic’’ interpretation of data. MV
biomechanics—in terms of CoA, SI

MAX, Fnc, and
FePTFE—is comprehensively summarized for each patient-
specific scenario through radar charts (Figure E2), pointing
out the variation of each computed variable for all the simu-
lated ‘‘ideal’’ and ‘‘apparently correct’’ NCI techniques.
Surgery and Echocardiographic Follow-up
Patient 1 underwent SN implantation on the central P2

scallop, and echocardiographic assessment reported excel-
lent results up to postoperative month 9, when trivial resid-
ual MRwas noticed. The last echocardiographic assessment
at postoperative month 31 confirmed mild MR with a vena
contracta of 0.4 cm and a regurgitant volume of 30 mL.

Patient 2 underwent DN implantation with 1 ePTFE neo-
chorda from the anterior PM to the lateral portion of P2
scallop and the other one from the posterior PM to the
medial portion of the P2 scallop. Excellent acute procedural
success was reported; no residual MR has been detected up
to the last echocardiographic assessment at postoperative
month 21.

Patient 3 underwent SN implantation on the P2-P3 region.
Despite intraoperative transesophageal echocardiography
and predischarge transthoracic echocardiography showing
excellent surgical results with no residual MR, trivial MR
recurrence was observed at postoperative month 2, which
further evolved to mild MR at postoperative month 22 and
finally evolved into mild-moderate MR with a regurgitant
volume of 44 mL and an effective regurgitant orifice area
of 0.3 cm2 at the last assessment (postoperative month 27).

Patient 4 underwent localized P2 quadrangular resection
complemented by sliding plasty. Predischarge transthoracic
echocardiography reported trivial MR that remained stable
at the last echocardiographic assessment at postoperative
month 18. All of the MV repairs were complemented by
an exactly sized annuloplasty with an autologous pericar-
dial band.
DISCUSSION
In our previous study,17 we used patient-specific cMRI-

derived FE models to pinpoint the biomechanical determi-
nants underlying different NCI techniques, simulated
assuming perfectly tuning of neochordal length. In that
study, we showed that postoperativeMV biomechanics asso-
ciated with a specific NCI configuration strongly depends on
the patient-specific IPP mechanism and suggested that NCI
gery c November 2015



FIGURE 4. Percentage of variation, with respect to the corresponding ‘‘ideal’’ MV repair (ie, SN, DN, and SL, respectively), of the resultant force of native

chordae (Fnc, violet bars on the left of each panel) and the computed neochordal force (FePTFE, on the right of each panel) for each tested ‘‘apparently cor-

rect’’ configuration. The range of variability is reported, for Fnc resultant force, between the preoperative condition (Pre-model, dotted vertical line) and the

physiologic state (Phys-model, continued vertical line). For each tested NCI multiple configuration, the percentage of redistribution of FePTFE between im-

planted artificial sutures is reported with different colors on the bar (ie, orange, green, and light-blue colors are used when necessary). All the reported

‘‘apparently correct’’ configurations are detailed in the section ‘‘Patient-Specific Mitral Valve Finite Element Modeling.’’ SN, Single neochorda; Fnc, native

chordal tension; FePTFE, artificial suture tension.

Sturla et al Evolving Technology/Basic Science: Cardiac

The Journal of Thoracic and Cardiovascular Surgery c Volume 150, Number 5 1309

E
T
/B
S



Evolving Technology/Basic Science: Cardiac Sturla et al

E
T
/B
S

outcomes do not result from CoA restoration alone, but also
from restoring physiologic-like tissue tensions.

In the present study, we extended our FE analysis to assess
the impact of realistic millimetric errors (�2 mm) in neo-
chordal length tuning with 3 different NCI techniques. We
assumed that such errors are a potential ‘‘surgical trap,’’
that is, theymay not cause residual regurgitation at the saline
injection, and thus may not be detected intraoperatively but
may cause the persistence of undesired tissue tensions, re-
sulting, as reported by previous clinical studies,19,20 at
follow-up in the recurrence of MV regurgitation due to
valve-related (eg, progressive disease, endocarditis) and
procedure-related (eg, suture dehiscence, incomplete initial
correction) mechanisms of failure.21 Indeed, 3 of 4 patients
enrolled in this series progressively developed some sort of
residual although limited MR at follow-up. Although intra-
operative transesophageal echocardiography confirmed
excellent repairs, these follow-up echocardiographic find-
ings might be explained by the reported biomechanical un-
balances, possibly related to ‘‘suboptimal’’ repairs.

