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Regulation of coronary blood flow is maintained through a delicate balahgentriculoarterial and
neurochumoral mechanisms. The aortic valve is integral to the functions of these systems, and disease
states that compromise aortic valve integrity have the potentiahtiverselydisrupt coronary blood

flow. Aortic stenosidAS)is the most common cause of valvular heart disease requiring medical
intervention, and the prevalence and associated socioeconomic burden of AS is set to increase with
population ageing. Valvular stenosis precipitates a cascade of structural, microcirgubatd
neurohumoral changes, which all lead to impairment of coronary flow re@#Rand myocardial
ischaemia even in the absence of notable coronary stendsis. is partially due to left ventricular
hypertrophy which occurs in response to increassdterload, thus increasing resting myocardial
oxygen demandThe presence of coronary disease in these patients further increases their ischaemic
potential and impais CFR Such patients aréherefore & higherrisk of mismatch between oxygen
supply and dmand The assessment of the physiological impact of coronary stenosis is therefore of

growing interest and the methods of doing so are under current evaluation.

This thesis examines several hypotheses. Firstly, thatdlief of AS results immediate, yet partial,
resolution of physiological myocardial blood flow. Ongoing improvements in myocardial blood flow
are dependent on longer term adaptive changes in relation to endothelial funcienondly, that
physiologically significamoronaryartery diseasén patients with severe AS undergoimmgnscatheter

aortic valvereplacement(TAW) portend worse outcomesFinally, with this in mind, and a better
understanding of the coronary physiology in AS patients, the final part examines the hgjsotinat
CFderived fractional flow reserve can be used to assess the functional significance of coronary artery

stenoses in patients with severe AS.

The first part of the thesidooks atthe unexplored physiologicathangeghat impact coronary blood

flow in patients undergoindgrAVRwith a specific focus on two areas. Firstly, it lookdha early
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changes irproximal aortic physiology and endothelfainction; secondly, it looks at the lorgrm
adaptive changes in endothelial function followii@VR In the first study invasive data from 54
patients undergoing TAVR enabled aortic reservoir pressure and wave intensity analysis before and
immediately after TAVRIhisdata demonstratal that increases in central aortic pressure following
TAVR relate to oreased excess pressure and improved transvalvular energy profiles with unchanged
reservoir pressure. These haemodynamic changes are likely responsible for the improved myocardial
and other organ perfusion. These changes may also explain the apparentgctpre state of
persistent hypertension in patients following TAVR, in contrast to that seen in essential hypertension

which is associated with arterial stiffening.

In the second studyeFAST study®arly and latechanges in endothelial function befoand after
TAVRwere investigated in 27prospectively recruitedpatients undergoing TAVRThis data
demonstrated that endothelial function in patients with AS improves early following TAVR and that
this improvement is sustainedt late follow up There is @idence of ongoing late normalisation of
arterial haemodynamics, including lower wall shear stress. The late adaptations likely contribute to

the delayed improvements that have been observed in coronary physiology and patient symptoms.

A better understanihg of thepathophysiologicathanges irmyocardial blood flow in the context of
ASpermits better understanding of the impact of abnormal coronary physiology on outcomes in
patients undergoing treatment for severe ABiesecond part of this thesisxploredthe physiological
impact of coronary stenosis in patients undergoing TAVR and whetheinmasive COerived
measures of pressure and flaan be usedo provide this assessmenn the third study, angiographic
CAD scoring tools were used to investigate the prognaspact of coronary stenosefined bytheir
anatomical complexity (SYNTAX score) aplsyaiologicascoring system (DILEMMA scoii)is study
demonstrated that whilst both scoring tools could stratify clinical outcomes, only angiographic

physiologicakcoringusing DILEMMA scoremained independently associatedth outcomeswhen
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adjusted for other clinical factorsThe increasingly evident importance of corrgctidentifying
functionally significant CAD this patient group has driven the exploratiamthe use ofinvasive
pressure wireassessmenin this patient group. Howevethe use of invasive intracoronary wires is
associated with risk angliven that theseare typically oldepatientswith greater frailtyleft an unmet
need for a norinvasive alternativeWith this in mind, he fourth study investigated the feasibility and
validity of using of Gdlerived fractional flow reserv€CTFFFR)n patients withAS Forty-two patients
were prospectively recruited into the CABFR studyinvasive FFR was compared againsEERNn

60 vesselsThe data demonstrates that €-FR is safe and feasible in patients with sever&asdes

a high yield ofnterpretablevessés, the datasuggests that the diagnostic accuracy ofFER in this

cohort is high despite the abnormal coronary physiology in these patients

In summary, the work from this thesis adds to the expandiody of evidencewhich helps our
understanding of th@bnormalventriculoaortic, coronary and microcirculatory physiolagyatients
with severe ASThe work from this thesis also lalysportant foundatiorsin the use ofnon-invasive

physiological assessment usingEHR for coronary evaluation in patients {raVvR.
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The prevalence of aortic stenosis (AS) increases in older age such that it estimated that up to 3% of
individuals above the age of 75 years will have AS at a severity that warrants procedural treatment.
Importantly, with an increasingly ageing population, the burden of this disease upon the health service

is set to continue to rise.

Transcatheter aorticalve replacement(TAR) is a percutaneous alternative to surgical aortic valve
replacement (SAVR) and has gained popularity over the last decade. It circumvents a sternotomy, can
be performed under local anaesthetic, and allows quicker recovery for patidBésides the
advantages to the patient, it has perceived economic advantages given the quicker procedural time,
shorter hospital stay and reduced burden on rehabilitation services. It has therefore attracted
widespread interest as a feasible alternaticeSAVR, not only in those who have prohibitively high
surgical risk, but also ilower surgical risk group3AVRhas revolutionised the treatment for many

with severe AS and is radically changing the horizons for healthcare provision and polidies8RAs
transitions to become the new standard of care for the treatment of severe AS, the modality continues
to be scrutinised for its effect in restoring premorbid physiology and ultimately improving patient

outcomes.

As such, the first half of this thesismores important questions about the normalisation of physiology
following TAVRincluding the expected timescale for such recovery. This was examined in the eFAST
study and indeed demonstrates that endothelial function recovers early-pAstRvith someongoing
changes which are only observed at longer term follow up. This contributes to the growing body of
evidence demonstrating key benefits TAVRas a minimally invasive option. This study provides a
stepping stone to further investigate different catidns which may optimise or hamper this recovery,

for example using different device platforms or to better understand patient prosthesis mismatch.
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TAVRuniquely involves the deployment of a new aortic valve prosthesis without any notable
interruption of normal circulation as is the case with cardiopulmonary bypass. This provided a unique
opportunity to assess some of the first changes in physiaotdbgt at the aortic root level. One of the
studies in this thesis provides unigue insights into the irdiate haemodynamic changes from which

all the subsequent benefits are expected to originate. This study demonstrated that early hypertensive
changeg; which are recognised poSIAVR; are due to increased excess pressure, a mechanism which

may be responsike for the paradoxical benefit seen in patients who are hypertensive-pAsR

The second half of thesis focuses on the assessment and prognostic impact of coronary artery disease

in the context of patients undergoinfAVR; an area which has gained derable interest given the

absence of evidence and guidance. The GASY study explores the feasibility and validity of using

CTFFR in patients with severe AS to assess both coronary anatomy and functidi\pire

Importantly, this was integrated intaonestopd K2LJ OF NRAIF O /¢ a LI NIL 27F L
forpreTAVR- 8aSaavyYSyid 6KAOK KIFa aSOSNrft LROGSYGAlIf | R(
TAVRdiagnostic journey, it minimises the need for additional invasive diagnostic procecuuss t

improving patient safety and minimising the use of iodine contrast. This study was presented as a Late
Breaking Clinical Trial at EuroPCR 2020 and the study was picked up medical news OtRIERIICT

pre-TAVRpatients is now being further investigad in large prospective trials.
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ASC aortic stenosis

BCW¢ backward compression wave
BEWcbackward expansion wave

CAD coronary artery disease

CCS (angina scomeanadian Cardiovascular Society
CFR; coronary flow reserve

CTAc computed tomography angiography
CTFFFR; CFderived fractional flow reserve
DSc DILEMMA score

EDc¢ endothelial dysfunction

FMDc¢ flow mediated dilatation

FCW forward compression wave

FEW forward expansion wave

FFR; fractional flow reserve

ICAq invasive coronary angiography

iIFR¢ instantaneous wawvdree ratio

LADc left anterior descending artery
LVHc left ventricular hypertrophy

MRI¢ magnetic resonance imaging

NO¢ nitric oxide

NPV¢ negative predictive value

NYHAc New York Heart Association

PCIg percutaneous coronary intervention
PPMI¢ periprocedural myocardial injury
PP\( positive predictive value

QCA¢ quantitative coronary angiography
RCA¢ right coronary artery

TAVR; transcatheter aortic valveeplacement
WIA¢ wave intensity analysis

WS&; wall shear stress
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1.1. INTRODUCTION

The physiology of coronary blood flowdsmplex and multifaceteds it isdictated by interactios
between ventriculaarterial and neurohumoral system$heseinteractionsmaintain a homeostatic
balanceduring the resting statand enableadapiationsto increases irphysiologial demands, such

asare observedduring exercise.

The aortic valve is intrinsic teentriculoarterial coupling and any impairment in valve function
adverselyaffects the overall balanceof this system Degenerative artic stenosis (ASk the most
common form of aortic valve disease and is precipitated by progressive calcification of the valve
leaflets and annulds whichimpairsleaflet mobility and compromes thevalve orifice are&:2 AS is
typically a disease of old agan estimated 3% ofndividuals aged >75 yeairs developed countries
have ASf sufficientseverity b warrant medical interventior::> Importantly, the globalnumber of
patients with severe AS is set to double in the next two decaaleghwill place an evemcreasing
burden on healthcare proviers ® From ahaemodynamigerspective, A&ads to reducedblood flow
through the narrowed valvewith resultantpressureoverload within theleft ventricle. Thisoverload
causescompensatory pathophysiological andnorphological changeswithin the left ventricle
includinghypertrophyand fibrosis Theresultantincrease irmyocardial masgenerates arincrease
oxygen demangdwhich requires further mechanical and metabolic adaptationBhis sequence of
events decouples the balance of ventriculoarterial systeamsvell asadversely impactblood flowin

the epcardialcoronaryvasculatureand microcirculation

These physiologicalalterationsin coronaryblood flow in patients with ASraise several important
considerations for the cliniciabyocardialischaemia an@éngina pectorigre weltdescribedevenin
patients with ASwho haveunobstructed coronary arteries Additionally, 25¢50%of patients with
severeASalso have coronary artery disea@@AD) ! The presence of symptonfimcluding angingin

patients with AS has traditionally been assded with apoor prognosi$. Moreover,in patientswith

Michael Michail | Doctoral Thesis Page?



