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Abstract

BackgroundTranscatheterortic valveimplantation (TAV) is a growingtreatment modality
for severeaortic stenosis,not only in the cohort of patients who would once have been
unsuitablefor surgicalaortic valve replacement(SAVR)but alsoin lower risk patients. A
significantproportion of patientsundergoingl AVhaveconcomitantcoronaryartery disease.
Thebestway to treat coronarydiseasean thesepatientsremainscontentious Conventional
assessmentef ischaemiasuchasfractionalflow reserve(FFRandthe instantaneousvave
freeratio, arenot validatedin thesepatients. A better understandingpf coronaryphysiology

in thesepatientsisrequiredto optimisetreatment pathways.

Hypotheses Treatmentof severeaortic stenosiswith TAVIhaslongterm haemodynamic
benefits with a measurablechangein a) absolute coronaryblood flow and microvascular

function, b) symptomsandindicesof coronaryand myocardialphysiologyandc) LVmass

Aim: To achievea multi-modality assessmenbf the changesin coronaryblood flow and
microvascularfunction, before and after TAM, correlating with expectedreduction in LV

mass

Methods: Patients awaiting elective TAViwere recruited. Coronary angiography was
performedand a pressurewire deployedin all diseasedcoronaryarteries. Hyperaemiavas
inducedand relevantparametersof coronaryblood flow (restingfull-cycleratio, FFRjndex
of microcirculatoryresistanceand coronaryflow reserve)were measuredLesionsassociated
with a positive FFRO XX n @eraitreated with PCland the full rangeof coronaryphysiology
repeated. Absolute coronary flow at rest and hyperaemiawas modelled using @A NIi dzv u
computationalfluid dynamicssoftware.Quantitative stressperfusion cardiacMRIwas also
performedto assesgeft ventricularparameters,globalmyocardialblood flow and coronary

sinusflow. All measurementsvere repeated3-6 months after TAVI.

Results Pre TAVIphysiologydata were obtained from 15 patients. Eightpatients received
PCl.Tenpatientshad cardiacMRI.Severpatientshad postTAVIphysiologyand cardiacMRI.
Themeanagewas81 yearsand 65%were male. Therewasa significanimprovementin the
coronaryflow reservefrom 1.45to 2.3 (P<0.05postTAVI.TheFFRncreasedfrom 0.87to
0.89 (P<0.05)o0st-TAVI.Therewas no changein the index of microcirculatoryresistance.

Therewas a 20%reduction in coronaryflow at rest from 178mL/minpre- to 146mL/min



(P<0.05)postTAV] whilst hyperaemiccoronary flow remained stable at a vesselspecific
level.However whenmyocardiabloodflow wasanalysedisingcardiacMRI,there wasa 32%
reductionin globalhyperaemidlow from 554to 374mL/min(P<0.05panda 45%reductionin
globalrestingflow from 478to 265mL/min(P<0.05).Theindexedleft ventricularmassalso
regressedrom 79g/n¥ to 71g/n? (P<0.05)po0stTAVI. Coronarysinusflow and myocardial

perfusionreservedid not changesignificantly.

Concluson: There was a significantimprovementin coronaryflow reservefollowing TAVI,
evidencingan improvementin the functional capacityof the myocardiumto respondto
stress.Themechanisnfor this wasa 20%reductionin restingvesselspecificcoronaryblood
flow, anda45%r reductionin globalmyocardiaflow. Theunchangedmicrovascularesistance
suggeststhat resistancewas not the reasonfor this. Rather,after TAVI,a much smaller
portion of the microvascularbed is recruited. Restingflow fell due to a lessdemanding
myocardiumand regressionof the baselinehyperaemicconditions accompaniedby an

enhancedability to respondto stress,andthe expectedreductionin LVmass
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Chapter lintroduction