Our computational simulations confirmed our initial
assumption. In all of the simulated post-NCI conditions,
the MV was fully continent (Figure E1), but the leaflet
stresses and forces in native and implanted chordae varied
notably. The variations from technique to technique were
subject-specific, but some common trends were evident.
These data open the way to several clinical inferences re-
ported next, which may play a role not only in open surgery
but also in the emerging transapical approach to NCI.22-25

Clinical Perspectives from Biomechanical Analyses
Dependence on isolated posterior leaflet prolapse mech-
anisms. Single chordal rupture (patients 1 and 4) can be
considered a simpler IPP mechanism to repair compared
with multiple chordal rupture (patient 2) or a para-medial
prolapse (P2-P3 prolapse in patient 3). In our simulations,
variations in chordal forces and leaflet peak stresses associ-
ated with �2 mm DlNCI increased as progressively more
complex IPP mechanisms were considered. Such variations
were particularly severe in the most complex case, that is,
patient 3, who was the only case with moderate MR at
follow-up, possibly related not only to the complex IPP
anatomy but also to the ‘‘too elementary’’ repair accom-
plished through an SN.
Multiple neochordae are more effective than single neo-
chorda. When simulating NCI techniques with ‘‘ideal’’
neochordal length tuning, multiple neochordae provided
lower stresses compared with single chorda implantation.
This difference increased as the complexity of the IPP
increased (ie, progressing from patient 4 to patients 1, 2,
and 3). Also, when simulating ‘‘suboptimal repairs,’’ we
computed better biomechanical responses with multiple
neochordal stitching, with loop techniques reporting the
lowest sensibility to DlNCI, with the only exception of
1310 The Journal of Thoracic and Cardiovascular Sur
profoundly asymmetric repairs (Table E1). This result is
particularly evident when comparing patient 2 (chordal
rupture involving only mid-P2 treated with DN) with pa-
tient 3 (P2-P3 prolapse treated with SN). When compared
with the simulated pathologic condition (Pre-model),
computed SN data for patient 3 showed an unloading of
native chordae (FNC reduced by 15%-24%) but a very
high increase of SI

MAX (�þ90%). Computed DN data of
patient 2 showed a greater unloading of native chordae
(FNC reduced by 31%-51%) because of the higher stiffness
of the DN compared with the SN, with only a limited in-
crease of SI

MAX (�13%), because of the load transfer
distributed over 2 points of neochordae insertion. These
data seem to substantiate follow-up echocardiographic
findings. At midterm follow-up, patient 3 presented recur-
rent moderate MR, whereas patient 2 was the only patient
of this series with no recurrent MR, possibly because of not
only the favorable anatomy of IPP but also the use of a DN.

Our computational and clinical results are also consistent
with data from the first multicentric trial of the Neochord
DS1000 System (NeoChord, Inc, Eden Prairie, Minn) for
transapical NCI.23 Early neochordae dehiscence was re-
ported for patients treated with an SN, and a progressive in-
crease in the 30-day success rate was observed when
increasing the number of implanted neochordae. The hypoth-
esized reasons for these results include the equal distribution
of mechanical stress on MV leaflet tissue and polytetra-
fluoroethylene sutures when using multiple neochordae.23

Asymmetries in multiple chordae should be avoided.
Both excessive shortening and excessive lengthening of
neochordae led to an increase in leaflet stresses; peak
stresses were detected next to the implanted sutures in the
former case and at the insertions of the adjacent native chor-
dae tendineae in the latter case. These results suggest that
the key factor to avoid undesired leaflet peak stresses is ob-
taining a balance between the relieved systolic load of
native chordae, to limit their possible postoperative remod-
eling and elongation,26 and the local load transfer from neo-
chordae to leaflets. This concept becomes particularly
evident when multiple neochordae implants are considered.
The most notable increases in leaflet stresses were obtained
when only the length of 1 neochorda was altered, thus ob-
taining an undesired asymmetry and an uneven distribution
of load between neochordae and between those and the
adjacent native chordae tendineae. For instance, in SL
with Lp0 �2 mm, the FePTFE load was entirely (patients 1,
2, and 4) or almost completely (87% of the load in patient
3) settled on a single suture; likewise, in patients 2 and 4,
DN with LQ �2 mm showed that only 1 suture, of the 2 im-
planted neochordae, was loaded (Figure 4). Of note, in a
recent study, transapical implantation of multiple neochor-
dae was performed in 13 patients. Only 1 patient, initially
treated by implanting 2 neochordae, had recurrent MR at
1 month due to dehiscence of 1 of the 2 implanted
gery c November 2015
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neochordae.25 It could be speculated that such ‘‘asym-
metric’’ failure was associated with an asymmetric load
transfer from neochordae to the leaflet.

