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ABSTRACT

Left Ventricular Flow Patterns after Percutaneous Edgeto-Edge Mitral

Val ve Reip\ato &tudy An

MortezaJeyhani
Percutaneous mitral valve edgeedge repair is a viable solution in highk patients
with severe symptomatic mitral regurgitation. However, the generated eunifide
configuration poses challenges for the evaluation of the hemodynamic performémee of
mitral valve and may alter flow patterns in the left ventricle during diastble.purpose
of the presentin vitro study is to provide new insight into the spat&hporal
hemodynamics of the flow distal teimulated percutaneous edgeedge repairby
employing a high resolution, flow diagnostic method, Phase Locked and Time Resolved

Digital Particle Image Velocimetry inside the LV.

A custommade mitral valve was developed and two configuratweie tested a single
orifice valve with mitral regugitation and a doubleorifice mitral valve configuration.
The hemodynamic performance of the valve was evaluated using Doppler
echocardiography and catheterization. The flow patterns in the leftickenwere

investigated using Particle ImageMcimetry.

Edgeto-edge repair significantly reduced the regurgitaalume. Therewas a good

agreement between Doppler and cathétansmitral pressure gradienfShere was a



good match between maximal velocity measured by Dopafet particle image
velocimetry.Vortex development in the left ventricle during diastole was significantly

different after repair.

There was a good agreement between Doppler and catheter measurements of transmitral
pressure gradient following simulated edgeadge repair. Flow in thett ventricle was

significantly altered by the repair and ledchigherenergy dissipation during diastole.
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Chapter 1: Introduction

1.1 Overview

Our body needs oxygen to eonbteiantuen gt hreu spcrud ¢
about t he s-icomemnefctedun of ilastnet wor k of arte
through the whole body. This compl exs syste

of bl ood per minute to both the body and t

The oxygénblood from the aorta goes throug
bl ood to the different tissues, and-di spos:s
oxygenateds bt oodheetught side of the heart
cavas. The right atrium ejects blood into
and is then pumped through the pul monary v
throubbngé&®e bl ood goes to the | eft side of
and reaches the | eft atrium (LA). Bl ood <co
through the mitral val ve (MV) and, afli nal |

system through the aortic valve.

Mi tral Vvaefvevandriingl eghase (diastol e)

The mi tr al val ve S t he mai n f ocus of t |
uni directional movement of bl ood Thfer olme ftth e
ventricul ar diastolic filling phase is ¢ché



through the MV, into the LV cawiatvye)as wahircd
is followed by a transitional tipm@asér i & ¢

contrawiaivelp ctel sal). , 2011

I n this chapter, the MV anat omy, physi ol og

di scussion of t he most common MV di seases

1.2 Mitral Valve Anatomy

The nviatlrvael compri ses two | eaflets, papil |l ar
annulus and the | eftuwlenlt)r.i clunhpaerr fneycotciaorndsi u
components may result in blood flowing ba
ejieach.

Anterior leaflet

of mitral valve Aorta

Left | / \)

| ' ; i

4
f
| L N
/ TR e el
/ Posterior | X 1. A
/ leaflet of %, 05

mitral valve \/

Posteromedial
papillary muscle

4 o) % \f
¢ & A Lv‘ LR
\—/

Left
ventricle

Anterolateral
papillary muscle

Figurel-1: An anatomic drawing of hearbttps://www.themitralvalve.ojg



https://www.themitralvalve.org/

1.2.1 Valvular Leaflets

heaedf

P

The MV has two | eafletsciThal antsehape
l eafl et has a Qquadmoaalrvgau| at t schhmaegpe, atwhi bbi
fibromuscular ring. The posterior tlheafwoet
indentations that are identified as P1,
artificially divided i nt ourtleh idgaen (Cped tl toidadn s,
2010
Valve Segmentation
\

Coronary

o Anterior
sinus

leaflet

Anterior

Commissural commissure
eafl Posterior -

leaflet

Circumflex —#,
artery

Anterior leaflet

Chordae
tendineae |

ventricle .
Posterior leaflet
Anterolateral

papillary muscle
Posteriomedial
papillary muscle

Figure1-2: Segmental anatomy of thaétral valve (https://www.themitralvalve.org)

1.2.2 The Annulus

The mitral annulus constructs the

ventricl e, and is the | ocation of

Posterior
commissure

anat omi c

t

he

ns:



mi tral annulus itself i s diviedeadntienrtioo rp ossetc
i s attached to the fibrous trigons and the

annulus has a saddle shape.

1.2.3 Subvalvular Apparatus

The subvalvul ar apparatus <consists of cho
chared t endi nae connect papillary muscles to
|l ocated between the free edge and the base

and redundancy of the chordae can Icaruyse m

muscles arising from the apical area of t
muscle is mostly comprised of one head, or
may have two heads, or two bodipd sa.c eRuemtt u rod
papillary muscles may al soulrk®al) to mitral



Pulmonary
trunk

Aortic valve

Anterior leaflet
of mitral valve

Anterolateral

papillary

muscle
Left Posterior |leaflet
ventricle Chordae  of mitral valve

Posteromedial tendineae
papillary muscle

Figure1-3: Subvalvularapparatusin LV fittps://www.themitralvalve.ojg

1.2.4 Left Ventricle (LV)

The papillary muscles are attached to the
ventricular geometry may affect the mitral

an i mportant parQ6 Garna ale.. MV2CO08p!l ex (

1.3 Mitra | Valve Pathology

Mo st cases of mi tr al val ve def ect s ar e C

congenital, due to rheumatic fever, or res


https://www.themitralvalve.org/

There are sever al di fferent types. ofThehear

foll owing section describes the three most

1.3.1 Mitral Stenosis

Mi tr al valve stenosis is a narrowing of t
usually thicker, |l eading to abmacrmalselLVM nf i
wor k. Rheumatic fever is the most common ¢