Aortic stenosis(AS)is a progressiveand chroniccondition causingsignificantmortality and
morbidity dueto narrowingof the majoroutflow tract of the heart,resultingin a pathological
cascade(1l). Treatmentguidelinesfor severeAShave expandedover the last 20 yearsto
includetranscatheteraortic valveimplantation (TAVI)2). Many patientswith ASalsohave
coronaryartery diseasg(CAD)the treatment of concomitantCADIn these patientsremains
contentious (3). Physiologybased treatment of isolated CADis well validated (4) and
guidelinebased(5); however, patients with severeASare excludedfrom these trials and
guidelines(6). The effects of ASon coronary physioloy and blood flow are complexand
requirefurther elucidationif we areto understandhow bestto evaluateand manageCADIn
this growingcohort of patients(6). Thisthesiswill beginwith an overviewof AS,our current
knowledge,guidelinesand treatments, before expandingon the current literature around
coronary physiology,AS, microvascularcoronary disease(MVD) and computational fluid
dynamics(CFD. It will then describethe nature of the question posed by this piece of
scientificresearchandsubsequentlyill outline the hypothesispbjectivesandmethodsused
to attempt to answerit. It will finally demonstratethe outcomesand results, followed by

discussiorand overarchingconclusions.

1.0 Aortic valve anatomy

The aortic valveis situated betweenthe left ventricle (LV)and the aorta, and is the main
outflow valveof the heart (1) (Figurel). It hasatri-leaflet structurein the majority of people
(Figurel), althoughsomeindividualsare born with abi-leafletvalve(7). Thevalveleafletsare
bowedinwardstowardsthe heartto supportantegradeunidirectionalflow (Figure2). When
the left ventricle contracts,the pressurewithin exceedshat of the aorta, and blood flows
forward throughthe aortic valveinto the proximalandascendingiorta. The@ | f girSctuie
allowssignificantmechanicabktressand pressureto be distributed evenlybetweenits three
cuspstheaorta,andthe surroundingannularring (Figure2) (1). Thesecuspsaretypicallyless
than 1mm thick and comprisefour distinct cellularlayersfrom the aortic sideto ventricular
aspectasfollows: endothelium;fibrosg spongiosaand finally ventricularis,which are seen
in Figure2 (1). Thevalveis attachedto a collagenousing calledthe annulus whichisin turn

attachedto the aortic root andleft ventricularoutflow tract (1).
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Figurel. Diagramof the heart.

Diagramof the heart, aortic valveand aorta, with crosssectionalview through a tri-leaflet

aortic valve.Adaptedfrom Wikimediacommonsand ClipartLibrary(publicdomain).

1.1 Epidemiologyof aortic stenosis

The epidemiologyof ASvarieswidely acrossthe world (8). Rheumaticheart diseaseis the
primary driver of mortality and morbidity associatedvith ASin the developingworld (8, 9);
Oceania,SubSaharanAfrica and SoutheastAsiaare particularly afflicted with a very high
prevalencen comparisorwith developedcountries(8). Ineconomicallydevelopedcountries,
fibrocalcificASis the most commonform of valvularheartdiseasg1). It createsa significant
burden of morbidity and mortality and its prevalenceincreaseswith age (10), affecting
around2%of peopleoverthe ageof 60 (11). A meta-analysif the prevalenceof severeAS
inthe over-75agegroup(Osnabrugget al) analyseddatabasesn 19 Europearcountriesand

North America(12). Atotal of seventrials (9,723subjects)were analyseddemonstratingan
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overallprevalenceof 12.4%o0f ASand 3.4%of severeASin this agegroup(12). Furthermore,
the analysisdemonstratedthat annually,there may be around 27,000new patients who
becomeeligible for TAVIin the USAand Europeeachyear (12). Thisnumber is likely to
increasefurther as TAVIbecomesoffered to younger patients (9). In younger people in
developed countries, bicuspid aortic valve (BAV)is the most common congenital heart
disease affecting 0.5-0.8%o0f the population (9). Themeanagefor surgicalintervention is
significantlylower than for fibrocalcificAS,usuallynecessitatingreatment at under50 years
of age (9, 13). Once symptoms begin to develop, invasive treatment is generally
recommended (14). Patients with untreated symptomatic severe AS will invariably

deteriorate without intervention,and 2-yearmortality is 50%(11).

