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Lay Abstract

Transcatheter aortic valve replacement is an emerging less invasive intervention for patients with
aortic stenosis. Although hemodynamics quantification is critical for accurate and early diagnosis
of aortic stenosis, proper diagnostic methods for these diseases are still lzatauge fluid
dynamics methods, that can be used as engines of new diagnostic tools, are not well developed
yet. We developed aimagebased patierspecific computational framework that can quantify
hemodynamics in patients with aortic stenosis who received transcatheter aortic valve
replacementWe also useds diagnostic abilities by providing novel analyses and interpretations

of clinical datato answer clinical questions.
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Abstract

The success of TAVR procedure hinges on quantifications of the global hemodynamics (heart
function metrics and workload), and the local hemodynamiatinf@nsional flow dynamics in

left ventricle, aortic root, and coronary arteries). In this study, we developed an-basek
framework that can quantify local and global hemodynamics for TAVR assessment. The proposed
framework uses fluigtructure interaction method and lumgstameg¢r modeling that only
needs routine nemvasive clinical patient data. The computational framework was validated

against clinical cardiac catheterization data and Doppler echocardiographic measurements.

One of the challenging aspects of TAVR is its comnagsociation with complex valvular,
ventricular, and vascular diseases (C3VD). Treatment strategies for these patients are quite
uncertainand, on a casky-case basis. In order to examine long term risk factors and create
guidelines for intervention aimeat minimizing the progression of cardiovascular disease, the
impact of C3VD on ventricle fluid dynamics in patients who underwent TAVR was investigated

in this thesis. Our results showed that interactions of C3VD with TAVR fluid dynamics may
amplify advese hemodynamic effects that limit the benefits of TAVR and might contribute to
speed up disease progression. The results suggest that some other interventions in addition to
TAVR, such as mitral valve intervention and percutaneous coronary interventight be

required as regularly chosen current surgical techniques might not be optimal for patients with

C3VD who undergo TAVR.

PostTAVR complications including paravalvular leakage, thrombosis and coronary obstruction
remain as the main Achilles heels AVR. While coronary artery disease (CAD) is present in

approximately half of TAVR candidates, correlation of pb&VR complications such as
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paravalvular leakage (PVL) or misalignment with CAD are not fully understood. To effectively
evaluate risk statusid create guidelines for intervention, precise quantification of aortic root and
coronary artery hemodynamics is required. We used a papestfic multiscale computational
mechanics framework in both pre and post TAVR states to investigate the effEAlVe¥
complications such as PVL and misalignments on the coronary arteries and aortic root
hemodynamics. The proposed framework could provide a platform for testing the intervention

scenarios and evaluating their influences on the hemodynamics.

Vi
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following submodels: left ventricle, left atrium, aortic valve, aortic valve regurgitatiatram

valve, mitral valve regurgitation, systemic circulation, pulmonary circulation, left main coronary
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artery. Abbreviations are the same as in Table.2...............ouiiiiccriieeie e 170

Figure 4-2. Schematic diagram of computational domain. Anatomical and electrical schematic
diagrams of the lumped parametevdeling coupled to the fluid domain. This model includes the
following submodels. (1) ascending aorta, (2) left ventricle, (3) left anterior descending coronary
artery, (4) left circumflex coronary artery, and (5) right coronary artery. Abbreviatiortbere
same as in Table 2. Input parameters were measured using Doppler echocardiography and
sphygmomanometer. Simulation domain and FSI modeling. Imposing correct boundary conditions
to the flow model is critical because the local flow dynamics are inflaebgelownstream and
upstream conditions. Patiespecific LPM simulating the function of the left side of the heart and
coronary arteries was coupled to the inlet and outlets. This data was obtained from the patient
specific imagebased lumped parameter deb. Input parameters to the lumped parameter
algorithm were reliable measured using OsiriX imaging software (OsiriX version 8.0.2; Pixmeo,
Switzerland). We used ITH6NAP (version 3.8{BETA) to segment and reconstruct thé3
geometries of the completertio root and coronary arteries using CT images................ 172
Figure4-3. Hemodynamics parameter: (a) Regurgitant flow velaggtyeform at the paravalvular
leakage cite (5 chamber view); (b) Short axis color doppler view of the prosthetic valve and the
paravalvular leakage area (Vena contracta area: 1.04 cm2) and its circumferential extent with
respect to prosthetic valve diamef86%); (c) Long axis color doppler view of paravalvular
leakage jet interaction with diastolic flow behind the posterior mitral valve leaflet. Geometrical
parameters: (d) Parasternal leaxgs view associated with diff erent parts of the aortic root and
ascending aorta before TAVR; (e) Parasternal shwig view of aortic valve before TAVR; (f)
M-Mode measurement of ascending aorta before TAVR; (g) ParasternalXmsngew associated

with different parts of the aortic root, prosthetic frame, and asegrabrta after TAVR; (h)
Parasternal shoeexis view of TAVR; (i) MMode measurement of ascending aorta after TAVR.

Figure4-4. Reconstructed-8imensional geometry in a patient with AS who received TAVR using
computed tomography, schematic diagram of LPM pressure boundary conditions and FSI. (a) CT
views (coronal, sagittal and axial) of the ascending aorta, coronary branchegfd/alsalva and

aortic valve for preTAVR (left column) and posTAVR (middle and right column) as well as the
segmentation process and geometry reconstruction; (b) computational domain and boundary
condition. FSI simulations performed during diastoRatientspecific LPM simulating the
coronary perfusion pressure (ascending aorta pre$sukeé diastolic pressure). This data was

obtained from patierdpecific imaged based lumped parameter model (Figlje 4........... 175
Figure4-5. Patientspecific lumped parameter boundary conditions (BC) and strongly coupled
FSIModel flOW Chart..... ..o 186

Figure4-6. Grid convergence analysis. (a) H®VR: velocity comparisons for different mesh
resolutions at the peak of filling phase for different coromaogs sections (sections A,B and C):
difference in average velocity between mesh#3 and mesh#4 is less than 0.3% and between mesh#4
and #5 is less than 0.2%difference in maximum velocity between mesh#3 and mesh#4 is less
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comparisons for different mesh resolutions at the peak of filling phase for different coronary cross
sections (sections A,B and C): difference in average velocity between mesh#3 and mesh#4 is less
than 0.3%and between mesh#4 and #5 is less than Odifference in maximum velocity between
mesh#3 and mesh#4 is less than 0.5% and between mesh#4 and mesh#5 is less than 0.3%; In the
aortic root and coronary arteries, the blood flow is laminar and does natesxgeturbulence
during the diastolic phase. In this study, for all 3 patients, we considered the blood flow to be
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1.1 Aortic valve stenosis

Aortic stenosis (AS)mainly caused bprogressive calcification of aortic valves one of the most
common chronic cardiovasculdiseasesn the world!. AS isspecifiedby reducedaortic valve
opening areafollowing which the valve cannot fully open and has restricted méti@alcific
degeneration is the most common etiology forwit anincreased prevalence with agémong

all heart \alve diseaseAS is the most prevalent of @hd occurs iupto 7% of individuals older
than 65 and up to 10% of patients over the age df?8Aeart failure is the primary cause of death
for AS patientsandif aortic valve disease is left untreatefl0%of the patients with ASwill die

within two years of symptomnset®.

AS can be asymptomatic (i.e., patient has a good outlook even with severe complications) or
symptomatic with angina, syncope and heart faifuia most cases, AS is associated with other
cardiovascular defects, including left ventricle hypertrophgliastolic dysfunctiorf, coronary

artery diseasé arrhythmia, atrial fibrillation® and strokée®.

Aortic valve replacement is now a routine clinical procedure for patients suffering from AS and
transcatheter interventions are exponentially growtndNevertheless, despite the advancements

in interventional and surgical techniques, lasgale data on lontgrm outcomes of surgical or
transcatheter interventions are scarce and patients with aortic valve interventions and surgeries
require close monitoring because of acute gsasgjical complications, including hypertension,
structural valve deterioration, valvarombosis, cerebrovascular events, and prosthetic valve
endocarditig®. In addition,in some cases, the situatioonsens or the prexisting cardiovascular

disease changes to another form of cardiovascular di¥&&se
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1.2 Associated cardiovascular complications with aortic stenosis

Patients with severdS are referred to valve replacement, only if they are symptométic
However, prior to the onset of severe symptoms, the left ventricle is under continues pressure
overload and afterload due to the dedéintricular outflow obstruction, which subsequently lead to
other complicabns such as hypertrophy, impaired ejection fraction, systolic and diastolic
dysfunction, impaired coronary blodlbw reserve and mitral regurgitatioht®. Some of these
complications can irreversibly damage the cardiac tissue and preclude an optimal postoperative
outcome'®. Therefore pre-existing @mplication that coexist with AS would accelerate the heart

failure after the onset of severe symptditis

Onset of severe symptoms

100 /
\ 3 Angina
80 \ — Syncope
— Failure
_ Latent period
X 60 (increasing obstruction, .
© myocardial overload) 0 2 4 6
= Average survival (years)
R 40
20 4 Average death
(age)
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Figure1-1. Survival of patients witlortic stenosisver time-!’

1.2.1 Left ventricular hypertrophy

Left ventriaular (LV) hypertrophyis a condition in which the muscle wall béart's left pumping

chamber becomes thickenéd/ hypertrophyis a response to increased afterloadsed by of AS,


https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/medicine-and-dentistry/aortic-stenosis
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in order to maintain wall stress and cardiac funcfioBy the time AS becomes severe, LV

hypertrophy is present in up to 2/3 of AS patiéfits

Although this process seems to be a compensatory mechanism, hypertrophy is sedgeble
sword, helping to preserve ejection fraction but impairing coronary flow and diastolic fuhction
The LV hypertrophy in the long term decompensates with progressive cell death and fibrosis

which is associated with heart failure and sudderhdedt

Normal Heart Aortic Stenosis

Diffuse Interstitial Fibrosis Focal Replacement Fibrosis

Normal Myocardium Hypertrophy '

Fibroblast Sil@<
Collagen fibers @ ™
Cardiomyocyte ~ {E=my
Blood vessel ()

Figure1-2. LV hypertrophy and myocardial fibrosis in AS patieffts

1.2.2 Diastolic dysfunction

Diastolic dysfunction refers tthe impaired LV relaxatiorcaused by stiffening of LV tissué.
Commonly, LV hypertrophy leads to increased stiffness of the LV chamber and diastolic
dysfunction®?. Impaired diastolic function in patients with AS is present in up to 50 percent of

patients®,

There is growing attention towards the importance of diastolic dysfunction influence on the

outcomes of aortic valve replacement for AS patiéritshas beeshown that advanced stages of
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diastolic dysfunction is associated with an incremental risk of mortality in AS pafitnts
Therefore, @stolic functionassessmertiefore intervention mightranslate into better clinical

outcomesfor AS patients.

The severity of diastolic dysfunction can be assessed through transmittal filling pattern (early
filling velocity ratio to late filling velocity, known as E/A ratio) and tissue doppler imaging of

mitral annulus(e” and &%2°26

Normal Grade 1 Grade 2 Grade 3

.

e A

A
R

e v oW

~‘*—’E.-‘LV

y Y
AL

Figurel-3. Grades of diastolic dysfunction: mild (grade 1), moderate (grade 2) and severe (grade
3) 26
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1.2.3 Coronary artery disease

The progression mechanism of AS is very similar to that of atherosclerosis in coronary artery
disease (CAD) and there is a high coincidence of both disease in the samée’ . paBesmid CAD

share several important cellular mechanisms including lipid deposition, inflammatory cell
infiltration, cytokine release, and calcificatiéfand CAD is present in approximately 50% of the

AS patients®. The question, however, of if CAD should be treated or reduced in severity prior to
valve intervention is still a topic for debat® Patients suffering from CAD would typically
undergo percutaneous coronary intervention (PCI) prior to aortic valve replacement, but some
research suggests there may be less associattalityaf PCI is performed parallel to aortic valve

intervention?s,

\uﬂp.i\
X Ay - .‘\

Figure1-4. The evolution of coronary artery disease in parallel to aortic stetfosis
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1.2.4 Arrhythmia and atrial fibrillation

Arrhythmia is a condition in which the heart beats with an irregular pattern. The most common
arrhythmia is atrial fibrillation (AF) and is characterized by uncoordinated activation of the atria
29 Like AS, the prevalece of AF Increases significantly with age (from 0.1% in patients<55 years
to 9% in patients aged > 80 yeafs Because of the overlapping risk factors for AF and AS, both

of these complications may coexist in up to 50%hefpatients.

Arrhythmia and AF attribute to the loss of atrioventricular synchrony which will lead to reduced
ejected flow and increased ventricle filling pressuriloreover, new conductivabnormalities
and the need for permanent pacemaker are frequent in patients with AS who receive aortic valve

intervention®. AF is associated with a 1.5 to 1.9 fold mortality AsSK

1.2.5 Stroke

Calcified aortic valve increases the risk of spontaneous cerebral embolism and stroke. It has been
shown that AS attributes to thrombus formation, increase platelet activation and reduce fibrinolysis
around the valve regio®’. Therefore, patients with A@re at significantly higherrisk of

cardioembolic stroke and thromboembolic evemsipared to background populatidh

1.3 Diagnostic imaging techniques

1.3.1 Echocardiogram

Transthoracic echocardiography is the gold standardim@sive imaging modality for initial
assessment of patients with A& As severity can be examined with the use of Doppler
echocardiography by measuring hemodynamic and anatomical parathéfbesAS jet velocity

waveform during ejection can be measured from continuous d@ppler across the aortic valve.
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Afterwards, the simplified Bernoulli equation can be used to estimate the pressure gradient across
the aortic valvé. Finally, based on the maximum velocity and pressure gradient, a decision will

be made on the severity of AS.

2 AV Vmax
AV Vmean
AV maxPG 63.03 mmHg
AV meanPG 34.86 mmHg
AV Env.Ti

AV Vmax
AV Vmean
AV maxPG 70.09 mmHg

AV meanPG 44.30 mmHg
AV Env.Ti

Figure1-5. Example of aortic valve assessment using Doppler echocardiogtaphy

Echocardiography is currently preferred over any other imaging modalities for assessment of
patients with cardiovascular disease, thanks to itsimaasive and radiaticfree nature that
allows to be used for a broadegirum of patients. However, some theoretical and technical
limitations of echocardiography might attribute to some inaccuracies. The main sources of
inaccuracies include (1) Improper use of Bernoulli equation for thesteady flow which results

in overestimation of peak pressure drafysind lower spatial resolution for accurate assessment

of calcium scoré®.
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1.3.2 Cardiac catheterization

Cardiac catheterization is an invasive hemodynamic assessment tool for examining the pressure
and pressure gradient. Although the usage of cardiac catheterization has become limited with the
advent of echocardiography, it is still used for the patients with complicated hemodynamic
conditions such as patients with lglew low-gradient AS or patients with LV dysfunctich
Moreover, it is used for diagnosis and interventional planning of coronary artery disease, which is
highly prevalent in patients with A%, However, it is an invasive procedure and is associated with
multiple risk factors including vascular bleeding, arteriovenous fistula, dissection and

pseudoaneurysif.

