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A B S T R A C T

Barlow’s Disease affects the entire mitral valve apparatus causing mitral regurgitation. Standard annuloplasty
procedures lead to an average of 55% annular area reduction of the end diastolic pre-operative annular area
in Barlow’s diseased valves. Following annular reduction, mitral valvuloplasty may be needed, usually with
special focus on the posterior leaflet. An in silico pipeline to perform annuloplasty by utilizing the pre- and
-postoperative 3D echocardiographic recordings was developed. Our objective was to test the hypothesis that
annuloplasty ring sizes based on a percentage (10%–25%) decrease of the pre-operative annular area at end
diastole can result in sufficient coaptation area for the selected Barlow’s diseased patient. The patient specific
mitral valve geometry and finite element model were created from echocardiography recordings. The post-
operative echocardiography was used to obtain the artificial ring geometry and displacements, and the motion
of the papillary muscles after surgery. These were used as boundary conditions in our annuloplasty finite
element analyses. Then, the segmented annuloplasty ring was scaled up to represent a 10%, 20% and 25%
reduction of the pre-operative end diastolic annular area and implanted to the end diastolic pre-operative
finite element model. The pre-operative contact area decrease was shown to be dependent on the annular
dilation at late systole. Constraining the mitral valve from dilating excessively can be sufficient to achieve
proper coaptation throughout systole. The finite element analyses show that the selected Barlow’s diseased
patient may benefit from an annuloplasty ring with moderate annular reduction alone.
1. Introduction

Degenerative mitral valve (MV) diseases is one of the most frequent
causes of mitral regurgitation (Iung et al., 2007). Barlow’s Disease
(BD) affects the entire mitral valve apparatus by altering several funda-
mental mechanisms characterized by myxomatous infiltration causing
leaflet thickening, excessive leaflet tissue, leaflet billowing, severe an-
nular dilation, a diminished annular saddle shape and often, mitral
annular disjunction accompanied with multiple regurgitant jets (Hjort-
naes et al., 2016; Anyanwu and Adams, 2007; Barber et al., 2001a; Apor
et al., 2016).

Mitral valve repair on BD valves is a highly complex procedure
involving leaflet resections and/or transpositions, chordal transfers,
artificial chordae insertions and the implantation of an annuloplasty
ring (Adams and Anyanwu, 2008). The use of large annuloplasty rings
to remodel the dilated annulus in BD, has earlier been studied (Adams
et al., 2006) and is common practice when performing mitral valve
repair on BD valves. Moreover, a recent study (Raanani et al., 2021)
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showed great long-term results with ring only repair for suitable pa-
tients with bileaflet prolapse and no chordae rupture, including BD.
During surgery, the annuloplasty rings are commonly sized based on
the anterior leaflet size and annuloplasty rings usually range in size
from 36–40 mm (commissure-to-commissure distance) in BD mitral
valves. The annuloplasty ring sizing is of importance due to the risk
of systolic anterior motion, which occurs when the anterior leaflet or
excessive tissue is pushed into the left ventricular outflow tract. Mitral
annular area of BD mitral valves have been measured to be 15–20 cm2

in previous studies (Clavel et al., 2015; Sturla et al., 2017), while
assuming the annuloplasty ring to be an elliptical shape, ring size 36
and 40 has an area of 7.21 cm2 and 9.17 cm2, respectively (Carpentier
et al., 2009). The difference between mean annular area of BD mitral
valves and the size of commonly used annuloplasty rings to treat this
degenerative disease, shows that current annuloplasty rings severely
reduce the annular area of BD mitral valves.