ASundergoing surgical aortic valve replacemesadmeevidence suggesthat individualswho do not
undergo coronary revasculazation at the time of this surgery have inferior outcomés. The
implicationsof incomplete revasculazation in patients undergoingercutaneoudranscatheteraortic
valvereplacement(TAR) are less cleaandno consensubas been reachedn the management of
concurrent CADin this setting This lack of certaintyis reflected inthe 2017 European Society of
Cardiologyguidelines whichincludeonly aclass lla recommendatigivased orlevel C evidengdor
revasculadation in patients undergoind AVR? Finally, stablishedphysiological assessmettols,
such asfractional flow reserve(FFR) have not yet been validated inpatients with AS and
consequentiythe assessment o€ADin theseindividualsrequirescarefulconsideration othe scant

available evidenc&om published studies of these tools in.AS

In thischapter, we discuss the kepathophysiological concepts associated wétironaryblood flow
in patients with highgradient, highflow ASthrough the presentation of contemporary basic science,
animal models and human studieA. thorough understanding of these mechanisms is crucial fo

clinicians managing patients witk§ especially thse with concurrentCAD

1.2. ASSESSMENT OF CORONARY PHYSIOLOGY

The varioushistorical and contemporaryodelsof coronary blood flowprovide an insightful, but
somewhat incomplete pictureof coronary haemodynamics Yet, afundamental knowledge of
coronary haemodynamics is becoming increasingly important in the managemeém#Hnd is now

recogngedas vital in guiding treatment stragges in the catheterization laboratory.

Wave intensity analysigyhich usesnethodsinitially developedin the fieldof gas dynamics, provige
a means for assessing theet influence of upstream and downstream effects on arterial
haemodynamics“Its use irepicardialarteries hasncreased ouunderstanding of thenagnitude and

direction of the forcesthat contribute to coronary bloodlow throughout the cardiac cyclé!® These
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forcescreate waves that either accelerate or decelerate coronary blood, fi@pending orboth their
direction (forward waves propagat in a proximal to distaldirection, whereasbackward waves
propagat in a distal to proximal directionand type (compressionr expansion)Six main waves
contribute to coronary blood flowFigure 11).1” These waves are not discusseddtail in this Review,
as theyhave beenthoroughy reviewed elsewheré® The two dominant wavesthat contribute to
coronaryblood flow have been identified adominantsystolic forward compression wavd-@W) and
the dominantdiastolic backwareéxpansion wave (dBEWi). systole, propulsion of blood through the
aortic valve and aortareatesthe sFCW, whicincreases bloodelocity inthe proximalsegmentof
the coronary arteries® In diastole, as the ventricleelaxes the reduction of pressure in the left
ventricular cavity dcompresses théntramyocardial vesselsThis release of downstreapressure
creates the dBEW, whiclaccelerates blood flow in the epicardial vesséigleed, the dBEVis the
largestcontributor to coronary floyt® as can be demonstratedy comparing flow characteristics
betweenthe left and right coronary arteriedK S d& a2t A O 2 NJ HowMdbéitiesvaret f &
no different betweenthese twovessels, in keeping witthe similaity of SFCW measements’®
However diastolic flow velocitiesre greater in theleft main stemthan inthe rightcoronary artery
resultingfrom a strongerdBEWIN the left thaninthe right coronary arteriesThedifferencein diastolic
flow velocitybetweenthesevessels iprobahy attributableto the greater compressive forcegerted
by the highermyocardial mas# the leftthan in the right ventricle whichlead toincreases in both

recoilanddBEW.

The role of metabolic andasoactivefactors in coronanplood flow regulationhas been extensively
described®. In brief,theseautoregulatory factordielpto prevent mechanical damage from the two
main forces acting on the vascular wallnamely,tensile stressinducedby arterial pressure which
causesstretching of the vascular wall, and shesiress,which isthe parallel frictionalforce exerted
by blood flow against theresselendothelum?. In response to increased meanterial pressure and

subsequent epicardial vessel wall stretch, myogenic mechanisms help regulate constant
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microcirculatory flow with ensuing contraction of afferent arterial&owinduced vasodilattion, by
contrast is an endotheliurdependent procesincreasesvascular diameteand helpsto minimize

shear stress
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Figurel-1| Representative example of coronary pressure and blood flow velocity traces and separatedwaensity
profiles measured over a single cardiac cy®ie major waves, labelled6laccording to their sequence of arrival, ha
been identified within the coronary circulation (top panel). These waves are hypothesized to explain the char
coronary blood pressure and flow velocity observed during thdiearcycle (bottom panel). The early systolic backw,
compression wavg1l) is generated by the compression of peripheral intramyocardial vessels during isovo
contraction. The dominant systolic forward compression wg)és generated by the contraction of the left ventricl
and is conducted through the open aortic valve into the coronary arteries. The backward systolic wave occurrin
same time(3) is generated by continuing compression of the intramyocardial vessel by reflection of the dominan
systolic forward compression wave from sites of impedance mismatch. As the rate of ventricular ejection deg
during late systole, a forward expansion wd¥is generated in the left ventricle that propagates thghuthe stilt open
aortic valve into the coronary arteries. This wave is opposed by the dominant diastolic backward expansig¢s),w
which is generated by recoil of the compressed peripheral intramyocardial vessels as the vesitriee. As the aodi
valve closes, a smaller forward compression wave is generated, termed the late forward compressi¢f)weaigere
reproduced from MonashHeart data; Michail et al, Nat Rev Cardiol
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Although oronary angiographyemainsthe gold standardechnique forthe delineaton of luminal
obstructionin the assessment afhest pain it does not providdunctionaldata onthe potential for
ischaema conferred byany given stenosis?' Coronary blood flonwcan bemeasured usinginvasive
tools, most commonlyntracoronaryDopplerultrasonography (using sensortipped guidewire) or
thermodilution techniquesBoth methods require estimation of the vesQarosssectional area or

internal volume, which limits thesefulness in clinical practice

Coronary blood flow can be altered mechanicallyvhayiouspathophysiological changesahaffect

flow input from the proximal end of the coronary arteries, flow output at the distal end of the coronary
arteries (that is, at the microcirculatory level),chanyalterations incoronary arterydiameter, lesion
length or tortuosity(Figurel-2). Conditions that affect flow input include hypotension, left ventricular
failure, a suboptimal heart rate and aortopathies; those affecting flow output include condisoch

as intrinsic microcirculatory dysfunction, ventricular hypertrophy or diastolic dysfunction. Alterations
in coronary arterydiameter and lesion length occur primarily as a result of atherosclerosis, and the
haemodynamic alterations associated witiese changes have been the focus of widespread research
and clinical interest. Finally, computational flow dynamics studiage shownthat substantial
tortuosities within coronary arteries result in greater pressure drops than are observed in lesartuo
vessel$? In patients with AS, coronary physiology is impacted by the changes in flow input (such as
reduced perfusion pressure as a result of the stenotic valve) and flow output (such as the
microcirculatory changes as a result of left ventricular hypertrophgitionally, AS could indirectly

reduce coronary blood flow by worseni@ADand tortuosity.

1.2.1. CORONARY FLOW RESERVE.
Coronary flow reservéCFR])s defined as the ratiof volumetricblood flow at maximal hyperaemia
to that at rest.Maximal hyperaemia canebachieved with vasoactive substances such as adenosine,

regadenoson or nitroprusside. CERtherefore, an index of thecapacity of the coronary circulation
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to accommodateincrease blood flow in responseto increasedmyocardial oxygen demandCFR
assesss theability of thewhole (micro and macrcirculatory systento upregulateblood flow, but

does notidentify the exactevel of flow limitation.

Normal aortic
valve

(Perfusion pressure

Left coronary
artery

Right coronary
artery

Coronary arteries

Flow output | = Patency or stenosis
Normal * Microcirculatory resistance * Lesion length
ventricular * Compression and decompression \ * Vessel tortuosity
morphology | of intramyocardial vessels J * Blood viscosity

fi Flow input
* Attenuated and delayed peak
systolic pressure
* Reduced pulse pressure
* Reduced mean arterial pressure
| * Attenuated and delayed SFCW |

Calcified stenotic
aortic valve

-

(Coronary arteries

* Upregulation of vasoactive factors
. increases resting blood flow

* Endothelial dysfuncion impairs

[ Flow outputl ]

* Ventricular hypertrophy

* Increased resting dBEW

* Reduction in resting 2
Left microvascular resistance hyperaemlf. responses
ventricular * Decreased density of P s Reduc?d diastolic coronary
hypertrophy \__coronary microvasculature | L perfusion phase

Figurel-2 | The principal determinants of coronary blood flow.

(a) Coronary blood flow is affected by factors that act at fleev input and flow output levels or within the epicardié
arterial circulation (coronary arterieg)) Aortic stenosisdversely affects coronary blood flow through a combination
mechanismshat decrease coronary flow reserve gmmote myocardial ischaemia. dBEW, dominant diastolic backw
expansion wave; sFCWominant systolic forwardompression waverigure from Michail et al, Nat Rev Cardiol. 2018

1.2.2. RACTIONAL FLOW RESERVE

FFRis widely recogrsied as a robust and reproducible tofibr assestg flow reduction across a
epicardial stenosi&® The autoregulation of microvascular resistance facilitates a constant mean blood
flow despite variations in central ldlod pressure. In the hyperaemic state, however, these
autoregulatory mechanisms are minimised and coronary blood flow becomes directly proportional to
perfusion pressure, thus enabling the use of pressure as a surrogate forHidNs thus defined as

the ratio of maximal hyperaemic blood flow across a stenosis to the maximal blood flow in the same
vessel in the theoretical absence of stenddihe applicationsand limitationsof FFR are not

discussed in detail heras theyhave previously beereviewed elsewhere.
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1.2.3. INSTANTANEOUS WAAREE RATIO

Instantaneous wawdree ratio (iFR)s an alternative to FFRhat does not requirethe use of a
hyperaemic agenté Transstenotic measurements are made duringta -FPNBE S Q LISKWNEB 2 R A Y
duringwhichthe microvascularesistance is minimal and stablghereby perfusion pressure becomes
proportional to flowg similar to the conditions achieved by adenosiifeRhasbeendemonstrated to

be a safe ad effective alternative tdwyperaemiadependentindices?’