1.2 Pathophysiologyof aortic stenosis

Aortic stenosigs characterisedy progressivenarrowingof the aortic valveorifice (Figure2),
resultingin raisedleft ventricular pressuresand hypertrophyin order to maintain cardiac
output (2). Thisphysiologicatesponseo progressiveASis eventuallyexhaustedyesultingin
heart failure and death (2). Thepathophysiologyand sequelaeof ASare multi-faceted(15),
beginningwith diseaseof the valve itself, and ending with consequenteffects on the
myocardiumandcirculation(2, 10). Thehistoricallyacceptedparadigmof ASasa progressive
condition associatedwith rheumaticfever and the degeneraive & g SandNd S effgEt of
ageing,asfirst describedby Ménckebergin 1904 (2), hasshifted in recentdecades(10). In
2007,Aikawaet al first describedthe complexinflammatoryand osteogenigprocesseghat
leadto irreversiblevalvularcalcification(16). Thedevelopmentand subsequenfprogression
of fibrocalcific AS can be divided into two distinct pathological phases:initiation and
propagation (10, 11). An initiation phase is characterisedby endothelial injury from
mechanicaland shearstress(Figure2), reaulting in lipid depositionand oxidisation.Thisin
turn createsa pro-inflammatory environmentwithin the valve tissue, and is followed by
depositionof macrophags, T-lymphocytesand mastcells(10,11). Thisprocessis similarto
that seenin atheroscleroticcardiovasclar diseaselndeed,patientswith ASand CADdisease
share many risk factors including hypertension, renal failure, and metabolic syndrome,
althoughtargeted medicaltherapieswith proven efficacyin CADhave not translatedinto
patients with AS(15). A propagationphasefollows, and is characterisedby inflammation

driven collagendepositionand osteogenicactivity within the valvularinterstitial tissues(16,
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17). Pathologicalskeletal bone developswithin the diseasedaortic valve, generated by
myofibroblastsand osteoblastswithin the valvularinterstitial tissues(15,16). Oncecalcium
depositionbecomesestablishedjt propagatedurther calciumformation (10). Thisfeedback

loopisthe primarydriver of progressiveASin the propagationphase(10).

When consideringpatientswith a BAV,mechanicaktressasthe origin of endothelialinjury
and the subsequentfibrocalcific cascadecan be illustrated. The bi-leaflet valve strucure
results in inefficient distribution of mechanicaland shear stress on the valve and its
surroundingstructures(l), leadingto the developmentof severeAS,and a requirementfor

interventionseveraldecadesearlierthan thosewith tri-leaflet valves(13).

Aorta

Oscillatory shear Aorta

- | Al
1 \I \ K."" . Pressure
/{,-’ i\ \ " Tensile & R
v P 4 " v"..

} ; ' : 5 J MXS‘/ A\ 2 -‘"““h\ /A—T"“.-——_.—————-—,——‘."".._ X
J/\ \\/: K% i l ‘ # »

|
| |
L

AV leaflets

4 ».:""',,_‘ R 2 - ] y
\ Laminar shear [ ‘ ‘? ivy .

AV leaflets

Fibrosa ~ high stress

Lef Tensile
- stretch ”

ventricle ) Left

» ventricle
AVICs under low stress = Oscillatory Pressure
N '\shc.lr
N AVECs _
AVECs ___ g % % % % - AVICs under

/ Spongiosa

Lami J Fibrosa

Amiinar

% \//(.\[,mnp,ms.! Ventricularis 4 | ===
P 1

~ Ventricularis &_ S g = S

(a) Systolic mechanical forces (b} Diastolic mechanical forces

shear
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The haemodynamiceffects at the aortic root and cellular architecture of the aortic valve
AVECaorticvalvularendothelialcells;AVICaortic valvularinterstitial cells.Reproduceadvith

permissionfrom Balachandraret al 2011(18).

Progressivenarrowingof the aortic valveorifice (Figure2) consequentlyresultsin a cascade
of adaptiveand maladaptiveprocesseswithin the myocardiumand microvasculaturg19).
Thereis an adaptiveincreasein LVmassresultingfrom hypertrophyof myocytesand peri-
myocytic fibrosis (19), in order to generate greater power and overcomethe restricted
outflow tract (20). Theresultantleft ventricularhypertrophy(LVH)s in turn associatedvith
aseriesof maladaptiveprocessesn the myocardiummicrovasculaturendcoronaryarteries

(21). Ultimately, this leadsto adverselLVremodeling heartfailure and death (1).