1.3.3 Computedtomography

Computed tomography (CT) provides high resolution 3D imaging of the aortic valve, aortic root,
LVOT and LV, using ionizing radiation and intravenous contrdstThe highresolution CT
images can contribute to accurate quantification ofifezdtion severity and distribution which

will improve diagnosis and surgical planning for patients with*AS

Figurel-6. CT provides 3D high spatial resolution images: aortic valve (A) and aortic root (B)
37
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However, there are drawbacks for CT imaging which makes it a tool that should be used with
caution. The primary drawbacks for CT imaging include the ionizingtradiand increased risk
of cancer®, inability to provide hemodynamic information (velocity and pressure) and low

temporal resolution®.

1.3.4 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a Aamasive imaging modality that produces detailed
images of the heart sictures by employing a magnetic field and compgtarerated radio waves.
Also, 4D flow MRI provides a sophisticated tool for quantifying blood flow velocities inside the
heart chambers and large vessels with reasonable temporal and spatial réSoldboitow MRI
provides tridirectonal blood flow velocities, which makes it a more accurate tool for eccentric
blood flow jets*®. As mentioned previously, transthoracic echocardiography is, and will most
likely remain the gold standard technique for AS evaluation. However, MRI could be a good
alternative to invasive meebds such as cardiac catheterization or transesophageal
echocardiographff. It is important to note that MRI technique is susceptible to metallic artifacts.
Therefore, it is not a promising imaging modality for patients who receive metallic stents and

pacemakef?

1.4 Current treatments for aortic stenosis

Although there are some medidahited treatment options for moderate AS patients, such as 3
hydroxy-3-methylglutarylcoa reductase inhibitors (statins), no medical treatment option is
currentlyavailable for chronic patients with severe ASTherefore, aortic valve replacement is
the clearest choice for those patiehts)pon referral to aortic valve replacement, there are two

10
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general options available for patients: surgical aortic valve replacement (SAVR) and transcatheter
aortic valve implantation (TAVI) (or transcatheter aortic valvelaegment (TAVR)). Unlike
invasive SAVR with high risk in older adults, TAVR is a minimally invasive procedure that is not
inferior to SAVR and mightoecome the superior treatment modality for the wholesgsictrum

43 including younger population and letgk patients*.

Figurel-7. TAVR vs SAVR (open heart surgefy)

1.4.1 Surgical aortic valve replacement

The standard treatment f&S that has been used for years is surgical aortic valve replacement
(SAVR) or aortic valve replacement (AVR) he prosthetic valve options for SAVR are mechanic
valve and biological valve, each of which comes with some advantages and disadvantages. The
decision for the best choice for each patient should be made considering all future complications
such as the need for anticoagulation and vaivealve insertion in case of prosthetic failtfre
Although SAVR has been the first choice of surgery for decaidgs;ocedure is life threatening

for elderly patients since requires thoracotomy to access the heart and valve position as well as

11
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cardiopulmonary bypas¥“ Observational studies have shown different subgroups of patients
with advanced age or other diseases such as left ventricle dysfunction wotltige @sk of
death once receive AVR. A less invasive approach may be a good alternative for such patients to

decrease the possibility of dedth

Figure1-8. Examples of SAVR valve options: A) and B) mechanical heart valve, C) and D)
bioprosthetic valve$

1.4.2 Transcatheter aortic valve replacement

As the riskbenefit ratio of invasive interventions increases with, dge older patients, nen
invasive or minimally invasive interventions are preferred as they confer reduced risk of
hospitalization and future complicatioPis Transcatheter Aortic Valve Replacement (TAVR) or
Transcatheter Aortic Valve Implantation (TAVI) ishavel solution for the patients who are not
eligible to receivenvasive operheart surgery (8VR). This novel technique has been known as

a promising soltion to replacéSAVR due to its most minimal invasive proced@té’. However,

the decision upon the type of surgery is highly dependent to many factors and conditions that must

be taken into the account by the surgery team. That means an approach by the heart valve surgery

12
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team should be examined carefully in patients wtecandidates for TAVR or high risk SAVR,
since TAVR outcomes are highly dependent to the improvement of patient selection by surgery

team®2.
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Figurel-9. Commercially available transcatheter aortic bioprosthesis. (A) SAPIEN 3 (Ultra), (B)
EvolutR/PRO, (C) ACURATE Neo (2), and (D) Portico TAVI Sysf@m

1.5 Complications of Transcatheter aortic valve replacement

After theTAVR, careful monitoring of patient conditios essentialo make sure the surgery has
been successful. Predicting the patient conditiaheénlong termis the majorconcern that needs

to be addressed carefuliilthough TAVR has been proven to be a good replacefoe@AVR,

still some complications remain aftsurgery. These complications may happen during any stage
of TAVR procedure and can cause irreversible problems that can lead to deathvadahlar

level, toward reaching the position of aortic valve, guiding the catheter can cause vascular injury

13
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ard perforation. At the heart level, severther complicationsmight occur If the valve is
deployed in the wrong angle or wrong position with respect to the original valve, it can cause
positional shift of valve or leakage. Also, if the valve is deployery close to the coronary
arteries, which are only around 10 mm above the aortic valve, it may block the coronaty inlet
Choosing the size of prosthesis is a critical decision; if the size is smaller than the available space,
that leads to positional shift or paravalvular leakage and if the size is bigger than a specific value,
that can lead to aortic root rupguor deformation of valve (that can cause transvalvular leakage)

53 Paravalvular leakage is a very common phoation after TAVR and can affect the flow and
pressure of left ventrick¥. Either together with the aboweentioned complications or separately,
thrombosis around TAVR or on the leaflets and leaflet thickening are other important

complications>™.

1.5.1 Paravalvular leakage

Paravalvular leakage (PVL) has been known to be the most common drawback oPTSuRRe

the TAVR procedure is sutureless, paravalvular leakage occues then surgical aortic valve
replacement, affecting 26% to 67% of patief¥t¥’. In general, leakage in valve can be central
(transvalvular), between prosthesis and deployment zone (PVL) orskiged. Therefore, PVL
can occur if a TAVR is implanted too lowthin the annulus or if the valve does not fit completely
inside the annulud.eakage can specifically affect left ventricle (LV) and lead to changes in LV

diameter, volume, and mass due to the available preload in diastole phase.

14



Ph.D. ThesisSeyedvahid Khodaei McMaster University, Mechanical Engineering

Transvalvular Paravalvular Supra-skirtal

Figure1-10. Aortic regurgitation (AR) after TAVR*

Prosthetsigatient mismatch occurs when the effective orifice area (EOA) of the vale is smaller
than that of a normal valv&>° Prosthetic mismatches are more prevalent in female patients and
will cause ventricular outflow obstruction and increased LV pres8ur&Vhile finding the
optimum size oflte valve and exact deployment location for each patient with unique anatomical
and physiological characteristics is challenging, surgeons must consider thenesk ratio of
implantation depth and potential risks for device migration, conduction lostce and

thrombosis on a case by case b&sis

1.5.2 Valve leaflet thrombosis

Most recently, clinical, or sublinical valve thrombosis (detected by hyatbenuating leaflet
thickening or HALT) has shown to restrict valve leaflet mobility and increase the risk of early
valve deterioration or consequent embolic strek®. The prevalence of leaflet thrombosis and
subclinical HALT is uncertain with reported frequencies up to 30% for leaflet thronfSasis

up to 40% for HALT®® in the literature. Despite those unfavorable trends, there is still no clear

understanding of hemodynamic details correlations withicell outcomes®”®°, Among the

15
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previously reported potential causes of pbaWR thrombosis including THV metallic frame
material, incomplete valve expansion, patients cdiegs prothrombotic conditions and
diminished blood flow and stagnatiéh’}, most recent studies have shown a strong correlation

between blood stasin sinus and nesinus region and thrombus formatitn

No HALT HALT s25% HALT >25%-50% HALT >50%-75% HALT >75%

AL

No RLM RLM =25% RLM >25%-50% RLM >50%-75% RLM >75%

Figure1-11. The Frequency and Extent of Hypoattenuated Leaflet Thickening (HXLT)

Obstruction to the coronary arteries is caused by several factors, including but not limited to,
calcification of the leaflets which become displaced into the coronary ostia, the coronary ostia
being anatomically lower, and incorrect placement oftthesatheter heart valve (THVy"4

This event may immediately follow TAVR oan be delayed especially in sepanding TAVR
cases’™. A patient suffering with coronary artery obstruction will typically present witlersev
hypertension and ventricular arrhythnffasRevascularization and the use of stents may be

necessary, but it is more importanttothordugh assess a patient@8s ri
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1.6 Computational modelling

1.6.1 Numerical modelling of the Cardiovascular System

Over the recent yearkjgh fidelity multiscale patierspecific cardiovascular simulations have
proven their capability to become a powerful tool for improving cardiovascular research, medical
device optimization and interventional planniffy”. While medical imaging techniques have
revolutionized the noimvasive diagnostic capabiliseof clinicians, areas of uncertainty remain
in understanding patientdés condition. I n addi
modalities such as CT, 3D MRI and 4RI providean appreciable amount iofformation on the
morphology of cardieascular organs including LV, aortic valve, mitral valve, atrium, aorta, etc.

as well as measurement of velocity field. However, none of the current imaging modalities is
currently able to provide the precise pressure of atrium, LV, aorta and acrossaiheahes

(aortic valve and mitral valve). In addition, the important hemodynamic parameters such as wall
shear stress cannot be accurately obtained by low spatial resolution flow measurement from
medical imaging (including echo and 4D flow MRI), as fhasameter is very sensitive to accurate
quantification of blood flow (with high spatial resolution) near the tissue’atlis important to

note that inaccurate quantification of such important hemodynamic parameters might result in

incorrect interpretation of dafd

With the rapid progress in the field of computational fluid dynamics (CFD) and modern 3D
imaging techniques over the retgears, it is now possible to simulate velocity and pressure filed

in virtual models of cardiovascular system in a patispescific mannerThe fusion of CFD with
subjectspecific input parameters (e.g., flow measurement and anatomical geometriesyada p

a powerful tool with high spatial and temporal resolution data for diagnosis, prediction and surgical

planning’®8082,
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1.6.2 Computational modelling of transcatheter aortic valve replacement

During last decade, there has beerearerging interesn numerical simulation of TAVR. The

first computational fluid dynamics (CFD) modelling of TAVR waesrformedoy Dwyer et al®3

in 2009 to calculate the migration force of prosthesis. Also, theefist towardpatientspecific
simulation was done iB011 by Sirois et aP* Since then, there have been multiple studiiis

a focus orprosthesis depionent, as itcould predict the final position of valve at the aortic root
and also camprovide the inducedstressat the aortic wall®®8’, Also several studies have been
performed to understand the interactions of blood flow across the heart 8adweswithin the

left ventricle®¥ ®1, Howeverthere isstill a scarcity of a quantitative understargiof the interplay
between preexisting pathologies and peSAVR recovery. Further studies are needed to elucidate
the relationship between valvular diseases, left ventricle remodeling and TAVR. Effective
guantification hinges on quantification of thecal and globablood flow dynamics With the
ongoing developments and enhancement of computational resources, the combination of high
fidelity personalized numerical simulation and in vivo data could provide an ideal diagnostic and

predictive tool for a coplete virtual model of TAVR procedure.

1.6.3 Fluid-structure interaction modelling

Different numerical techniques including computational fluid dynamics (CFD), finite element
analysis (FEM) and fluigolid interaction (FSI) have been used recently to simstatetural and

local hemodynamics odortic valve leaflet$?. Among all those numerical methods, FSI can
overcome the limitations of rigid tissue assumption, by coupling the fluid model with a structure
solver.Since the traditional Lagrangidtulerian method with the comprehensive description of

fluid and solid domain is challenging for heart valve simulation, other simplified FSI formulations

18
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such as immersed boundary method and smoothed particles hydrodynamics (SPH) are preferred
in recentyears®. The immersed boundary thed assumes that the valve is a thin elastic structure
embedded inside the fluid domain, making it suitable for overcoming the challenges of large
deformation of solid domaif?4 Therefore, the numerical simulation of heart valve is achieved

by simplifying the structural solver. However, the validation and agreensémeén immersed
boundary simulations and experimental tests are not satisfyiny.y@h the other hand, SPH
method uses a simplified meshless analysis for the fluid domain to overcome the numerical
challenges$*% However, SPH method suffers from accuracy in the computational déhaaid

there is still no rigorous validations in tpeesvious studie€:®> Therefore, more work is needed

to prepare the lzet valve FSI simulation as a reliable tool to be used in regulatory pf8cess

Regarding left ventricldow, because there is no inlets and outlets at the same time during cardiac
cycle (inlet only during diastole and outlet only during systole) the FSI modellmeressaryo
achievemass conservatior.eft ventricles tissue is a complex multilayer structure and several
empirical models have been designed to desastiEhaviour’” 1% These models ateased on
ex-vivo experimental results froranimal hearts, withconsiderablestructural difference from
human heart¥®. Due to thecomplexities of iavivo quantification oLV tissuebehaviouy several
studies focused on the blood flow simulation assuming that the LV tissuedsing surfacith
extracted motions from MRI imagé%® 1% . In other words, the effect of LV tissue is excluded,
and tissue is treated as a moving walDther studies have tried to obtain patispécific
simulations of the LV tissue by calibrating matenmbperties with the displacement fields
obtained from patients MRI ddf&% In addition to 3D MRI imaging, tesor diffusive MRI is

required for accurate quantification of myocardial fibers and anisotropic characteristics of LV
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tissuel97199 \While most of the studies included MRI data into the FSI model for blood flow

simulation inside the ventricle, it is not a practical imaging modality for patients with TFAVR

1.6.4 Critical role of lumped parameter modelbased boundary conditions

Given the complexity of cardiovascular system and the outrageous computational cost of
modelling hemodynamics in the entire circulgtsystem, computationdluid dynamic models
arelimited to only a specific region of cardiovascular systrd boundary conditions are applied

to account for downstream and upstream. The accuracy of computational models are, therefore,
very dependent tdie accuracy of boundary condition. With the advances in precision medicine
for valvular and ventricular diseases, proper application of personalized boundary conditions for
computational models of TAVR is crucial for translating numerical models intecalipractice

39.112 Unfortunately,accurate hemodynamic clinical data in all the domains is often unavailable,
and several current studies use 4patient specific boundary conditiofer their computational

simulationg’1113115

Currently only lumped parametemodels (LPM) are capableof quantifying the global
hemodynamics antb overcome the difculties of providing accurate boundary conditions for
computational modefg®7 _LPM models can provide patiespecific boundary conditions for all
different parts of cardiovascular sgst from aort&®, to ventricle'*®, valves'?J] and coronary
arteries?X, Such LPM models though, must be patigmécific and developed based on case by
case clinical datd'® In addition, the LPM modelshould be based on namvasive input
parameters such as routine echocardiographgpbygmomanometet®?2 The combination of
accurate boundary conditions and exponential dravftcomputational capabilities, makes the

future of personalized cardiovascular simulation (including TAVR) very promising.
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1.7 Obijectives of the thesis

The present researchés aims and objectives ar

Aim 1: To develop an innovativenagedbased patierspecific computational fluid dynamics
framework for patients with C3VD who undergo TAVRiat usedluid-structure interactions
method and lumpegarameter modeling that is solely based on routineimaasive dinical

patient data.