Although bothiFR and FFR camovide useful andobjective assessmerst of blood flow reduction
across a lesigrthe validation studiegor these indicesspecificallyexcludedindividualswith AS in
whom the microcirculatoryand microcircudtory environments are altered. Thufie applicabilityof

thesetwo tools in patients withASremains to be established.

1.3. ISCHAEMIC POTENTIAL IN AORTIC STENOSIS

The e/olution of myocardial hypertrophyin patientswith ASreaults in a cascade gfhysiological
alterationsthat striveto meetthe resultantincrea® inoxygen demandA mismatch betweeroxygen
supply and demand ight result in angina pectoris even in the absence of corormatgry stenosis
Thereported prevalence of angina in patients with severe AS esnfgom38% to 83949112830 some
of whichis attributable to the coexistence d€AD In individuals with ASvho do not haveCAD the
reported prevalenceof angina ranges fror82% to 61%%11°Early evidencesuggested thabncea
patient with AS develapanging their prognosisspoor.” An understanding of the mechanisiesiding

to angina in patients with AS and unobstructed arterssthius ofconsiderable practicahterest.

1.3.1. ATTENUATION OF CORONARY RE3®RVE
Earlystudies incaninemodelsshowed that CFRs attenuatedin the presence oAS3! Thesefindings
were corroboratedn humang?3* and cemonstrated in contemporargtudies usingnvasivesensor

equipped guidewire®2 and noninvasive imaging®*° Invasivestudiesshowed that baselineblood
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flow velocity is almost 18% higher in patients with AShan in unobstructed controls, and that
hyperaemic flowelocitywas significantl{34%)lower in patients with AShan in controls3%3¢ The
increasein baseine blood flow velocity (and thereforeincreased blod flow) in patients with ASs
considered taepresentan adaptation to neet the increasedoxygen demands of the hypertrophied
ventricular myocardiumTheincreasedaseline flow and reduced hyperaemic flaerefore, results
in areductionin CFRAblunted CFRhas been proposed as one of the priratipeasons for exertional
angina pectoris in patients witlAS who have unobstructed coronary arteriesMathematical
modelling" indicates that CFRis markedly reduced whetthe effective area of the aorticorifice is

severdy reduced(<1.0 crd) and becomes exhausted whre effective orifice areéss <0.850.6 cn#.

Wave intensity analysihas also been used tinvestigateCFR irpatients withAS.In two studies of
patientsundergoingTAVRo treat severe ASCFR waassessd using either incremental paciffgpr
adenosne-induced hyperaemi&“?Incremental pacingndicateda fall in dBEW ipatients withAS, a
pattern that reversed following therelief of AS with TAVR? Conversely,adenosineinduced
hyperaemiaeveded an increase in dBEWpatients with A@fter TAVRalthough thsdBEWnNcrease
was smaller than that observed umtreated controls.®® The discrepanresults ofthesetwo studies
might be explained by the vasodilatory effects of adenosine on the microcirculatiich reduce
microcirculatoryresistancethereby improvingnyocardiarecoiland suctionand sancreasingiBEW
Thiscascademightnot occur withincremental pacingThe ratio ofhyperaemiacdBEWo at-rest dBBEW
(termed the dBEW reserve) was highest in control patients and lowesteiAS grougP. Following
TAVRthe ASgroup demonstrated restoration of the dBEW reseteeontrol valuesThe observation
of a strong correlation between CFahd dBEW reserve further underscores thmportant

contribution of dBEW to coronargrterial flow.
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1.3.2. LEFT VENTRICULAR HYPERTRAPHWCROCIRCUDRIY CHANGES

Left ventricular hypertrophyLVH)s prevalent inalarge majorityof patients withAS although some
evidence suggests that ¢20% of patientswith severe AS are sparé#*® LVHis predominantly
considered to be theesult of adaptive remodellingn resporse to increased afterload-However,
emerging evidence suggeshat maladaptive proceesalsolead toaninappropriak increase ireft
ventricular masg$® Increases in myocardial masgenerate an increased oxygen demand.
Morphological studies have demonstrated a decreased density of the coromargvasculated in
animals withAS"49, suggestingn inadequategrowth of new vesselduring hypertrophy The existing
decreaseedensity coronary vasculaturaccommodates this increased oxygen demd(figither
impairing CFRviaa compensatory increase in resting myocardial blood #6®8, whichis faciliated

by autoregulatory factorghat drive coronary vasodilatatiomndreducemicrovascular resistance.

Decreasedmyocardial resistanceat rest has been demonstrated itoth invasivé®® and non
invasivé’ studiesin patients with ASPETscanning denonstrateda reduction inat-rest myocardial
resistance by showinan increase in resting total left ventricular blood flpthis increasevas directly
proportional to ventricular mas¥. Whereasmicrovascular resistancat restwas lower in patients
with severeASthan incontrols, hyperaemic myocardial resistangassimilar in both graps36-5°An
inability to reduce microvascular resistanfgther in response to increased demantherefore,
contributesto the impaired CFR patients with ASIn other words, CFR is mediated twe same
mechanisms utiiedin patients with ASo upregulate coronary blood flow at resuch usémits the
capaity of these mechanisms tarther upregulae blood flow, resultingin a bluntedCFRSimilarly,
a cardiac MRI study demonstratedthat myocardial perfusion reserve a reliable indicator of
microvascular dysfunctiéf® 1 was lowe in symptomaticpatients with severeASthan in either

asymptomatigoatients withsevereASor a control group®
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Wave intensity analyshasprovided further insightinto the physiological alterationsesulting from
LVHdBEWs attenuatedin patients with LVH but without A8By contrast,dBEWs accentuatedn
patients with both LVH andsevere AS (Fgure 1-3).354? These disparate resultsuggest that the
pathogenesis and morphogenesislofHis diginctly differentin patients with and without ASThe
increasedcompressive forcexerted by thenypertrophied ventriclanight generateincreasedecoil,
explaining the a@ntuated dBEW impatientswith AS However,this mechanismmight be alsentin
patients without ASin postmortem morphological studiesindividuals with LVH secondary to
hypertensionhad a network of thickened and fibrosed intramyocardial arterioles, findihgs were
absent inindividualswith LVHsecondary to AS. Thickenig and fibrosis of these vessatsght
attenuate their elasticityreducingrecoil,and therebyexplairing the attenuationof dBEW. Ths, the
increasein baseline coronanblood flow in response to ineased myocardial oxygen demaind
patients with ASs likelyto be a product of notonly neurohumoral factorsbut alsq greatervascular

recoil, as demonstrated by thacreaseddBEW.

1.3.3. REDUCEDOORONARY PERFUSION PRESSURE

The role of the sinusf Valsalvan facilitating valve closuravaspostulatedas early as the ¥6century
by Leonardo da Vinét.In 1968,in vitro flow modellingshowed that the sinus ridge createdortices

in flow patterns within the sinus of Valsalvéhat facilitated early valve closure withoutnotable
regurgitation®’ Additionally,these modek demonstrated thatthe sinus of Valsalvavas crucial for
optimising blood flow into the coronary arteries andor preventing plasma skimmingPlasma
skimming describes thephenomenon wherby red blood cells are sequesteredrom plasmaat
bifurcation sites in the vascular tre@his typicallyesults in a lower haematocrit in the branched
vessel compared to the main vesétlThese concepts have been demonstrated in contemporary
cardiacMRI studie$®In ex vivamodels ASresultedin asubstantialreductionin systoliccoronary flow
velocity.>® Similarfindings havealsobeen demonstratedn invasive studiesasexpected, narrowing

of the aortic valve orifice yields reductisnn stroke volume, systolic pressures, mean arterial
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pressures andtherefore, in coronary perfusion pressur@®. This decrease in coronary perfusion
pressurecorrelated with a decrease in sFC@h wave intensity analysiérigure1-3). Additionaly,
patients with AS demonstrateal delay in the peak sFCWhichcorrelated with the expected delayed
peak aortic pressure seen gevereAS3® Thesechangeswere partially restored byTAVRmediated
relief of AS® Interestingly, adenosinenduced hyperaemia increased the amplitude of the sSECW
whereasthe sFC\Wamplitudedecreased with incremental paciffgn studies of patients with AShis
discrepancy highlightdifferencesin the effects & adenosineand exerciseon the cardiovascular

system.
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Figurel-3| Haemodynamic waveforms and associated coronary wave intensity profiles.

Profiles were obtained while aest (part a) and duringyperaemia (part b) from a control patient without aortic val
stenosis (AS) (left panel), a patienith severe AS (middle panel), and the same patient with AS after transcatheter ¢
valvereplacement(TA\R) (rightpanel). In the patient with AS, trdominant systolic forward compression wave (FCW|
attenuated but is restoredollowing TAVR The magnitude of the dominant diastolic backward expansion wave (BE
increased in the patienith AS. This change is postulated to be the result of ine@asmpression of the hypertrophiec
ventricle andtherefore, A Y ONB I SR NBO2Af I ¢ KA OK TAVRIAG incr8ase invraabidiudeéiba thig
BEW is further accentuate&figure from Michail et al, Nat Rev Cardiol. 2018