Sexrelated differencesin the myocardialresponseto ASare well recognisedand have
implicationsfor diseaseprogressiorandtreatment. WomentypicallydevelopconcentricLlVH
and havesmallerLVcavitysize,increasedrelative LVwall thickness,and preservedejection
fraction, while men are more likely to developeccentricLVremodellingand havelargerLV
volumes with LV impairment (22, 23). These patterns arise from differing biological
mechanismsijncludingsexspecificvariationsin myocyte hypertrophy, extracellularmatrix
expansionand fibrotic signalling(24). Womenmay demonstratelower levelsof myocardial
fibrosis,whichmayinfluencesymptomburdenandresponseo intervention (24). Longterm

outcomesafter TAVhlsodiffer by sexandsomeevidencesuggestshat women,despiteoften

beingolderandhavinghigherproceduralrisk,tend to experiencebetter survival Jower stroke
rates, and have more favourable reverse remodellingcomparedto men (25, 26). These

differencesdemonstratethe needfor sexspecificconsiderationsn patientswith severeAS

1.3 Treatmentof aortic stenosis

Currentguidelinesecommendtreatment of aortic stenosisvhenthe valvelesionisa & S @S NS ¢

andthere is evidenceof LVdecompensationywhether demonstratedechocardiograpieally,
or clinically with the developmentof symptoms (14) Symptomsof severe AS include

shortnessof breath,angina,syncopeandin heartfailure; cardacarrestanddeath. Theonly

22



definitive treatment of ASis mechanicatelief of the outflow tract obstruction.In the United
Kingdompatientswith aortic stenosisare broadlytreated accordingo the EuropearSociety
of CardiologfESCandEuropearms®ciationfor CardiothoraciSurgery EACTjuidanceor

valvularheartdiseasq14).

1.3.1Echocardiographievaluation of aortic stenosis

The mainstayof diagnosisand surveillanceof ASis echocardiographywhich also provides
data on LV function, calcification, aortic morphology and other co-existing valvular
pathologieq14) ES@uidelinesecommendhe routine useof echocardiograpttallyderived
mean pressue gradient acrossthe aortic valve (mmHg),peak transvalvularflow velocity
((Vmay in m/s) and aortic valvearea((AVA)in cn¥) to diagno® and quantitatively assesAS
(14) If thereisLVfailure, LVHor significanthypertensio, theseparametersmaybe unreliable
and other parametersor imagingmodalities,suchas stresstesting may be requiredto aid

diagnosig14). InLVfailure,reducedsystolicfunctionleadsto lowertransvalvulaflow, which

can causeunderestimationof ASseveritydue to diminishedvelocity and gradient despite
severe valve obstruction (27). In significantLVH or hypertension,increasedmyocardial
stiffness and high left ventricular end diastolic pressure (LVEDPgffects LV filling and

afterload, which can modify flow dynamicsand maskthe true severity of AS(28). These
altered haemodynamicstates can complicate the interpretation of standard Doppler
measurementsisedto diagnosesevereAS Hence addtionalimagingmodalitiessuchaslow-

dose dobutamine stress echocardiographycan unmasktrue AS severity by augmenting

forward transvalvulaiflow and evaluatingcontractilereserve(29).

Fourbroad categoriesof ASare definedby the EACT&nd ESQuidelines(14). Thefollowing

describethe echocardiographicategorisatiorof the four subtypes(14).

1. HighgradientAS Definedasa meantransvalvulamgradientof >40mmHgpeak Vimax
of >4.0m/s and AVAof <1.0cn?. Theseparametersconfirm severeaortic stenosis

regardlesof haemodynamiconditions.

2. Lowflow, low gradientASwith low LVejectionfraction (LVEF)Definedasa mean
transvalvulagradientof <40mmHgAVA<1.0cn?, LVERK50%and strokevolume
index(SVixk35mL/n?. Dobutaminestressechocardiographys recommendedo

identify and differentiate betweensevereand pseudesevereAS.
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3. Lowflow, low gradientASwith normal LVEFDefinedasa meantransvalvular
gradientof <40mnmHg,AVA<1.0cn?, LVER50%and stroke volumeindex(SVi)of
<35mL/n%. Carefulassessmenis requiredin thesecasego ensurethat the values
obtainedare accurateand,in somecasesgcardiaccomputedtomography(CCTjs
usefulto determinecalcificburden, in Agatstonunits. SevereASis highlylikelywhen

the Agatstonscoreat CCTis >3000in menand>1600in women.

