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Abstract— Surgical repair of the mitral valve is a difficult
procedure that is often avoided in favor of less effective valve
replacement because of the associated technical challenges
facing non-expert surgeons. In the interest of increasing the
rate of valve repair, an accurate, interactive surgical simulator
for mitral valve repair was developed. With a haptic interface,
users can interact with a mechanical model during simulation
to aid in the development of a surgical plan and then virtually
implement the procedure to assess its efficacy. Sub-millimeter
accuracy was achieved in a validation study, and the system was
successfully used by a cardiac surgeon to repair three virtual
pathological valves.

(b)

. INTRODUCTION

The mitral valve is one of the four valves of the human ©
heart and separates the left atrium from the left ventricle. rig 1. Bjood flow in the human heart. (a) Ventricular filling) Ventricular
a properly functioning heart, oxygenated blood flows fromejection. (c) Mitral regurgitation (red arrow).
the left atrium into the left ventricle with the mitral valve
serving as a check valve preventing backflow (Fig. 1(a) and
1(b)). Because of the large pressure gradient between the these issues and increase the rate of valve repair yhereb
two chambers, the mitral valve is the cardiac valve mosmproving clinical outcomes.
prone to disease [1]. In these pathological cases, blo@thoft Because of the complexities associated with the valve’s
flows back across the valve (Fig. 1(c)) placing an increasegshysiology and repair, significant efforts have been under-
workload on the heart and potentially leading to heart failu taken in the field of mitral valve simulation [7]-[9]. These
if left untreated. models tend to be computationally complex, resulting in

Surgical intervention is often the only course of treatmergimulation times too long for pre- or intraoperative plami
and can consist of valve repair or valve replacement. Whilg addition, most previous models used generic valve struc-
valve repair has been shown to produce improved clinicalires, making surgical planning difficult if not impossible
results in terms of survival and longevity [2]-[4], the ratie  Recently, Hammer et al. have developed a mass-spring model
valve replacement is still high as general cardiac surgeon$the mitral valve with clinically feasible simulation tis of
often do not possess the experience required to accuratetyighly 30 seconds and patient-specific imaging using micro
predict the closed valve shape post-modification [5]. Thi€T [10], [11]. While this work improved upon previous
difficulty is only exacerbated by the potential for cogrétiv models, it still does not run at sufficient speeds to pernaik-re
impairment from extended time intraoperatively on hearttime user-model interaction, and without a user interface,
lung bypass, making surgeon efficiency imperative [6]. Aralve modification is nearly impossible for those unfanilia
surgical planning system for mitral valve repair couldéHe with the intricate details of the underlying model.

To address the continuing insufficiencies found in liter-
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Left Atrium Annulus and meshed. This mesh is then passed to a mechanical
modeling unit which calculates the shape of the valve leaflet
based on internal forces resulting from tissue deformation
and external forces imposed by both the user and virtual
valve pressurization. A user interface visually renders th
valve and allows for haptic interaction via pushing and
Left Ventricle pulling of the tissue. In addition, the interface providés t
user with the ability to perform virtual surgery on the valve
and observe the results both visually and haptically. Tlee us
can continue to modify the valve until a desired surgical
outcome is reached at which point the surgical plan can be
recorded and implemented.
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Fig. 2. The anatomy of the mitral valve (Image source: Patridkydch,
medical illustrator, C. Carl Jaffe, MD, cardiologist).

enables real-time calculation of physically realisticules
A validation study then examines both the model's accura&‘
and the ability of a cardiac surgeon unfamiliar with the To maximize clinical relevancy and usefulness, the simu-
system to virtually repair three pathological valves. lator’s input model would ideally be generated from read-
ily available clinical images. Given the pervasiveness of
Il. BACKGROUND diagnostic echocardiography, 3D ultrasound (3DUS) would

The mitral valve consists of three primary anatomicathus be the imaging modality of choice. However, this
structures: the anterior and posterior leaflets, the méral presents many challenges. 3DUS images typically contain
nulus, and the chordae tendineae (Fig. 2). The mitral lesaflefarge amounts of noise and relatively poor resolution (Fig.
are irregular, membranous flaps of tissues which attacteto th(a)). As a result, segmenting the valve and its underlying
mitral annulus, a fibrous ring within the cardiac wall. Thestructures is difficult as many of its features are at or below
motion of the leaflets is restricted by the chordae tendineaghe resolution of the image. Nevertheless, while progress h
cord-like structures with complex branching schemes, whicheen made delineating the larger mitral annulus and leaflets
attach at one end to the leaflets and at the other to one [8f, [12]-[14], segmentation of the thin chordae has proven
the two papillary muscles of the left ventricle. more challenging.