In previous years, studies reporting ring annuloplasty simulations on
mitral valves with functional mitral regurgitation have been conducted
vailable online 25 July 2022
021-9290/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.jbiomech.2022.111226
Accepted 15 July 2022
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
mailto:victorien.prot@ntnu.no
https://doi.org/10.1016/j.jbiomech.2022.111226
https://doi.org/10.1016/j.jbiomech.2022.111226
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2022.111226&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Biomechanics 142 (2022) 111226H.M. Aguilera et al.
(Stevanella et al., 2011; Choi et al., 2017; Votta et al., 2007; Kong
et al., 2018). However, these simulations have limited dynamics in
their pre-operative analysis and the mitral annular motion after ring
annuloplasty is constrained. In this paper, a patient-specific mitral valve
model of a BD mitral valve has been subjected to in silico annuloplasty
where the displacement boundary conditions for both annulus and
papillary muscle tips are extracted from the post-operative (PostOP)
echocardiography. The implanted annuloplasty ring has then been
scaled based on the pre-operative (PreOP) end-diastolic (ED) area to
simulate only moderate reductions in mitral annular area. Combining
the Pre- and PostOP echocardiographic assessments creates a robust
pipeline to run in silico simulations of the annuloplasty procedure with
a correct estimate of the annular and papillary muscle (PM) move-
ments. Ring annuloplasty stabilizes the mitral valve dynamics, and with
PostOP information we can simulate annuloplasty procedures with a
more realistic post-operative movement than prior studies. The present
study indicates that annuloplasty based on a moderate downsizing of
the mitral annular area may be sufficient to achieve competent valve
closure in the selected BD patient as compared to current annuloplasty
ring designs.

2. Material and methods

2.1. Patient-specific mitral valve model

The patient included in the present study was a 52-year-old male
diagnosed with BD. The patient had bileaflet prolapse with late sys-
tolic severe central regurgitation. Furthermore, annular disjunction was
detected and no chordal rupture. The studied subject gave written
informed consent, and the study protocol was approved by the Regional
Committees on Biomedical Research Ethics. The patient-specific Bar-
low’s MV model was created by following the pipeline presented in
Aguilera et al. (2021). The FE modeling is summarized below.

The mitral valve leaflets were segmented at ED by analysis of the
3D echocardiographic recordings in the image computing platform
3D Slicer (Fedorov et al., 2012). The annular structure and papillary
muscle tips were annotated for all time frames from ED to mitral valve
opening (MVO) capturing the dynamic movement of the MV. The gen-
erated movement is then implemented into the Abaqus user subroutine
VDISP. On the ventricular mitral valve surface, a patient-specific peak
pressure was applied following a physiological load amplitude. For the
anterior and posterior leaflets, the reduced three noded general-purpose
element (S3R) was used, while the chordal structures were modeled as
two-noded 3D truss elements (T3D2). Furthermore, the overall leaflet
thickness was set to 3 mm which is the average thickness of Barlow
leaflets (Hjortnaes et al., 2016). The circular cross-sectional areas for
myxomatous marginal and strut chordae were modeled to be 1.6 mm2

and 2.22 mm2 respectively (Barber et al., 2001b).
The Gasser–Ogden–Holzapfel (GOH) material model, available in

the Abaqus material library (Abaqus, 2014; Gasser et al., 2006), was
used with the fitted material parameters of myxomatous degenerative
leaflet tissue presented in Aguilera et al. (2021). Briefly, 𝐽 = det 𝐅
where 𝐅 is the deformation gradient, 𝐼1 = 𝐽−2∕3𝟏 ∶ (𝐅T𝐅) and
𝐼4 = 𝐽−2∕3(𝐅T𝐅) ∶ 𝐚0 ⊗ 𝐚0, where 𝐚0 is a unit vector denoting the
collagen fiber orientation in the undeformed configuration. Thus, the
GOH material model is defined as,

𝑊 (𝐼1, 𝐼4, 𝐽 ) = 𝐶10(𝐼1 − 3) + 1
𝐷

(

𝐽 2 − 1
2

− ln(𝐽 )
)

+
𝑘1
2𝑘2

(exp{𝑘2(𝐸)2} − 1),
(1)

with,

𝐸 = 𝜅(𝐼1 − 3) + (1 − 3𝜅)(𝐼4 − 1), (2)

where 𝐶10, D, 𝑘1, 𝑘2 and 𝜅 are material parameters. D is a material
constant that controls compressibility. Due to the high fluid content
2

Table 1
Material parameters for modeling myxomatous material response for the mitral valve
leaflets and chordae. Material parameters acquired from fitting procedures described
in Aguilera et al. (2021). (AL)-Anterior Leaflet, (PL)-Posterior Leaflet.