1.3.2 Mitral Valve Prolapse

Mitral valve prolapse is a condition in wh

mi tral val ve | ewmrfld.edt)s. aArse af lroepspuyl t(,Fiwhen 1

phase), one or more of the |l eaflets | ose o
LA, | eading to potentially significant reg
cause backfl ow atngd md e Hh aewd | proper

(http:// www. nhlbi-tophcgbt)ydpeastmypealth


http://www.nhlbi.nih.gov/health/health-topics/topics/mvp/

Left atrium

Mitral valve
prolapse
:::g:lps\faa . {\;alve flap
A closes
g::;?s flap _ abnormally)

Left ventricle

Normal
blood flow
leaving heart

Figure1-4: Mitral valve prolapse (https//www.nhlbi.nih.gov)

1.3.3 Mitral Valve Regurgitation (MR)

Mitral regurgitation is a condition in which the mitral valve leaflets do not close securely
during the systole (sometimes also called valvular insufficiency). This incomplete
systolic closuredads to backflow to the LA. This pathological condition increases LV
work, since, for each ejection phase, the LV has to compensate for the volume of blood
flowing back into the LA, instead of through the aortic valve. MR can leads to LV

dilatation, an igrease in left atrium presse, and pulmonary hypertensi¢@alafiore et



al.,, 2005 Approxi mately 500,000 people in North

and each year

There are two types of MR : acubet amidz ecch r |
pressure gradient i n ppudlmoonmaryy evdeeinmas. wWmi cchf
| ef t atri al size increases sl owly, so ther
Progressive ventricular dilatiomtualaldys, tloe
failure.

1.4 Mitral Valve Repair

Surgi cal valve repair is the best sol ut i c
(Bakker et al. 2013) . Several reports hayv
repl acement s, eisnecrlvuadtiinogn bdefd wibedvtr dpainiwce @ oo, mat
and increased survivalAppabes maGel yi BOy 060

repairs are performed in the United States

Sever al techntguespaiam &®deMVseAnnul opd asty,

suspension of-tieeagfl eepaiand edge



1.4.1 Annuloplasty

Il n this metolved,eda rdlngt h s i nserted around t
opti mal coaptlag afolnetod, tdred vtad vmmi ni mi ze r eqg!
annul oplasty can, howewele. ,5)l.ead to mitral

FigusMitral valvbetapsul bpWwast)yeihi tral val ve.

1.4.2 Quadrangular Resection

One of the problems seen in mitral regurgi
posterior |l eafl et (P2) that it may resul t s
caswadg angul ammetsedti onwhsch oegegme notoss eqf rt

| eaf |lreeso vaeudele( 6i gl ) .

1.4.3 Re-Suspension of Leaflets

I n cases with el onmglav eds eoéré sbfrboekteinf icchioarld sc h c
to preovamtsi pg; al so sometimes additional |

| eafTlhatss .pr oc eesswirsg emamed rof |cehad (|l Besrdge. G. t h

1) .


https://www.themitralvalve.org/

- i |

Figurel-6: I: Mitral valve quadrangular resectiofhttps://www.themitralvalve.odgll: Artificial chordae
(https://www. ctsnet.olg

1.4.4 Percutaneous Edge-to-Edge Repair

Al t hough the appveaaameand iomedur gi cal repair
successfully, recent European reports show
deni ed surgery because t hey ar e consider
comorbidities, d¢% @yamuplsDd®ho;mr tVdaiadhlda.dh; e

Mi r abe,l20@Hs tadvoeuzr i er200 1e3t) .alF.or t hese patien
gui delines set by the European Society of
Edgekdge mitralr v(aPEMeERRepaEt ER consi sts of
di seased free edges of t he posterior and
regurgitant Fueetti 1a988FpcatPed cgt aneous Et ER
surgical appr dddhedeveltomdd QLyYyoo1l). Appl i c
with regurgitant j etlseaidssd ottoe | ac eat ef i od (tO
config&orattiloem. cases in which MV | esion is

surgicaloft ecdeglaggue epaarsiregluéteriifmi ce with

10
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area that I s name dA lpfaerearceolmmi ws&aIQ7g)l.; rMdRpagprr o

i mpl ementation of this technique in treat.
good edariydrann cl i ni cal results and can be
( Mai sano et al ., 2000).

Figurel-7: Thepercutaneous EtER technique. Right: Double orifice (DO). Left: Paracommissural repair

This procemurienaddrny beevasive by using a cl
(Abbot Vascul ar, Santa Clar a, California,
determined <clinical success (Rogers et al
Et ER techniigee.i sThcompeowsed of a cobalt <chr
and two grippers that are used to snatch t
|l eafl et coaptation and results in a doubl e

( Furde..8)
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Figure1-8: Schematiof MitraClip (Rogers et al., 2013)

Successful clip placement can be achieved
95 %) (Van den2Bld@nderdnéder alsluch valve open
assessment of MV hemodynamics is challengi

flow patterns in the LV (Loh et al ., 2013)

1.5 Literature Review

1.5.1 Flow in Left Ventricle with a Healthy Mitral V  alve

Pedrizzetti et al. (2005) numerically evaluated the optimization of the swirling flow in the
human LV under physiological conditions. They showed that the location of the mitral
valve is optimal in order to ensure the smooth continuity betweeracgrtiases (diastole

and systole) and to minimize energy dissipation.

12



Schiller et al. (2006) tried to simulate blood flow in the left part of the human heart to see
the changes in flow pattesiand energy loss. They used a virtual heart model, which was
created based on a real human heart. By the aim of MRI gotdgpending geometry

and intraventricular flow from healthy human LV and left atrium. They performed the
numerical flow calculabn with a finite volume method. perimens that consist of a
silicon ventricle with the exact geometry of the virtual ventricle with the PIV and LDA
measuremenivere used for validationCombination of MRIi flow measurements and
numerical simulation data shothe effect of procedural influences. Furthermore, the
numerical study provides them with the opportunity to perform intraventricular energy

estimations.

Hong et al. (2008) tried to evaluate the possibility of analyzing the left ventricular vortex
by using contrast echocardiography and determining the LV vortex flow in MR cases, as
well as with patients with LV systolic dysfunction. This stuidgluded twenty-five
patients that underwent contrastevaluatevortices and velocity vectors. In this syud

they quantified LV vorticity with the aid of contrast echocardiography in normal and

dysfunctional LV during systole.