Once the left ventricle has been filled with oxygenated Given that accurate simulations of a patient's mitral
blood, ventricular contraction creates a pressure grédievalve require accurate chordae structures [11], micro-CT
across the valve pushing the leaflets together creating (gicroCAT, Siemens, Erlangen, Germany) was used for its
seal. The motion of the leaflets is restricted by their mutuahcreased resolution and lower noise. Fig. 4(b) is a micro-
collision and the tethering of the chordae. If any of theCT image of the same valve from a similar viewing angle.
valve’s three components have been damaged, the seal canJpike the 3DUS image, the micro-CT image allows for the
broken, and mitral regurgitation (backflow) can result. §hu chordal structure to easily be delineated. It should bechote
mitral valve repair targets these structures and attentpts that micro-CT images of the heart are not clinically feasibl
remove any abnormalities that may exist. as the heart must be explanted for imaging. Here micro-CT

. SYSTEM DESIGN serves as input for model and simulator developmgnt until
) ultrasound-based methods are capable of generating a full
A. Overview valve reconstruction.

The proposed simulator required a highly interdiscipynar  Using micro-CT, images are taken of the statically loaded
effort with components drawn from the fields of medicalvalve and open, relaxed valve. The chordal lengths and
imaging, image processing, mechanical modeling, and daptnovement of the mitral annulus and papillary muscles are
interfaces (Fig. 3). An input 3D medical image is segmentececorded from the image of the closed valve. A fine triangular
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Fig. 3. A system diagram of the surgical planning system rilesd in this work.



TABLE |
MITRAL VALVE MODEL PARAMETERS TAKEN FROM LITERATURE.

Model Parameter Value
Eleaflet, pre 100 kPa
Eleaflet, post 6 MPa
Ecrit 025
Leaflet Thickness 1 mm
Echordae 40 MPa
(b) Chordae Diameter 1 mm
Tissue Density 106(7%
Fig. 4. A mitral valve imaged using a (a) Philips iE33 3DUS systend Pload 120 mmHg

(b) Siemens microCAT micro-CT system.

mesh is then fit to the surface of the open valve usinfpuscles, these nodes were treated as fixed boundary condi-
Delaunay triangulation, and each chordal branch is reglacéons by setting their mass to be infinite. To account forrthei

with a linear segment. natural displacement during static loading, upon the onset
of virtual pressurization the annulus and papillary muscle
C. Valve Modeling and Simulation are warped to their final positions found in the micro-CT

. . . . image of the loaded valve. Other simulation parameters with
As the primary goal is to produce an interactive model oﬁn

th | tational d i be of the utmost 0 physical meaning such as time step size and damping
€ valve, computational speed must be ot the utmost CONC&IRL . 4,neq for a combination of performance and stability.
to ensure the necessary 1kHz update rate required for ha

. . ; . . ,p,&csummary of model parameters can be found in Table I.
interaction. Thus, a mass-spring model is implementectin i

L ) . In addition to the internal forces resulting from the
of a finite element model. To further improve computatlona'l;lf 9

erformance. the trianaulated mesh is downsampled usi orementioned mass-spring structure, a variety of eatern
P ' 9 P Shces must also be computed. Forces from pressurizaten ar

an intergtive Process of edge Co”aps? and mesh relaxatiegmputed on a face-by-face basis and evenly distributed to
LlS\J' erm:ren trlnismcoa:se;sththe mefh, It ??rS] b:i}:nl sEown { e three nodes of the face. Collision detection is performe
tha N Ve i al Impact 0 el accu gcly 011 € inal Shape Qf 5 two-phase process. First, a cache-friendly uniforrd gri
?rva Ve('jn mas;-sprmg valve mo eds I[ ]h q ¢ is used to cull potential collisions. Then, a pairwise narro
0 produce the mass-spring model, the edges o tr’ﬁ%ase algorithm is used to determine exact collisions. A

triangular mesh of the open valve were taken to be thn‘?onlinear restoring force law is applied to resolve cablis.