Study Limitations
Four main limitations of the present study should be

highlighted. First, our analysis required 17 different FE sim-
ulations for each selected patient with IPP, and each simu-
lation required approximately 10 hours. Consequently, the
present FE modeling cannot be used in the daily clinical
routine as a surgical planning tool. However, it is intended
as a speculative approach that aims at quantifying the ef-
fects on MV biomechanics of a realistic level of neochordal
length tuning, thus further elucidating the determinants of a
proper MV repair and the biomechanical drawbacks poten-
tially leading to relapses at follow-up.

Second, for each NCI technique, variations in neochordal
length different from DlNCI ¼ �2 mm were not simulated.
However, different values of DlNCI will probably result in a
‘‘macroscopic’’ inadequate MV plasty, with persistent P2
prolapse (DlNCI>>þ2 mm) or excessive leaflet tethering
(DlNCI<<�2 mm), respectively. Conversely, smaller varia-
tions of neochordal length (�1 mm< DlNCI <þ1 mm),
although possible while performingMV repair through arti-
ficial neochordae, were not considered beyond the intrao-
perative surgical perception.

Third, our comparison between computational results
and follow-up evidences is speculative; we cannot confirm
that ‘‘suboptimal’’ rather than ‘‘ideal’’ repairs were accom-
plished during surgery, because surgeons were not aware of
the ‘‘ideal’’ technique at the time of intervention. To allow
for a quantitative comparison of computational versus clin-
ical data, a prospective study would be needed, and intrao-
perative and follow-up measurements should be planned ad
hoc to be paired with computational data.

Fourth, our model is unable to predict clinical MR re-
lapses, because it does not consider potential tissue remod-
eling associated with disease progression or induced by
surgical repair. To be accounted for, these aspects should
be modeled through a deterministic law, and a large amount
of experimental data would be required to tune the param-
eters of the associated equations. For this reason, the precise
prediction of MR recurrence is beyond the current capabil-
ities of FE models.

CONCLUSIONS
Patient-specific FE simulations proved able to quantita-

tively assess the biomechanical effects of a millimetric sub-
optimal tuning of neochordal length during mitral
neochordoplasty. Despite avoiding residual mitral regurgi-
tation, a suboptimal suture length significantly alter chordal
forces and leaflet stresses, which may be key parameters in
determining the long-term outcome of the repair. The FE
comparison of the different simulated techniques suggests
The Journal of Thoracic and Car
possible criteria for the selection and implementation of
neochordae implantation, potentially promoting a more
reproducible and effective MV surgery.
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Central Message

Mitral valve repair that uses neochords may

appear to be successful but later fail because

of subtle differences in leaflet tension.

See Article page 1303.
The Achilles’ heel of mitral valve repair has been the risk
for immediate failure from uncorrected (residual) mitral
regurgitation (MR) or the development of recurrent MR
late after an apparently initially successful repair. The
causes for recurrent MR are varied and include progres-
sion of native valve disease, endocarditis, ring dehiscence,
scar tissue, and potentially leaving neochords too short or
too long.1,2 The use of neochords seems to be increasing,
judging by the literature (not easy to confirm from any
national database as of now), and neochord techniques
are varied. Many surgeons consider this approach an art.
With the mean number of mitral operations per year per
surgeon being much fewer than 10 per year in the
United States, it is hard to perfect a technique that
demands experience and precise execution of the art of
surgery.3