1.5.2 Flow in Left Ventricle wi th Mitral Valve Repaired Using Edge-
to-Edge Technique
Percutaneous EtER originates from the surgical approach developed by Alfieri et al.

(2001). It is currently performed using a MitraClip (Abbot Vascular, Santa Clara,

13



California, USA), and involves clipping the free edges of the valve leaflets at the non

coaptation zone of the regurgitant jet (Hilberath et2413).

Edgeto-edge repair of the mitral is expected to significantly modify the flow patterns in
the LV and leads to a doubtegifice MV opening. Successful clip placement can be
achieved for mogpatients (typically above 95%) (Van den Branden et28i12) Under

such valve opening configuration, the assessment of MV hemodynamics is challenging
and little is known regarding induced flow patterns in the LV (Loh et al., 2013).
Maisan@ s glhrave performed interesting numerical simulationssurgical edgéo-

edge approach. The results were very informatarel demonstrated that the velocity
profile downstream of the doubtwifice MV is similar to a healthysingleorifice valve

with the same geometrical orifice area (Maisano et 4099). Furthermore, they showed
that the gelniekead evde licaimey profile can | ead
estimation of mitral transvalvular pressure gradient depending on the location of the
measuementsSuch flow patterns have also been confirmedihbyet al. (2010), through

3D numerical simulations, using finite volume method, of the flow in the LV following
edgeto-edge repair. They also showed that the double orifice configuration creates two
strong jetswith the maximum of 1.05 m/and smallscale vortices that are rapidly
convected towards LV apex. Moreover, they showed that the flow in the LV, following
edgeto-edge repair, induceslevated viscous energy lossé@hey also showedthat

percut@eous edg¢o-edge repair might contribute to a reduction in LV filling efficiency.
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From a physiological point ofiew, the abnormal flow pattein the LV, following edge
to-edge repair, leado elevated shear regions in the LV. This can trigger the
thromboembolic process. Interestinglrban et al. (2012)eported the case of a patient
with successfulpercutaneous edge-edge MV repairwho developeda large left

ventricular thrombu$our days after the repair.

1.5.3 Summary of Literature Review

This literature review has shown that:

- The flow in a normal left ventricle is optimized in order to allow for a smooth
continuity betveen filling and ejections phasgth minimal energy loss.

- Edgeto-edge mitral valve repair significantly alters flow patiein the left ventricle,
reduces its filling efficiency, and can potentially lead to thrombus formation.

- Only few numerical studies have investigated flow patterns in the left ventricle
following edgeto-edge mitral valve repair. There are, so farjmaivo, or experimental

works.

1.6 Objectives

The main objective of this thesis is to investigate experimental flow patterns in the left
ventricle following simulated edg-edge repair. The hemodyanmics of the mitral valve
will be evaluated using abhdard clinical approaches and the flow patterns hell

measured using particle image velocimetry.
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Chapter 2 : In vitro Experimental Setup and
Conditions

2.1 Experimental Facility

2.1.1 ViVitro System

For the purpose of t his (svtiwdy, oa LEib¥i,t rva c
Canada) wausr 2uls)e.d T(hHisg system is capable of

physiological conditions in terms of press

Figure2-1: Vi Vi t rdou ppluilcseet or (Vi Vitro .Labs, Victoria
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This system is powered by a pistacylinder pulsatile pump. The setup includes an
atrium chamber that contains a mitral valve, a silicone model of the left ventricle, and a
rigid glass model of the ascend aorta. The arterial system consists of a compliance
chamber and a resistance. Flow through the MV was measured using an electromagnetic
flow meter (Carolina Medical Electronics, King, NC, US#ijth 10% accuracy on the
full-scale(5 ml/min to 20 |/min) Pressure measurements were performed using Millar
MPC 500 transducers (Millar Instruments, Houston, TX, USA), with an accuracy of +

0.025% on the full scale50 mmHg to 300 mmHg)

Fi gRlr2e sketcdhessmopg hei rcull @d mpmi sce giclutigve el e
(si mulpati plhcedryelsi samaacempl i ancd scmaimaderng

elasticity. of the arteries

Compliance Chamber Resistive Element

Figure2-2: Scheme of closeop circulatory system

This chdpseusaksothe different components
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2.1.2 Valves Configurations

One of the most challenging parts of this
val ve. The system includes a trileaffhet b
shape of the model valve is far from the s
devel oping an anatomically realistic mitreze
papillary muscles and t he ohoruddEyztgoaintahiec Ime
i mage velocimetry. To overcome t his, t wo

devel oping rigid models of -tridtgrealr ewpalive s , a

devel opingade tuat omat vgi aad sal uprohapeeayv

Figure2-3: a) Side view b) Top view of healthy valve configuration. ¢) Side view d) top view of

percutaneous edg®-edge repaired mitral valve configuration
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Sever al measur ements have Theemedanésy wert e
i nf or matthiev el abcukt of ¢ o mani ce rnmeotvieanme naf acdf h & hdey |
significant l i mi-matdeomit Fat vtheveussemer a
testeAdd mitrals vhadsv eb eaennn ud apsri ogtnoetdy peerdd r aFRpo rd
l eafl et s, i n terms of -maadteerlieadf |pertspewdri e s
However, their durability during thaltgst.i
toNeweafl ets made fromfrwinaéd olwames tdhieme ¢ t
The durability of the rubber valves was ¢
val ves. The problem of | e@a fnleevp r .pfFeoaubr a ptshei sn
wires (diameter of 0.3 mm) were positione
consequence, during left ventricle ejectioa
flipping back into the | eft awirrieusm. walst swiae
enough to avoid significant di sturbsance i
numhiédrased amavgeall|l Bci ty famrd twh e ef Ida va mert eeu 1
was 142 and, wunder such condiégxionits, d@awrsd tera

of the wires.