1.3.4. REDUCEDIASTOLIC TIME FRACTION

Further ischaemic potential in AS can be attributed to deereasedduration of diastolerelative to
that of systolein the cardiac cyclgasmost coronary perfusion occudiring diastol&’. The diastolic
time fraction also decreasesith increasingseverity of AS®”°° a mechanismthat is in part be
attributed to the prolongation ofleft ventricular ejection timeFurthermore, patients with AS have a

elevatedresting heart rate, which directly shortens the diastolic coronary perfusion tiriéis high
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resting heart rateattenuatesthe ability of the heart to further accommodatany additionaloxygen

demand anotherfactor thatcontributes tothe reduced CFR in patientsth AS

1.3.5. ENDOTHELIAL DYSFUNCTION

The vascular endotheliuns a singlelayer of cells that line all the vessels othe circulatory system
and serves as a semipermeable barrier between the blood arascularsmooth muscleFor many
years the vascular endothelium wansidered taact primarilyas a physical barriebut subsequent
evidenceshowed that it is a metabolically activeorgan with autocrine and paracrine secraty

functiong$?,

Thisendothelium alsgplays a crucialpart in the regulation of vascular wall function and coronary
blood flow, through a delicate balance afasaonstricing and vasdlilating factors'® in particular,
nitric oxideé® and prostaglanding! Endothelial dysfunctions strongly associatedvith the aetiology
and pathogenesis aftherosclerosi® and has therefore,emerged as &eytarget in the management
of CAD Endothelial dysfunction is charactseid by a reduction in the availabilityf ovasodilators,

particulaty nitric oxide whichimpairs endothelium-depencdent vasodiatation 56

Other cardinal featuresof endothelial dysfunctioninclude proinflammatory, proliferative and
prothrombotic states which promote the developmeniand progressiomf atherosclerosi§® Besides
the ischaemic effectsf luminalstenoss and plaque ruptureendothelial dysfunctiortan alsanduce
ischaenm in unobstructed arteriethrough vasoconstrictiof”¢® ASwasassociated wittendothelial
dysfunction in several studie®’* How-mediated dilatation (FMD)s an index of vasomotor
functiorf®72 that can be assessedon-invasivdy using ultrasanography In healthy vasculature,
reactive hyperaemia follwing brachial artery occlusion provokes the endotheltampregulae nitric
oxiderelease causingvasodilatationln one study, patientswith ASshoweda significantreduction in

systemicFMDcompared withindividuals withoutvalvular diseas€® The association betweeASand
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endothelial dysfunctionhas further been demonstratedyy bandingthe aorta in guinea pig&.
Impaired relaxation of coronary arteries was demonstratedthe animalswith aortic banding
compared to untreated control$mpairedarterialrelaxation andareducedability to upregulateblood
flow attenuate CFR, arfdrther evidencein support ofthis relationshigs derived frormstudiesof FMD

in patients with peripheral artery disea&e®or CAD°.

1.4. EFFECTS OF RELIEF OF AORTIC STENOSIS

1.4.1. IMMEDIATE AND SHGRHIRM CHANGES

As expectedthe relief ofAShy either surgical aortic valve replacementhVRyieldsimprovements
in coronary flowbut doesnot prompt the immediaterestoration of premorbid physiologyDespite
instantaneouselief of theventricularoutflow obstruction the reversal obtructuraladaptations(such

as ventricular remodelling and coronary angiogeneagiquires additionaltime.

Therelief of valve obstruction witff AVRJIoes notyieldimmediatechanges ifbaselinecoronaryflow
velocity, an observation thatis consistent with findings that microvascular resistance remains
unchangedfrom baseline®®4276 However, significant increasesre observed in peraemic flow
velocity,which suggess that hyperaemicmicrovascular resistanadecreasess a result of immpved
left ventricular relaxatior$® Unfortunately, several studies have shown th#tis changedoes not
result in a clinically meaningfuhdrease in CFR immediatedfter TAVR as CFR remamlower in
patients with AS aftefAVRhan inindividualswithout valvular diseasé>*6.76Interestingly however,
subgroup analysesin one studyof patients after TAVRshowed that individualsvithout post
procedural paravalvularegurgitation had more favourable haemodynamicafter TAVR(including
better hyperaemic flow velocity and a statistically significamctrease in the CHhan inthose with

post-procedural paravalvular regurgitatich
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Waveintensity analysis demonstratedsexpected,a significant increase in the sF@Wowingrelief

of ASwith TAVRe42 along withincrease instroke volume systolic pressure, mean arterial pressure
and coronaryperfusion pressur€. Additionally,TAVReversedthe observedpre-treatment delay in
the time to peaksFCW® further supporting the trend towards restoration of normfainction. The
evidence 6r an immediate effectof TAVRon the dBBEW is less clearw® studieshave reported
conflicting findingsin the first, the dBEWintensity at restdecreased?, whereasin the seconddBEW
increased immediatelyafter valve implantationWe mightspeculate that thencreasecdcontractility
(and theaeforeincreasedecoil) of a hypertrophiedeft ventricle inpatientswith ASresults inagreater
dBEWthan is observed igontrolswithout AS®® The increasedamplitude ofresting dBEW following
TAVRseen inthe second studs? could, therefore, representthe improved relaxatior(and therefore
improvedrecoil) of the hypertrophied ventricleA potential explanation fothe post-treatmentfall in
dBEW irthe first study*?is that deployment of ballooxpandable valves, which were predominantly
used in this ohort, requires rapid ventricular pacing that might have caussacardial stunning.

An additional ihding of the second studyvas thatadenosineinduced hyperamia resulted in a
increase idBEWafter TAVRto levels comparable witthose ofcontrols3® Similarly, inhe first study

incrementatpacinginduced hyperaemiaesulted in an increased dBEAfter TAVR?

Whether or not endothelial functionimprovesin patients with AS aftelTAVRhas also been
investigated Aspreviously reportedFMD was impaired in patients withScomparedwith controls
at baselinebefore surgical aortic valve replaceméht®. However FMD had not improvedt follow-
up (mean 5.3 monthg, suggestingthe persistence ofendothelial dysfunctionvia a mechanism
involvingnitric oxide’® Bycontrast, another studyshowed a statistically significant increase in FN8D
months afterTAVRIn patients treatedor severeASS Theseinvestigatorsalsoobsened decreassin
the levels of circulating endothelial micropartidiesand markers of ompromised endothelial

integrity,8-82whichsupport the notion thassome restoratiorof endothelial function followthe relief
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of aortic valveobstruction. Thelongterm (that is, more than a few month®ffects of aortic valve

intervention on the recovery of endothelial function have not been examined.

1.4.2. LONGTERM ADAPTIVE CHANGES

As expectedthe immediate changes in coronary physiologgsociated withrelief of outflow
obstructionpredominantlyinvolve the systolic driving forceend reflect the substantialincreases in
perfusion pressure andFCWAccordng to the intramyocardial pump modelhe dBEW is proded
by recoil of the ventricldollowing contraction Thus, changes in the dBENét area consequence of
LVHmight continue to evolvafter therelief ofoutflow obstruction as regression dfVVHoccursalong
with resolution of the microvscular dysfunctionEarlyclinicaldatademonstratedmarkedregression
of LVHat a mean of 19 monthafter aortic valve replacemer#® Thisstudy used biplane angiography
to estimate left ventricular mass, and subsequenstudiesthat used echocardiographif®> and

cardiac MR¥ for this purpose reporte@¢ongruentfindingson the effects of AStreatment.

Thelong-term effects ofASrelief on CFR werdirst reportedin 199133 At a mea of 30 monthsafter
surgicalaortic valve replacementnvasive assessment showed tH@ERhad improved by 34%, and
that this changecorrelated with regresion ofLVH These findings were corroborated sobsequent
non-invasivé’ and invasivé® studiesin patientsundergoingTAVRSimilaty to previous studies, CFR
showed no improvement immediately aftdiAVR but a repeated invasive assessment at 12 months
demonstrated astatisticallysignificantimprovementin CFRA separatefollow-up study of patients
with AS atl2 monthsafter surgical aortic valve replacemefdund substantialregression ofLVH
associated witha reduction in total left ventricular flow assessed using PETOf note, this
improvement inPETderivedCFRIid not directly relate td_VHregressionbutinstead was related to
improvemens in other variablessuch as aortic valve area amliastolic perfusion timé&® These
findingsare consistenwith those of a studyof cardiacMRIderived CFR patients6 months after

surgicalortic valve replacementvhichdemonstrated that patiengprosthesis mismatchesulting in
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an indexed effective orifice area <0.85%m? led to adecreasen CFR® Additionally,CFR normalied
in patients who received stentless valves, which imitate the natural geonmatye closdy than
stented valveslo.8° Thesedata suggesthat progressive restoration to normal physiologgntinues
for several monthsafter the relief of AS® Additionally, patients with optimal procedwal outcomes
(such aghose without patientprosthesis mismatch or paravalvular regurgitajisaem to havenore
favourableoutcomes with regard t@oronaryphysiology?68° Although wave intensity analysis has not
yet been used to examine the lostgrm outcomes ofTAVR we can reasonably speculate that the

dBEW will normalize with the regression of LVH, but with less pronounced changes in the sSFCW

1.5. FUNCTIQNAL ASSESSMENT OF CORONARY STENOSIS

CADoccurs in 2650% of patients withAS1! and its incidenceancreases withadvancingage®
Traditionally, coronary artery bypass surgasy performed at the time of ggical aortic valve
replacementin patients wih coexisting coronary diseaseé Patients with severeCADwho arenot
revasculaged at the time ofsurgical aortic valve replacemeimtre at an increasedisk of advers
shortterm and longterm outcomes'? Limited evidence has shown thgiatients undergoingTAVR
who haveprior revasculaization of CAD have an increase80-day andoverallmortality compared
with patientswithout prior revascularizatiof? However,studiesthat used anatomical scoring tools
to quantify theextentof CADIn patients undergoin§ AVFRhave demonstrateaonflictingfindings In
271 patients who had undergonAVR those with a higtBYNTAX sco(e33) had greater mortality
at 30 days and 12 months thahose withlow (0-22) and intermediate(23-32) scores®® However,
guantitative coronary angiographyvhichwasalsoperformed in the same coharto measure lesion
stenosis severifywas unable to discriminate patiemtutcomes.Another studyof 377 patients who
had undergome TAVRfound no differences in alkcause mortality, strokeor myocardial infarction
between the groupswith high 6 x oaad)low (2) SYNTAXcores> In a separatestudy, Duke

Myocardial Jeopardgcores were also unablédo stratify patient outcomesafter TAVE® The absence
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of informationon the physiologicatonsequencesf CADseverity as assessed hpatomical scoring

systemamight explain thedisparitybetween these studies

Visualassessmenbf stenosis severitis welltrecogngedto be a poor predictor of physiologidadices
such asCFRN patients without AS, alslood flow isalsohighly dependenbn other anatomical and
physiological variablesuch adesion length?®°7In consequenceFFRguidedpercutaneous coronary
intervention (PCl) is associated witletter outcomesthan PCI witlangiographiguidancealone?3®
100 As discussedbove CFR is impaired patients withAS even in thosevith unobstructed corongy
arteries the addition of coronary stenosis likelyto further reduceCFRWe can speculate that CFR
would be impairedat a lower threshold of valvular stenosis severityhan would bethe casefor

unobstructed arteries.