In this issue of the Journal, Sturla and colleagues4 from
Italy report their identification of a more subtle potential
source for failure. They posit that chord forces and leaflet
stresses may be clinically relevant even when apparently
successful repairs without residual regurgitation have
been achieved. From their data, these initially ‘‘subclinical’’
stresses appear to be more common when a single neochord
is used or when multiple chords are used but create asym-
metric configurations. Even with relatively small differ-
ences in chord length and symmetry (�2 mm), patients
with echocardiographically successful repairs and no MR
have a less than ‘‘ideal’’ repair. The study is primarily based
gery c November 2015

http://refhub.elsevier.com/S0022-5223(15)01224-6/sref21
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref21
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref21
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref22
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref22
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref22
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref23
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref23
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref23
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref23
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref24
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref24
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref24
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref25
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref25
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref25
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref25
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
http://refhub.elsevier.com/S0022-5223(15)01224-6/sref26
mailto:pmccart@nmh.org
http://dx.doi.org/10.1016/j.jtcvs.2015.08.013


FIGURE E1. CoA measured at peak systole as the total extent of the elements in the posterior leaflet characterized by positive contact pressure with the

anterior leaflet and reported in green color for each simulated configuration of patient 2, using a septo-lateral cut-view. A, CoA measured at peak systole

under preoperative conditions (IPP). Percentage variation of CoA, with respect to the corresponding ‘‘ideal’’ (B) MV repair (SN, DN, and SL, respectively),

is reported for each ‘‘apparently correct’’ configuration (C). All the reported ‘‘apparently correct’’ configurations are detailed in the section ‘‘Patient-Specific

Mitral Valve Finite Element Modeling.’’MV, Mitral valve; NCI, neochordal implantation; ePTFE, expanded polytetrafluoroethylene; SH, saddle horn; IPP,

isolated posterior leaflet; P2, mid-point along the free margin of the posterior scallop; DN, double neochorda; CoA, coaptation area; SL, standard loop.
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FIGURE E2. Radar charts of the computed MV biomechanical variables (CoA, SI
MAX, FePTFE, and Fnc) at peak systole, under physiologic conditions

(Phys-model, blue dotted circumference), in the preoperative IPP configuration (Pre-model, red dotted circumference), the ‘‘ideal’’ NCI simulations

(SN, DN, and SL, respectively), and all the performed ‘‘apparently correct’’ NCI simulated configurations. All the reported ‘‘apparently correct’’ config-

urations are detailed in the section ‘‘Patient-Specific Mitral Valve Finite Element Modeling.’’ CoA, Coaptation area; SI
MAX, peak value of leaflet maximum

principal stress; FePTFE, artificial chordae tension; Fnc, sum of tensions exerted by the native chordae tendineae; Phys-model, physiologic model; SL, stan-

dard loop; SN, single neochorda; DN, double neochorda.
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TABLEE1. Coaptation area and peakmechanical stress along the posterior freemargin in Pre-models and after ‘‘ideal’’ and ‘‘apparently correct’’

neochordal tunings

Patient 1 Patient 2 Patient 3 Patient 4

CoA (mm2)

IPP 129.7 203.1 176.1 204.5

SN

Ideal 159.0 (þ22.5) 232.0 (þ14.2) 182.3 (þ3.5) 244.2 (þ19.4)

LP þ2 mm 127.7 (�1.6) 241.3 (þ18.8) 179.1 (þ1.7) 225.7 (þ10.4)

LP �2 mm 176.1 (þ35.7) 266.3 (þ31.1) 240.6 (þ36.6) 254.6 (þ24.5)

DN

Ideal 159.5 (þ23.0) 270.1 (þ33.0) 220.6 (þ13.5) 244.9 (þ19.7)

LQ þ2 mm 151.1 (þ16.4) 205.4 (þ1.1) 205.5 (þ16.7) 243.3 (þ18.9)

LQ �2 mm 185.5 (þ43.0) 252.4 (þ24.3) 230.9 (þ31.1) 254.1 (þ24.3)

LR þ2 mm 158.4 (þ22.1) 265.2 (þ30.6) 185.8 (þ5.5) 239.9 (þ17.3)

LR �2 mm 144.1 (þ11.1) 267.2 (þ31.6) 240.0 (þ36.3) 251.7 (þ23.1)

LQ and LR þ2 mm 150.0 (þ15.6) 247.6 (þ21.9) 188.5 (þ7.0) 228.5 (þ11.7)

LQ and LR �2 mm 181.6 (þ40.0) 265.6 (þ31.6) 240.7 (þ36.7) 249.9 (þ22.2)