Aim 2: To validate the proposed framework agaimsinical Doppler echocardiographic

measurements

Aim 3: To investigate the interplay between paravalvular leakage and coronary arteries following

TAVR to evaluate risk status @iture coronary artery stenosis

Aim 4: To investigate the impact of TAVR deployment characteristic and anatomical parameters
on coronary hemodynamics to provide novel hemodynamic analysis and interpretation of clinical

data to predict coronary artery dise progression

1.8 Thesis organization

Chapter1:il nt r oduct i on a mhis cHapter gravides a geeeralringraducgow to .

the research by describing aortic stenosis and transcatheter aortic valve replacement. Moreover,
different relevant clinial imaging modalities, invasive diagnostic methods, and heart valve
treatment options are also discussed in terms of their advantages and drawbacks. This chapter also
provides the background and state of the art literature on computational modellindosiik an

TAVR.
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Chapter 2: A T o wa r d snvagsive computational diagnostic framework for personalized
cardiology of transcatheter aortic valve replacement in interactions with complex valvular,
ventricul ar an d@hischaser covees thae\clppsnena of & movel nanvasive
method that can quantify local and global hemodynamics for patients who undergo TAVR. This
computational framework uses flugdructure interactions method and lumypeatameter
modelling that only rely omoutine norinvasive clinical patient dat@Dur findings proved the
capability of this framework to be used as a promisiegy noninvasive diagnostic tool that can
provide diagnostic analyses not possible with conventional diagnostic mefhragroposed
framework wasvalidated against clinical Doppler echocardiographic measurements. It is shown
that the framework can provide diagnostic information that is needed to #ssexficacy of

TAVR, patient risk and clinical outcomes.

Chapter 3: i Per sonal i z e ddiology with transcathetercaartic ¥adve replacement

made possible with a ndanvasive monitoring and diagnosticframework | n t hi s chapt ¢
our developedramework to investigate the impact of geisting complex vascular, ventricular,

and valviar diseases on the outcomes of TAVR. The proposed papenstific computational

mechanics frameworkcombines the local hemodynamics with the global circulatory
cardiovascular system using the fhgttucture interaction method along with lumped paramete
modeling. The computational framework was also validated against clinical Doppler

echocardiographic measurements data for bothame posfTAVR states.
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Chapter 4: i T hneerplay between paravalvular leakage and coronary arteries following TAVR:
guariification and systematic differentiation using clinical measurements and -ibesgel
patientspecific in silico modeling . I n t hi s ¢ haptneninyasiveenetiibdthat | o p e d
can quantify local and global hemodynanma¢sortic root and coronary arteries for patients with

TAVR to investigate posTAVR complications such as PVL. It was shown that PVL after TAVR

might disturb the flow patterns of nawmus region and aortic root which would contribute to
increased blood stagnation at the 4s@ws region and irregular flow inside coronary artery
vessels.Since treatment strategies for patients WitH. andCAD are quite unclear and differ on

an individudized basis, we used our patiegecific numerical framework to investigate the

effects ofPVL oncoronary artery hemodynamicsterms of both local and global hemodynamic.

Ch a pt e Redubing lofigerm mortality posfTAVR requires systemic differentiah of
patientspecific coronary hemodynamidn this chapterwe investigated the impact of TAVR
characteristics and aortic sinus variations on the coronary hemodynamics in 31 patients who
received TAVR.Our noninvasive patienspecific framework wassged to quantify blood flow
throughaortic root and coronargrteies. As majority of the patients who receive TAVR end up

with CAD in the long run, or results can provide insights into possible reasan€AD and heart

failure after TAVR.

Chapter6:i Concl usi on a hht chapier puts the importahkt ndings from each of
the previous chapters togethdtoreover, some new exploratory reseaditectionsfor future

work wereproposed
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2.1 Abstract

Aortic stenosis is an acute and chronic cardiovascular disease that often coexists with other
complex valvular, ventricular and vascular diseases (C3VD). Transcatheter aortic valve
replacement is an emerging less invasive intervention for patients wiith stenosis. Although
hemodynamics quantification is critical for accurate and early diagnosis of aortic stenosis and
C3VD, proper diagnostic methods for these diseases are still labkrapse fluidynamics
methods, that can be used as engines of magndstic tools, are not well developed yet. As the
heart resides in a sophisticated vascular network which imposes a load on the heart, effective
diagnosis requires quantifications of the global hemodynamics (metrics of circulatory function and
metrics ofcardiac function), and of the local hemodynamics (cardiac fluid dynamics). To enable
the development of new nanvasive diagnostic methods that can quantify local and global
hemodynamics, we developed an innovative computatimeahanics and imagifgasd
framework that only needs patient data routinely andineasively measured in clinics. We not

only validated the framework against clinical cardiac catheterization and Doppler
echocardiographic measurements but also, we demonstrated its diagnbistienuproviding

novel analyses and interpretations of clinical data.
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2.2 Introduction

Aortic stenosiss an acute and chronic cardiovascular disease. In this disease, the aortic valve is
damaged and no longer works properly. This condition can rapidly affect the pumping action of
the heart and can progress to heart failure. Heart failure is a deadly difecisegaat least 26
million people worldwide with high mortality and morbidity If aortic valve disease is left
untreated in these patients, 50% of them will die within two years of developing symptoms. Most
importantly, in many patients, aortic valve disease coexists with other diseases makmugtthe
general and fundamentally challenging condition: complex valvular, ventricular, and vascular
diseases (C3VD). In C3VD, multiple valvular, ventricular and vascular pathologies interact with
one another mechanically wherein physical phenomena assositttegiach pathology magnify

the impact of others on the cardiovascular systém

Until recently, the only possible choice for highk patients with aortic stenosis was surgical
replacement of the valve. Transcatheter aortic valve replacemM&NR() is an emerging less
invasive intervention and is a growing alternative for patievitt aortic stenosis which is
increasingly used in loweatsk (moderate valvular disease and/or yourmggtients as well.
Although TAVR has had notable success, there are risks associated with TAVR procedures. It was
shown that many patients experiencegmificant improvement after TAVR intervention but in
many others, the situation worsens or the pre existed valvular disease dioaotthes forms of
cardiovascular diseasé$:. One example of such major complications, with significant impacts
on mortality, after TVR is heart failuf&"®. The risk of congestive heart failure can be substantially
increased due to worsening the valvular disease that mayodeft-ventricle volume overload
and an increase in the leféntricle load. Another example of such major complications after TVR

is a back flow from the aorta to the left ventricle known as paravalvular leak. Paravalvular leak is
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an independent predat of mortality following TVR. Paravalvular leak may result in hemolytic
anemia® and severe anemia may even manifest itself as helnmefaand may contribute to
bacteremia which results in developing infective endocarditis that can destroy hearfvatves
safely use TAVR in patients, it is imperative to answer a series of quedtiraswill benefit

from costlyTAVR? If performed what impacts will there be on the heart mechanics and function?
What is the best timing for intervention? Is there a means to assess which patients will do worse
and which better? A tool that can answer these questions in each patient considering his/her

speific conditions is highly needed.

"Car di ol o ¢%Fluid snectahios wiays a vital role in the development, progression,
diagnosis, and treatment of cardiovascular diséd$é€ Indeed, the essential sources of
cardiovascular mortality and morbidity can be explained on the basis of adversdyinamics:
abnormal biomechanical forces and flow patterns, leading to the development and progression of
cardiovascular diseasé!>171% Despite its importance and advances in medical imaging, as
described in the following, the current clinical diagnostic tools cannot sufficiently quantify flow
conditions in patients with many chovascular diseases, including in patient with C3VD who
undergo TAVR. Cardiac catheterization is used as the clinical gold standard for evaluating heart
function and metrics but it is invasive and carries high #s&nd therefore not practical for
diagnosis in routine clinical practice. Phasmtrast magnetic resamage imaging can provide 3

D flow field (local hemodynamics) but it has a low temporal resolifidfiand it cannot be used

for patients with most implanted medical devices except safely for-ddRdtional devices.
Doppler echocardiography (DE) is potentially the most versatile tool to quantify blood flow (local
hemodynamics). While-B DE suffers from a low temporal resolutionDZcolour DE is lowcost

and riskfree, and has high temporal resolutiétecent advances in DE velocity measurements
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are: (1) Echel V i s an adaptation of Particle | mage
velocity by tracking speckles often enhanced with contrast agents (microbif8Bteg&chePIV

is promising but depending on the acquisition feamte, high velocities can be underestimated

which has implications for diagnosis. In addition, the contrast agent must constantly and
homogeneously fill the field to avoid both saturated and dark areas. These may hinder routine
clinical application of the methotl; (2) ColourDoppler vector flowmapping (VFM) permits
calculation of the velocity field without contrast agents through colou®[IEespiteall potentials

that DE hasandthe progresseshat were made,thereis no DE methodto dateto evaluatelocal
hemodynamicsomprehensivelyn theLV, valves,ascendingortaandleft atriumin termsof 3-

D flow, vortical structuresandtheir temporalevolutions(local hemodynamics)Thereis alsono

DE methodto evaluateglobalhemodynamicandto breakdown contributions of each component

of the cardiovascular diseases.

There has been an emerging conclusion bgynrasearchers that valvular disease is a complex
disease that also depends on the dictates of the ventricle and the vasculaf®s{stedeed, the
guantitative investigations of hemodynamics in patients with C3VD who undergo TAMRds
take the interactive coupling of the valve, ventricle, and the vascular system into d2éaufite
following three hemodynamics quantification capabilities are required to enable cliuisafiyl
computational diagnostic fraaworks for patients with C3VD who undergo TAVR. The required
quantities arexglobal hemodynamics metrics advocated #/° as follows: (1) Metrics of
circulatory function, e.g., detailed information of the dynamics of the circulatory system(2and
Metrics of cardiac function e.g., heart workload and its contribution breakdown of each

component of the cardiovascular diseag®sl hemodynamics metrics advocated®33°%* (3)
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Cardiac fluid dynamics e.g., details of the instantaneou® 3low, vortex formation, growth,

eventual shedding, and their effects on fluid transport and stirring inside the heart.

The recent advances in fluid dynamics can enable the development of novelyflaitiics
methods that can be used as engines of new papestfic diagnostic tools to sufficiently quantify

flow conditions and satisfy the three requirements described dbqatients with C3VD who
undergo TAVR, analysis of blood flow using these fldighamics methods necessitate a
combination of image analysis aneD3model reconstruction, imposing boundary conditions,
identification of material properties, and accurate solution of the governing equations. Several
studies quantified blood flow (local hemgatmics) inside the LV using computational fluid
dynamics (CFD) based on the discretization of Na8tekes equations (finite volume method,

finite element method, etc.) with moving boundarié¥. However, these studies did not consider
the LV tissue characteristics (e.g., tissue t1l
deformation with the fluid domain. Recentseveral researchei®* used fluidsolid interaction

(FSI) models of the LV to couple the solid deformation of the heart wall amdi blow as a
promising tool for computational cardiology. However, most of these stftfie&:747579.884 g

not satisfy Requirement #1 described above (for patients suffering from C3VD who undergo
TAVR) and none of therfP 8 satisfy Requirement 2 and 3 above. The methodological reasons for
not satisfying these requirements were one or a combination of these shortcomings: (1) did not use
patientspecific boundary conditions; (2) didthmodel C3VD instead they modeled normal valves

and ventricles; (3) did not use patiapecific geometries. Among all, five studigid6.7274.77
coupled fluidstructure modetig calculations with lumped parameter modelling (LPM) to impose
boundary conditions on the calculations. However, the lumped parameter models either were not

patient specific and/or needed information from blflods and geometrical measurements using
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MRI, that is not feasible in patient with most implanted medical devices and is not available in all
clinics. Moreover, some of these studrd$®6267.74757 sed idealized geometries that could
significantly affect the flow and vortex structures. Most of these studies were not validated while

some werenly partially validated using DE#2or MRI ®° data.

In this study, we developed a highly innovative computatiomathanics framework that, upon
further development and validation, can eventually function as a diagnostic tool for patients with
C3VD who undergo TAVR. Currently only lumpgdrameter models have the capabilities to
guantify global hemodynamics due to the complexity of the cardiovascular system and the
unmanageable computational cost dD 3nodels of hemodynamics in the entire cardiovascular
system. Our diagnostic frameworketefore, uses an innovative Dopptersed patierspecific
lumpedparameter algorithm and al3B stronglycoupled FSI model to quantify both local and
global hemodynamics in patients with C3VD who underwent TAVR. It provides a platform for
testing the intevention scenarios and evaluating their effects on the global (Requirements #1 and
#2) and local hemodynamics (Requirement #3). Our lumped parameter algorithm allows analysis
of combinations of valvular, vascular and ventricular diseases for C3VD pati@htinly uses a
limited number of parameters that can be reliably andimessively measured using DE and
sphygmomanometer and calculates patspacific global hemodynamics quantities
(Requirements #1 and #2). We used clinical cardiac catheterizattarf°dand clinical DE
measurements in 3 patients with C3VD in both pre and post TAVR (6 cases) to validate our
proposed framework and to demonstrate its diagnostic abilities by providing novel analyses and

interpretations of clinical data.
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2.3 Materials and Methods

We developed an innovative imagased computational fluid dynamics framework (Figures 1 to

4) to quantify: (1) metrics of circulatory function (global hemodynamjd&) metrics of cardiac
function @lobal hemodynamicsgs well as (3) cardiac fluid dynamics (lotemodynamicgsin

patients with C3VD who underwent TAVR (Table 1: Baseline patient characteristics). This
framework is based annoninvasive Doppleibased patierspecific lumpeeparametealgorithm

that allows for the analysis of any combination of mixed and complex valvular, vascular and
ventricular disease® and 3-D stronglycoupled FSI designed usirfgOAM-Extend 8 with
additional supplements as explained below (Figures 1 armgthtmatic diagram; Figure 5:
algorithm flow chart) Our lumpedparameter algorithm allows patiespecific hemodynaia
guantities to be continuously calculated with the use of reliablejnvaisive input parameters

from Doppler echocardiography (DE) and sphygmomanometers. DE parameters were measured
in the parasternal long axis, parasternal short axis, apicatheumler, apical fouuchamber and

apical fivechamber views of the hea(see Figure 1 and Table 2 for detailspPtherinput
parameters of the model were systolic and diastolic blood pressures measured using a
sphygmomanometer. Note that the proposed compughfiamework does not need catheter data

to quantify local and global hemodynamics. Because CT imhgeshigher resolution than
Doppler echocardiography data, they were used-orr8construction of the LV for fluigolid
interaction calculations.Clinical cardiac catheterization dat® and clinical Doppler
echocardiographic measurements (Figure 7) were used to validatealth#ations of this

computational fluid dynamics framewotk
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Table2-1. Baselingpatientcharacteristics.

C3VD Patients
(n=3, mean £ SD)

Patient description

Mean age (years) 83+2.16
Gender (Male: 2; Female: 1)
Mean weighikg) 67.5 +£14.23
Mean height (cm) 166.56 £ 12.5
Body surface area (n 1.74£0.13
Body mass index (kg/f 31.8+25.2
EuroScore I 7.17 +6.94
7.1+48

STS Mortality Rate

NYHA classifications

9 Patient No. 1

PreTAVR: Grade 3; PosTAVR: Grade 3

9 Patient No. 2

PreTAVR: Grade 3; PosTAVR: Grade 3

9 Patient No. 3

PreTAVR: Grade 4; PosTAVR: Grade 4

Arterial hemodynamics

Systolic arterial pressure (mmHg)

PreTAVR: 144 + 19.43; PosTAVR: 122 + 20.61

Diastolic arterial pressui@nmHg)

PreTAVR: 76 * 9.88; PosTAVR: 57.67 + 10.87

Aortic valve hemodynamics

Stenotic aortic valve effective orifice area @m

0.8 +0.08

Stenotic aortic valve type

Tricuspid: 3; Bicuspid: 0

Prosthetic size (mm) 25+2.83
Prosthetic type
 Edwards SAPIEN n=3

Maximum aortic valve pressure gradient (mmHg)

PreTAVR: 56 + 23.4; PosTAVR: 18.7 +4.49

Mean aortic valve pressure gradient (mmHg)

PreTAVR: 30 + 25.3; PosTAVR: 11.3+ 3.4

Left ventricle hemodynamics

Ejection fraction (%)

9 Patient No. 1

PreTAVR: 18; PostTAVR: 20

9 Patient No. 2

PreTAVR: 8; PostTAVR: 10

§ Patient No. 3

PreTAVR: 28; PostiTAVR: 32

Stroke volume index (ml/&

PreTAVR: 23.3 + 12.35; PosTAVR: 29.8 + 17.46

Heart rate (bpm)

PreTAVR: 52 +1.5; PosiTAVR: 60.7 £ 7.9

LV thickness, averaged (mm)
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Table2-2. Cardiovascular parameters Summarized parameters used in the lungaedmeter
modeling to simulate all patiespecific cases.