Eqs. (1) and (2) 𝑐10 (MPa) 𝑘1 (MPa) 𝑘2 𝜅

AL/PL 0.0010 0.453 14.7 0.316

Eq. (3) 𝐶10 (MPa) 𝐶20..40 (MPa) 𝐶50 (MPa)

Basal 0.7694 0 26 793
Marginal 0.05 0 772.8

Fig. 1. Transformation from the PostOP (blue) configuration to the PreOP (red)
configuration. (a) View looking onto the anterior horn from the posterior side.
(b) Surgeons view. (c) Scaling procedure, yellow ring corresponds to 25% reduction
in PreOP ED annular area. T is the transformation matrix. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

in soft tissues such as mitral valve tissue, the tissue is assumed to be
nearly incompressible (McEvoy et al., 2018), with a leaflet density set
to 1000 kg/m3. D is therefore set to 0, as recommended by the Abaqus
documentation (Abaqus, 2014) to model incompressibility. Moreover,
the dispersion parameter 𝜅 describes the distribution of the fibers. The
material parameters used to model the myxomatous material response
are presented in Table 1.

For the myxomatous chordae, a reduced polynomial strain energy
function of order 5 was used, with parameters from Table 1. A charac-
teristic feature for Barlow patients is the elongated chordae at systole
(Carpentier et al., 2010). It was therefore assumed that there was no
pre-tension in the chordae. Furthermore, the myxomatous chordae are
more extensible compared to healthy human chordae (Barber et al.,
2001b), this is accounted for by implementing myxomatous material
parameters for the chordae.

𝛹𝑅𝑒𝑑𝑢𝑐𝑒𝑑 =
5
∑

𝑖=1
𝐶𝑖0(𝐼1 − 3)𝑖. (3)

The PostOP 3D echocardiography was further used to segment
and analyze the PostOP behavior of the mitral valve. Moreover, the
PostOP mitral annulus and PM movements were used to supply the in
silico analyses with a proper annular displacement after annuloplasty.
The PostOP analyses were run without any increased stiffness near
the sutures after leaflet resections, nor any stiffer chordae mimicking
the inserted neochordae, to simulate a post-operative ring only repair
approach.

2.2. In silico annuloplasty pipeline and scaling

The in silico annuloplasty procedure was performed by utilizing
both Pre- and PostOP echocardiographic assessments together with the
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Fig. 2. In silico annuloplasty procedure. (a) ED PreOP finite element geometry. Anterior Leaflet (AL), Posterior Leaflet (PL), Anterolateral Commissure (AC), Posteromedial
Commissure (PC). (b) The papillary muscle tips are displaced to the PostOP papillary muscle location. (c) The annulus area is reduced by a percentage reduction based on the
PreOP ED area. Red line — PreOP ED Annulus. Yellow line −25% reduction annuloplasty ring. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
segmented annuloplasty ring and measurements of the Physio Ring II
size 36 (Carpentier et al., 2009).

First, the PostOP annulus was annotated from echocardiography
for all time frames during the cardiac cycle. Due to small changes
in measured PostOP annular area during the cardiac cycle, the im-
planted annuloplasty ring was assumed to remain stiff with no area
change, leaving only a rigid annular motion to be incorporated in the
simulation. To determine the rigid body motion, the displacements
of the geometric center of the PostOP annulus were used to assign
the rigid body translations. For the rotations, we performed a prin-
cipal component analysis (PCA) of the annulus spline at each time
step. The rotation angles of the principal axes obtained from the PCA
analysis were used to define the rigid body rotations. The pre- and
PostOP echocardiographic assessments do not share the same probe-
axis and therefore not the same coordinate systems. Thus, in 3D Slicer
the ED configuration of the annuloplasty ring was aligned manually
to the anterior horn and the fibrous trigones of the PreOP ED MV
(Fig. 1). Between the two configurations, a transformation matrix T
was established enabling the transformation of the PostOP coordinate
system onto the PreOP coordinate system. T is then used to transform
the annotated annuloplasty and papillary muscle movements to the
PreOP configuration, enabling the implementation of PostOP dynamics,
mimicking an expected stabilized outcome of annuloplasty on the
PreOP FE-model. Lastly, the transformed annuloplasty ring is scaled
up to represent a percentage decrease in ED PreOP annular area. In
the present study, the in silico annuloplasty analyses run are based
on a 10%, 20% and 25% reduction in PreOP annular area, testing
how only moderate annular area reductions affect mitral valve closure.
The in silico annuloplasty procedure is initiated in the displacement
boundary condition VDISP, where first the PM tips are moved linearly
to the PostOP location (Fig. 2b). Then, the annular nodes of the PreOP
FE geometry are displaced, aligning with the scaled annuloplasty ring
(Fig. 2c). To this end, the PreOP and the artificial ring are modeled
as periodic degree-3 spline curves parameterized by arc length. Then,
the relative parameterization of these annular curves was optimized
to find the point-wise map that minimized the total displacement of
the procedure as described by Rego et al. (2018). After this initiation
step, the PostOp annular and papillary muscle movements, and the
ventricular pressure are applied, simulating a scaled rigid annuloplasty
ring with PostOP annular and papillary dynamics.