Theevidencefor non-invasivefunctionalassessment o€ADIn patients withASis limited owingto
difficulties inreliableimage interpretation andafetyconcerngelated to theuse of pharmacological
stressinducing agents.However, emerging studiesave assessd the feasibility ofusingimaging
modalitiessuch asMRI,echocardiographySPECT and PEverall, although thee techniques have
high sensitivity foridentifying obstructiveCADIn patients withAS specificitywasoften lower than in

patients withoutAS again probably becauséFRs already decreasei patients withsevereAS'o*

104

Invasiveassessment ofCADhas also not been fully validated n patients with AS although data
exploring the use diunctionalindicesare accumulatingAdequateassessment dfFRargelyrelieson
the ability toinduce maximal hyperaemiand thereby minimize distal resistangevhich maximees
the pressuregradientacrossa lesion. The structural and metabolic changeaused by A&sultin a
submaximalmicrovascular vasodilatory response ligperaem¢ agentsand, therefore lower trans

stenotic pressure gradientvhich results in overestimationof FFRreadings In one study of FFR in

Michael Michail | Doctoral Thesis Pagel9



patients with severe ASthe initial mean FFRwas 0.97, which showed a statistically significant
decreaseof 0.02after TAVR® In another study, by contrast,FFR valuefor 133 coronary lesionis 54
patientsshowed no overall change aft€ AVRN patients withsevereAS'°® The findingsof this study
were, however, particularlyinterestingfor the subgroups of patientsvith baselineFFRvalues above
and below0.80 (the indication threshold for PCThe patients in whonPCl was indicate(FFRif).80)
hadevenlower FFR valugafter TAVRwhereasthosein whomPCI was not indicatedFR >0.80) had
evenhighervaluesafter TAVRMoreover, 7 of the 54patientsexperienceda changen FFRrom below
to above the PCI thresholfter TAVR and therefore a change inigindication® Thesechangesin
FFRvalues resulting fronthe relief of ASalone,without any changein CAD further suggesthat the
accuracy of FFR in thpspulation ofpatients should be carefully consideredowever, his study only
dealtwith changes in coronary physiologgmediatdy after TAVRand noconclusions can be drawn

with regard toanydelayedchangeghat might follow the relief of AS

Goncordance between FFR and \#Rues has been studiad patientswith severeAS%¢ An iFRcut-
off of 0.83was thebestpredictor of CCw X m@lhbalow the previously validatedFR cutoff of
0.89 which wasderivedin patients withoutAS'°” Of note, lower iFRcut-offs predicting an FFRX).80
in patients with ASvas especially relevait lesionan theleft anterior descending artery.AD, which
is usually associated with largemyocardialblood supply and istherefore, particularly prone to
submaximal hyperaemia. Thisding further supports the notion that FF&tgnificance in AS mbg
underestimated compared with iFR, as the measuremeniFét (unlike FFRdoes not rely on
pharmacologicahyperaemia'®® Another study reported findingsongruen with this contention the

largest shift in FFR patients with AS aftefAVRwvas seen in th& ADY

Furthermore(andin contrast to theresults of theDEFINELAIR and SWEDEHEAREtudiey, the
number oflesions consideretb resultin functionalimpairmentwasgreater when iFRs opposed to

FFRwas used further suggestingthat FFRsignificance isunderestimatedcompared with iFRn
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patients with AS°¢ Unlike FFRvalues mean iFR values do not changken measuredefore and
after TAVR® However,individualpatients can showerratic variationsn iFR valuesvhich suggests
that cautionis neededvith the use of this tooin patients withAS%. Owing to the lack dhigh-quality
evidence,no consensusas been reachedn the assessment andhanagement ofCADIn patients

with AS and thiscontroversiatopic remainsan importantfocus ofresearch

1.6. CONCLUSIONS

AS leads to numerous alterations in coronary physiology. In addition to the reduced perfusion pressure
resulting from increased energy dissipation by thenssed valve, left ventricular morphological
adaptations alter microcirculatory functions, further modifying the ventriculoarterial balance. In
combination with the modulation of vasoactive factors, these changes facilitate the upregulation of
coronary bbod flow at rest to meet an increased oxygen demand. Impaired CFR occurs in patients

with AS even in the absence ©AD and is the main cause of angina pectoris in this setting.

The physiological consequences of relieving AS yields immediate restoddtisome aspects of
coronary physiology, however the longitudinal effects of the treatment, with LVH regression and
cardiac remodelling are less comprehensively understood. Additionally, limited evidence suggests that
improvement in physiological indices sieTAVRseems dependent on specific procedural outcome
measures such ashe degree ofparavalvular regurgitation and patieqrosthesis matchingwith

these areas focusfor future clinical research.

Finally, studieshat explorethe effect of coronary dsease orpatient outcomesfollowing aortic valve
interventionhave yieldedlivergentresults. Although there is clear potential for functional assessment
of lesionspecific ischaemiahe validity ofinvasively derived indicefm patients with AS remains

guestionable with evidencesuggesihg their accuracy is modified by the altered microcirculatory
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environment. As such, the methaahd requirement fofunctional assessment of coronary stenosis in

these patients remains to be defined.
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21. HYPOTHES

1. Relief ofASresults in immediate, yet partial, resolution of physiological myocardial blood flow.
Such early ltangesaffecting coronary blood flowinclude improvedaortic haemodynamics and
endothelial function.

2. Ongoing improvements in myocardial blood flow are dependent on longer term adaptive changes
in relation to endothelial function

3. Physiologically significa@ADwill have adverse outcomes on patients with severe AS undergoing
TAVR.

4. CTderived fractional flow reserve can be used to assess the functional significance of coronary

artery stenoses in patients with sevef&
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2.2. AIMS

The first part of the thesimimed to investigatesome of the unexplored immediate and late
physiological changes that impact myocardial blood flow in patients with severe AS undergoing TAVR.
Specifically, it aid to determine:

1. Thehaemodynamic changes in the proximal aorta following AS relief with TAVR.

2. The early and late response in endothelial function pDAVR.

In better understandinghe physiologicaimpact of severe AS upon coronglyysiology the second

part of the thesisaimed to determine:

3. The prognostic impact of physiologically significant coronary stenosis in patients undergoing
TAVR.

4. The feasibility, safetgnd validity of Cerived fractional flow reserve in patients with severe AS.
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3.1. STUDY 1: THE ACUTE EFFECTS OF TAVR ON CENTRAL AORTIC HAEMODYNAMICS

PATIENTS WITH SEVERE

Study protocol

This was a retrospective study performed at MonashHéslinash Health, Melbourne, Australia)
Data was extracted retrospectively from our catheterization hemodynamic recording syR&i@nts
were eligible for inclusion if theynderwent TAVRor severe A%t MonashHeart using either self

expandable, balloon expandable or mechanically expandathes Simultaneous left ventricular and

Pre-TAVR aortic and ventricular pressures Post-TAVR aortic and ventricular pressures
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Figure3-1| Left ventricular and aortic pressures before and affEAVR

PanelqA)and (B)presents aortic (red) and ventricular (blue) pressure signals before and after TAVR,
respectively. Panel¢C) and (D) presents the ensembled pressure signals with the dottee |
representing their standard deviation. Pangigand(F)presents the ensembled aortic pressure (red),
excess pressure (yellow) and reservoir pressure (green).
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aortic pressures were acquired using 6Fr pigtail catheters with aortic measurements taken
approximately 5 cm above the aortic annulus. Measurements were performed at baseline before
balloon aortic valvuloplastyif(required) and were repeated typically within five minutes after valve
deployment Figure 3-1A and 3-1B). Signals were transduced via a Philips Xper Cardio
Physiomonitoring System (Andover, MA, USgnals were sampled at 500 Hz with data exported
and analysed offline using MATLAB (MathWorks, Inc, Natick, Massachusetts, USA). Two hundred
patients were randomly selected for this analysis. Patients were considered for inclusion if their pre
and postTAVR recorded tracings demonstrated reguleR itervds and those without significant
peri-valve implant hypotension (<90mmHg). Resultant pressure waveforms were carefully evaluated
with pressuredamped traces excluded by observers blinded to all other data. The aortic pressure
waveforms were ensembled usirtgl0 consecutive beatd-{gure3-1C and3-1D), following which,

reservoir pressureRigures3-1E and3-1F)and wave intensity analysis was performed.

Reservoir pressure analysis

Various models have been proposed to describe the ventratterial mecharsms responsible for

the formation and distal propagation of the central aortic pressure, which is a fundamental
prerequisite for the perfusion of tissue and key organs including the heart. Previous studies have
demonstrated that the elasticity and compliee of the aorta are key in determining pressure
waveform morphology during both systole and diasttfOne available approach for the evaluation

2F OSYyGNIXf FT2NIAO LINBaadzNBa Aa (G(KS WNBaSNW2ANI
separated into components representing reservoir and excess presSdiasystole, aortic reservoir
pressureis charactesed by cyclic volumeelated aortic distension (allowing blood storage with
associated increase in potential energy) whilst in diastole, elastic recoil results in distal propagation of
blood in association with decreased local aortic volumedmparison, aortic root excess pressure is
determined by volume inflow into the proximal aortic segméftWe have recently demonstrated

that the shape of the excess pressure waveform in the proximal aorta is linearly related to the
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measured velocitprofile as assessed by continuous Doppler imagitafinding which enables aortic

WIA to be performedising aortic pressurenly waveforms. Insights into the hemodynamic changes

in the aorta can also be obtained using wave intensity analysis (WIA), which provides a means for
assessing the net influences of upstream (proximal) and downstream (distal) seffacarterial

haemodynamicsnd this has been previously applied in the aorta and coronary art&riés.

Reservoir pressure analyses were performed using previously described methods from ensembled
averaged pressure waveformds.To calculate reservoir pressure, it is assumed thaafsfies overall
conservation of mass

(1)

@ Q0 0
Q0

O=| <A

4 A

Where kA & G K RAF&G2tA0 NIXdS O2yaidlyid o6GKS NBEOALNNERO
resistance to flow through the microcirculation and C is the net compliance of the arterieis) i@

volume flow rate into the aortic root andPis the asymptote of the diastolic pressure faff. It is
assumedthat @I' Xt 6 KSNB vy A& | Ozyaidlyd NBfFIGSR (G2 YR
impedance of the aortic root and(3 excess pressure.

Under these conditions Equation 1 can be written

[0 VIO v
=0 0 Qb O (2)
Qo

wherekA & (GKS aeadaz2tA0 NIrdS O2yadlyid 6G4KS NBOALNROL
to Q is a fundamental requirement.

This firstorder linear differential equation can be solved as:

5 . Y . TQ v 5 (3)

where the diastolic parametersiland R are obtained first by fitting an exponential curve to P during
diastole and kis obtained by mininsingthe square error between P and ébtained over diastole.

All indices of resenippressure are reported above the diastolic.