Description Abbreviation Value
Valve parameters
Effectiveorifice area EOA MeasuredisingDE
Inertancgmitral valve) Mwmv Constantvalue:0.53gcm? &
Systematiccirculation parameters
Aortic resistance Rao Constanvalue:0.05mmHg.s.ml! 35858890
Aortic compliance Cao Initial value:0.5mL/mmHg
Optimizedbasecdbn brachialpressures
(Systolicanddiastolic brachial pressuresre optimizationconstraints)
Systemiovein resistance Rsv 0.05mmHg.s.ml! 35858890
Systemicarteriesandveinscompliance Csac Initial value:2 mL/mmHg
Optimizedbasedn brachialpressures
(Systolicanddiastolic brachial pressuresre optimizationconstraints)
systemicarteriesresistance Rsa Initial value:0.8mmHg.s.mL?
(includingarteriesarteriolesand Optimizedbasedn brachialpressures
capillaries) (Systolicanddiastolic brachial pressuresre optimizationconstraints)
Upperbodyresistance Rub Adjustedto havel5%of totalp o vatein healthycase® 858890
Proximaldescendingortaresistance Rpda Constanvalue:0.05mmHg.s.mL! 35858890
ElastanceFunction”
Maximum Elastance Emax 2.1(LV)
0.17(LA) 9192
Minimum Elastance Emin 0.06(LV, LA) 9192
Elastanceascendingradient my 1.32(LV, LA) %192
Elastancelescendingradient mz 27.4(LV)
13.1(LA) 9192
Elastanceascendindime translation t 0.269T (LV)
0.110T (LA) 9192
Elastancelescendingime translation t 0.452T (LV)
0.18T (LA) 9192
Pulmonary circulation parameters
PulmonanyVein Inertance Lpv Constanwalue:0.0005nmHg-$-mL"* 87
Pulmonan)Vein Resistance Rev Constanwalue:0.002mmHg-s-mL! 87
Pulmonanyein andcapillary Resistance Revc Constanwalue:0.00lmmHg-s-mL! 87
Pulmonaryein andCapillary Compliance Cpvc Constanvalue:40 mL/mmHg 87
PulmonaryCapillary Inertance Lpc Constanvalue:0.0003mmHg-¢-mL?* 87
PulmonaryCapillary Resistance Rec Constantwvalue:0.21mmHg-s-mL! 8
PulmonaryArterial Resistance Rea Constanvalue:0.01mmHg-s-mL! 87
PulmonaryArterial Compliance Cra Constanvalue:4 mL/mmHg &
MeanFlow Rateof PulmonaryValve Qumpy Forward LVOT-SVis theonly input flow condition
(measuredisingDE)
Qurv is a flow parameterthat wasoptimizedso that thelump-parameter
modelcouldreproducethedesirableDE-measured-orward LVOT-SV.
Input flow condition
Forwardleft ventricularoutflow tract Forward MeasuredisingDE
strokevolume LVOT-SV
Qutput condition
Centralvenouspressure Pcvo Constanwalue:4 mmHg 3585889
Other
Constanblooddensity ” Constanvalue: 1050kg/m?® 35858890
Heartrate HR MeasuredisingDE
Durationof cardiaccycle T MeasuredisingDE
SystolicEnd Ejectiontime Tes MeasuredisingDE
Enddiastolicvolume EDV MeasuredisingDE
Endsystolicvolume ESV MeasuredisingDE
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Figure 2-1. Anatomical and electrical schematic diagrams of the lumped parameter
modeling. This model includes the following suhodels: left atrium, left ventricle, aortic valve,
aortic valve regurgitation, mitral valve, mitral valvegurgitation, systemic circulation, and

pulmonary circulation.
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Hemodynamics parameters
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Figure 2-2. Hemodynamics parameter (a) mitral inflow velocity (E/A= 0.6), showing grade |
diastolic dysfunction, impaired relaxation); (b) 4 chamber view and color doppler echo of the LV
during diastolic phase; (c) 4 chamber view and color doppler echo of the mitral valve during
diastolicphaseGeometrical parameters (d) Parasternal longxis view associated with different
parts of the LV; (e) Parasternal shaxis view of TAVR. (f) MMode measurement showing
restricted LV chamber; (g) Apical 4 chamber view showing LV thickness analmiive
dimensions; (h) Apical 2 chamber view showing LV thickness; (i) Parasternalastiostiew of

the LV tissue showing the hypertrophic cardiomyopathy as well as the restricted chamber.

35



Ph.D. ThesisSeyedvahid Khodaei McMaster University, Mechanical Engineering

(a) CT Imaging (b) 3-D FSI model & (c) FSl interface

boundary conditions 7

FSI boundary

(d) Coronal view of the left ventricle (e) Sagittal view of
& its dimensions the left ventricle

Figure2-3. Reconstructed 3dimensional geometry in a patient with AS who received TAVR

using computed tomography (a) Geometries were used for investigating hemodynamics using
FSland LPM (b) and (c) Simulation domain and mtthickness solid and fluid domain separated

by FSI interface boundary; (d) CToronal view of the left ventricle showing its dimension at
different sections (e.g., at the bases and apex) as well as transcatheter aortic valve position; (e) CT
sagittal view of thdeft ventricle showing mitral valve annulus and anterior and posterior leaflets.

36



Ph.D. ThesisSeyedvahid Khodaei McMaster University, Mechanical Engineering
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Figure 2-4. Schematic diagram of LPM and FSI.(a) computational domain. FSI simulations
performed during diastolemiposing correct boundary conditions to the flow model is critical
because the local flow dynamics is influenced by downstream and upstream conédiceTs.

specific LPM simulating té function of the left side of the heart was coupled to the inlet of the
mitral valve modelThis data was obtained from patispecific imaged based lumped parameter

model (Figure 1)(b) mitral valve inflow during cardiac cycle; (c) left ventricle pressand

volume during cardiac cycle; (d) left ventricle (LV) workload. The workload is the integral of LV
pressure and its volume change and was computed as the area encompassed by the LV pressure
and LV volume loop.
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Figure 2-5. Patientspecific lumped parameter algorithm and strongly coupled FSI model flow
chart
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2.3.1 Clinical medical imaging

2.3.1.1Study population & Data acquisition

Threepatients with severe aortic valve stenosis who underwent TAVR procedure (Table 1; patients
characteristics) betwee2013 and 201at St . Paul 6s Hospital (Vanc
selected. The protocols were reviewed and approved by the Institutien@wRBoards of the
institution (the Clinical Research Ethics Board; CREB) and informed (written) consents were
obtained from all human participants. The data were transferred asittentdéed & anonymized
data from St .°an® thadpdeal Was granted laylthe CREB. All methods and
measurements were performed in accordance with the relevant guidelines and regulations
including guidelines of the American College of Galolgy and American Heart Association. The
patient medical records were used to collect demographic and procedural data (see Table 1 for
details). Data was acquired at two time points:graxedure and 98ays posprocedure. The
medical records, in comttion with the New York Heart Associati0NYHA) functional class,
measured at each time point, allowed for the evaluation of the clinical outcome. All patients have
left ventricle diastolic dysfunction, assessed according to the American Society of
Echoardiography (ASE) guideline®. Although there were no signs of malpositioning or
transvalvular or pavalvular leakage following the TAVR procedure in any of the patients, they

all had severe heart failure. The pd#VR NYHA classifications for patients #1, #2 and #3 were

3, 3 and 4, respectively, with left ventricles exhibiting symptoms of hypertraptiyestrictive
cardiomyopathy. The protocol was reviewed and approved by the Ethics Committee of the
institutions. Preprocedural echocardiographic, computed tomographic and angiographic imaging

and data enabled the local clinical team to decide uporethered valve type and size prior to
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the procedure. Results were expressed as mean * standard deviatiofFaf@3®)L: Baseline

patient characteristics).

2.3.1.2Doppler echocardiography(DE)

Doppler echocardiography (DE) data was collected at baseline andday®@osprocedure,
including raw images and documented reports. Senior cardiologists reviewed and analyzed the
echocardiograms and reports using OsiriX imaging software (version Bin2eo, Switzerland).

The following metrics were measured:

Input parameters of the LPM algorithmDE can reliably measure several metrics; the algorithm
included the following as input parameters: forward left ventricular outflow tract (LVOT) stroke
volume, heart rate, ejection time, ascending aorta area, LVOT area, aortic valve effective orifice
area, mitral valve effective orifice area and grading of aortic and mitral valve regurgitation severity
(seeFigure 1 and Table 2 for details)

Clinical hemodynamics parametersSevere diastolic dysfunction was preserdlirthree patients
investigated in this study. Following the ASE guideliffeslysfunction was classified from Grade

| to Il based on the E wave to A wave ratio (E/A) from mitral inflow (See Figure 2(a), Patient
No. 1, E/A=0.6 for an example). In addition, Doppler echocardiogram measurements taken in the
apical fourchamber view show the velocity and direction of blood flowrduthe diastolic phase
(Figures 2(b) and 2(c)).

Geometricalparameters A number of parameters were measured using the parasternal long axis,
parasternal short axis,-Mode, apical twechamber and apical fowhamber views of the heart.

We assessed theipbt, diameter and wall thickness of the LV as well as the leaflet and annulus
sizes of the aortic and mitral valves (Figure 2(d) to 2(i)). We udedetonstructed models, based

on CT data, for fluiestructure interaction simulations. However, the celddDE measurements
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were extremely helpful to verify the corresponding features in-Derbdels reconstructed using

CT data, in addition to providing us with ind

2.3.1.3Computed tomography (CT)

CT data was collecte at baseline and at @xys posprocedure, including images and
documented reports. We used the data for the following:

Model reconstruction:We segmergd and reconstrued the 3D geometries of the complete
ventriclein patients with TAVR using CT images alitk -SNAP (version 3.8-BETA) %, a 3D

image processing and model generation software packamed 3. These 3D reconstructions

of the model (including theentricle, TAVR,ascending @rta mitral valve and left atriujrwere
performed based on using images taken at the beginning of diastole. The reconsttuctededs

were then used for FSI simulations during diastole. We used smoothing procedure for the surfaces
to overcome the challenges of computational convergemdstability. The smoothing procedure
mainly removed the effect of trabeculae and papillary muscles, which has been shown to have
negligible influence on the ventricle hemodynanttsChange in the volume due to smoothing

was less than 3% in all three patients.

Geometrical parametersWe measured dimensions at various sections of the LV using an
assortment of different views. For example, we evaluated the tigsdeness and the
differentiation between the fluid and solid domains (Figure 3(b)) usirmyamal view of the LV

(Figure 3(d)) that displays its dimensions and wall thickness at the base and apex cross sections.
In addition, this view providegssentialinformation aboutthe transcatheter valve shape and
positioning. It is evident from Figure 3(that, following the procedure, the transcatheter valve
maintained its initial circular shape and is positioned correctly, without being too close to the LV

or too high to block the coronary inlets. Furthermore, the sagittal view of the heart describes
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features including the mitral valve location, its dimensions and annulus size in addition to the
various thicknesses of the anterior and posterior leaflets, annshawigure 3(e). These details

were essential in the reconstruction of the complete model (LV, mitral valve, aortic valve, etc.).

2.3.2 Lumped parameter model

We developed a neimvasive Doppletbased diagnostic, monitoring and predicteenputational
mechanics frameworfor complex valvulawvasculasventricular interactions (C3VDJ, called
C3VD-CMF for simplicity. The method was described in details elsewfreré/e provide a
succinct description herein that will help in understanding the new computational framework
investigated in this study based on the Dopplsed lumpegarameter algorithm and al3
strongly-coupled FSI model. C3VAITMF enales the quantification of (1) local hemodynamics
through details of the physiological pulsatile flow and pressures through the heart and circulatory
system; (2) global hemodynamics through heart function metrics such as left ventricle workload
and instardneous lefiventricular pressure. Currently, the above measures can only be obtained
through invasive methods in patients, and when these procedures are undertaken, the collected
metrics cannot be as complete as the results that thsvasive C3VDCMF provides®®. uses

limited input parameters that all can be reliably measured using DE and a sphygmomanometer.
C3VD-CMF was validated against clinical catheterization data in-artg C3VD patients with

a subgantial inter and intrapatient variability with a wide range of dised&seln addition, some

of the submodels of C3VBCMF have been used previousI§?88°7100 with validation against

in vivo C3VD-CMF cardiac catheterization (N=3%)andin vivo MRI data (N=57)°.
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2.3.2.1Heart-arterial model

2.3.2.1.1 eft Ventricle
A time-varying elastance, E(t), is a measure of the ventricle muscle stiffness and couples the LV

pressure and volume:

0 0o
00 o (1)
whered 0, @ 6 andw are the LV timevarying pressure, timearying volume and unloaded
volume, respectively. The double Hill function proposed by Stergiopulos®étsaidely used to
describe the elastance function. Mynard ef%éxpanded this function to other heart chambers
than the LV. The double Hill function is a cooperative process, as physiologically expected from
myocyte recruitment during preload and is modeled &ig@moidal Hill function:
o (2)
00 b —
P F P

(0] (0] 3)
C
wheret ,T,4 ,a ,O andO are ascending time translation, descending time translation,

b

ascending gradient, descending gradient, maximum elastance and minimum elastance,
respectively (see Table 2). A double Hill function was deemed necessary to model the contraction
and relaxationn the heart chambers in Equation 2, the first term in brackets corresponds to the
contraction of the chamber and the second term in brackets corresponds to the relaxation of the
chamber. As detailed in Tab®t , T ,& , & govern the time translatm and gradient of the
elastance function, respectively: {l)andt are parameters that are functions of the cardiac cycle
duration (T) and are calculated in each patient using the equations provided i;{ahde , &

are constant for all patis (Stergiopulos et afl, Mynard et al®?, Seemann et al. 2019).
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Parameter values used for the elastance function were adapted to obtain physiological waveforms

for pressure, volume and flow that can be found in TaBte® 1,

2.3.2.1.2Left Atrium

The procedure outlined for the LV was also employed to couple the LA pressure and volume,
making use of a time varying elastance, E(tneasure of cardiac muscle stiffness. The parameter
values used for the LA are found in Table 2, while the elastamctidn is defined by Equations

(2) and (3Y°.

2.3.2.1.3Modeling heart valves

Aortic valve Aortic valve was modeled using the net pressure gradient formul&tion across

the aortic valve during LV ejection:

- “o 00 8 .

o s —— 1% _____§ . (@)
06s T 0 cOO0&

and

o~ Ou® O (5)

0% T o058

whereO6 & ,008 ,6 ,” and0 are the valvular energy loss coefficient, the effective

orifice area, ascending aorta cross sectional area, blood density and transvalvular flow rate,

respectively.