4. Normalflow, normalgradientASwith normal LVEFDefinedasa meantransvalvular
gradientof <40mmHgAVA<1.0cn?, LVER50%and strokevolume index(SVi)
>35mL/n?. Furtherassessmenof thesepatientsis requiredandin mostcaseshe

ASis not truly severe(14).

Figure 3 showsechocardiographiémagesfrom a study patient with severeAS,including
measurementsof the parametersnoted above to quantify severity Note the severely
stenosedaortic valveorifice and heavycalciumburden. Thereis alsosignificantadaptiveLVH

with a subsequentlyreducedLVcavitysize
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2 AV Vmax 3.79 m/s
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AV maxPG 57.33 mmHg
AV meanPG 37.95 mmHg
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AV VTI 88.0 cm
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Figure3. Echocardiogranmagesof a studypatient with severeAS.

3A; Parasternalong-axisview demonstratinga tiny valve orifice and LVH 3B; Parasternal
short-axis view demonstratingheavy calcificationof the valve cuspswith small AVA 3C
Measuringthe parametersof severity using Doppler echocardiographylmagesused with

permission.
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1.32 Patientselection

It is recommendedthat all patients are discussedat a & | S & Bdi Miéetingin order to

optimise outcomes(14). Thedecisionto treat (or not) shouldconsiderthe clinicalneedfor

treatment, benefits (or otherwise) to quality of life, expected survival and risk of

complicationg(14). Patientsare alsorisk stratified at the Heart Teammeetingaccordingto

their EurcSCORE(30)andSocietyof ThoracicSurgeonsiskcalculatorscore(31). Pre-existing
co-morbiditiesshouldbe explored,andwhere possible optimisedbefore invasivetreatment

is undertaken. Chronichealth conditions such as chronic obstructive pulmonary diseases
(CaPD), chronic kidney disease(CKD)and prior cerebrovasculaischaemicevents (CVA)
conferanegativeprognosis Patientswith a numberof life-limiting conditionsand significant
frailty arenot likelyto benefitfrom invasivetreatment andin sud casesinterventionshould
be avoided(14). Furthermore,where life expectancyis deemedto be below one yearfrom

life shorteningillnessessuch as malignancy,intervention on the aortic valve should be

avoided(14).

1.3.3Treatmentselection

WhensevereASbeginsto causesymptomsgarlytreatmentisrecommendedo avoidfurther
LVdecompensatiorandirreversiblesequelaeln severeASwithout apparentsymptomsit is
recommendedto exercisepatientsin a clinicalsetting (14). In truly asymptomaticpatients
with severeAS aplanof watchfulwaitingis suggestd with promptinterventionat the onset
of symptoms(14). TheEarlySurgeryor ConservativeCarefor AsymptomaticAortic Stenosis
trial randomised145 patients with very severe AS (defined as Vimax of >4.5m/s, AVA of
<0.74cni or meantransvalvulargradientof >50mmHgYo a watch and wait approachor to
surgicalintervention within two months of randomisation(32). Kanget al found that there
was significantreduction in the primary end point of death during or within 30-days of
interventionwith surgicakorticvalvereplacement{SAVRgomparedwith observation(1%vs
15%;P=0.003)32). Thepatient cohortin this studywasa relativelyyoungonewith amedian
ageof 64 yearsandfew comorbidities(32) andtherefore the datamay not easilybe applied
to realworld systems The EARLYAVRrial (ClinicalTrials.goldentifier: NCT03042104is
currentlyongoingand hasrandomisedpatientsto early TAVior a watchfulwaiting approach
(33). The EACTS/ES@uidance recommendsSAVRand TAVIas largdy complementary
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treatment options for patients who qualify for valveintervention (14). Figure4 showsthe

EACTS/ESf@atment algorithmfor patientswith severeAS.

. @Eesc @ Eacts—
Figure4. EACTS/ESf@atmentalgorithmfor patientswith severeAS.

Reproducedvith permissionfrom TheEuropearHeartJournal OxfordUniversityPresq14).
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1.34 Medicaltherapy

Thereare currentlyno medicaltherapieswhichhalt or reversethe progressiorof AS(10,11).