Michael Michail | Doctoral Thesis Page27



Wave Intensity Analysis

WIA was performed using previously validated meth&d&iven the previously demonstrated close
correlation between the waveform profile of excess pressure and the envelope of Doppler flow
velocity in the proximal aorta, this was substituted for the flow waveform in the calculation of wave
intensity profilest'? The peak wave intensity values represent the peak power density in the wave
whilst the area of the waaform represents the energy flux of the wave (energy per unit esession

of the artery). As excess pressure was used as a surrogate for flow velocity, the units of wave intensity
are reported in arbitrary units (a.u., dimensionally equal to pressurarsgl).We identified the three
mainaortic waves occurring during the cardiac cydtgre 32)'4*14being a aorticsystolic forward
compression wave (FCW) occurring whalnod is ejected into the aorta with the rising aortic
pressures, followed byreaorticbackward compression wave (BCW), caused by reflection of the FCW
from sites of higher impedance, and a laiertic systolic forward expansion wave (FEW) representing

the separation tensions within the column of blood.

Figure3-2 | Wave intensity analysis in the aortic root preand postTAVR in one cardiac cycle.

Blue shaded area demonstrates forward traveling waves originating from the left ventricle whistaddd area
represents waves originating distally. Forward compmssvave (FCW), backward compression wave (BCW)
forward expansion wave (FEW) peak values and energies are seen to increase following transcatheter aof
replacement (TAVR). Note the expanded scale for the backwards compression wave.

Pre-TAVR Post-TAVR

EW
FCW

‘Wave intensity (arbitrary units)

BCW " cw
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Pressurewaveforms were separated into forward (Pf) and reverse going (Pb) components as
previously described!®> Reflection ratd, Phha/Pfnay Was calculated along with the time to peak
forward and reverse pressures. Aortic characteristic impendence was calculated from WIA as the

initial slope of pressure/flow loop as previously describ¥d.

Left ventricular energy balance was estimated usinQBuw SNEH Qa &dzo SYyR2 O NRAFf @
defined as aortic diastolic pressutiene integral (DPTI) divided by the left ventricular systolic tension

time index (TTI, the integral of left ventricular pressure between aortic start systole and sttdld)a

This represents the ratio between myocardial oxygen demand and supply. In this estimation we have

not allowed for left ventricular diastolic pressure and have used directly measured left ventricular
systolic pressure rather than the usual surrogat@ortic systolic pressure. This is appropriate in view

of the large pressure drop across the aortic valve in theTA®R situation.

Statistical analysis

Data analysis was performed using PRISM (GraphPad Software, Inc., La Jolla, CA, USA). Tine changes
hemodynamic indices, separated wave pressure parameters and wave intensity were compared using
atwog I & { ( d#Bs§ yian@bamallii distributed continuous data were tested with a paired
Wilcoxon test. Chsquared tests were used to compare categakigariables. A p value <0.05 was
considered statistically significant. All data are presented adBW¢R vs. posSEAVR unless specifically

stated.
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Figure3-3| Study flow chart

200 patients
underwent TAVR

71 patients not meeting inclusion
criteria:

- Incomplete data (18)

| | - Significant R-R variation (including
AF, atrial or ventricular ectopy) (31)

- Significant peri- valve implant
hypotension (sBP <90mmHg) (21)

- TAVR for aortic regurgitation (1)

129 patients

75 patients excluded

due to pressure dampening by

|__| consensus agreement by two
cardiologists or due to faulty ECG
extraction prohibiting correct wave
ensembling

54 patients included
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3.2. STUDY 2PATIENTS WITASEXHIBIT EARLY IMPROVED ENDOTHELIAL FUNCTION

FOLLOWINGAVR THE EEAST STUDY

Study protocol

This was a prospective, single centre study carried out at Monash Medical Centre, Melbourne between
February and August, 2019. The study protagat approved by the institutional research ethics
committee (Human Research Ethics Committees Australia reference: HREC/459592MtthH

152246). All recruited patients provided written informed consent.

Patients with severe AS with an indication for TAgRper international guidelinéswere screened
for eligibility. Exclusion criteria included (1) patients undergoing concomitant coronary
revascularisation, (2) stage 5 chronic kidney disease, (3) systemic inflammatory conditions and (4)

active malignancy.

FMD assessment was performed at three tim@nps (1) at baseline pr@ AVR; on the day of the
procedure, (2) at early followp; within 48 hours posTAVRand(3) at late followup; 46 weeks post
TAVR. At each assessment, haientswere graded according to the New York Heart Association

(NHYALlass and Canadian Cardiovascular Society (CCS) score for angina pectoris.

TAVR procedure

Prior to the procedure, all patients received 300 mg each of aspirin and clopidogrel. All procedures
were performed via femoral artery access and all except one were performed under conscious
sedation; one was performed under general anaesthesia and temwgihageal echocardiographic
guidance. A temporary pacing wire was sited for all patients via the femoral vein. Patients were
implanted with either selfexpandable, mechanicalgxpanded or balloom®xpandable valves. Post

procedure valvular regurgitation as assessed on fluoroscopy and if deemed necessarydpagon
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was performed. Unless anticoagulated for other medical reasons, all patients were discharged on dual

antiplatelet therapy for a duration of six months peBAVR.

Assessment of endothelialrfction via ultrasonography

FMD was performed in accordance to standardised practice by the same experienced investigator
Prior to assessment, patients fasted and abstained from smoking, coffee and exercise. All tests were
conducted in a teperature-controlled environment (29C). Measurements were taken using a high
resolution linear vascular probe (Mindray L@Ms, Mindray, China), placed 1 to 2 cm above the elbow.
Duplex recordings were taken for 30 seconds before cuff inflation and tgamdor 2.5 minutes,
beginning 30 seconds before cuff deflation. In order to assess forendothelialdependant
vasodilatation, sublingual nitroglycerin was administered after 10 minutes of rest and then the

ultrasound measurements were repeated.

Postprocessing analysis

Offline analysis was performed on recorded loops to measure brachial artery diameters and the angle
corrected time mearaveraged velocities for WSS calculation. Followingrelgfise, the diameter

was measured every 4 seconds fbe first 20 seconds and then every 10 seconds thereafter as per
standard protocol. All diameter measurements were taken at-diadtole and were an average of

three separate measurements. FMD was calculated as the percentage change in diameter:

Cab5 T[6=2% pTT

WSS was derived using the velocity measurements and vessel diameter using formula:

TR
Q

WYY

Where0 is mean blood flow velocity aid is diameter.

Michael Michail | Doctoral Thesis Page32



Statistical analysis
Our primary engpoint was change in FMD at early pe$AVR followup. Secondary endpoints

included change in brachial WSS and changes in FMD at lat@ U8 followup assessment.

All results are reported as mean standard deviation (SDNormality of dstribution of FMD
measurements was assessading aShapireWilk test. Comparison between FMD and WSS values
postTAVR compared to values pfAVR in the samiadividualsusing a paired-test. Correlations
betweenvariables were performed using Pearson correlation. Statistical analysis was performed using

tedK2y HOTQE aGFGAAGAONE LI O IAIGX0.06 beldd deired ( | ( &

significant

Intra-observer reproducibility waassessed on 15 healthy volunteers. Measurements were taken on
two separate occasions at least one week apart. Intraclass correlation coefficient demonstrated

excellent reproducibility (ICC = 0.96).
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3.3. STUDY 3ANGIOGRAPHIC FUNCTIONAL SCORING OF CORONARY [AREASE
PREDICTS MORTALITY IN PATIENTS WITH AEBMERERGOING TAVR

Study protocol

We retrospectively screened 320 patients who underwent TAVR for severe AS between November

2008 and October 2016 at MonashHeart, Melbourne. Patients were deemedvagykavere A®n

echocardiography and met criteria for TAVR as per consensus Heart Team decision. All patients

underwent mandated coronary angiography prior to TAVR. Amongst patients with significant CAD,

revascularization was undertaken in accordanctiweart Team recommendations, either prior to,

or at the time of TAVR. In those patients, the postascularization angiograms with residual CAD

were used for analysis. Patients were treated with either the Lotus Valve System (Boston Scientific,

MA, USA)Medtronic CoreValve or Medtronic Evolut R prostheses (Medtronic, MN, USA). Patients

were excluded from analysis if they had (1) prior CABG, (2) tandem coronary stenoses, (3) coronary

revascularization during TAVR procedure, or (4) TAVR performed vvamoral vascular access.

Angiographic assessment for CAD

Ef FYy3IA2ANILIKAO FylteasSa oSNB LISNF2NN¥SR o0& (¢
angiographic stenosis in at least one artery were considered to have CAD warranting further
assessment with DS and SS. SS | scores were calculated using these@lralculatdt’. Previous

studies using SS in patients undergoing TAVR have identified that the majority of patients have a low
SS8(i Kdza YIF 1 Ay3 GKS O2y@SydaAzylt (fMNMBE KR KA IKE X4
unsuitable for stratification. In order to address this, we defined the threshold as the median SS from

Fff G0KS LI GASyida ¢A0GK /! Bneng BS wee salculaied Byyazeparate 2y @
experienced cardiologist blinded to clinical outcomes and SS ré&ul@uantitative coronary
angiographic analysis using QAngio (Medis Mediaying System BV, Leiden, the Netherlands) was
performed to derive minimum luminal diameter (MLD) and lesion length (LL) for each lesion. Bypass

Angioplasty Revascularization Investigation Myocardial Jeopardy Index (BARI MJI; percentage of left
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ventricular myocardium subtended by a lesion) was derived by assigning an index to all vessels based
on length and calibre and dividing the sum of vessel scores distal to the culprit lesion by the sum of all
vessel scores. The values for MLD, LL and BARI MJkeaite a score, the total of which represents

DS (between12).11°

Patients were considered to have ndndzy OG A2y | f &8 &AAIYATFAOIYG RAASI &
previous validtion studies!'®'20 Patients were classified into two groups: those with functionally
significant CAD as evidenced by DSirr2any of the three epicardial vessels or those with non

Tdzy OlGAz2yltte &AIYATFAOLYG /15 a4 RSFAYSR o6& 5{ Xn

Study Endpoints and follow up

The primary endpoint for this study was cgear allcause mortality. Secondary clinical endpoints
were 30day major averse cardiac and cerebrovascular events (MACCE), comprising spontaneous Mi,
stroke, TIA, heart failureelated admissions and athuse death. Outcomes were defined according

to the standardsed definitions of the Valve Academic Research Consorucorsensus (VARE)

criterial2,

Statistical analysis

Data was anabed using Stata (Stata Corp LP, College Station, TX). Baseline and procedural
characteristics were compared according to CAD severity stratified by DS. Continuous variables are
presented as mear? SD or mediarf interquartile range (IQR) according to theirstibution.
Categorical variables are presented as absolute numbers and percentages. Comparisons were made
using ti Saita dzaSR F2N) O2y(Aydz2dza O NARFo6fSa FyR . H
probabilities of death stratified according to Ca@&verity by DS and SS were plotted using the Kaplan
Meier method. Univariate and multivariate analyses were performed, the latteing a Cox

LINELI2 NI A2y f KETIFNRa NBINBaarzy Y2RSt ONBFGSR A
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0.2. The proprtional hazards assumption for these was satisfied through assessment of both
Schoenfeld residuals and loginuslog survival plots. Hazard ratios (HR) or odds ratios (OR) were

reported with 95% confidence intervals. A twailed p<0.05 was considerestitistically significant.