Aortic regurgitation. Aortic regurgitaton (AR) was modeled usinghe same analytical
formulation as aortic stenosis as the following. AR pressure gradient is the difference between
aortic pressure and LV pressure during diastole.
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50 s ¢“” 1 00 T 6
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and
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83 0D (7)
whereO6 & ,OWm ando are the regurgitation energy loss coefficient, regurgitant

effective orifice area and LVOT area, respectively.

Mitral valve. We modeled the mitral valve (MV) using the analytical formulation for the net
pressure gradienD{O s ) across the MV ding LA ejection.0"O s is expressed as a

functionof r ,0 ,O0® andd ,where these quantities describe the density of the fluid, the
transvalvular flow rate, effective orifice area and inertance, respectively.

0°0 U v o 0 o) 8
® OB 106 008 ()

1

Mitral regurgitation. Mitral regurgitation (MR) was modeled using Equation (9). The difference

between mitral pressure and LA pressure during systole is known as the MR pressure gradient.

. 0 1 006 i
YR oB® To co6s

(9)

whereO 0 § is the MR effective orifice area.

2.3.2.1.2Pulmonary flow

A rectified sine curve with duratiol and amplitude @pv simulated the pulmonary valve flow

waveform as follows:
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0 0 0 i Q& , teg® b TMhes t O T (10)

where Qipv, teeand T are the mean flow rate of the pulmonary valve,egection time and cardiac
cycle time period, respectively. It is important to note that the only input flow condition that can
be reliably measured using DE in this study is the foiweft ventricular outflow tract stroke
volume Eorward LVOTFSV). The lumpeeparameter model could reproduce this-DEasured

Forward LVOT-SV when Qupv, the mean flow rate of the pulmonary valve, was optimized.
2.3.2.2Input parameters

The following patientspecific parameters were inputs for the lumpadameter model: forward

left ventricular outflow tract stroke volume&drward LVOTFSV), cardiac cycle timeT), ejection

time (Tey)), EOAav, EOAuv, Ano, ALvor, EOAnr, EOAvr measured by DE as well asabhial
systolic and diastolic pressures measured by sphygmomanometer. All details about patient

specific parameter estimation were describet}.in
2.3.2.3Computational algorithm

A system of ordinary differential equations was formed and solved in Matlab Simscape
(MathWorks, Inc.) to numerically analyse the lumymedameter model. This process was
augmented with the inclusion of supplemental functions written in Matlab and Sim3¢ape
system of differenti al equations was =stepl ved
solver with an initial time step of 0.1 milliseconds. The convergence residual criterion was set to

10°, with the initial voltages and currents of thepacitors and inductors set to zero. The model

was run for several cycles (around 50 cycles) to reach steady state before starting the response

optimization process (described below). We generated a signal to model LV elastance using a
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double Hill functionrepresentation of a normalized elastance curve for human &ditse LV
pressure, i, calculated using the initial values of the model input parameters from Table 2, and
the timevarying elastance (Equati 1) were used to compute the instantaneous LV volume, V(t).
Subsequently, the time derivative of the instantaneous LV volume was calculated to find the LV
flow rate. This approach was also applied to obtain thatafim volume, pressure and flow rate.

As detailed below, by optimizing wv, the Forward LVOTFSV calculated using the lumped
parameter model was fitted to the one measured using DE. Finally, for each patient, the aortic
pressure from the model was fit to the patient systolic and diastolic pressures measured using

sphygmomanometer through the optinti@a of Rsa, Csac and Go.
2.3.2.4Patient-specific response optimization

The parameters of the model are listed in T@bl&ome of the parameters were considered
constant based on the previous studies in the literature or based on the rationale given below and
their values are reported in Taldle Additionally, the parameters that were measured in each
patient are indicated in that table. In order to correctly simulate the conditions of the body of each
patient, as described below, four parameters of the nwoele optimized so that the lumped
parameter model reproduced the physiological measurements performed in the patient. Simulink
Design Optimization toolbox was used to optimize the response of the lypapedeter model

using the trust region reflective algthm implemented in Matlab fmincon function. The response

optimization was performed in two sequential steps with tolerances®of 10

The mean flow rate of the pulmonary valve,Q cannot be reliably measured using DE. However, because
Forward LVOFSVcan be measured reliably using DE, in the first step of optimizatian,W@as optimized
to minimize the error between ti@rward LVOTFSVcalculated by the lumpeoarameter model and the

one measured by DE in each patient (Equation 11):
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“ 0O
Forwar dSMUYOTn™® fo’o“\o (11)

whereO , 0 ,andw™® are LVOT diameter, LVOT area, and LVOT veloettgne integral,

respectively’®.

In the second step,siR Csac, and Gowere optimized so that maximum and minimum of the aorta
pressure were respectively equal to the systolic and diastolic pressures measured using a
sphygmomanometer in each patient. Because the left ventricle fadetatrsystemic resistance

and not the individual resistances, and the systemic arteries resistancés one order of
magnitude greater than both the aortic resistaMce,and systemic vein resistancé, , for the

sake of simplicity we comgered’Y and’Y as constants and optimizéd as the main
contributor of the total systemic resistanCe; was considered to &6 of Csac becaus&0% of

the total arteriatomplianceresides in the proximal aort&.

End systolic volume (ESV) or end diastolic volume (EDV) measured by DE was fed to the Jumped
parameter model to adjust only starting and ending volumes inVhiedp disgram. For this purpose, the
Biplane Ellipsoid model was used to calculate the instantaneous LV volume at the end of diastole or the

end of systole as followS:

| 0 0 12
50 Tc (12)

where A, A, Ly and L; are LV area measured in the apical fobeamber view, LV area measured in the
apical twechamber view, LV length measured in the apical fchember view and LV length measured

in the apical twechamber view, respectively.

In  addition, we conducted an extensive parameter sensitivity  analysis

thatrevealedhegligibleeffects of changes in thmulmonary parameters (e.g.s\%) on the model
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output variables. We, therefore, did not include these pulmonary parameters in the parameter

optimizatian process and considered them as constants given in Table 1.

2.3.3 Fluid solid interaction simulation study

In this study, blood flow simulations rely orREBFSI computational fluid dynamics. The system
of equations governing the FSI problem for both fluid soltt domains are formulated using the

finite volume method in FOAMEXtend®®,
2.3.3.1Governing equations for fluid domain

The 3D incompressible Naviebtokes equations governed the blood ftéwBlood was assumed

to bean incompressible, Newtonian fluid with a dynamic viscosit§.004 Pa-snd a density of

1060 kg/ni®°. In a LV that is free from valvular diseases (e.g. aortic valve regurgitation or mitral
valve insufficiency), the blood flow is laminar and does not experience turbulence during the
diastolic phasé&®!2 In this study, for all 3 patients, voensidered the blood flow to be laminar

82113114 The following continuity and momentum equations were empléyed

E8 Qi T (13)
6

T—éﬂ Gegh Qi C 8 @i 2 o (14)

! |

wheren,! , V, 1, P andj are the normal vector to the surfé&®ghe volume, fluid velocity, fluid

dynamic viscosity, blood pressure dihdd density, respectively. In all equatios& represents
the dot product. Due to the deformation of the flsadid interface, momentum Egtion (14) was

considered in the Arbitrary Lagrangi&iulerian (ALE) form as follow$'.
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6
T—(:)Q (8% G oQi o 8 & ° (13)
! |
—, 9 B0 (10)

|
whereVsis the velocity of the surface. Conservation law governed the relationship between the
rates of change of the cell volume and the mesh motiorti*flukhe rates of change of the volume

and velocity of the surface are in equilibrium, as indicated by EquatioA'f16)
2.3.3.2Governing equations for solid domain

The LV is passive during diastole, which means that the tissue structure and the blood pressure
inside the chamber are responsible for its deformatiomhe heart wall comprises thregdas,

the endocardium, myocardium and epicardium, with the center layer, the myocardium, constituting
the majority of the LV tissue thickness. Thus, the mechanical behaviour of the LV wall is primarily
governed by the myocardiuftf. Creating an empirical model to describe the passive behaviour

of the myocardial layer has been of greagiest, with several previous desigh$'?? of which

the most notable is the Holzapfel and Ogden m8éddrhis model, although proven to t&diable,

is based on experimental results from caninpacine hearts, and is therefore restricted in its
applicability due to the significant structural differences from human héarihere are several

i mitations with models based on ani mal testi|
and physiology. These factors may prevent the model from accursitelylating human
physiology and pathophysiology in a clinical settitfg?> There are several studies that optimized

the parameters of the Holzapfel and Ogden model to obtain pspiecific simulations of the LV

tissue using displacement fields acquired from hum@nNagnetic Resonance Imaging (MRI)
data'?®2” However, in those studies, the models and parameters were developedgatsatiie

blood flow of healthy LVs, and additiohanaging data was required. For instance, in these
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models, imaging methods such as tensor diffusive MRI are required to characterize the direction
of myocardial fiberd?3132 While other studies have tailored their modelgutsatile blood flow,

the tissue parameters were not optimized to be patjeific >0 °%.65113.133.134 The thickness of

the LV was usually excluded from these models, with the primary focus being the simulation of
the moving boundary of the LV wall, which relied upon higkolution MRI data. In addition, the
combination of LPM and MRI dataas been performed in several recent stutbesbtain
anisotropic material properties of the LV for eleatnechanical model¥°130.132135.136 However,

there are some disadvantages with the use of MRI; MRI cannot be ugeatiémtswith most
implanted medical devices except safely for MiRhditional devicesnideed, its use is limited in
patients with implanted medical devices as they remain a major risk during the exantfriation

In this study, a method to adjust patispecific passive material propies of the LV for patients

who undergo TAVR was developed, based on our pasigetific Doppletbased LPM algorithm

8 The algorithm decisively uses reliable riomasive input parameters acquired with DEe
assumed theV tissue to be an isotropaint VenanKirchhoff solid °*137141 and used thdérhe
varying pressure and volumed obtained from our LPM algoritbmagjust the nofinear material
properties of the ventricle during diastole in each patient. The LV diastolic pressure and the LV
pressurevolume (RV) diagram obtained from the LPM weread to produce a series of LVWP
diagrams by applying the diastolic pressure as the boundary condition on the inner wall of the LV
for different values for the material parameters. We then interpolated the material parameters to
find the best values thabuld reproduce the LV-N results obtained using the LPM.

According to the total Lagrangian form of the law of conservation of linear momentum, the

deformation of the elastic and compressible solid were considered as fgftows

51



Ph.D. ThesisSeyedvahid Khodaei McMaster University, Mechanical Engineering

o) .
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(17)

where the subscript 0 denotes the undeformed configuration and u is the displacement vector. F is
the deformation gradid tensor, described By =1 + (2u)', wherel is the second order identity

tensor.

I n Equati on ( 17 )Kjrchigoffstresstensoe, desceitedtiralighPhie Gauchy stress

tensor (0) as foll ows:
Py o (18)
" ,Q.Q‘@GBSO
Using the St. VenarKi r chhof f constitutive materi al mo d e
Hookeds | aw:
_ob0c¢ O (29)

where O and & are the Lameds constants (relat

material). E is the Greelbagrangian strain tensor and is defined as follows:

of 6 o & ¢ (20)

By substituting Equations (19) and (20) into Equation (17), the governing equation for the St.

VenantKirchhoff hyperelastic solid in the total Lagrangian form can be obtained as foffows

0 .
” T—T—Qoo €8¢’ _ o60Qi” 0WQw (21)
T o o

€8 6 _o0i060 * _ o6 & o 01 o0 'O B806QI

Yol el
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2.3.3.3Fluid-solid interaction (FSI)

The LV was simulated under pathophysiological flow and pressure conditions with the strong
coupling of the fluid and solid solvers. The system of equations of the fluid and solid domains
were solved separately using the partitioned approach while thenwdataransferred at the
interface. In order to reduce the cost of transferring information between the two domains, both
the solid and fluid were modeled using a findume approach®. Couwling of the fluid and

solid solvers was achieved by satisfying the kinematic and dynamic conditions of the LV. The
velocity and displacement must be continuous across the interface to satisfy the kinematic
condition*4%

Op OFf (22)

Wi Wf (23)
where subscripts s andf indicate the interface, solid and fluid regions, respectively. To satisfy

the dynamic condition, the forces at the interface must be in equilibrium:

€8 /5 €8 (24)
The DirichletNeumann procedure at the interface indicates that the fluid domain is solved for a

given velocity/displacement while the solid domain is solved for a given traétion

2.3.3.3.1Grid Study

For FSI simulations in cardiovascular system, different studies in the literature reported different
acceptable error values between medium and refined mesh for the mesh independency. Several
studies attained a reasonahlxuracy once the variation of the peak transvalvular velocity was
less than 5%, e.g!*%> Several other studies considered the flow results to be acceptable with

variations of lower than 2% in the average of velocity, flow t4té*° and cardiac outpu? for
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mesh independency. More specifically regarding the ventricular flow, there are studies that
considered 5% variation of the average velocity inside thé®t,\2% variation of the average of
outflow velocity*® or 2% variation at the peak transmitral veloéfyto be acceptable for mesh
independency. In addition, regarding the mesh independency &gpeat to WSS, previous
studies considered either less than 3% variation in peak (maximum)$/&Sless than 2%
variation in the average WS%°%3,

We used an opesource mesh generation software, SALOME, to produce the mesh for all models
154 The number of elements for FSI simulation was optimized through #meieation of spatial

mesh resolution. We had performed a grid convergence analysis and the spatial resolution for our
models was ranged between 0.2 mm to 1.4 mm (unstructured tetrahedral elements with refined
mesh near walls) (See Figure 6 for a sampleuofgrid convergence study). With optimized non
orthogonality and skewness values, the mesh

considered acceptable when the velocity profiles in successive meshes showed a variation of less

than 2%, suchtht t hi s di fference was not signiycant.

Laplace mesh motion, which was subsequently influenced by variable diffusivity, to ensure the
initial quality of the cells was maintainéd!>> Mesh at the interface of the fluid and solid domains
was not conformal. Consequently, following the faterpolation and verteinterpolation
procedures, irerpolation could be performed between the fluid and solid boundé&ériésdeed,

we observed 2% variatiois the maximum error in our mesh independency studiie entire
velocity domain. This 2% maximum variation occurs only at the mitral valve orifice-seati®n

area and only at the peak transmitral velocity instance. At any other point in the dochatraay
instance during diastole, the maximum error was less than 1% and the variation of average of

velocity was less than 0.5%. In our study, the maximum WSS variations occurred at the mitral
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valve and was less than 3% while the variation of the ageV8S at the mitral valve was less
than 2%. Also, the variation of the maximum value of WSS for the LV and TAVR was less than

2% and the variation of the average of WSS was less than 1%. Moreover, the maximum variation

of the surfaceaveraged WSS i i — _ 0 i Qi ) forthe entire geometry surfabéwas

less than 1.5%. In addition, the maximum variation of the transrmpreakure gradient was lower

than 2% in our study, which is consistent with previous studies on transvalvular pressure gradients
144,146,147,15.1

Moreover, time step independency had been studied for all models. We found that a maximum
Courant number of 0.2 was yieldedthe solution marched in time with a time step of 0.0001s.