On t hi smacduwes tnoint r al val ve, two configuratiol
valve, and; 2) a repai rteeddgeltveec hursii que .p eAX c’
patch at the middl el ptoed itome olf a Thdwidthiaear fl ied |
the patch was selected to mimic the cebhliomium clip used in transcatheter edge

edge MV repair using the MitraClip system (Abbott Vascular, Santa Clara, California).
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The geometrical orifice area of thelwe before percutaneous EtER was 5723nmhile

the total geometrical orifice area of the generated dewfifiee was 245 mm2.

Figure2-4: a) Annulus base b) Mitral valve configuration with silideaflets. c) Four wires at the level of

annulus

Figure2-5: a) Mitral valve in MR condition b) Mitral valve after percutaneous EtER
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2.1.3 Particle Image Velocimetry

Particle Image Velocimetry, or PIV, ian optical technique allowing instantaneous
velocity measurements on a whole plane (Raffel et2@06). A standard PIV system

requires a laser source, CCD Camera(s) and light scattering particles.

The principle of PIV is quite straightforward; the lasenits light that is scattered by the
particles. Two consecutive images of the particles, with a determined timeDigkrg
recorded by a higepeed camera. The images are then divided into interrogations zones
(typically 32 by 32pixels, or less) and crossorrelation is then performed between the
two images. The peak of the crassrelation in each interrogation region leads to the
most probable displacement of the particles within specific zone. Knowing the time delay

Dt between themages, the local velocity can easily be determined (Fig6de

In this work, PIV has been used in order to investigate the velocity field inside the LV for

both valve configurations (MR and EtER).
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Figure2-6:P1 V setup (Dantecdynamics.

2.1.3.1Laser

The PIV LaVision system (LaVision GmbH, Goettingen, Germany) was used in

combination with a dual cavity Nd:YLF laser (Litron Lasers, Warwickshire, UK) with a

maximum pulse energy of 10 mJ at 527 and amaximum repetition rate of 20 kHz

The laser sheet, with taickness of approximately 1 mm; was positioned parallel to the

MV flow jet (Figure2.7).
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Compliance

Peripheral
Resistance

Aortic Root
Compliance

@ —\ Adjustable

Porcine Aortic Heart Valve Mitral Flow Transducer

SIM (EL-23A)

Custom-Made Mitral Valve

I
O 8 Laser Sheet CCD Camera
[llumination

Figure2-7:Schematic of the ViVitro System cardiac simulator addressing the position of laser sheet

illumination and position of CCD camera

2.1.3.2 Seeding Particles

The seeding particles are an important and critical part of PIV system because the

particles must match the fluid properties. The particles must be small enough to be able to

follow the fluid flow (reduction of Stokes drag), but at the same time, largegénim

scatter enough light. Another important characteristic required from the seeding particles

for cardiovascular flow applications is their time response. The particles have to be
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capable of rapidly responding to sudden variations in flow velocitthisnwork, Hollow
Glass Spheres of 10 um diameters and a density of 1.1 g/cm?3 were found to adequately

respond to the above mentioned constraints.

2.1.3.3 Camera

A hisglkeed digital camera (Phantom V9. 1, Vi s
at a maxilmali ome of 163211200 pixels was us
ma x i mal recording frequency achiavablder at
opt emi hec ocrrroeslisa tPil &n mefastume ment s for each i

t he t ibred wseteenp t wo c o n sDfc untaisv emoldai sfeire dp utlos essa

(Dtr ange: 100 Os to 700 Os)l dRkadd eda skotlt viaghdke

measurements have belaoclked fomemedr enmemrt sph a

i mages eovarsd erd for each phase, -paansds -wcarso s & h
correlations were used with an initial i n°
final size of 16116 pixels, with 50% overl
mm I 0.49 mm.

2.1.4 Doppler Echocardiography

In order to compare the results found in this work witkivo data that is available in the
literature, Doppler echocardiographic measurements have been perfdboppler

echocardiography measurements were performed using an Acuson 128 XP/10
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(California, USA) and V219 (2.5 MHz) probe (Figugs8). The beam was carefully
aligned with the main jet direction. For the doubtdice configuration, the beam was
alignedwith one of the orifices. For all measurements, continweare Doppler was
used and the following parameters were determined: 1) PeekvE& vebcity; 2) Peak
and meanrainsvalvular pressure gradient using simplified Bernoulli equ@Eqgn2.1).

w0 TW (o)1 ¢
That V stands for the velocitglownstream of the mitrah n dP fap the transmitral

pressure gradient.

Figure2-8: a Poppler echocardiography measurements were perfousad) an Acuson 128 XP/10
(California, USA)with b) V219 (2.5 MHz) probe that pluggedtheDoppler echocardiography to perform

the measurements
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2.1.5 Catheter Measuremens

Pressure waveforms in left heart cavities were recorded using three standard Millar
catheters MPF00 with the accuracy of £0.025% on the full scglE0 ml/min to 20

I/min). Additionally, pressure measurements were performed upstream and downstream
of the mitral valve using a new pressure wire developed by HemoDynamix Inc. Based on
fiber-optic technology, the prototype designed by HemoDynamix Medical Systems
incorporates 4 sensors, spaced 2 cm apart, within an envelope of 0.71 mm of outside
diameter. This diameter is small enough for the device to be guided to heart valve regions
withiha st andard guiding catheter (which has
Apertures were created on the envelope using a laser so that the pressure sensors have
access to the surrounding environment. Ragliaque marker bands indicate the location

of pressure sensors. The devi-tepodostdermdoat

possibility of damage to heart tissues (Fig2.

/ Marker bands

T

Figure2-9: Multisensory device for endovascular with four sensmd flexible 3tip.
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Figure2-10: The evolution chassis unit

The device was connected to a FISO (evolution Chassis) designed coogmitelied
signal conditioner and data acquisition to be able to read pressures Eid))reOn the
prototype used in the study, only two sensors were functi@ra. sensor was lated
upstream of the MV model, and a second one at the tip of the valve leaflets. For the

doubleorifice case, the probe was passed through one of the orifices.