SL

Ideal 171.6 (þ32.3) 259.7 (þ27.8) 215.7 (þ22.5) 246.8 (þ20.7)

LP0 þ2 mm 159.0 (þ22.6) 260.1 (þ28.0) 207.1 (þ17.6) 247.6 (þ21.1)

LP0 �2 mm 179.9 (þ38.7) 237.5 (þ16.9) 236.5 (þ34.3) 247.9 (þ21.2)

LMAX þ2 mm 135.2 (þ4.2) 255.2 (þ25.7) 179.1 (þ1.7) 230.7 (þ12.8)

LMAX �2 mm 174.1 (þ34.2) 289.9 (þ42.7) 233.9 (þ32.8) 253.1 (þ23.8)

SI
MAX (kPa)

IPP 272.0 349.1 145.6 364.1

SN

Ideal 270.8 (�0.4) 337.8 (�3.2) 225.8 (þ55.1) 267.4 (�26.6)

LP þ2 mm 194.8 (�28.4) 218.1 (�37.5) 276.0 (þ89.6) 271.3 (�25.5)

LP �2 mm 399.3 (þ46.8) 430.6 (þ23.4) 282.7 (þ94.1) 356.9 (�2.0)

DN

Ideal 254.4 (�6.5) 248.7 (�28.8) 165.1 (þ13.4) 227.2 (�37.6)

LQ þ2 mm 327.8 (�20.5) 357.4 (þ2.4) 192.6 (þ32.3) 282.3 (�22.5)

LQ �2 mm 265.9 (�2.2) 368.3 (þ5.5) 397.9 (þ173.2) 433.6 (þ19.1)

LR þ2 mm 193.9 (�28.7) 289.6 (�17.0) 271.1 (þ86.2) 307.6 (�15.5)

LR �2 mm 389.0 (þ43.0) 394.7 (þ13.1) 352.1 (þ141.1) 311.7 (�14.4)

LQ and LR þ2 mm 190.7 (�29.9) 181.6 (�48.0) 149.0 (þ2.3) 265.0 (�27.2)

LQ and LR �2 mm 355.5 (þ30.7) 336.4 (�3.6) 341.5 (þ134.5) 419.0 (þ15.1)

SL

Ideal 202.7 (�25.5) 245.8 (�29.6) 111.4 (�23.5) 231.6 (�36.4)

LP0 þ2 mm 298.3 (�25.5) 311.5 (�10.8) 392.8 (þ169.7) 284.1 (�22.0)

LP0 �2 mm 371.1 (þ36.7) 501.1 (þ43.6) 403.1 (þ176.8) 457.2 (þ25.6)

LMAX þ2 mm 194.2 (�28.6) 190.6 (�45.4) 243.9 (þ67.5) 286.3 (�21.4)

LMAX �2 mm 261.5 (�3.9) 284.1 (�18.6) 256.7 (þ76.2) 412.8 (þ13.4)

All the reported ‘‘apparently correct’’ configurations are detailed in the section ‘‘Patient-Specific Mitral Valve Finite Element Modeling.’’ Percentage variations with respect to

IPP models are reported in parentheses for each postoperative simulation. CoA, Coaptation area; IPP, preoperative simulation reproducing isolated posterior prolapse; SN, single

neochorda; DN, double neochorda; SL, standard loop; SI
MAX, peak mechanical stress along the posterior free-margin.
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TABLEE2. Tension exerted by expanded polytetrafluoroethylene neochordae and native residual chordae in the prolapsing region in preoperative

models (isolated posterior prolapse) after ideal (single neochorda, double neochorda, and standard loop) and apparently optimal neochordal

tunings, respectively

Patient 1 Patient 2 Patient 3 Patient 4

FePTFE (N)

IPP — — — —

SN

Ideal 0.94 (100) 1.31 (100) 0.65 (100) 0.59 (100)

LP þ2 mm 0.72 (100) 0.99 (100) 0.59 (100) 0.42 (100)

LP �2 mm 1.19 (100) 1.62 (100) 0.83 (100) 0.92 (100)

DN

Ideal 1.06 (45, 55) 1.54 (59, 41) 0.76 (58, 42) 0.79 (63, 37)

LQ þ2 mm 1.07 (21, 79) 1.34 (31, 69) 0.81 (48, 52) 0.65 (8, 92)