To summarize, a total of five FE analyses are performed: PreOP and
PostOP, and three in silico analyses with 10%, 20% and 25% annular
reduction using the PreOP segmented MV leaflets with PostOP annular
and PM dynamics. Note that in the three in silico analyses, the MV
leaflet area is the same as in the PreOP analysis.

2.3. Analysis

The contact area (CAREA) between the MV leaflets from the finite
element analysis is extracted and interpreted as the coaptation area
3

Fig. 3. Longitudinal annular displacement (𝑢𝑎) calculation based on scalar product
between the ED LSQ-plane normal and the vector from ED annular center to the annular
center at time t.

between the mitral valve leaflets. The CAREA was normalized by
dividing the CAREA by the total segmented leaflet area from Table 2.
The normalized CAREA is used for comparison between the different
cases as the total segmented area of the PostOP MV is less than the
PreOP one due to leaflet resection. Furthermore, the pre- and PostOP
echocardiographic assessment did not have the same frame rate, hence
the timescale was also normalized. The annular area was calculated
by projecting the annular spline onto its least square plane (LSQ) and
calculating the 2D annular area. The longitudinal annular displacement
is calculated by computing the scalar product between the ED LSQ-
plane normal and the vector between the current and the ED geometric
annular center (Fig. 3). The distance from the current annular LSQ-
plane and the current PM is calculated for all PMs. Lastly, the maximum
in-plane principal stresses and strains were extracted for the PreOP and
25% scaled analysis.

3. Results

3.1. Model validation and measurements

The FE model was validated by projecting each node at mitral
regurgitation start (MRS) onto the true (imaged) mitral valve geometry
as described in Aguilera et al. (2021). At MRS the mitral valve leaflets
were segmented based on echocardiography and the distance error
between the FE analysis and the segmented surface was calculated.
In Fig. 4, an atrial view of the FE meshes and each node’s distance
to echocardiography is presented. The mean point-to-mesh distance
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Fig. 4. (a) Atrial view of the point-to-mesh distance error (in mm) between the FE mesh and the true (imaged) configuration at Mitral Regurgitation Start (MRS). The red circle
shows where the coaptation defect was observed in the simulation (see also Fig. 8a). (b) Atrial view of late systolic mitral regurgitation in the posteromedial region by 3D echo
color Doppler. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 2
Patient-specific Pre- and PostOP mitral valve measurements. SLA — Segmented Leaflet
Area.

AL height [mm] PL height [mm] SLA [mm2]

PreOP 31.2 26.3 3031
PostOP 30.2 20.1 2095

was calculated to be 1.63 ± 1.31 mm. A sensitivity analysis was
performed on the mesh density, and the mesh that has been used gives
convergence in terms of global displacement. In our previous study
(Aguilera et al., 2021), several material properties were employed for
the mitral valve leaflets, and the myxomatous material parameters were
also employed for the patient in the present study. Lastly, the studied
patient experienced a closure defect in the posteromedial region as
shown in the color Doppler image (Fig. 4b), which coincides with the
closure defect observed in the FE model (Fig. 8.)

In Table 2, the Pre- and PostOP mitral valve measurements are
presented. The posterior leaflet length is reduced by 6.2 mm in the P2
region post-operatively, which is related to the posterior leaflet length
reduction during surgery. Moreover, there is a substantial decrease in
segmented leaflet area PostOP. The segmented leaflet area is reduced
more than leaflet resected, as the mitral valve leaflets fold during
annular reduction, which is difficult to observe on echocardiography.
By normalizing the CAREA with the segmented leaflet area, the fold-
ing will not affect the results as the folding leaflets, which are not
accounted for, are in contact.

3.2. Annular area and papillary muscle to annulus distance

After surgery, the ED annular area is reduced by 61.2% and remains
constant throughout the cardiac cycle (Fig. 5a). As shown in 5b, the
longitudinal annular displacement of the PostOP mitral annulus moves
down towards the left ventricle in systole and returns to its initial
position in diastole. For the PreOP annulus, we observe an increase
in annular area from ED to late systole of 32.7%. Moreover, pre-
operatively the annulus initially moves towards the atrium followed
by movement towards the ventricle in systole. At mitral valve opening
(MVO), we observe that the longitudinal annular displacement into the
ventricle (Fig. 5b) has reduced by 45.8% after surgery.