Mi tr al flow waveform was measur ed usi ng
El ectronriactte .f | Tohwe pi nt er nal di ameter of t he
matches the aortic and MV flow channel s 1in

with the fl ow probe.

2.2 Experimental Conditions

The measurements were performed under physiological corglitieart rate of 7@pm,
arterial systolic and diastolic pressures of 120 mmHg and 80 matitége volume of 70

mL The <circul amomy xtluwied ovaswattdér aanmdengliyger
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kgfamnd viscosity of 3.5 cP to simulate t

under high

Phalseec k e d

Pl V
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shear rate conditions

measurements were perfor med

300 -

200 -
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Mitral flow rate [ml/s]
T
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-300

P2
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E-Wave
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v . ' '
0.2 0.4 0.6 0.8
Time(sec)

Figure2-11: PIV measurements performed in seven points during diastole and one point in systole
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Chapter 3 : Results

In this section, the experimental results obtawét the two configurations of the mitral
valve, the regurgitant mitral valve and the mitral valve following eidgedge repair, are

presented and discussed.

3.1 Mitral Flow Waveform

Figures 3.1 and 3.2 show flow waveform through the mitral valve befored aafter
percutaneous edge-edge repair. It is worth noting that simulated EtER successfully
reduced mitral valve regurgitant volume (integral of the flow rate moving back from the
left ventricle to the atrium during systole) from 34 ml to 15 ml (56%ucgdn). So, in

this work, aseveremitral regurgitationwas simulated and the edtgeedge repair
approach led to a reduction in its severity to mild mitral regurgitation. This is consistent
with in vivo findings were several studies have shown that peneous edgto-edge
repair successfully reduced mitral regurgitation from grade 4 (severe mitral regurgitation)
to grade 3 or 2 (moderate or mild mitral regurgitatigBpkker et al. 2013; Van
denBranden et al., 2007)t is important to note that only in a limited number of cases,
percutaneous edge-edge repair led to more than tgoade reduction in mitral

regurgitation.
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Mitral flow rate [ml/s]

Regurgitant Volume: 34ml
-400 Y I

. . ' '
0.0 0.2 0.4 0.6 0.8
Time (sec)

Figure3-1: Mitral flow waveform before simulated percutaneous EfR& color zonshows that the

regurgitant volumes 34 m|
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Mitral flow rate [ml/s]

T Regurgitant Volume: 15ml

-300 T T v . T T v J
0.0 0.2 0.4 0.6 0.8

Time (sec)

Figure3-2: Mitral flow waveform before simulated percutaneous EtR& color zonshows that the

regurgitant volume to 15 ml

3.2 Doppler Echocardiography and Catheter
Measurements

A major concern with percutaneous edgedge repair is the possibility of inducing a
significant flow restriction through the mitral valve during LVs&ye. Indeed, the
significant reduction in the mitral valve geometrical orifice area following ¢olgelge

repair might lead to a mitral stenosis. However, clinical evaluations of mitral valve
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performance following percutaneous edgedge repair is ctienging due to the double
orifice configuration of the valve. In this work, unique experiment measurements using
both Doppler echocardiography and catheterization allow a direct comparison between
the pressure losses induced by the mitral valve durinplsydollowing edgeo-edge

repair.

The beam of Doppler was aligned with one of the orifices and, for all the measurements
performed, continuouswave Doppler was used and the following parameters were
determined velocitytime integral (VTI); mean transmitral pressure gradient
(MNnGRAD); peak Ewave velocity and peak-vave velocity.The table3.1 shows the

obtained data:

Table3-1: Continueswave Doppler for PEtER

VTI MnGRAD E-Wave A-Wave

(m) (mmHg) (m/s) (m/s)

0.54 4.6 1.65 1.30

0.54 4.6 1.58 1.28

0.50 4.3 1.65 1.28
YO 0 "OT® O 19

For catheter measuremsgnone sensor was located upstream of the MV model, and a

second one at the level of the tip of the value leaflets. The probe was passed through one
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of the orifices for the doublerifice case. Thecomparison betweenDoppler

echocardiographgndcatheter masuremerst isshown in the figurd.3:

=)
T~ 10
£ 9 I Doppler
E [ Catheter
c 8
Q
g 7
O 6
o
=
0
o 4
o
s 3
= 2
% 1
= 0
TMPG (max) TMPG (mean)

Figure3-3: Comparison between Doppler and catheter transmitral pressure gradients. There is a good

agreement between the two measurements and the EtER seemiadwtda@ severe mitral stenosis

The figure displays peak and mean transmitral pressure gradients (TMPG), as measured
by catheter and Doppler ultrasound&ere was good agreemétween the results. The

peak of TMPG for the Doppler i9 mmHg, which isclose to the peak ofTMPG
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measuredy cathete(7 mmHg) The mean TMPG by the Doppler is 4 mmigile it

was3 mmHgby catheter.

3.3 PIVMeasurement

3.3.1 PhaselLocked Measurement

PIV measurements were taken eght different instants (phases) dugirthe cardiac
cycle. Here, the three most important instants are discugsadt of Ewave; mid

diastais; and peak of Avave.

3.3.1.1 Velocity Pattern and Profiles

Figure 3.4 shows the flow pattern inside the LV at the peak -@faze. The simulated
percutaneous edge-edge repair induced a clear modification in flogv inside the left
ventricle. A double jet develops with a significant increase in maximal velocity from 0.4

m/s to 1.6 m/s.
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Figure3-4: Velocity patterns measured by particle image velocimetry at peakvafvE. The
measurements were performed before (left) and after (right) simulated percutaneots-edge mitral

repair. The induced double jet configtien clearly appears with a deeper penetration inside the LV