TheSEA$Simvastatirand Ezetmibein Aortic Stenosisjrial wasarandomied controlledtrial

whichinvestigatedhyperlipidaemiaasariskfactor in the progressiorof severeAS(34). 1873
patients were randomisedto receive highintensity statin therapy (Simvastatin40mg)
alongsideEzetimibelOmgor placebo(34). Despiteachievinga meanreduction of 53.8%in

serum low-density lipoprotein (LDL)cholesterolin the treatment group, there was no

reductionin the compositeend points of aortic valverelated or ischaemiceventsin patients
with AS(34) Therate of ASprogressionwas similar between the groups as was overall
mortality (34). Thefindingsof the SEASrial were similarto those of the SALTIREScottish
Aortic Stenosisand Lipid LoweringTrial, Impacton Regressionirial (35). TheSALTIRgroup
assigne@7 patientsto AtorvastatinBOmgand 78 patientsto placeboandonceagain,despite
noting a statisticallysignificantreductionin LDLcholesterolin the treatment arm, found no

differencein the rate of ASprogression(35). A meta-analysisof 2344 patientsby Teoet al

confirmed the generalconsensughat lipid lowering therapy currently has no efficacyin

slowingthe progressionof ASand shouldnot be usedassuch(36). Medicinesusedfor the

treatment of osteoporosissuchasbisphosphonatesnd monoclonalantibodies which aim

to target specificpointsalongthe inflammatoryand osteogenigathway,are currentlybeing
studiedandresultsof ongoingtrials are pending(11). TheSALTIRE (Studylnvestigatinghe

Effectof DrugsUsedto TreatOsteoporosi®n the Progressiorof CalcificAortic Stenosisjrial

is currentlyunderwayandwill randomisel50patientsto either Denosumab Alendronicacid
or a placebo and assessthe progression of AS severity and valvular calcification
(ClinicalTrials.goMentifier: NCT0213202637)).

The PROGRESS#udy, a prospectivecohort study by Tastetet al, demonstratedthat poor
control of systolicblood pressure(BP was independentlyassociatedwith acceleratedAS
progression(38). Patients with higher systolicBP exhibited faster increasesn aortic valve
calcification and stenosisover time, suggestingthat hypertension exacerbatesvalvular
degenerationthrough increasedmechanicalstressand adversevascularremodeling (38).
Thesefindingshighlightthe importanceof optimisingBPcontrol in patientswith AS,not only

to reducecardiovascularisk but alsopotentiallyto slowthe progressiorof valvulardisease.
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1.35 Surgicabortic valvereplacement

Surgicabhortic valvereplacement(SAVRhasbeenthe mainstayof treatment of ASsincethe
first operationin 1960(39). It isaformof & 2 Ligafta dzNBa&hdpBribrmedundergeneral
anaesthetiowith the patient ventilatedand placedon cardiopulmonarybypass SAVRanbe
performedusingeither a metallicor bioprostheticvalveprosthesis.Thedecisionis basedon
a number of surgicaland patient factors which are describedin the EuropeanSocietyof
Cardiologyand EuropeanAssociatiorfor CardiothoracicSurgeryguidancefor valvularheart
diseasg(14) Theperformanceand efficacyof SAVRor the treatment of severeASis widely

acceptedandestablished14,40).

1.3.6 Transcatheteraortic valve implantation

TAVlisa minimallyinvasive percutaneousnethod of implantinga prostheticaortic valvefor
the treatment of AS.TAVIhasa classl recommendationin the ESC/EACTgslidancefor the
treatment of severe AS and multiple vascularapproachesare validated including trans-
femoral,trans-subclaviantrans-carotidandtrans-apical(14). Figure5 showsthe X-rayimages
of asucceshul TAViprocedurein a studypatient. Thefirst TAVicasewasperformedby Alain
Cribierin 20020n a patient with severeASdue to BAV,who wasunsuitablefor SAVR41).
TAVIhassincegrowninto a well-validated,guidelinebased,and widely adoptedmethod for

the treatment of severeAS although it isusedrarelyin patientswith BAV(7, 14).

TAVIis lessfrequently usedin patientswith BAVdue to severalanatomicaland procedural
challengeq42). BAVis characterizedby heterogeneousvalve morphologywith asymmetric
leafletsand calcification,leadingto irregularvalve geometrywhich can complicateoptimal
prosthesis sizing and deployment (43). These anatomical factors increase the risk of
proceduralcomplicationssuchasparavalvulaideak, valvemalposition,and aortic root injury
(43). BAV patients are often younger with fewer comorbidities and thus often better

candidatedor SAVRandthis remainsthe gold standardtreatment (44).