The papillary muscle tips distance to the LSQ annular planes are cal-
culated pre- and post-operatively (Fig. 5.c) for all time frames through-
out the cardiac cycle. It should be noted that there were located two PM
tips on the anterolateral PM head pre-operatively, however due to neo-
chordae insertions during surgery, the same PM head post-operatively
only had one distinct tip on the echocardiography. Therefore, only one
PM was modeled in the anterolateral region PostOP. It is shown that
the PreOP PMs moves towards the annular plane from peak systole to
MVO, while the PostOP PMs holds a constant distance from the annular
plane during the simulation interval.
4

Fig. 5. Pre- and PostOP: (a) Annular area curves. (b) Longitudinal annular displace-
ment. (c) mean PM distance to annular plane. Peak Systole (PS), Mitral Regurgitation
Start (MRS), Mitral Valve Opening (MVO).

3.3. Contact area and mitral valve closure

For the PreOP analysis, as shown in Figs. 6a and 7, there is a
substantial decrease in CAREA in late systole after MRS. Additionally,
coinciding with the onset of CAREA decrease, PreOP annular area
begins to dilate (Fig. 5). By differentiating the CAREA and annular
area with respect to time, we calculate two late-systolic peaks on the
differentiated curves occurring at 0.204 and 0.215 for the CAREA
and annular curve, respectively. Furthermore, the initiation of annular
dilation and CAREA decrease are observed in Figs. 5 and 7 to coincide
with MRS (0.156).

In late systole, the CAREA is shown to be reduced substantially
overall in Fig. 6a, with a coaptation height of 2.8 mm in the A2/P2
region where contact is still maintained. For all in silico analyses there
is shown to be leaflet coaptation for all segments of the mitral valve.
The coaptation lengths in the A2/P2 segments are increased for all
annuloplasty procedures with peak systolic coaptation lengths from
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Fig. 6. Coaptation area at Peak Systole (PS) and Late Systole (LS), with coaptation lengths measured in mm on the A2/P2 segments. (a) PreOP. (b) Scaled 10%. (c) Scaled 20%.
(d) Scaled 25%.
9.5 mm to 11.9 mm, which is consistent with the findings by Rim et al.
(2015).

From Fig. 7a, the normalized CAREA curves for the in silico analyses
and the PostOP analysis are maintained throughout systole, only af-
fected by the decline in ventricular pressure. Comparing the normalized
in silico CAREAs with the normalized PostOP CAREA, we observe that
a 20% to 25% reduction in PreOP annular area yield CAREAs close to
that of the PostOP analysis.

Three additional in silico analyses with PreOP rigid annular motion
and PM dynamics were run to investigate the influence of these bound-
ary conditions on the annuloplasty procedure. The CAREAs for these
simulations are shown in Fig. 7b. As can be seen, the in silico analyses
show approximately the same CAREA curves as the analyses with the
stabilized boundary conditions. However, after MRS the annuloplasty
analyses from Fig. 7b, show tendencies to a slight decrease compared
to the analyses from Fig. 7a.

In Fig. 8a, the PreOP analysis is shown to have lack of closure
at MRS in the P2/P3 region, while all the annuloplasty analyses are
shown to stay closed at MRS. Moreover, comparing the annuloplasty
analyses with PostOP closure (Fig. 8a), the PostOP analysis has a more
symmetrical closure and is substantially smaller following the annular
reduction of 61.2% after surgery.

3.4. Stresses and strains

The maximum in-plane principal stresses and strains are extracted at
peak systole and plotted on the loaded mitral valves for the PreOP and
all in silico annuloplasty analyses (Fig. 8b). At peak systole we observe
that the maximum in-plane principal stresses and strains are gradually
reduced following annular area reduction, especially for the posterior
leaflet.

4. Discussion

In the current study, we have developed a pipeline to perform in
silico annuloplasty by using the post-operative rigid annular motion
and PM movement. We have further demonstrated the effect of an
annuloplasty ring size based on a percentage decrease in ED mitral
annular area pre-operatively, and that by reducing the pre-operative
annular area by only 25% versus 61.2% the normalized contact area is
approximately the same as the post-operative normalized contact area.
Moreover, preventing the annulus from dilating in late systole yields
competent valve closure for all scaling procedures (Fig. 8a).