Figure3.5 shows the comparison of the velocity profile measured 15 mm downstream of

the tip of the MV leaflets and at the peak of theveve. A clear difference between the

case of regurgitant mitral valve and following percutaneous-tsgdge repair can be
observed. A 6double flaté velocity gorofile
edge repair. Such velocity profiles increases shear layer zones and might predispose to

shear induced blood components damage.
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Figure3-5: Velocity profile measured by particle image velocimetry 15 mm downstream of the tip of the
mitral valve leaflets for the peak ofave. The measurement was performed before and after
percutaneous edg®-edge mitral repair The induced double jet configuration significantly increases the

maghnitude of the velocity and generates a double jet configuration

Figure3.6 represents flow patterns inside the LV during diastasis. The reduction in mitral
inflow leads to a reduction in maximal jet velocity compared to peala¥e: 0.25 m/s

for regurgitant mitral valve and 0.8 m/s following percutaneous-eulgege repair. fie
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velocity profiles measured 15 mm downstream of the tiphef mitral valve leaflets

remainunchanged with a reduced velocity magnitude (Fi@urg

s

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.2 04 06 08 10 1.2 1.4 1.6
[m/s] [m/s]

Figure3-6: Velocity patterns measured by particle image velocimetry at diastasis. The measurements were
performed before (left) and after (right) simulated percutaneous-eegdge mitral repair. Thinduced

double jet configuration clearly appears wittdaeper peetration inside the LV
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Figure3-7: Velocity profile measured by particle image velocimetry 15 mm downstream of the tip of the
mitral valve leaflets for the diastasis. The measurement was perftrefi@e and after percutaneous edge
to-edge mitral repair. The induced double jet configuration significantly increases the magnitude of the

velocity and generates a double jet configuration

The velocity magnitudetahe peak of Avave of flow rate throug the mitral valve
increases as a result of left atrium contraction. As a result, the velocity magnitude in the
LV increases again to reach 0.3 m/s for mitral regurgitation case and 1.4 m/srgllowi

edgeto-edge repair (Figurea8 and3.9).
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Figure3-8: Velocity patterns measured by particle image velocimetry at peakvafva. The
measurements were performed before (left) and after (right) simulated percutaneots-edge mitral

repair. The inducedouble jet configuration clearly appears with a deeper penetration inside the LV
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Figure3-9: Velocity profile measured by particle image velocimetry 15 mm downstream of the tip of the
mitral valveleaflets for the ANave. The measurement was performed before and after percutaneous edge
to-edge mitral repair. The induced double jet configuration significantly increases the magnitude of the

velocity and generates a double jet configuration
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3.3.1.2 Streamlines

Plotting velocity streamlines allows for a better representation of flow structures in the

left ventricle before and after percutaneous etgedge repairs.

Figure 3.10 represents velocity streamlines at the peak-whie, diastasisand peak of
A-wave. In the case of mitral regurgitation, a large coherent structure develops in the left
ventricle (a cross section of vortex ring). This structure is convected towards the left
ventricle apex, and occupies a large portion of the venttidsssection at the end of
diastole. Such a large coherent structure has been shown to play an important role in
storing energy during diastole (Pedrizzetti et, &005). For the case following
percutaneous edge-edge repair, a smaller coherent stmuetis developed in the left
ventricle and is rapidly convected towards the apex. No-scgke coherent structure is
present in the lefeentricleprior to the ejection phase. This abnormal flow configuration

might contribute to a sdbptimal ventriculaperformancéHu et al, 2010)
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Figure3-10: Velocity streamlines measured by particle image velocimetry at three different instants. The
measurements were performed before (left) and after (right) simulated percutaneots-edge mitral
repair. EtER induced significant modifications in vortexelegment in the LMollowing EtER the

vortices were small, and rapidly convected to the LV
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3.3.1.3 Total Kinetic Energy and Viscous Dissipation of Energy

A way to evaluate the performance of the left ventricle is to compute the total kinetic

energyand the viscous dissipation of energy.

For kinetic energyer unit of mass at each phggeis computed as:

where} is the density of the fluidy is the velocity component ir-direction, v is the
velocity component iry-d i r e c t i Ais the iatarrdgatiem area in PIV. All local
kinetic energies at each spatial location are added to represent the total kinetic energy at a

specific instant in theycle.

Figure3.11 shows a map of the spatitistribution of kinetic energy dhe peak E, and A

waveof LV.
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Figure3-11: Averagekinetic energy at peak E and A waves for mitral regurgitation caseperdutaneous

edgeto-edge case.

Such maps show that most of the kinetic energy is concentrated in the inflow jet region.

Interestingly, the case simulating percutaneous EtER displays significant regions in the



flow field where the kinetic energy is almost zero. Such regions might predispose for

thrombus formation.

Figure3.12 represents the evolution of total kinetic energy, spatially averaged, for both

cases investigated in this study, at eight differentgdhas
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Figure3-12: Total kinetic energy for the seven different instants during diastole and one instant during
systole. This figure scaled differently for two ca@ks different instants correspond to the different phases

as illustrated on figur@-11).

Although the trend for total kinetic energy between mitral regurgitation and following
percutaneous edge-edge repair is not significantly different, the ampléudor

percutaneous edge-edge repair is around twomes of magnitude higher than for mitral
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regurgitation. This means that left ventricle filling, following edgedge repair, is

performed at higher energetic cost.

Another interesting flow parameter to evaluate is viscous dissipatiorof energy
(Graw, et al. 2002):

o Qo QU Q6 Qu

S 96 00 Q60 O o8,

where* represents the dynamic viscosity of the fluidA gtandsfor the interrogation
area,u is the velocity component in thedirection andv is the velocity component in the
y-direction; dx and dy are the spatial resolutiosin the x andy directiors, respectively
Table 3.2 shows the difference in viscouwlissipation at each phase between mitral

regurgitation and percutaneous EtHRtrease in viscous dissipation of energy may lead

a less efficienwentricularpumping function. Furthermore, less energy can be stored in

the left ventricle during diastole amagtailable for early systolic phase.
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Table3-2: Represerative of viscouslissipation ofenergy fordifferent instants with the unit of Pa/s

MR PEtER
= 3.63x10° 0.365¢10°
P2 6.04x10° 29.80%x10°
P3 5.02x10° 17.55¢10°
P4 4.40x10° 4.98x10°
pE 6.24x10° 16.76x10°
PG 6.11x10° 27.48x10°
. 5.00x10° 8.92x10°
pg 4.68x10° 2.43x10°

3.3.1.4 Reynolds Shear Stress

Reynolds Shear Stress (RSS) is averaged over 200 cycles. The assessment of RSS helps
predictingthe riskfor shear induced blood components damage. This damage can be
caused by prolonged collision and conflict of blood components, including the collision

of red blood cells and platelets between each other, or the surface of the valve (Kheradvar
et al. 2012). The regions with the potential of high Reynolds shear stresses may lead to

hemolysis and pltelets activation (Kamenevaadt, 2004).