spring rest lengths. A b!linear stress-strajn curve (Fip. rces are then summed on a node-by-node basis, and a
was developed to approximate the leaflet tissue model foury mplectic Euler integrator, chosen for its combination of

in [16]. The curve consists of a highly distensible regior’speed and stability, is used to advance the simulation.
of low modulus prior to a critical strain of 0.25. It is

followed by a significantly stiffer post-transition region p yser Interface

Spring stiffness values were then computed using methods , . .

found in [17]. An assumed uniform leaflet thickness of 1mm The user mterche, W,h'Ch visually renders the mesh_and
was chosen. Chordae resting lengths were approximated B pt'(,: cursor'locat!on using OpenG!_, IS desgned to fatdit
their final lengths in the closed valve as the modulus of thd®€" interaction with the model (Fig. 6). Using a Phantom
chordae is large enough that minimal elongation occursrlJnd,Qes'(top (Sensa}‘ble Tec’hnolog|es, Wilmington, MA)’ the user
physiological load [7]. The resulting chordae spring sais 'S capable of *feeling” the mesh when touching it and

were computed by treating the chordae as cylindrical rodrﬁani_pulating any node of the mesh. When the user grabs
with a uniform 1mm diameter. the tissue, which is performed by clicking a button on the

%tylus, a stiff spring-damper system is engaged between the

Nodal masses were calculated by evenly distributing th ; . .
mass of each connected face and chord. Due to the fibroBi$ Y > location and the selected node [18]. This allows for

nature of the mitral annulus and the strength of the pa|;1illarpreclse gras,plng and is more stable than flxmg the nqde
to the proxy’s current position. The force associated with

this spring-damper pair is then added to the external forces

computed by the model. In addition, the computed force
is scaled and transformed into workspace coordinates and

c provided to the user via the haptic device.

The user also has the ability to push against tissue using

the haptic stylus. This differs from grasping the tissue in

-"* that the stylus is permitted to slide along the tissue imstea

g & of dragging the current node along with it. Although poten-

Fig. 5. The stress-strain curve of leaflet tisue [16] (blueg is bilinear tially useful when analyzing the valve, such interactioas ¢

approximation (dashed black). become awkward when performing virtual surgery, and as a




user it is possible that unacceptably large stresses amidsstr
may be applied to the chordae after a poor surgical repair
leading to questionable long-term reliability. As a restlie
user has the option to render chordal strains either visbgll
highlighting the high strain chordae or haptically by s&teg

a chord and feeling the force it is imparting.

To enable and encourage experimentation with the system,
the user is given the ability to undo and redo previously
performed operations. The valve’s current state can also be
Fig. 6. The user interface for simulated valve closure and fimadion.  saved in an extended .OBJ file format which can be reloaded
into the simulator at a later time or into an alternate soféva
package for improved rendering. Finally, the proposed sur-

result, the user can disable this feature. gical plan can be logged to file for future reference.
The ability to virtually interact with the valve permits
a greater level of valve analysis than visualization alone IV. VALIDATION

can provide. For instance, by pulling apart the coapted. Overview

leaflets, the surgeon can determine the precise amount Ofiy order to demonstrate the potential usefulness of the
leaflet coaptation, a safety measure against valve lealgge. g rgical planning system, two primary components required
separating the two leaflets during pressurization, thee&er jidation — the underlying valve simulation model and the
also isolate the chordal structures and better determiae thiIity for a user to easily interact with said model. Two
amount of support the chordae are currently providing. Regydies were conducted to assess the ability of the system to
stricted leaflet motion would hint at tethering from chordag,chieve these aims.