LQ �2 mm 1.21 (77, 23) 1.59 (85, 15) 1.21 (83, 17) 1.12 (100, 0)

LR þ2 mm 0.89 (90, 10) 1.33 (91, 9) 0.94 (70, 30) 0.83 (97, 3)

LR �2 mm 1.44 (16, 84) 1.64 (27, 73) 1.02 (19, 81) 0.91 (9, 91)

LQ and LR þ2 mm 0.71 (55, 45) 1.16 (70, 30) 1.32 (66, 34) 0.40 (29, 71)

LQ and LR �2 mm 1.53 (34, 62) 1.92 (50, 50) 1.32 (63, 38) 1.27 (78, 22)

SL

Ideal 1.00 (13, 48, 39) 1.51 (29, 30, 41) 0.67 (45, 44, 11) 0.87 (51, 24, 25)

LP0 þ2 mm 0.98 (23, 0, 77) 1.52 (34, 0, 66) 0.82 (65, 0, 35) 0.90 (60, 0, 40)

LP0 �2 mm 1.21 (0, 100, 0) 1.74 (0, 100, 0) 0.83 (4, 87, 9) 1.13 (0, 100, 0)

LMAX þ2 mm 0.82 (39, 33, 28) 1.20 (31, 33, 36) 0.90 (28, 59, 13) 0.35 (6, 62, 32)

LMAX �2 mm 1.46 (20, 30, 50) 1.79 (26, 29, 45) 1.10 (53, 23, 24) 1.36 (64, 11, 25)

Fnc [N]

IPP 3.21 3.99 3.72 2.56

SN

Ideal 2.50 (�22.2) 2.70 (�32.4) 2.89 (�22.2) 2.25 (�11.8)

LP þ2 mm 2.76 (�14.0) 3.10 (�22.2) 3.16 (�15.2) 2.48 (�2.9)

LP �2 mm 2.00 (�37.6) 2.25 (�43.6) 2.81 (�24.5) 2.25 (�12.1)

DN

Ideal 2.34 (�27.2) 2.41 (�39.6) 2.42 (�34.9) 2.16 (�15.6)

LQ þ2 mm 2.43 (�24.4) 2.73 (�31.5) 2.90 (�22.0) 2.41 (�5.8)

LQ �2 mm 1.97 (�38.6) 2.24 (�43.9) 2.50 (�32.9) 1.92 (�24.9)

LR þ2 mm 2.48 (�22.8) 2.56 (�35.7) 2.70 (�27.5) 2.27 (�11.2)

LR �2 mm 1.97 (�38.8) 2.26 (�43.4) 2.79 (�24.9) 2.13 (�16.5)

LQ and LR þ2 mm 2.76 (�14.0) 2.69 (�32.5) 3.39 (�8.9) 2.55 (þ0.0)

LQ and LR �2 mm 1.87 (�41.7) 1.94 (�51.5) 2.37 (�36.2) 1.90 (�25.5)

SL

Ideal 2.41 (�24.9) 2.38 (�40.4) 3.09 (�17.0) 2.09 (�18.3)

LP0 þ2 mm 2.44 (�24.1) 2.41 (�39.7) 2.63 (�29.3) 2.33 (�8.9)

LP0 �2 mm 1.95 (�39.3) 2.17 (�45.6) 2.94 (�20.8) 2.10 (�17.8)

LMAX þ2 mm 2.77 (�13.9) 2.84 (�28.9) 2.80 (�24.6) 2.80 (þ9.6)

LMAX �2 mm 1.82 (�43.2) 1.74 (�56.4) 2.63 (�29.3) 1.94 (�24.0)

All the reported ‘‘apparently correct’’ configurations are detailed in the section ‘‘Patient-SpecificMitral Valve Finite Element Modeling.’’ Values are reported as absolute numbers

and percentages in parentheses. Percentage variations with respect to IPP models are reported in parentheses for Fnc; percentage integer redistribution from 0% to 100% of

tension on each ePTFE suture is reported in parentheses for FePTFE, according to the specific setup of each neochordal configuration.FePTFE, Neochordal tension and its percentage

redistribution between artificial sutures; IPP, preoperative simulation; SN, single neochorda; DN, double neochorda; SL, standard loop; Fnc, native chordal tension in the prolaps-

ing region.
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