The RSS is caldated based on the velocity fields obtained from PIV measurements. RSS

is not fixed by the rotation of the coordinate, so the major Reynolds stresses are
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calculated along the principal axeé8a({dwin etal. 1993). RSS (E¢3.4) and Reynolds

normal stress (E®.5 and Eq3.6) are computed according to:

Tov Y oDz 0 o®
0007 oDz O 8
” A} A} p ” N D 4
V] UDT uDz O id

N represents the mber of images taken at each phase. Each velocity vector is
decomposed into its mean component and its fluctuating velocityol®md uDare

fluctuating components of a velocity vector walixection and ydirection, respectively.

The major RSS is comped as:
YYY — 00 Or®

Figure3.13 shows the RSS field at the peak eiv&ve and Awave Edgeto-edge repair
induces significantly higher shear stress with maximal values of 4By at the
peak of Ewave and 2.2xI6(m/sY at the peak of Avave. While, for the case with mitral
regurgitation, the values were: 0.47%10n/sY, at the peak of vave and 0.15xI9
(m/sf at the peak of Avave. These figures also show that etigedge repair creates
high shear stredayers that might damage red blood cells, or activate platelets with risks

of hemolysis, or thrombus formation the LV. Interestingly, Orban etl. (2012 have
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already reported a case of thrombus formation in the LV following a successful

percutaneousdgeto-edge repair.

Reynolds Shear Stress [m/s]*2

0.47x102 4.4x102
0.44x102 4.1%102
0.41x102 3.8x102

0.38x102 3.5x10-2
0.35x102 3.2%x102
0.32x102 2.9%102
0.29x102 2 6x10-2
0.26x102

0.235102 2.3x102
0.20x10°2 2.0x10%
0.17x102 1.7x102
0.14x102 1.4x10-2
0.11x10°2 1.1x10°2
0.08 x102 0.8x10?
0.05x10°2 0.5x102
0.02x102 0.2x102

Reynolds Shear Stress [m/s]*2 o

0.38x102
0.35x1072 3.2x102
0.32x102 2 9%102
0.29 x10-2
0.26x102
0.23x10-2
0.20x102
0.17x102
0.14x102
0.11x102
0.08x102
0.05x102

3.5x102

0.47x102 4,4x10-2
0.44x102 4.1x10-2
0.41x102 3.8x102

2.6x102
2.3x102
2.0x102
1.7x102
1.4x102
1.1x102
0.8x102
0.5x102

0.02 x10? 0.2x102

Figure3-13: Reynolds shear stress at the peak of E and A waves for MR and percutaneous EtER cases

inside the LV
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3.3.2 Time-Resolved Measurement

Time-resolved particle imageelocimetrymeasurementaerealso performed in order to
investigate flow dynamics in the left ventricle in the case of mitral regurgitation and
following percutaneous edge-edge repair. Of interest here is the evolution of the
vorticity field during lef ventricle filling phase. Other results, including velocity fields
and viscous energy dissipation derived from tm@solved measurements can be found in

Appendix.

3.3.2.1Vortex Dynamicsinside the L eft Ventricle

Figure3.14 represents the vorticity field at four instants during left ventricle filling phase.
The maximum of vorticity is 328™*. Dispersed small scale coherent structures can be

noticed in the flow field.
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Figure3-14: Vorticity magnitude for t=0.099 s, t=0.159 s, t=0.271 s and t=0.440 s for the MR case

The trend is significantly different for the case with percutaneous-tedegge repair.

The vorticity magnitude is significantly higher than for the mitral rggation case and

reaches a maximum of 1800.sA vortex ring is formed early in diastole and is rapidly

convected towards the apex. At instdm0.165 s, a vortical structure can also be

observed between the two jets emerging from each orifice ofefrered mitral valve

(Figure 315).
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Figure3-15: Vorticity magnitude for t=0.110 s, t=0.165 s, t=0.285 s and t=0.458 s for the EtER case

Time resolved measurements allow for the evaluation of speed at which coherent
structures are convected into the LV during one cycle and mainly during early diastolic
phase (Ewvave). For this, a spatene plot is represented for each case investigated in
this work. For this purpose, the time evolution of the axial velocity along a line passing
through the mitral orifice (one of the two orifices for the case with percutaneouscedge
edge repair) is plotted. Then, the location of the maximal velocity alleadine is
obtained at each instant aadinear regression allows for the estimation of the speed of

the propagation of the vortex structures in the left ventricle.
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Below figures represent the spatine velocity distribution during &vave. Inthese
figuresthe slope of dashed line shows the propagation of the vortices for MR case; the
estimated propagation velocity is 15 mr{ifggure 316). For EtER case the propagation

velocity is significantly higher and reaches 99 mRigure 317).
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Figure3-16: Spacetimevelocity of EWave for the MR case
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Figure3-17: Spacetimevelocity of EWave for the EtER case
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Chapter 4 : Conclusion and Future Works

Thekey findings of this study are: 1) thesasa goodagreemenbetween Doppler and
cathetetransvalvulapressure measurements in the case of double orifice MV
configuration; 2) Percutaneo&ER significantlymodifiedflow patterns and vortex

dynamcs in the LV.