For all simulations investigated in this study, the Courant number was lower than 0.25. This limit
improved the accuracy of the numerical solution and reduced numerical dispersion. Convergence
was dtained when all residuals reached a value lower thah T@mporal discretization and
spatial discretization were performed using a seenddr Euler backward scheme and a seeond

order accurate scheme, respectively.
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(a) Velocity comparison for different mesh resolutions (peak E wave)
Planar velocity

Mesh 1 Mesh 2 Mesh 3 (actual case) Mesh 4 Mesh 5
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(b) Velocity comparison for different mesh resolutions (peak A wave)

Planar velocity
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Figure2-6. Grid convergence analysis(a) velocity comparisons for different mesh resolutions

at the peak of E wave; (b) velocity comparisons for different mesh resolutions at the peak of A
wave. In a LV that is free from valvularsgiases (e.g. aortic valve regurgitation), the blood flow

is laminar and does not experience turbulence during the diastolic phase. In this study, for all 3
patients, we considered the blood flow to be laminar.

2.3.3.4Boundary conditions & material properties

Local flow dynamics are influenced by both downstream and upstream conditions, and therefore,
it is critical to impose correct boundary conditions to the flow model. Our patpecific image

based lumpegarameter algorithm provided boundary conditidrigifre 1) (1) to provide the
time-dependent tranmitral blood flow rate with the physiologic E and A waveforms (Figure 4);

(2) to calculate material properties (Young modulus: Patient #1: 65 kpa, Patient #2; Batlgra

#3: 40 kpa; Poisson6s ratio for al Pse8segtient i ent
Solid domain for details); (3) to provide the reference pressure, set inside the LV. Since LV
diastolic dysfunction occurs during the left mecular filling phase, all geometries were
reconstructed based on images taken at the beginning of diastole, with all simulations performed
during diastole. Therefore, the model was designed to show a rigidly closed TAVR and a fully
open mitral valve. Nigher mitral valve opening nor diastolic fluid dynamics are significantly
influenced by the chordae tendineae, so the effect of the chordae tendineae was not céhsidered

A moving wall boundary condition was applied at the flsadid boundary inside the L%?:113

During diastole, the LV receives an inflow from the atriunh does not experience outflow due

to the closed aortic valve. In order to ensure that mass is conserved, the interactions between the
fluid and solid domains should be considered. Since blood is incompre$sible understand

that the blood expands and contracts the LV wall. Thslipdboundary condition was applied to

the fluid-solid interface while the Robin boundary condition for pressure, based on the approach
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proposé by Tukovic et al., was used to solve the FSI problem inside the nonlinearly deforming

LV . The boundary condition for pressure was obtained from the following momentum equation

157.

O
l;,—‘(bd)Bd) 80 o2 § (25)

At the nonpermeable moving LV wall, the following equation hotds

w

whereVyis the normal component of the LV wall fluid velocity.
Fluid pressure at the interface was estimated by solid inertia as follows:

AW (27)

sl @
i 0

wherey s is the density of the LV structure ahglis the LV thickness calculated &

o (28)

wherea-and 4 are Lame constants of the LV anultis the time step size. Finally, the Robin

boundary condition for pressure was obtained by combining Equations (26) afd:(27)

roern (29)
—

Therefore, the coupled FSI problem employed the RbBl@omann approach. The fluid
component used the Robin boundary condition for pressure from which the velocity was

subsequently calculated.
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2.3.3.5FSlI solution and strategy

Our FSI simulations relied on FOARxtend®® to formulate the system of equations governing
the FSI problem using the finite volume method (See Figure 5 for FSI algorithm flowchart). The
cell-centered finite volume method, frequentlyedsin CFD and increasingly used for solid

modeling, was employed to solve this system of equatins

Discrdization in space was performed for the fluid model using the semal®l accurate cell
centered finite volume method while the seconder backward Euler scheme allowed for
numerical integration in time. The coupling between pressure and velocity vias1se using

the segregated PISO algorithf¥*1> The system of discretized equations was solved with a

preconditioned BiConjugate Gradient methdéf.

A secondorder accurate backward scheme was used to discretize the-sedenderivative of

the solid model. Thimethod is proven to stabilize the numerical mééfeland was performed to

unify the discretization of the temporal terms between the fluid and solid discretization methods.
A preconditioned Conjugate Gradit method was applied with a linear solver to then solve the

system of discretized equatiotf

The dynamic mesh methodology controlled the moving boundatsriace) of the LV, and was
updated with the movement of the solid boundary. This method, based on the Laplace equation,
was discretized with the ceatentered finitevolume method, and was used to update the
computational and geometric nodes of the fimiesh'>®. The sytems of discretized equations

were solved by a geometric agglomerated algebraic-gudtisolver.

Coupling of the discretized governing equations of the fluid and solid domains was performed

using the interface Quablewtonimplicit Jacobian LeasBquares(IQN-ILS) algorithm 162
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Although this method has been compared with the monolithic method and other partitioned
met hods such as Ait ke-iL®is mateystaldenwith bettee pedoxmarice o n ,
162,163 With this partitioned approach, a traction boundary condition at the solid side of the

interface was provided through the calculation of traction at the fluid side of the interface.

2.3.4 Validation: Doppler-based LPM and FSI framework vs. clinical
Doppler echocardiography data

2.3.4.1Trans-mitral velocity

Figure 7(a) to 7(f) compare the peak tramsral velocity simulated using our computational
framework and Doppler echocardiography data in patients No. 1 to 3. The simulated peak
velocities correlated well with the ones measured by Doppler echocardimgiraph 3 patients

with a maximum relative error of 8.3% foraves and 9.2% for -Avaves.
2.3.4.2Left ventricle flow (apical view)

The DE velocity measurement is based on direction of blood flow toward or away from the
transducer (red and blue colors, respety). Therefore, there are positive and negative values for
velocity depending on the direction of the flow. As shown in figure 7(g) to 7(i), both magnitude
and direction of flow show a good qualitative and quantitative agreements between our

computatimal results and DE data.
2.3.4.3Mitral valve flow (parasternal short axis & apical views)

Figure 7(k) to 7(m) investigated mitral valve inflow computed with computational framework and

measured by DE (7(k) and 7(i): parasternal short axis; 7(m): apical viea/ye$hlts show good
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agreements between velocity calculated using the computational framework and the ones

measured using DE in all 3 cases investigated in this study.

Patient #1 Patient #2 Patient #3

(a) Peak velocity of E wave (DE vs. Simulation) (b) Peak velocity of E wave (DE vs. Simulation)  (c) Peak veloclty of E wave (DE V8. Simulation)
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Figure 2-7. Validation: Doppler-based LPM and FSI framework vs. patients Doppler
echocardiography data.(a) to (f) Transmitral velocity during diastole in patients #1 to #3; (g) to

(i) Left ventricle flow (apical view) during diastole in patients #1 to #3; (k) & Kfityal valve

flow (parasternal short axis view) during diastole in patients #1 and #2; (i) Mitral valve flow (apical
view) in patient #3.
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2.4 Results

LV dynamics during diastolic filling could play a crucial role in overall cardiac health. The
persistence adbnormal intraventricular fluid dynaos after intervention may lead to blood clots,
hypertrophy, heart failure, thrombus formation and other major-helated complications. To
show the utility of our computationahechanics framework, described abowe,investigate the

LV dynamics during diastolic filling in terms of global and local hemodynamics in 3 patients with

C3VD who underwent TAVR as follows.

2.4.1 Computed global hemodynamics (metrics of circulatory function and
cardiac function)

2.4.1.1Circulatory functi on

The Dopplethased lumpegharameter algorithmuantifies hemodynamics metrics of circulatory
system such as lefentricle pressure, lefitrium pressure, aorta pressure, mitral aneMefitricle

flow, left ventricle and left atrium volumes, etc. (Figure 8). This algorithm tracks changes in both
cardac and vascular states in terms of both shape of the waveform, and specific wave features
such as the amplitude and the timing of the peak of the waveforms (see Figure 8 for details).
Moreover, systemic arterial compliancesge= stroke volume (SV)/pulspressure (PP)) can be
obtained as an index of arterial hemodynamics. It is important to note that ade{aWer than

0.64 ml/mt/mmHg) is associated with an increased risk of morbidity for patients witli*ASor

all 3 C3VD patients after TAVR, §ic was greater than 1 (ml/mmHg). Moreover, the maximum

LA pressure was still greater than 18 mmHg for 3 C3VD patients following TAVR (compared

with normal LA pressure defined as < 15 mmHg.
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2.4.1.2Cardiac function

The lumped parameter algorithm atpeantifies hemodynamics metrics of cardiac function, e.g.,

the LV workload (patient #1: 1.9576 J, patient #2: 1.2786 J and patient #3: 1.2172 J; Figure 8).

The LV workload are still greater than 1 J for all 3 patients after TAMRpared with normal

LV workload (in averagek 1 J >3541.88.166| v/ workload has been shown to be effective in
characterizing patientds outcome and in asses:
quantifications is vital to guide prioritizing intervention&3>8% Sone patients with C3VD who

underwent TAVR, experienced a significant improvement in terms of pronounced reverse LV
remodeling and less congestive heart failure symptoms while the situation worsened in the others.
While all theses information is vitally neatltor effectively using advanced therapies to improve

clinical outcomes and guiding interventions in C3VD patients, they are not currently accessible in

clinic.
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Post transcatheter aortic valve replacement (Patient #1)
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Figure 2-8. Examples of globalhemodynamics in C3VD patients posTAVR . Details of the
physiological pulsatile flow and pressures throughout the heart and the circulatory system as well
as the heart workload in patients with C3VD who underwent TAVR (Edwards biological
prosthesis) and llathe following conditions:Patient #1 Pre-TAVR severe aortic stenosis
(EOA=0.9 cn?), coronary artery disease and hypertension, moderate to severe concentric
hypertrophy, ejection fraction: 18%, brachial pressures: 85 and 170 mmHg, forwastladke
volume: 78 mLPostTAVR aortic valve (EOA=1.8 cR), hypertension, moderate to severe
concentric hypertrophy, ejection fraction: 20%, brachial pressures: 69 and 150 mmHg, forward
LV stroke volume: 82 mLPatient #2 Pre-TAVR severe aortic stenoEOA=0.7 cn), coronary

artery diseasesevere asymmetric septal hypertrophy, ejection fraction: 8%, brachial pressures: 80
and 140 mmHg, forward LV stroke volume: 74 nigstTAVR aortic valve (EOA=1.74 cf),

severe asymmetric septal hypertrophy, @&ecfraction: 10%, brachial pressures: 61 and 115
mmHg, forward LV stroke volume: 72 mlPatient #3 Pre-TAVR severe aortic stenosis
(EOA=0.8 cni), moderate to severe concentric hypertrophy, coronary artery disease, chronic atrial
fibrillation, ejection faction: 28%, brachial pressures: 62 and 123 mmHg, forward LV stroke
volume: 89 mLPostTAVR aortic valve (EOA=1.7 cA), moderate to severe concentric
hypertrophy, coronary artery disease, chronic atrial fibrillation, ejection fraction: 32%, brachial
pressures: 43 and 101 mmHg, forward LV stroke volume: 92 mL.
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2.4.2 Computed local hemodynamics (cardiac fluid dynamics)

2.4.2.1Evolution of vortical structure

The flow vortical structure inside the LV depends on the atrioventricular pressure, LV geometry,
LV wall stiffness and mitral valve geometry. LV dynamics during diastolic filling, in particular,
could play a crucial role in overall cardiac hedlth. The Doppletbased lumpegparameter
algorithm and a -® stronglycoupledFSI model quantify local hemodynamics in the 3 patients
with C3VD who underwent TAVR. Figures 9(a), 10(a) and 11(a) show the selecteeMitveng

flow patterns in the parasternal long axis view of the heart during diastole: early diastole (the E
wave) b late diastole (the A wave) in the 3 patients. For patients #1 and #3, the maximum

transmitral velocity are higher than a healthy LV (4. 7®18 m/s}¢. In all 3 patients, dring the

rapid filling phase (early E wave), blood enters through the mitral valve and develops a shear layer
at the edges of anterior and posterior mitral valve leafiatticularly at the anterior valve leaflets.

The shear ger separates two regions with different velocities and forms a vortex ring that is seen
as a vortex pair in the cross section of Fig@@d, 10(a) and 11(a). The vortex ring pinches off
from mitral valve leaflets and propagates toward the LV apex (Beafive to late A wavefor

all 3 patients, the vortex ring is larger close to @m¢erior valve leaflet and this large portion
chiefly determineghe blood flow pattern inside the LVit occupies the LV cavity towards the

apex and expandsoth laterallyand longitudnally. The vortex is smaller close to the posterior

valve leaflets and its size in this region was larger in patients #1 and #3 than it was in patient #2.

To better explore the vortex interactions, the velocity distributions in theakieiiew are shown

in Figures 9(b), 10(b) and 11(b) fpatients#1 to #3, respectively. In Patient #1 (Figa(b)), the
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flow in the shortaxis plane shows maxima near the center of the LV (0.3 m/s and 0.25m/s at the
peak of E wave and A wave, respectively) consistent with the flow observations in trexisng
plane shown in Figur@(a). In Patient #2 (Figurg0(b)), regios of high velocity magnitudes are

near the LV lateral and septal walls (0.5 m/s and 0.4 m/s at the peak of E wave and A wave,
respectively). In Patiedt3 (Figurell(b)), the fluid moves towards the center of LV, but close to
the lateral wall (with a maxiom velocity magnitude of 0.4 m/s at the peak of E waMeg.short

axis cross view of the vortex ring shows the tidependent evolution of the vortex ring and its
motion during diastole. Although all these patients received TAVR, the complexity andavolut

of the vortex ring are different among individudle region of high velocity (as detailed above)
remains almost at the same position during the diastole and does not move toward the LVOT. In
fact, specifically for patients #2 and #3, the vortex dumsaid the redirection of the flow from

the mitral valve towards the LVOT once compared with a normaP&¥# instead the flow is
redirected away from the LVOT. Such spatial alterations of the vortex ring imdhieasis view

lead to a lowvelocity region close to LVOT at the end of diastole in comparison to a normal LV

56,148

We characterized-B vortical structure in the LV using-Qriterion isesurface(threshold 200§

Figures 9(c), 10(c) and 11(che Qcriterion looks at theecondnvariant of the velocity gradient

tensor and is defined 3%

0 gs s g% (30)

where W =%g ® (- VD is the vorticity tensor an(S:%g B ¢ P is the rate of strain

tensor. Indeed, the Q criterion represents the local balance between shear strain rate and vortices

magnitude. The coherent vortex and eddy cores are distinguished as the regions characterized by
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a positive value of Q, which indicateegions where vorticity overcomes strain in the flow. It
allows, therefore, a better description of vortical structures and gives a better vision on flow
irregularities occurring inside the LV. In all three patients, during the E wave, a vornieis
formed distal to the mitral valve leaflets during the rapid filling phase (early E Warg)atients

#1 and #3the vortex rings tilted towards the septum (close to the@QV) with a more acute angle
between the normal vector to the fitted vortex plaroetéx axis) and the normal vector to the LV

shortaxis plane (patient #1: 72patient #3: 69 than the ones in healthy cases’(82) 1%°. Due

to the restricted motion of LVs and increased thickness of their tissue, this vortex ring impinge the
wall soon after early E wave that leads to form a complex vortex structure at the peak of E wave.
Therefore, ér all 3 patients investigated in this study, the vortex break down occurs before
reaching the apex, while for a normal LV this vortex penetrates further into tPiet[%’* During

very early A wave, the vortex ring already dissigéteenergy and evolgnto an asymmetrically
shaped vortex, located at the LV basal position, close to the lateral wall from one side and to the
septum from the other side. However, because all three patients have severe hypertrophic and
restrictive cartbmyopathy LVs, the short period of diastad@esnot permitthe vortex ring to
penetrate further into the LV chamlslversely affecting the LV wash out ability in the apex

all three patients, the vortex enlasgengitudinally toward the LV apex diction, expansl
circumferentially at the peak of A wave and pesswith a complex structure until the end of

diastole withouta major dissipation.