The coaptation defect shown in the FE model (Fig. 8a) was similar
to the echocardiographic finding pre-operatively (Fig. 4b). As shown
in Fig. 4a, by mean point-to-mesh distance error, the FE model and
the echocardiographic image corresponds well. However, near the
A3/P3 region, our model exhibits up to 5 mm error. Additionally, our
model did not reproduce the bileaflet prolapse, as bileaflet prolapse is
defined when a coapting segment over-rides the mitral annular plane
5

Fig. 7. CAREA normalized with the total segmented leaflet area of PreOP, PostOP,
10%, 20% and 25% scaled annuloplasty from ED to MVO. Annuloplasty simulations
with (a) PostOP and (b) PreOP rigid annular motion and PM dynamics.

(Tomši et al., 2017). This may be due to an underestimation of chordal
lengthening in this work.

For this patient, we observe that the annulus and papillary muscles
motions becomes significantly more stabilized post-operatively during
systole as illustrated in Fig. 5b–c. We expect that this stabilization will
occur even with larger artificial rings, as these would prevent excessive
annular dilation. Yet, it is not possible to predict the exact outcome of
such annuloplasty procedures. Therefore, we chose to implement the
observed post-operative rigid annular motion and PM dynamics in our
in silico annuloplasty procedures.
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Fig. 8. (a) Mitral valve closure at MRS for the different cases. (b) Maximum in-plane principal stresses (MPa) and logarithmic strains plotted on a surgeons view at peak systole
for (i) PreOP, (ii) Scaled 10%, (iii) Scaled 20%, (iv) Scaled 25%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
4.1. Contact area

In our previous paper (Aguilera et al., 2021), we showed that
annular dilation is inversely proportional to CAREA decrease for BD
mitral valves. The patient studied in the present study shows similar
behavior, where the CAREA decrease takes place at approximately the
same time as the annular area increase. Measured pre-operatively, MRS
occurs at the onset of annular dilation and CAREA reduction, showing
that the annular dilation initiates the late systolic alterations in the
mitral valve.

To investigate the effects of these boundary conditions on the
response of our model, pre-operative boundary conditions (pathological
behavior) were also implemented for the three annuloplasty simula-
tions. For these additional simulations, Fig. 7b shows a slight decrease
in CAREA after MRS. This may be due to the pre-operative pathological
longitudinal annular displacement down into the ventricle. However,
these results are still close to those obtained with the post-operative
rigid annular motion and PM dynamics (Fig. 7a). In a real-life scenario,
we expect the boundary conditions to be close to these two cases.
The major contributor to malcoaptation is, for the studied patient, the
annular dilation. Therefore, the choice made in this work may not have
a great impact on the leaflet coaptation response. Ideally, the dynamics
of the annulus and PM for in silico simulations would be better obtained
by simulating the left ventricle together with the valve. However,
very little is known about the mechanics and electrophysiology of the
left ventricle in Barlow’s disease. Therefore, such an approach would
introduce more uncertainties in the simulations at this stage.

Preventing the excessive annular dilation in late systole by in silico
annuloplasty is shown to eliminate the CAREA decrease, keeping the
mitral valve leaflets in apposition through systole. For all in silico
analyses conducted in this paper, late systolic valve incompetence was
prevented. Constraining the MV from dilating excessively can be suf-
ficient to achieve coaptation throughout systole. The in silico analyses
indicate that the selected BD patient may benefit from an annuloplasty
ring with only moderate annular reduction.

Comparing the normalized CAREA curve of the pre- and post-
operative analyses we observe that 25% reduction in ED pre-operative
annular area yields a normalized CAREA close to the post-operative
6

analysis. For the in silico annuloplasty analyses, only the mitral annulus
and PM locations were altered without the use of supplementary proce-
dures such as leaflet resection, chordal transpositions and neochordae
insertions. Therefore, it was unexpected that the in silico analysis and
post-operative analysis provided similar functional results, as the valve
underwent supplementary procedures during surgery. Thus, the post-
operative analysis should only function as a target of how big a fraction
of the leaflet that should be in contact to achieve proper closure.