320 patientsunderwent TAVR
between Nov 2008 and Oct 2016

91 patients excluded
- 64 previous CABG
- 2 concomitantrevascularization
- 6severe AR
- 2 non-femoral vascularaccess
- 15 tandem stenoses
- 2 lost follow-up data

229 patientsincluded
in final analysis

123 patients with 230% stenosis
warranting further assessment with
DILEMMA and SYNTAX score

106 patients with no significant CAD
(<30% stenosis in any vessel)

153 patients had DS<2 76 patients had DS >2
181 patients had SS <9 48 patients had SS >9

Figure3-4| Study flow chart

Patient selection process for this study. Of the 320 patients who were scree
229 patients were included in the final analysis. AR indicates aediagitation;
CABG, coronary artery bypass surgery; CAD, coronary artery disease;
transcatheter aortic valve replacement.
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3.4. STUDY 4EASIBILITY AND VALIDITY GBPERIVED FRACTIONAL FLOW RESERVE IN

PATIENTS WITH SEVBRH HE CASHFRSTUDY

Study protocol

This was a prospective, singlentre study carried out at Monash Medical Centre, Melbourne
between November 2018 and November 20The study protocol was approved by the institutional
research ethics committee (Human Research Ethics Committees Australia reference:

HREC/43524/Mont201867705v1). All recruited patients provided written informed consent.

Patients with severe AS witn indication for TAVR as per international guidelitfemd undervent

preLINE OSRdzNF £ L/ ! sSNB AONBSYSR F2NJ LI NIAOALIN GAZ2Y
Fpn &SEFNR 2fR FYRZ oO0HUO LI GASyGa 6AGK xo0/E: QDAadz f
time of ICA. Exclusion criteria were: (1) sevasthma or resting bradycardia precluding use of
adenosine, (2) left ventricular ejection fraction <30%, (3) chronic renal impairment, defined by
SAGAYIFGSR 3t 2YSNHz | NI F A @)imydcaidialzngarctiaih viitlsn 128@ mofths YA Y K M
(5) previous coronary artery bypass surgery (CABG), (6) percutaneous coronary intervention (PCI) in

the vessel of interest, (7) >90% visual stenosis in the vessel of interest (8) chronic total occlusions and

(9) significant left main coronary disease

InvasiveFFR protocol

Cardiac catheterization was performed in accordance to standard practice, via the transfemoral or
transradial approach. All patients were anticoagulated usind0® IU/kg of unfractionated heparin.
Orthogonal plane angiography weaequired at 15 frames per second. Pressure wire assessment was
GKSY LISNF2NX¥SR AF (GKSNB ¢la G tSIrad 2yS @SaasSt
vessels were interrogated at operator discretion. The pressure wire (Pressure X, AbbottaNascul

Santa Clara, CA) was calibrated and egadivith aortic pressure before being positioned in the distal

Michael Michail | Doctoral Thesis Page37



third of the coronary artery (at least 10 mm beyond the maximal stenosis). All patient received
intracoronary glyeryl trinitrate (100 mcg) beforeemsurements were performed. Mean distal
coronary and mean aortic pressures (Pd and Pa, respectively) were recorded at rest and at
hyperaemia, which was induced using intravenous adenosine (140 mcg/kg/min). The intracoronary
pressure sensor was subsequenlylled back to the tip of the guiding catheter to assess for potential

7 P

pressure drift. The FFR reading was catesgali & @ ft AR A F (K RNATG Ay t Rk

The hemodynamic recordings were processed using the QUANTIEN integeasdrement system

(Abbott Vascular, CA, US). Anongeditracings were stored centrally for offline analysis. All aortic and

coronary pressure traces were reviewed to ensure FFR readings were taken during aehjper

segment in the recording. The tracesn® once again reviewed to confirm there was no pressure drift

Fd G4KS SYyR 2F GKS NBO2NRAYy3I 0S@2yR Xndnud CCw 6

hyperaemia.

CT imaging protocol

Following cardiac catheterization, patients underwent coron&¥A scanning (mean 7.3 days
following ICA) using a 320w detector CT scanner (Aquilion One Vision; Canon Medical Systems,
Otawara, Japan). The scanning protocol was dependent on whether the patients were being
considered for TAVRdrdiac CT protocol)Ar surgical AVRcérdiac CT protocol)BBoth protocols
consisted of a calcium score followed by CTA. All patients received 0.4mg sublingual glyceryl trinitrate
with the addition of betablockers and/or ivabradine to achieve a gean heart rate of <60dats/min
(protocol adopted from with Society of Cardiovascular Computed Tomography guidéfies)th

both protocols, scanning was manually triggered in the arterial phase. Scan parameters for coronary
CTA were: detdor collimation, 32¢ 0.5 mm; tube current, 300 to 500 mA,; tube voltage, 100 to 120
kV; gantry rotation time, 270 ms; and temporal resolution: 135ms. Prospective electrocardiogram

gating was used covering 70% to 99% of tHe Rterval. In addition to theoronary CTA protocol,
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cardiac CT protocoliAcorporated the clinicalynandated preTAVR scanning protocol which includes

the thoracic aorta for annular sizing and peripheral vascular assessment.

Coronary CTA and €FR analysis

Coronary CTA was anshdusing a dedicated workstation (Vitrea Fx 6.4, Vital Images, Minnesota,
USA) by an experienced CT angiographer (A.J.B), blinded to the results of ICA and FFR. A vessel was
O2yaARSNBR aA3dyAFAOLIyGfte RAASIFASR A FinaikeBoNE o1 a
or was nonrevaluable due to calcification, motion artefact or extreme tortuosity. CTA images were

then analgedfor CTFFR by a central core laboratory (HeartFlow, Inc., Redwood City, California) that
were blinded to all invasive FFR and @GW®asurements. Electronicdmensional (3D) models of the
coronary anatomy containing the €FFR data were created for each cdseperienced investigators

(M.M. and A.R.l.) identified the locations on the 3D model corresponding to the angiographically

Figure3-5| Study flow chart

Patients with severe AS referred for TAVR /
SAVR undergoing coronary angiography EXCLUDED
(n=75)
<30% stenosis or no CAD
| (n=33)
230% stenosis in 21 vessel
(n = 42; 68 vessels)
Pressure wire assessment Coronary CTA
21 vessel
IV adenosine, ICGTN & blockers and S/L GTN
Hemodynamic tracings exported and CTA images exported and analyzed Coronary CTA not interpretable by core
reviewed by central core laboratory (HeartFlow, Inc., 1 laboratory
FFR adjudicated by two study investigators CA, US) (n = 3; 6 vessels)
Co-registration Unable to co-register as wire location distal
CT-FFR on 3D model and pressure wire " to 3D modelled segment
location by two study investigators (n = 2 vessels)

Final study selection
n = 39; 60 vessels
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acquired positions of the pressure wire sensor obtained during the FFR recording. Discrepancies were

resolved by consensus agreement.

Statistical analysis

The primary endpoint of this study was per vessel diagnostic performance-BFRTo predict

ischemial] & RSTAYSR o0& Ay@l airAgS CCw >dpedyngchazrtarigtid (G KS |
curve analysis (ROC AUC). Secondary endpoints included diagnostic accuracy, sensitivity, specificity,
positive predictive value (PPV) and negative predictive Vi) for CCCw o0 Xn dy no0 X dzaAy 3
as reference standard. Additional outcomes included the diagnostic performance on a per patient

basis, whereby the lowest values of FFR anéfER were used in patients with complete data in more

than one vesseDiagnostic accuracy was also evaluated based on a median split of CT calcium scores

to determine the validity of this approach in patients with high calcium scores. The Shiikrtest

was used to assess normality of continuous variables. Continuolables are expressed as mean +

standard deviation (SD) or median * interquartile rafigeskewed data Categorical variables are

provided as frequencies (percentages). The correlation betweefrFRT and invasive FFR was
quantified 6 A 0 Kt S| N& iany céfficiett 2fteNBsbebsing the linearity of association
Agreement between the two indices was assessed with a BAdtmaan technique. Statistical analyses

were performed with Stata v.14.1 (StataCorp, College Station, TX, USA) and GraphPad Prism v.8.1

(La Jolla, CA, USA).
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4.1. ABSTRACT

Background:Severe aortic stenosif\f) induces abnormalities in central aortic pressure, leading to
impaired organ and tissue perfusion. Relief of AS by transcatheter aortic valve replacement (TAVR) is
known to be associated with both a sheand longterm hypertensive response. Counteitively,
patients who are londgerm normotensive posTAVR have worsened prognosis compared with
hypertensive patients, yet the underlying mechanisms are not understood. We investigated the
immediate changes in invasively measured left ventricular antta@leswortic pressure following TAVR

in patients with severe AS using aortic reservoir pressure, wave intensity analysis (WIA) and indices of
aortic function.

Methods:54 patients (mean age 83.6 + 6.2 years, 50.0% female) who underwent TAVR were included.
We performed both reservoir pressure and WIA on ensembled, invasively acquired pressures
waveforms in the ascending aorta and left ventricle immediately anel postTAVR.

Results:Following TAVR, there were increases in systolic, diastolic, mean aedaoulE pressures

(all p<0.05). PostAVR reservoir pressure was unchanged (54.5+12.4 vs. 56.6£14.0 mmHg, p= 0.30)
whereas excess pressure increased 42%0£10.9 vs. 42.6£15.5 mmHg, p<0.001). WIA (arbitrary
units, a.u.) demonstrated increased forwardngoression wave (64.9+35.5 vs. 124.4+58.92x10.,
p<0.001), backward compression wave (11.6+5.5 vs. 14.4+6.9,ax10 p = 0.01) and forward
expansion wave energies (43.2+27.3 vs. 82.8+53.2,&liQ p<0.001). Subendocardial viability ratio

was impoved with aortic function effectively unchanged pasAVR.