calcification, while leaflet billowing could imply elongate

chordae. This additional information would assist the sarg B. Model Validation

in planning the valve repair. 1) Methods: To test the model accuracy, the freshly
With the knowledge gained from analyzing the valveexcised heart of a 30—40kg female Yorkshire pig was imaged
the surgeon, through the user interface, can perform Virtug three states — flaccid, statically loaded through theaaort
surgery using common operations in mitral valve repaiiysing 120 mmHg of air, and again loaded under similar
These operations can be classified into two categoriesaimiticonditions with a primary chord attached to the P2 scallop of
annuloplasty and chordal operations. Annuloplasty, teerin  the posterior leaflet shortened to just before leakage. érhes
tion of a rigid or semi-rigid ring which attaches to the miitra images were provided to the simulation system as input. A
annulus, is used to treat cases of annular dilation. If ai&irt valve model was created containing roughly 425 vertices,
annuloplasty is performed, a rigid ring is inserted, and thg2s faces, and 80 chordae.
annulus nodes are warped onto the ring. Given the rigidity The original, unmodified model was first simulated to
of the ring, the annular nodes are fixed in these positiongosure, and its final shape was recorded. The original
regardless of the presence of static pressure loading.  model, in its unpressurized state, was then modified in the
Four typical surgical chordal operations were developedurgical planning system to reflect the changes made to the
chordal length adjustment, chordal removal, chordal &ftlit excised valve. This new, modified model was simulated to
and chordal transfer [19]. In a chordal length adjustmér, t closure, and its final shape was also recorded. The simulated
user selects the desired chord using the haptic stylus. TbRsed valves were then registered to their correspondihg C
user can then adjust the chordal length by either inputtingnages, and each pair was compared.
a new length manually or dragging the leaflet node to the 2) Results: Using a computer with a 2.67GHz Intel i7
desired position. Chordal removal is performed similarh\CPU and 6GB of RAM, valve closure was simulated in less
with the initial selection of a chord followed by a confir- than one second, and individual time steps were computed at
mation of the user’s desire for removal. In chordal addition1kHz allowing for smooth haptic interaction with the model.
the user selects two nodes, one on a papillary muscle agghile the precise amount of time spent performing collision
one elsewhere, and a chord of user-specified length is addgstection varied with valve geometry, it always proved to be
connecting the two. Finally, chordal transfer is perfornbgd the most costly operation.
selecting a given chord, selecting one of chord’s endppints Simulation of the unmodified model resulted in a root-
and moving it elsewhere in the valve. mean-square error of 0.5mm and a maximum error of 2.1mm.
Since the operations are performed silico, it is also Conversely, simulation of the modified valve resulted in a
possible to provide features that are not physically féasibroot-mean-square error of 0.7mm and maximum error of
in an operating room. For instance, improved visualizatiop.9mm (Fig. 7).
can be achieved by moving the virtual camera to examine o
different regions of the valve. This lies in stark contrast t C- User Validation
the limited field of view surgeons traditionally face when 1) Methods: The usability of the interface was examined
performing valve repair. In addition, for an inexperiencedy presenting the planning system to a cardiac surgeon with
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@) (b) Fig. 8. Central cross sections of the two leaflets of the palghealthy

. . . valve (solid blue), pathological valve (short-dashed rady repaired valve
Fig. 7. The_ error between the 5|mulate_d closec_i‘val_ve and imag ng-dashed green). Leaflet intersection with the annisldenoted by dia-
valve, shown via colormap, both (a) pre-surgical modificagonl (b) post  onq markers. Pairwise root-mean-square differences weren (8ealthy-
modification. Errors are in millimeters. pathological), 0.5mm (healthy-repaired), and 1.7mm (repbpathological).

no previous experience with the simulator. After a brief
training session of roughly 10 minutes, the surgeon w
sequentially presented with three regurgitant, pathokdgi ~ e ; .
valves to repair. Each valve was derived from an imagea’,'mmat'c’n times, deS'Q” tra(_jeoffs had to be made to improve
healthy valve with artificial pathologies generated usind'® SPeed of model simulation.

the planning system. The modifications made are describedCOmputational burdens were reduced by choosing to
below: all resulted in leaking valves. model only the static loading of the valve. While static