In order to explore the vortex morphology more precisely, the vortex sphericity inclgutated
by dividing the vortex length to the vortex widthz(D:; Figures 9(d), 10(d) and 11(chj>1"3
Vortex sphericity indices (#D1) are as follows: patient #1: 1.66 and 1.46; patient #2: 1.07 and

1.07; patient #3: 1.57 and 1.36 at the peak of E wave and A wave, in each patjgeiively.
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The vortex in the diseased LVs is consistently more spherical than the ones in the healthy LVs
52173174 The vortex sphericity indices in patients #1 to #3 is even lower than the previously
reported values of 2.1132.32 in patients with acute myocardial infarcttéh In addition, patient

#2 has a circular shape vortex (vortex sphericity index is 1.07 for both E and A waves). This may
be interpreted as the risk of thrombus formation in patient #2 (with asymmetric septaidpjper

is more than the ones in patients #1 and #3 (with concentric hypertrophy with uniform increase in
the LV tissue). In fact, when the elongated shape of vortex turns into a more circular shape, the
apex of the LV is not exposed to a fasbving bloodflow and thus, the flow separated from the
vortex in themainstreantould lead to the development of a LV thrombus at the apex. This is an
established complication in many cardiac conditions with the highest rate detected in myocardial
infarction and conestive heart failuré’>. Moreover,it has been shown that asymmetric septal
myocardial thickening adjacent to LVOT (such as the one in patient #2) is associated with aortic
stenosist’®1’” Therefore, our results for patient #2 also suggest that, for patients with septal
myocardial thickening, a more circular vortex (instead of elongated vortex) is associated with low
velocity regions at the upper septum (close to LVOT). This complicatiall @otentially limit

the beneficial outcome of TAVR since the redirection of flow from the mitral valve towards the

LVOT does not happen as it occurs in a normal LV.
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Patient #1 (a) Long axis velocity

Velocity (m/s)
1

D1=8.10,D2=7.23 D1=14.1,D2=234 D1=11.6,D2=135 D1=14.6,D2=214
d1=5.71,d2=6.8 d1=6.00,d2=9.3 d1=7.46,d2=5.39 d1=5.68,d2=14

Figure2-9. Evolution of vortical structure following TAVR in patient #1 during diastole. (a)
Velocity in longaxis view; (b) Velocity in shoraxis view; (c)Q-criterioniso-surface; (d) Vortex
dimension. Pre TAVR severe aortic stenosis (EOA=0.9 Jmcoronary artery disease and
hypertension, moderate to severe concentric hypertrophy, ejection fraction: 18%, brachial
pressures: 85 and 170 mmHg, forward LV stroke volume: 78 RoktTAVR aortic valve
(EOA=1.8 cm), hypertension, moderate to severe concentric hypertrophy, ejiretition: 20%,
brachial pressures: 69 and 150 mmHg, forward LV stroke volume: 82 mL
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Patient #2 (a) Long axis velocity
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Figure2-10. Evolution of vortical structure following TAVR in patient #2 during diastole. (a)
Velocity in longaxis view; (b) Velocity in shoraxis view; (c)Q-criterioniso-surface; (d) Vortex
dimension.Pre-TAVR severe aortic stenosis (EOA=0.7 Jmcoronary arterydisease severe
asymmetric septal hypertrophy, ejection fraction: 8%, brachial pressures: 80 and 140 mmHg,
forward LV stroke volume: 74 mIPostTAVR aortic valve (EOA=1.74 cf), severe asymmetric
septal hypertrophy, ejection fractioh0%, brachial pressures: 61 and 115 mmHg, forward LV
stroke volume: 72 mL
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Patient #3 (a) Long axis velocity
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Figure2-11. Evolution of vortical structure following TAVR in patient #3 during diastole. (a)
Velocity in longaxis view; (b) Velocity in shoraxis view; (c)Q-criterioniso-surface; (d) Vortex
dimension.Pre-TAVR severe aortic stenosis (EOA=0.8 ¥mmoderate to severe concentric
hypertrophy, coronary artery disease, chronic atrial fibrillation, ejection fraction: 28%, brachial
pressures: 62 and 123 mmHg, forward LV stroke volume: 89 RoktTAVR aortic valve
(EOA=1.7 cnd), moderate to severe ammtric hypertrophy, coronary artery disease, chronic atrial
fibrillation , ejection fraction: 32%, brachial pressures: 43 and 101 mmHg, forward LV stroke

volume: 92 mL
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2.4.2.2Stagnant and lowvelocity flow

During filling of the normal heart, the blood entering the left ventricle through the mitral valve
forms a vortex that minimizes energy dissipation while prevents blood stagnation. In the presence
of C3VD and TAVR, thevorticals t r uct ur e i n t he slis\Alted leadingtts v al \

intraventricular stagnant flow which is one of the most important factors for thrombus formation

178181

Stagnant flowFigure 12 shows the regions of stagnation flow (velocity is lower than 0n@®1
150.18218% where throrbi can potentially form. In all 3 patients, due to the LV hypertrophy, the gap
between the posterior leaflet of the mitral valve and the lateral wall of the LV is reduced. Our
findings show these regions are at a high risk of thrombus formation as thangéthgw persists

until the end of diastole (Figure 12). Additionally, in patient #2, stagnation regions are formed at
the lateral and septum walls of the LV during diastasis and stay there even at the peak of A wave
(Figure 12(b)). Most importantly, stagnt flow dominates a substantial portion of the transcatheter
aortic valve and LVOT regions which are consistent with the vortex morphology and sphericity
results. This is a very important finding as this outcome limits the benefit of TAVR: may
potentially worsen thrombus formation at this region. This possible exacerbation by stagnant and
low flow will likely play an importanhindering role in success of TAVR. This presents an
important finding especially considering the expansion of TAVR candidacyver-lassk and/or

young patients.

Low-velocity flow Although patient #1 has lower transmitral velocity magnitude at the peak of E
wave compared to patient #2 (0.86 wgsl m/s; respectively), the blood flow reaches the septum

wall in patient #1, while this is not the case in patient #2: peak velocity near septum wall is 0.35
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m/s and 0.1 m/s in patients #1 and #2, respectively (Figure 9(a), 10(a) and 11(a)). This situatio
becomes worse at the peak of A wave: peak velocity near septum wall is 0.3 m/s and 0.05 m/s for
patients #1 and #2, respectively. This could describe the reason of having septum hypertrophy in
patient #2. In addition, in patient #3, the higher transinietcity at the peak of E wave (1.3 m/s)
facilitates the transport mechanism such that the velocity increases to 0.4 m/s near the septum wall.
However, the blood flow cannot reach to the septum wall at the peak A wave: peak velocity near

septum wall is M3 m/s.
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Patient #1 Blood stagnation region

—
Patient #2
P" “ j J v .
Patient #3

Figure2-12. Stagnant and lowelocity flow region for patients #1 to #3.

2.4.2.3Vortex formation time (VFT)

We quantifythe process of vortex formation and progression during early fillisgng vortex
formation time (VFT) VFT is adimensionless index of optimal conditions for vortex formation

defined as follows§!18>
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VET = Vave3 Eduration (31)

whereVave Eduration andD are the average velocity during early filling, duration of E wave and
diameter of mitral valve opening in its fully open state, respectively. Calculated VFTs for these 3
patients with cardiomyopathy, who received TAVR, is between 2.30 and 2.85 (Talbi&B)isv

less than the optimal VFT ofoetween 3.3 and 5.5 reported for the normal LV funchibn
Moreover, our results show that, in these 3 patients, the sphericity index has a linear relation with
VFT (i.e. the lower value of sphericity index for patient #2 than patients #1 and 3 is associated

with lower VFT aswell) which is in agreement with a previous stdéy

Table2-3. Vortex formation time (VFT)

Patient # Vortex formation time
Patient#1 2.726696
Patient#2 2.290076
Patient#3 2.850877

2.4.2.4LV kinetic energy and its association with viscous dissipation rate

In a normal LV, wrtical flow in the LV provides the requirellinetic energyto redirect mitral
inflow toward the aortic valvevhile minimizing theenergy dissipation raf&18¢ In this study, ve
introduce normalized kinetic energy RE; mJ/ml) asthe computedinetic erergy normalized
by stroke volumeln each patient, NE represert the kinetic energyof the intraLV flow for
each unit volume aheejectedblood (Figure 13(a))Similarly, we introducenormalizedviscous

dissipation(N-VD; mW/ml) asthe computed viscous dissipatiorormalized by stroke volume,
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representinghe intralLV viscous dissipatiofor each unit volume diow redirecedfrom mitral

valvetoward the aortic valvéFigure 13(b)).

Thekinetic energy(KE) 8° and theviscousdissipation rat¢VD) %18 were calculated as follows
KE:%(r)(u2 Y Wz) (32)

w0 td, VQw (33)

where} is the density and, vandw are velocity components. The total kinetic energy is obtained
by integrating the KE over the LV volumkloreover,! , v and V arethe viscous stresthe

deformation tensor and volumespectively.

Two separate peaker bothN-KE and NVD during diastolearediscriminated: the first during

early filling, associated with #vave,and the second during late fillingssociated with Avave

All three patients have considerably higheKH (> 0.05 mJ/ml) than healthy contrdf§. It is
remarkable that, as Figure 13 shows, in each patid€iE [dndN-VD are in phase. In addition to
dependency to the geometrical features of the valves and the-K& &hd NVD magnitudes
depend on the vortical structures of the blood flow and their interactions with surrounding tissue.
Therefore, intepatient variablity causes that the time waveforms for these two variables to be
different across patients. Although all three patients are clinically classified to have the same
diseases (pratervention: sever aortic stenosis and cardiomyopathy) and they receisaitbe
intervention (TAVR), their NKE and NVD waveforms are very different. As one example,
Patient #1 shows a much different waveforms in bothiakze and Awave regions: unlike two

other patients, the peaks ofutave regions are much higher than the anghe Ewave regions
(N-KE: E-wave region: 0.15 mJ/ml & A wave region: 0.19 mJ/miyQN: E-wave region: 0.02

mW/ml & A wave region: 0.036 mW/ml). Our results also show that viscous dissipation rates are
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about 15%, 11% and 9% of the kinetic energy forgpds #1, #2 and #3, respectively, which are

substantially higher than the one in a normal LV (2%)

Pressure gradienPressure gradient from the center of mitral orifice at the left atrium side to the
apex is calculated as shown in Figure 13(c). All three patients have higher pressure gradient than
the one in a normal heaff 1%, Patient #2 has moderate pressure gradients of 7 and 4 (mmHg) at
the peak of E wave and A wave, respectively. Patient #3 has considerably higher {yessant

at the peak of E wave (9 mmHg) than the other two patients. However, following decelefation

the E wave, negative pressure gradiedtnimHg) is observed before diastasis, preventing more
flow to get into the LV with a following low pressure gradient (2.5 mmHg) at the peak of A wave.
Although Patient #1 has a low peak value of 6 (mmHg) ateéh& pf E wave, considerable higher

atrial contraction leads to a high pressgradient at the peak of A wave (9 mmHg). Due to
hypertension in patients #1 and #3, the increased left atrium pressure and/or irregular pressure

gradient could be expected iretie patient$®2
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(a) Normalized Kinetic energy
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Figure2-13. Kinetic energy and its association with viscous dissipation rat€a) Normalized
kinetic energy (computed kinetic energy per stroke volume) in patients #1 to 3; (b) Normalized
viscous dissipation (computed viscous dissgraper stroke volume) in patients #1 to 3; (¢)
Pressure gradient (from center of the mitral valve to the apex) in patients #1 to 3.
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2.5 Discussions

Quantification of the complex flow plays an essential role in accurate and early diagnosis in C3VD
patients'*2and can be used for planning interventions and making critical clinical decisions with
life-threatening risks. A&linically usefulcomputational diagnostic framework should quantify the

following 3 requirements:

2.5.1 Metrics of circulatory function (global hemodynamics)

The heart resides in a sophisticated vascular network whose loads interact with the function of the
heart 511133389 A5 the local flow dynamics are influenced by downstream and upstream
conditions, reptating correct flow and pressure conditions is critical in developing a patient
specific cardiovascular simulator. This not only gives patgetific flow and pressure conditions

to the local flow but also enables investigation of effects of local henamdligs on the global
circulatory physiology. Complex valvular, ventricular and vascular diseases (C3VD) is the most
fundamentally challenging cardiovascular pathology, in which several pathologies have
mechanical interactions with one another wherein agvphysical phenomena associated with
each pathology amplify the effects of others on the cardiovascular sySt&imTAVR often
coexists with C3VD, thus making the investigatidrilow and pressure details in the presence of
TAVR very challenging. It is important to note that in clinicardiac catheterizatioms the gold
standard to evaluate pressure and flow through heart and circulatory égistleat function)out

it is invasive, expensive, and high ri€kand therefore rtgpractical for diagnosis in routine daily
clinical practice or serial follovap examinations. Most importantly, cardiac catheterization only
provides access to the blood pressure in very limited regions rather than details of the physiological

pulsatile fow and pressures throughout the heart and the circulatory system.
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2.5.2 Metrics of cardiac function (global hemodynamics)

In the presence of TAVR and/or C3VD, the heart is overloaded since the healthy instantaneous
left-ventricle pressure and/or lefentricleflow are altered 3. In clinics,cardiac catheterization

is the gold standard for evaluating heart function in terms of the heart workload obtained from the
instantaneouteft-ventricle pressure and/or lefentricle flow. However, there is no method to
invasively or nornvasively quantify the heart workload (global function) that can provide
contribution breakdown of each component of the cardiovascular system. Thpisdgkg crucial

in C3VD and TAVR because quantification of the feéintricle workload and its breakdown are

vital to guide prioritizing interventionand to sufficiently validate devices in regulatory testing
machines. Moreover, there is no Aomasive method for determining leftentricular end
diastolic pressure, instantaneous-lafhtricular pressure, and contractilityall of which provide

valuabl e information about the patientdés stat

2.5.3 Cardiac fluid dynamics (local hemodynamics)

Chirality of the human heart causes the complex pulsatile flow in the left ventricle and its valves
to be strongly three dimensional, and with C3VD, this flow becomes even more comgitated
Moreover, as aresult of TAVR, new interactions occur between the artificial implant and the native
valve geometry, thus altering the fluid dynami©sDuring normal filling of the left ventricle, a
vortex is formed by the blood entering the chamber thrélegimitral valve; the vortex minimizes
energy dissipation, prevents blood stagnation and optimizes pumping effid&hcihis
optimized flow is altered by C3VD and TAVR causing vortex dynamics to become less
synchronized with heart contraction. Additional vortices apart from the healthy vortex ring may

also emerge and interact with one anotbetailsof theinstantaneou3-D flow, vortex formation,
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growth and eventual shedding must be known in addition to their effects on fluid transport and

stirring bothinsidetheleft ventricleandin thevicinity of thevalvesafterdeploymeng>1-194

In this study, we developed an innovative computational diagnostic framework for complex
diseases like C3VD and TAVR that dynamicatlguple the local hemodynamics (using>3
strongly-coupled FSI) with the global circulatory cardiovascular system (using lumped parameter
modeling, LPM) and satisfies the 3 requirements. This computational diagnostic framework is
promising for future clinial adoption and can quantifft) metrics of circulatory function (global
hemodynamics)2) metrics of cardiac function (global hemodynamigs)vell as (3) cardiac fluid
dynamics (locahemodynamicsin patients with C3VD in both pre and post intervemtsbates.
These metrics are not currently accessible in clinics, but with our framework, they can be
guantified in patients with C3VD in both prand postintervention states. This information is
essential for the effective use of advanced therapiesnmp&a 3VD patients to improve clinical

outcomes and to guide interventions.