Conclusionsincreases in central aortic pressure following TAVR relate to increased excess pressure
and improved transvalvular energy profiles with unchanged reservoir pressure. Témrsediynamic
changes are consistent with symptomatic improvement and may be the basis for the association of

elevated blood pressure and improved prognosis poAVR.
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4.2. INTRODUCTION

Degenerative aortic stenosis (AS) is the commonest form of aortic valve disease @adsed by
progressive calcification of the valve leaflets, which impairs leaflet mobility and compromises valve
orifice area® This leads to restricted blood flow through the stenosed valve, typically leading to
narrowed pulse pressure and a delay in peak aortic presSi®athophysiological changes in central
aortic pressure are known to adrsely impact tissue and organ perfusion including that to the

myocardium, which may contribute to ischaemtaexertional symptoms and adverse outcomes.

Relief of AS by TAVR has been shown to significantly elevate blood pressure botarshtmhgterm
postprocedure!?#125 Counterintuitively, several studies have demonstrated that following TAVR,
normotensive patients have worse clinical outcomes at short and longer term follow uptltibaa

with raised arterial blood pressure (B#)}2¢however, the mechanisms are not understodthis study
presents results of aortic reservoir pressure and WIA immediately befatéramediately after the
deployment of a TAVR prosthesis, thus demonstrating the immediate impact of the relief of aortic

valve obstruction upon central aortitmemodynamics

We hypothessedthat following TAVR, the main central hemodynamic changes would relate to the
immediate alterations in the pattern of blood flow into the proximal aorta. This would manifest as an
increase and change in the profile of excess pressure as well as indreésegnergy and power of

the WIA profiles. Conversely, we would expect to see minimal changes in reservoir pressure, which
relates predominantly to the global arterial properties and would be expected to be unchanged
immediately following valve deployméen

4.3. RESULTS

Of the initial 200 selected patients, 71 did not meet the inclusion criteria. Of the remaining, 75 were
excluded due to dampened pressure tracings, inadequate ECG recording prohibiting automated wave

ensembling, or the lack of required idersifile fiducial points for determination of reservoir pressure.
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54 patients were included in the final analy@sgure3-3). The mean age of those witmalysable

data was 83.6 £ 6.2 years and 50% were female. There were no significant differences béigveen t
baseline clinical and demographic data of the 75 excluded and the 54 included paliabts4-1).

All patients underwent TAVR via femoral arterial access and all patients had balloon aortic
valvuloplasty prior to valve deployment. The patient bameland procedural characteristics are
presented inTable4-2. The echocardiographic and invasive hemodynamic indices before and after

the procedure are presented ifable4-3.

Table4-1| Baselineclinical and demographic dataf the included and excludeg@atients
Included patients (n=54) | Excluded patients (n=75) | p values

Age, years 83.6 +6.2 82.716.4 0.42
Female 27 (50.0%) 33 (44.0%) 0.50
BMI, kg.m? 27.4+4.9 26.2+5.4 0.22
Hypertension 40 (74.1%) 48 (64.0%) 0.29
Diabetes mellitus 14 (25.9%) 15 (20.0%) 0.63
Dyslipidaemia 34 (63.0%) 37 (49.3%) 0.12
Smoker or exsmoker 27 (50%) 33 (44%) 0.50
Previous MI 6 (11.1%) 8 (10.7%) 0.94
Previous PCI 11 (20.3%) 11 (14.7%) 0.40
Previous CABG 10 (18.5%) 21 (28.0%) 0.21
Previous Stroke 3 (5.6%) 8 (10.7%) 0.31
PVD 7 (13.0%) 5 (6.7%) 0.22
Chronic kidney diseasq 17 (31.5%) 26 (34.7%) 0.71
(eGFR<45)

Values are mean + SD or n (%). BMI indicated body mass indexydtlardial infarction; PCI, percutaneous coronary

intervention; CABG, coronary artery bypass surgery; PVD, peripheral vascular disease.

Following TAVR, there was the expected significant reduction in invasive mean transvalvular gradient
(52.0 £ 14.2 vs.@5 £ 14.2 mmHg, p <0.001), with a concomitant reduction in peak left ventricular
pressure (176.3 = 25.5 vs. 151.2 + 28.0 mmHg, p <0.001). There were significant increases in all
measures of aortic BP including systolic (128.4 £ 22.0 vs. 144.9 £ 26.6 matH)1), diastolic (52.9

+ 9.8 vs. 56.8 + 11.2 mmHg, p = 0.03), mean (81.1 + 13.7 vs. 88.9 + 15.8 mmHg, p <0.002) and pulse
(75.6 £ 18.1 vs. 88.1 + 20.2 mmHg, p <0.001) pressures. Mean heatrt rate trended towards an increase

(63.6 £ 10.8 vs. 66.4 £ 1bkats/min, p = 0.07) whilst diastolic time fraction remained unchanged
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following valve deployment (0.625 £ 0.057 vs. 0.633 + 0.047, p = 0.31). The time to peak systolic LV
pressure (expressed as a fraction of the cardiac cycle) was unchange@AdéRt (023 + 0.136 vs.
0.315 £ 0.132, p = 0.39) whilst the time to peak systolic aortic pressure decreased (0.288 + 0.048 vs.

0.248 + 0.032, p <0.001).

Table4-2 | Patient baselineand proceduralcharacteristics

Patient demographic data (n=54)
Age years 83.6£6.2
Female 27 (50.0%)
BMI, kg/m? 274+49
Hypertension 40 (74.1%)
Diabetes mellitus 14 (25.9%)
Dyslipidaemia 34 (63.0%)
Smoker or esmoker 27 (50%)
Previous Ml 6(11.1%)
Previous PCI 11 (20.3%)
Previous CABG 10 (18.5%)
Previous stroke 3 (5.6%)
Peripheral vascular disease 7 (13.0%)
Chronic kidney disease (eGFR<45) 17 (31.5%)

Cardiovascular drug therapy

Statin 38 (70.3%)
ACE or ARB 28 (51.9%)
3-blocker 25 (46.3%)
h-blocker 0 (0%)

Calcium channel blocker 14 (25.9%)
Diuretics 20 (37.0%)

Procedural characteristics

General anesthesia 12 (22.2%)
Femoral 54 (100%)
BAV 54 (100%)
Valve type
CoreValve 4 (7.4%)
Evolut R 23 (42.6%)
Lotus 16 (29.6%)
Edwards S3 9 (16.7%)
Acurate Neo 2 (3.7%)
Mean valve size, mm 26.9+2.6
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Values are mean * SD or n (%). BAV indicates balloon aortic valvuloplasty; BMI, body mass index; MI, myocardial infarction;

PCI, percutaneous coronaigtervention; CABG, coronary artery bypass surgery; ACE, angiotensin converting enzyme

inhibitor; ARB, angiotensin Il receptor blocker.

Table4-3 | Echocardiographic and invasiveaemodynamic indices preand post-TAVR

fraction of the cardiac period

Variables PreTAVR PostTAVR p value
Echocardiographic indices
Peak velocity, ms 4.4+0.5 22+0.6 <0.0001
Mean gradient, mmHg 47.8+12.8 11.0+6.1 <0.0001
Peak gradient, mmHg 79.0 £ 20.6 20.2+£12.03 <0.0001
Aortic valvearea, cnd 0.8+0.2 1.9+05 <0.0001
Stroke volume, ml 85.3+18.3 76.4+£17.2 0.008
Ejection fraction, % 59.2+14.0 59.8 +13.8 0.7
Aortic regurgitation (transvalvular/paravalvular
Mild | 17 (31.5%) 5/11 (9.3% / 20.4%)
Moderate | 10 (18.5%) 0/5 (0% / 9.3%)
Severe| 0 (0%) 0 (0% / 0%)
Intraprocedural invasive indices
Heart rate, beats/min 63.6 £10.8 66.4 +10.1 0.07
Systolic aortic BP, mmHg 128.4 + 22.0 144.9 + 26.6 <0.001
Diastolic aortic BP, mmHg 529+090.8 56.8 +11.2 0.03
Meanaortic BP, mmHg 81.1+137 88.9+158 0.002
Pulse aortic pressure, mmHg 75.6 £18.1 88.1 £ 20.2 <0.001
Mean transvalvular gradient, mmHg 52.0+14.2 10.5+5.6 <0.001
Peak left ventricular pressure, mmHg 176.3 + 25.5 151.2 + 28.0 <0.001
Diastolic time fraction 0.625 + 0.057| 0.633 + 0.047, 0.31
Time to peak systolic left ventricule 0.293 £ 0.136| 0.315+ 0.132 0.39
pressure as a fraction of the cardiac perig
Time to peak systolic aortic pressure as 0.288+ 0.048 0.248 £ 0.032 <0.001

Values are mean + SD. TAVR indicates transcatheter aortic valve replacement; BP, blood pressure.
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Subendocardial Viability Ratio
DPTI was unchanged post TAVR (4212.4 vs. 42.@ 10.7 mmHg.sec, p= 0.989EVR wascreased
postTAVR (0.97 £ 0.32 vs. 1.25 £ 0.35, p<0.001) predominantly due to decreased LV pressure and

consequent TTI (45.1 £ 9.8 vs. 35.0 + 8.8 mmHg.sec, p< 0.001).

Reservoir pressure analysis

Analysis demonstrated no changes in the aortic reservoir pressure following TAVR (54.5+12.4 vs. 56.6
+ 14.0 mmHg, p = 0.30able4-4, Figure4-1). However, excess pressure increased by 47% following
TAVRZ9.0+ 10.9 vs. 42.6 £ 15.5 mmHg, p <0.001). Further analysis demonstrated that the integral of
excess pressurewhich relates to the total flow during the cardiac cyéte was significantly greater
following TAVRE(66+ 2.76vs. 9.36t 3.73 mmHg-s, ¥0.001). The time to peak reservand excess
pressure both decreased pe$AVR (p<0.001 for both). There were no differences in the diastolic
(18.0+£9.6 vs. 14.5+11.6 sk@ = 0.052) or systolic (3.9+1.1 vs. 4.2+1.1'spc 0.18) rate constants

following TAVR.

Figure4-1| Violin plot demonstrating reservoir and excess pressure before and after TAVR.
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