Recent studies have shown that about hathepatients with symptomatic severe MR
are not referred to surgery mainly because of age or the presence of comorbidities (Van
denBrandenet al., 2007). For such patient, percutaneous Et&RgMitraClip appears

as a viable solutioEVERESTI (Endovascular Valve EtER Study dgmonstrated
mainly the safety and feasibility of tivitraClip. However, the results from EVEREST

Il on 179 patientbave shown that percutaneous EtER does not otdgpa surgery in
symptomatic patients with MRAlthough the number of major adverse events was
significantly lower in patients with BlitraClip, the rate of surgery/reoperation was
significantly higher compared to the surgical groiukholm-Larsen et aj. 2013).

As aconsequence, threcentguidelinesfrom the European Society of Cardiology and the
European Association for Cardithoracic SurgerguggesthatMitraClip hasbeen used

in high surgical risk patienend considered by a multidisciplinary team
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4.1 Hemodynamic Performance Following
Percutaneous EtER

The double orifice configuration generatedEt{ERposes challenges for the evaluation
of MV function. In this study, wehowedthat theravasa good agreement between the
maximal velocitymeasured by Doppler and PIV (1.680svs1.58m/s). Furthermore, we
found a goodnatchbetween Doppler and cathetemnsmitralpressure gradients
(PeakTMPG: 9mmHgvs.Catheter: iTnmHg; Mean TMPG: 4 mmHg vs. 3 mmHg). The
valuesfor TPMG obtained in this study are in good agreement wvithivo data from the
literature. In 84 patients withetER Hilberathet al. (2013 founda peakTMPG of
10.7£0.5 mmHg and a mean TMPG 408+0.2mmHg,while Hermann et al(2009

reported a meahMPG of 4.1+2.2andDivchevet al. a mean TMPG of 3.6+1.5 mmHg.

4.1.1 Location of Doppler Measurements

Maisanoet al. (2000 showed numerically thaip to 35% can be obtained in the
estimation of TMPG depending on the location of the measuremeritsis Istudywe
foundeven larger differenceetween the jet velocity and the central line velocity. At the
peak of the Bwvave,the jet velocitywasaround three times higher than the central line
velocity, whileatthe peak otheA-wave,the jet velocitywasabout six times
higher.Alignment of the Doppler probe is therefore essential in order to limit
measurement errors. Another findiwgsthat the jet velocity remained at itmaximal

valuefor aroundtwo orifice diametergaround 20 mm). As a result, if pulsed Doppler is
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used to evaluate MV function followir§tER, the results arkessaffected by the

longitudinal positioning of the probe inside the LV.

4.1.2 Flow Patterns in the LV Following Percutaneous EtER

The results of this study showeignificant modifications iflow patterns in the LV
following EtER Exceptfor the development of a double jet configuration, the vortex
structures in the LWeresignificantly different from a normal LV
filling. EtERgeneratd smaller vortex structures thaererapidly convectedowards the
apex and significantly contributea dissipating flow energy. This energy lost as heat is
not available during LV systole to transport blood flow through the arterial
system.Thesefindings are in agreement with the results obtained numerically by Hu et

al. (2010).

4.2 Future Works

Left human heart ventricle is one of the most sophisticated parts in cardiovascular system

from the hemodynamics and fluid mechanics point of view

In thisin vitro study, blood flow behaviounder pathological conditioaftervalve edge
to-edge repairwas investigatedThis experimental study revealedteresting results
regardingthe flow behavior inside the LMHowever, future studies performedngsi3D
stereoscopic PIV should be performed in order to more accurately investigate the flow in
the LV following edgeto-edge repair.
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Also from a fluid mechanics pohaf-view, vortex formation and reconnection for flow
conditions mimicking percutaneous gexto-edge repair will be an interesting area to

investigate.

Finally, from a clinical poinbf-view the effect of mitral valve area reduction following
edgeto-edge repair on left atrium pressure and pulmonary hypertension has to

investigate.
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Appendix



Viscous Dissipation of Energy

In a viscous fluid flow the viscosity of the fluid will take energy from the kinetic of fluid
and transform it to the internal energy (heat). This irreversible process named viscous
dissipation. In order to calculatdet Viscous Dissipationof Energy respect to the
previous equation we have:

Y8 Qo0 QU Qo6 QU o
% S 9% Qe Qo Qo ®
Where* is representing the dynamic viscosity of the flui2 cand 'Q ware spacing

between velocity vectors. This equation (Eg. A.1) obtained f@raw, et al. 2002).

Below graph represents the viscous dissipation of energy in systole and diastole of the
LV before intervention as MR case. This graph discloses how the tysobshe fluid

during the cardiac cycle took energy from the kinetic energy (motion) of the fluid and
transforms it to the irreversible internal energy. During the cardiac cycle it changes
around 0.02 Pa/sec and as it is unfolded for two critical moneérgach cardiac cycle,
E-Wave and AWave, the changes was not enormous and viscous dissipations were

smooth and argumentative.
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FigureA-1: Viscous dissipation of energy for MR case in one cardiac cycle

Figure A2 illustrates viscous dissipation for the cardiac cycle after simulating the
percutaneous EtER of mitral valvEhis graph revealthe trend has changed completely

and strongly asserthat how this operation has altered the blood flow inside the LV. The
whale variation of the viscous dissipation is around 0.8 Pa/sec and this variation for the
E-Wave and AWave in compare to the other moments of the cycle is around 63% to
87% that might endanger blood components and damage them. Also the variations during

thecardiac cycle before and after the intervention are about 60% to 93%.
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Figure A-2: Viscous dissipation of energy for MR case in one cardiac cycle
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Velocity Pattern

Figure A3 represents the velocity magnitufbe four different time of t=0.099, 0.159,
0.271 and 0.440 seconds in one cardiac cyate0(857 s) for MR case. These moments
respectively are stand for the peak and decelerationWhize, diastasis and peak of A
Wave.

In all the mentioned instants th&ution of the velocity magnitude is smooth and has
changed for 0.3 m/s with higher rates along the ejected mitral jet. In t=0.099 s and

t=0.440 s the higher velocity is distributed at the level of the valve.

Figure A-3: Velocity magnitude for t=0.099 s, t=0.159 s, t=0.271 s and t=0.440 s for the MR case.
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