4.2. Annular area and papillary muscle distance from annulus

Comparing the longitudinal annular displacement pre- and post-
operatively, the post-operative longitudinal annular displacement is
observed to be more predictable, moving only towards the ventricle
during systole, while the pre-operative annulus demonstrated a para-
doxical initial movement into the atrium followed by a movement
towards the left ventricle in systole. At MVO we observe that the pre-
operative annulus displaces 45.8% more towards the apex compared to
the post-operative annulus. The difference in longitudinal annular dis-
placement clearly shows the need to implement displacement boundary
conditions that correspond to the stable post-operative longitudinal an-
nular displacement when performing in-silico annuloplasty procedures.
The patient’s mitral annular disjunction may also contribute to this
abnormal movement, which is stabilized by the annuloplasty ring. In
Fig. 5a, there can be observed small variations in the post-operative
annular area due to the manual segmentation of the artificial annulus
from echocardiography. Thus, since they are very small we have only
incorporated the rigid body motion of the post-operative annulus.

From Fig. 5c, the papillary muscles pre- and post-operatively are
shown to keep a constant distance from the annular plane from ED
to MVO, showing that the papillary muscle movement is controlled by
the longitudinal annular displacement in this time interval. Therefore,
due to the paradoxical movement of the pre-operative annulus and
the papillary muscles, the post-operative papillary muscle information
should be used for in silico annuloplasty. Post-operatively, the papillary
muscle tips can be difficult to distinguish from echocardiographic
recordings due to the sonographic shadowing of the neochordae su-
tures. Therefore, post-operatively, we were not able to separate the two
papillary muscle heads anterolaterally. On the other hand, the intensity
of the neochordae sutures in the papillary muscles made it easy to find
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the papillary muscles on echocardiography. Moreover, in systole when
the papillary muscle heads are loaded, they become close together,
therefore not being able to distinguish them will not impact the valve
closure substantially.

4.3. Stresses and strains

We observe a reduction in maximum in-plane principal stresses and
strains on the posterior leaflet after in silico annuloplasty (Fig. 8b).
Such a reduction in stresses was also reported by Rim et al. (2015),
while Ge et al. (2014) only observed reductions in stresses in the
anterior leaflet and an increase in stresses on the posterior leaflet. It
should be noted that both studies performed annuloplasty and leaflet
resections, and not ring only repair as presented in this study. Other
computational works on artificial chordal insertions on degenerative
mitral valves with posterior leaflet prolapse due to chordal rupture
have also shown reduced stresses in the posterior leaflet following
repair (Sturla et al., 2014; Rim et al., 2014). During the annuloplasty
procedure, the annuloplasty ring is aligned with the anterior horn and
trigones which reduces the mitral septal-lateral dimension by displacing
the posterior annulus in the septal-lateral direction (see Fig. 2c). As
the reduction in mitral annular size mainly affects the posterior side of
the annulus, we also observe most stress and strain reductions in the
posterior leaflet. With current annuloplasty ring design the posterior
leaflet often needs to be resected due to the risk of systolic anterior
motion. With a more moderate reduction as shown in this paper, the
need for resection in the posterior leaflet may be avoided as both
leaflets now contribute to closure.

4.4. Clinical relevance and considerations

The pipeline presented in this study was created to investigate how a
moderate annular area reduction would affect mitral valve closure dur-
ing ventricular systole. For Barlow’s diseased mitral valves experiencing
late systolic regurgitation without prolapse due to chordal rupture,
inserting a patient-specific annuloplasty ring based on a percentage
reduction of the pre-operative end diastolic annular area may result in
successful repair without the need for additional mitral valvuloplasty.
Repair of a mitral valve diagnosed with Barlow’s disease is commonly
a highly complex procedure due to the need for varying individualized
repair techniques. We speculate that several of these techniques are
used due to too severe annular reduction, therefore only moderate
reductions and prevention of late systolic annular dilation may be
sufficient. However, Barlow’s disease is a dynamic degenerative process
and though being able to accurately reproduce the immediate post-
operative outcome, we may not be capable to predict the long-term
outcome. In recent studies (Raanani et al., 2021), Barlow’s mitral valves
have been repaired with rings only in selected patients, simplifying the
complexity of the repair strategy. However, choosing the correct ring
is often a challenge and the study presented herein can help optimize
the ring size and shape for each individual patient. Only one patient
is included in the present work. Therefore, further studies need to
be conducted on several patients with similar etiology to get a better
understanding of the benefit of such an annuloplasty procedure. The
present paper introduces the pipeline to further study this.
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