2.5.4 Patients with C3VD who benefited from TAVR

Recent data show that 54.9% of patients who recdi®&R had heart failure prior to intervention

195 and approximately 60% of aortic stenosis patients undergoing TAVR dhypertrophic LV

196 Commonly, LV hypertrophy leads to increased stiffness of the LV chamber and diastolic
dysfunction?®®, with 50 percent of patients found to have impaired diastolic function prior to
TAVR in one recent study’. Although TAVR hagroven to be a reliable replacement for surgical
aortic valve replacement due to its minimally invasive approach, there is still significant risk of
adverse events%1% Some patients, who underwent TAVR, experienced a significant
improvement in terms gbronounced reverse LV remodeling and less congestive heart failure

symptoms. However, the situation in some other patients worsened; e.g., tierfomgorbidity
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of patients with prior diastolic dysfunction who received TAVR remains high in comparitios to
general populatiot?’. Figure 14 shows examples of changes in the local and global hemodynamics
in patient #3 between baseline andd?y postTAVR. This figure shows that patient #3 benefited
from TAVR intervention: (1)Globa hemodynamic@rigure 14(a)): TAVR leads to a reduction in
transvalvular pressure gradient and significant improvement in the LV workload in pat{pre-#3
TAVR: 2.508 J and posIAVR: 1.2172 J; 51% reduction)ieading to experiencing an
improvement in érms of pronounced reverse LV remodeling and less congestive heart failure
symptoms>32 (2) Local hemodynamicgFigure 14(b)): TAVR modifies the flow dynamics and
vorticalst ructure in the LV. Foll owing interventio
lower velocity magnitude. Such flow alterations contribute to a substantial reduction of stress and
wear on the mitral valve leaflets and the left ventricle. Vdrgtaicture in particular is crucial to

the balance of fluid dynamics between blood and myocardial tfssmel can be used as an

indicatorof overall cardiac health.
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(a) Global hemodynamics: LV workload; aorta and LV pressures
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(b) Local hemodynamics: vortical structure and time-averaged wall shear stress
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Figure2-14. Changes in local and global hemodynamics in patient #3 between baseline and
90-day postTAVR. (a) Global hemodynamic4V workload; aorta and LV pressures; (lcal
hemodynamicsvortical structure ashtime-averaged wall shear stress.

2.6 Limitations

There have been several studies that optimized the parameters of the anisotropic Holzapfel and
Ogden model to obtain patiespecific simulations of the LV tissue using displacement fields
acquired from human-B Magnetic Resonance Imaging (MRI) d&t&!?” Such models require

tensor diffusive MRI data to characterize the direction of myocardial fi5&t€>. However, as
mentioned before, MRI cannot be useddatientswith most implanted medical devices including
TAVR except safely for MREonditional device$'?2 In this study, we assumed th¥ tissue to

be an isotropiSaint VenanKirchhoff solid modeP3714tin patients wih C3VD who underwent

TAVR (see Governing equations for solid domain section for more details). Future studies should
explore anisotropy of the LVYissue.This study was performed and validated on 3 patients with

C3VD who undergo TAVR using a-B stronglycoupled fluidsolid interaction and lumped
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parameter modeling framework in both pre and post intervention states (6 cases). Future studies
must consider further validation of the computational framework in a large population of C3VD
patients in both pre amost intervention states. However, our results in this study demonstrate the
ability of the framework to track changes in both cardiac, and vascular states. However, it is
important to note that our LPM algorithm, allowing analysis of any combinatiaomiplex
valvular, vascular and ventricular diseases in both pre and post intervention conditions, was
validated against clinical catheterization data in foitye C3VD patients with a substantial inter

and intrapatient variability with a wide range ofsgase®. These observations made us more
confident that the limitation in the number of patients in this study does not affect our conclusions.
One limitation that may be associated with our simulationsadeating the transcatheter aortic
valve leaflets to be rigidly close and mitral valve leaflets to be rigidly open throughout the diastolic
phase. It is important to note that this study focuses on diastole and the left ventricular filling phase.
However, tle good agreement between the numerical simulations and Doppler echocardiography
velocity measurements, which include moving valve leaflets, shows that this limitation does not
affect the conclusions of this study. Future numerical studies will considatdhactions between

the fluid and deforming valvkeaflet structure during the entire cardiac cycle and will investigate
the effects of dynamical opening and closing of the aortic and mitral valve leaflets on vortex

dynamics in the LV.
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3.1 Abstract

One of the most common acute and chronic cardiovascular disease conditions is aortic stenosis, a
disease in which the aortic valve is damaged and can no longer function prigioeelgver, artic
stenosicommonly exists in combination with otheonditionscausingso many patients suffer

from the most general and fundamentally challenging condition: complex valvular, ventricular and
vascular disease (C3VDAIthough blood flow quantification is critical for accurate and early
diagnosis ofaortic stenosis and C3VD, proper diagnostic methods are still laddecguse the
fluid-dynamics methods that can be used as engines of new diagnostic tools are not well developed
yet.Despite remarkable advances in medical imaging, imaging on itsgwhenogh toquantify

the blood flow effectively Moreover, understanding of C3VD and itsrogression has been
hindered by the absence opeoper nonnvasive toolfor the assessment tfe cardiovascular
function. To enable the development of new riomasive diagnostic methods, we developed an
innovative imageérased computational fluid dynamics framework to quantifymetrics ofglobal
circulatory function (2) metrics of global cardiac functionas well as (3)ocal cardiac fluid
dynamics in patients with C3VD. This framework is based on an innovaiivavasive Doppler

based patierspecific computational engine. We validated fitaenework against clinical cardiac
catheterization and Doppler echocardiographigasurementand demonstrated its diagnostic

utility in providing novel analyses and interpretations of clinical data. Our findings position this
framework as a promising nemoninvasivediagnostic toothat can provide blood flow metrics

while posing naisk to the patientThe diagnostic information, that the framework can provide, is

vitally needed to improve clinical outcomes, to assess patient risk and to plan treatment.
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3.2 Introduction

One of the mostommonacute and chronicardiovascular disease conditiaagortic stenosis, a
diseasen whichthe aortic valve is damaged acahno longerfunction properly. This condition
canprogress to heart failure through trepid deterioration othe pumping action of the heart.
Heartfailure is a diseasassociatedvith high mortality and morbidityates that is increasing in
prevalence, affectingtleast 26 million people worldwidét is responsible for about $108 billion

per year, or 3%, of global health expenditurésFor aortic stenosis patients, heart failure is the
primary cause of death, and half of them will die within two years of symptom baeeti¢ valve
disease is left untreatédPrior hospitalization due to heart failure is associated with poor outcomes
following aortic stenosis intervention; some research suggests that by performing an earlier
treatmentpefore patients experience hospitalization for heart failure, outcomes may be improved
23 |t is important to note that aortic valve disease commonly exists in combination with other
conditions, somany patientssuffer from the most general and fundamentally challenging
condition complex valvular, ventricular andasculardiseasegC3VD). In C3VD, mechanical
interactions occur betweeanultiple valvular, ventricular and vascular pathologies whetiegn
physical phenomena associated with each patholeglyibit magniied effects m the

cardiovascular system due tetpresence of the other conditidhs.

Transcatheter aortic valve replacemeMy{R) is an emerging minimally invasivatervention
for patientswith aortic stenosigcross a broad risk spectrurRrior to the recent introduction of
TAVR, the only possible choice for higisk patients with aortic stenosiwas surgical
replacement of thaortic valve (SAVR). TAVR is a growing alternative to surgical intervention
that has provided positive outcomes and has reduced the mortalitywittemany patients

experiencing a significant improvement following interventidAVR is also increasingly being
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used in lowerrisk patients who may be youngand/orhavemoderate valvular diseagdowever,

there areisks associated witAVR, because in some cases, $iteationworsensor the pre
existing cardiovasculardiseasechangesto arother form of cardiovascular disead&8 The
following series questionanust be answered before and after TAVR to ensure the procedure is
completed safely and effectivelyhat impacts willthe procedure haven the heart mechanics
and function? Wanis the best tira to perforntheintervention? Is there means to assess which
patientswill have a better or worse outcomiéperformed what impacts will there be on the
cardiac function, circulatomnechanics andalve function?A tool that can answer these questions

for each patienivhile consideringheir specific conditionss highly needed.

"Car di ol o d'yandtherefdrel the vegsential sources ofirdiovasculamortality and
morbidity can be explained on the basis of adverse hemodynabmosmalbiomechanical forces
andflow patternsleadingto the development and progression of cardiovasdisdansé?. Despite

its importance, there exists no diagnostic tool that can quafitiig dynamicsfor many
cardiovascular diseaseaacluding C3VD and TAVR,in a patientspecific manner, because the
fluid-dynamics methods that can be used as engines of new diagnostic tools yetwsit
developed. Moreover, there are varying prognostic implicatemsareful diagnosis is vit4l. In

this research, weontributed to advancing computational mechanics as a powerful means to
enhance clinical measurements and medical imaging to make novel diagnostic methods for

patients withC3VD and TAVRthat poseno risk to the patient.

The heart resides in a sophisticht@scular network whose loads impose boundary conditions on
the heart functiorPrecise and effective diagnosis hinges on the quantification of the following
three Requirements global hemodynamics(1) Metrics of circulatory function e.g., detailed

information of the dynamics of the circulatory system, @&)detrics of cardiac function e.g.,
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heart workload anthe breakdown ofworkload contributions froneach cardiovascular disease
componentand of thelocal hemodynamics(3) Cardiac fluid dynamics e.g., details of the
instantaneous-B flow, vortex formation, growth, eventual shedding, and their effects on fluid
transport and stirring inside the heart. Although all of these can provide valuable information about
t he patte of catd@dcsdetaribraion and heart recovery, currently, clinical decisions are
chiefly made based on the anatomy alone. To supplement anatomical information, cardiac
catheterization is used as the clinical gold standard for evaluating heart functisartwd but

it is invasive, expensive, and high ri¥k andis therefore not practical for diagnosis in routine
daily clinical practice or serial followmp examinations. Phasentrast magnetic resonance
imaging can provide-® velocity fields, but it has poor temporal resolutibit'® is costly, lengthy

and not possible for many patients with implanted devices. Doppler echocardiography (DE) is
potentially the most versatile tool for hemodynamics. While BE suffers from low temporal
resoldion, 2-D colour DEis low-cost and riskree, and has high temporal resolution. Studies with
4-D phasecontrast magnetic resonance unveiled that the intraventricular flow is mainly parallel
to the apical longaxis planeand measurement of[2 flow on this plane can provide a very good
estimate of the-® flow 1”. This makes the apical loraxis plane, pagsg through théeft ventricle

(LV) apex and the centers of the mitvallve, aortic valve left atrium and proximal ascending
aorta, the optimal -D representation of the-B LV flow. Recent advances in DE velocity
measurements are: (1) EeRtV is an adptation of Particle Image Velocimetry (PIV) for
computing pow vel oc ithatyarebften ehhareed kwithngntrastpagentk | e s
(microbubbles)® 2%, EchePIV is promising but depending on the acquisition frame rate, high
velocities can be underestimatépgwhich has implications for diagnosis.dddition, the contrast

agent must constantly and homogeneously fill the field to avoid both saturated and dark areas.
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Thesefactorsmay hinder routine clinical application of the meti#gd2) ColourDoppler vector
flow mapping (VFM) permits calculation of the velocity fieldthout contrast agents through
colour DE?3, Colour DE is fast and routinely used in clinfésbut it cannot measure velocity in
the direction perpendicular to the bedbespiteall the potentialthat DE has andthe progress
made with VFM, there is no DE methodto date that can comprehensivelyevaluatelocal
hemodynamicen the LV, valves,ascendingaortaandleft atriumin termsof vortical structures,
their temporalevolutions,fluid transportand mixing. Thereis alsono DE methodto evaluate
global hemodynamicsand to break down the contributions of eaclcardiovascular system

component

In this study, we developed a highly innovative computatiomathanics framework that can
eventually, upon further development and validation, function as a diagnostic tool for the most
general and fundamentally challenging condition, C3VD, in both pigast intervention states.
Such a diagnostic toadhould dynamically couple the local hemodynamics with the global
circulatory cardiovascular system to providérameworkto evaluatethe effects ofthe global
(Requirements #1 and #2) and local hemodynoarfRequirement #3) a patierdspecific manner

For this purpose, we developed a framework based on an innovative Dioggder patient
specific lumpeeparameter algorithm and aBstronglycoupled fluidsolid interaction. It satisfies

all three requirments for developing a clinicalgffective computational diagnostic framework
that can quantify local and global hemodynamics in patients who have C3VD in both pre and post
intervention states. Our lumpgarameter algorithm allows for the analysis of anynbination

of complex valvular, vascular and ventricular diseases in C3VD patiergarpgsefully using
limited and reliable nofinvasive input parameters acquired with Doppler echocardiography and

sphygmomanometers to continuously calculate paspetific global hemodynamics quantities
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(Requirements #1 and #2)e usedheclinical data oklevenpatients with C3VD in both pre and
post TAVRconditions (twentytwo cases) not only tealidate the proposed framework but also to
demonstrate its diagnostobilities by providing novel analyses and interpretations of clinical data.
The validation was done against clinical cardiac catheterization?tlatad clinical Doppler

echocardiographic measurements.

3.3 Methods

We developed an innovative imagased computational fluid dynamics frameworlqt@antify:

(1) metrics of circulatory function (global hemodynamjd®) metrics of cardiac function (global
hemodynamicsas well as (3) cardiac fluid dynamics (lobemodynamicsin patients with C3VD

in both pre and post intervention statébis framework is based @an innovative noiinvasive
Dopplerbased patierspecific lumpeeparameter algorithm that allows for the analysis of any
combination of complex valvat, vascular and ventricular disea$eand a3-D strongly-coupled
fluid-solid interaction (FSIfFigure 1:schematic diagram; Figure 2: algorithm flow chdible

1). Calculations of this computational fluid dynamics framework were validated against clinical

cardiac catheterization datband Doppler echocardiographic measurements (Figures 3 and 4).

104



Ph.D. ThesisSeyedvahid Khodaei McMaster University, Mechanical Engineering

H

20

Pressure 180 S
Volume = / 160 _
w §
workload =1.9576 J

65 90 115 140 165
Volume (ml)

5
I
E
E 1w
o ®
3
3
©
2
.
0

02 o4 08 08
Times (s)

Figure 3-1. Schematic diagram of computational domain. Anatomical and electrical schematic
diagrams of the lumped parameter modeling. This model includes the followingaosidis. 1)
left atrium, 2) left ventricle3) aortic valve, 4) mitral valve, 5) systemic circulation, and 6)
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