o Valve I Annulus dilated 15%, chord elongated 25%. Ioading IS not .th-e process the val\{e undergoes duri_ng the
cardiac cycle, it is used intraoperatively to test valvefisuf
» Valve 2 Chord shortened 30%. ciency. Further, since loading was conducted at peak $ystol
o Valve 3 Annulus dilated 10%, chord shortened 33%. R :
) . _ pressure, it simulates the greatest mechanical challenfe t
The surgeon was then given the opportunity to devisg\e thus providing a worst-case scenario in which to test
a surgical plan using the simulation system and all of itg, regurgitation. Static loading can therefore be taken as
features. Upon deciding on and recording a final surgica| reasonable metric of the quality of valve function. By as-
plan, the plan was implemented using the system, and tQgming quasi-static conditions under this peak load, wewer
valve was simulated to closure. The final valve shape wage to neglect the complex fluid-structure interactioret th
recorded and compared to both the pathological valve anghq have substantially increased computational burden.
original, healthy valve with the presence, or lack theredf, Further improving the speed of simulation was the im-
regurgitqt!on 'noted. The'surgica.I plan was also compared ermentation of a mass-spring model. While finite element
the modifications madg in creatlrjg the pgthology. models are the de-facto standard in terms of accuracy, they
2) Re§ults:The details O_f the final surgical plan for e""Chare also more computationally burdensome than their mass-
pathologic valve are described below. spring approximations; in fact, finite element membrane
« Valve I Annulus reduced to 97% of its original size, models are typically an order of magnitude slower [20]-[22]
additional chordae added elsewhere. Needing to maintain a 1kHz update rate, these associated
« Valve 2 Annulus reduced to 95% of its original size, costs were simply too great when using standard computer
shortened chord removed, additional chordae added t@rdware.
this location to provide support. Even with the mass-spring approximation, the subsequent
« Valve 3 Annulus reduced to 99% of its original size, coarsening of the mesh, and bilinear approximation to the
shortened chordae lengthened, additional chordae addgigkss-strain curve, sub-millimeter root-mean-squareu-ac
elsewhere. racy was still achieved in the static loading simulation. &hi
Using these surgical procedures, the surgeon was ableftother validation is needed to definitively conclude the
significantly alter the leaflet shape upon pressurizatioth araccuracy of the simulator’s predictions post-surgicalaiep
eliminate regurgitation in all three cases. Fig. 8 showa, viinitial results are promising.
a central cross section, an example of such changes as seefhe stability of these simulations is a potential source
in the third valve. of concern. Mass-spring membrane models, often associated
with cloth simulation, typically implement adaptive time-
V. DISCUSSION stepping implicit integration schemes to allow for largeei
The primary aim of this work was to demonstrate thesteps while simultaneously handling the numerical st#fne
feasability of a clinically viable, interactive surgicadlbpner of the problem in a stable manner [10], [11], [23]. However,
capable of accurately assessing patient-specific valvgpeom such methods are not practical for an interactive, haptic si
tency. In order for such a system to be useful to a surgeonutation. Effective variable time-stepping would be vigyal
sophisticated user interface is essential, including ighllg  noticeable to the user and would interfere with user-model

ausible real-time interaction with haptic feedback. How
ever, to attain this real-time interactivity and to enatdetf



interactions, making adaptive time-stepping infeasibte.
addition, the inversion of the large sparse matrix necgssar
for implicit integration would be challenging at haptic eat
especially for a stiff problem such as the one presented hergy

With the symplectic Euler integrator that is implemented,
concerns regarding numerical stability arise. It was found
that when a user performed extreme operations on the valv
such as reducing the size of the annulus by 75%, the system
could become unstable. Even when the size of time steps was
reduced by an order of magnitude (resulting in simulation™
times of roughly 5 seconds), it was still possible, albeireno
difficult, for the user to create model instabilities. While
such operations would likely not be performed by even a
inexperienced surgeon, this does demonstrate that nusheric
stability can no longer be deemed a near certainty as i]
usually the case with implicit methods [24]. While this issue
does present a theoretical concern, in practice it wasttd lit
importance and was never encountered unless intentionally]
triggered.

In addition to the planning system’s speed and accuracy,
of great promise is the system’s ability to permit the easy
implementation of virtual surgery. In the validation stuthe [10]
surgeon was able to successfully make significant changes
to the valve to restore its function (Fig. 8). In this case th
resulting root-mean square difference between the healtiii]
and repaired valve of 0.5mm was equal to the model error
found in the model validation study. Thus, the surgeon wagy
effectively able to use the system to return the valve to its
healthy state, even though the precise operations usesbvari
slightly from those used to create the pathology. 13]

VI. CONCLUSION

In this work, we have demonstrated that our surgicgh4
planning system for mitral valve repair is both accurate and
simple enough to be effectively used with little trainindhel
haptic interface, which allows for real-time user-valvéeim
action, facilitates the analysis of both the pathologicdie
and the proposed surgical repair. In developing the systef®!
we have made progress towards ameliorating some of the
difficulties associated with this complex surgical proagedu [17]
— namely, helping the surgeon to determine the structural
modification to the valve apparatus that results in effectiv;, o
repair without extending the time the patient remains on
heart-lung bypass. In a further extension of this work, wee ar
investigating the implementation of the preoperative irepall9
plan with a surgical robot to lessen the great demands g,
surgeon dexterity. The robot controller will assist theggam
in executing the repair through the use of motion scalind?1l
image overlays, and virtual fixtures.

(3]
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