Thenumberof TAVIproceduresperformedin the UKsince2007haveincrea®d significantly,
and accordingto latest British Cardiadntervention Society(BCISand Nationallnstitute for
Cardiovascula®utcomesResearcl{NICORJlata, 7601 procedureswere performedin 2021-
22, outstrippingSAVRiumbers(45). Themeanageis 80.8yearsandindicationsindude native

valveASandbioprostheticvalveor TAVifailure (45). Consciousedation(93.3%)rather than
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generalanaesthetic,s the primary mode of anaesthetic(45). The benefit of this approach
with respectto lower intra-proceduralrisk and reduced hospital stay is clear. The vast
majority (939 are performedviathe percutaneoudransfemoralapproach,andaround5%
are performed via the surgical (cut-down) transfemoral approach,the rest are trans
subclavianand trans-apical (45). Ceebral protection devicesare usedin 12.9%and the

averagdength of hospitalstayisfive daysfor electivecaseg45).

Successfully
Deployed TAVI Valve

Figureb. SuccessfulAViprocedure

TAVIprocedurevia the femoral artery with a balloon expandededwardsSapienValve.5A;
Thevalveis passedhroughalarge-bore catheterandsitedacrosghe aortic valveorifice.5B;
Thevalve hasbeen successfullydeployedand there is good antegradeflow acrossthe LV

outflow tract.

1.3.6.1Pre-procedural TAVIplanning

Patientsconsideredfor TAVIrequire a seriesof work-up investigationgto ensuresuitability
andsafety(14). All patientsrequirea pre-proceduralcontrastenhancel TAVICTscanin order
to delineatethe cardiacand aortic anatomy,aswell asto plan a safevascularaccesgoute
and valve sizing(46-48). Figure6 demonstratesimagesfrom a TAVICTin a study patient.

Importantanatomicalinformation requiredfrom the TAVACTinclude:
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1. Aorticvalvemorphology sizeand calciumburdento guidevalvetype andsize(47,
48).

2. Leftventricularoutflow tract (LVOTand AVannulusdiameter, areaand calcium
burden Highercalcificburdenincreaseghe riskof annularrupture, iatrogenic

conductiondiseaseand paravalvularleak(49).
3. Sinotubulafjunction, sinusof Valsalvaand ascendingaorta diameter(48).

4. Coronaryostiaheight. Lowcoronaryostiacarryhigherrisk of occlusiomat valve
implantationand carefulvalveselectionis requiredto avoidthis potentially

catastrophiccomplication(46,48).

5. Vasculalaccessoutes. lleo-femoralartery size patency,calcificburdenand
tortuosity canmaketransfemoral TAVichallengingand may mandatethe useof an

alternativevascularoute, or makesafe TAVIiimplantationimpossible(46,48).

Coronaryangiographyto delineatecoronaryanatomyprior to TAViis consideredanessential
work-up investigationn EACTS/ESfDidancen orderto revascularise€o-existingsevereCAD
prior to TAVIasengagingcoronaryostiapost TAVImaybe challenging14) Therationalefor
treating co-existingCADis the subjectof this thesisand will be describedin more detail in
subsequenthapters.ElectrocardiogranfECGmonitoringis alsoa key pre-, intra- and post-
proceduralinvestigationdue to the highrisk of developingconducion disease pwingto the
proximity of the atrioventricularnodeto the aorticroot (50). Coexistingconductiondisease,
includingright or left bundle branchblock increaseshe risk of intra-proceduralcomplete
heartblock(CHBRnd maybe anindicationfor pre-proceduralpermanentpacemake(PPM)
insertionto mitigatefor this (50). Intra-procedurattemporarypacingmaybe requiredin cases

where PPMinsertionhasbeendeferred(50).
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Figure6. Exampleof imagesfrom a TAVICTscan.

Imagesanonymisedand obtained with consentfrom a study patient. Figure6A showscross
sectionalCTimageof the aorticroot and AVannuluswith the left coronaryostiaarisingfrom
it, the white areas represent calcification of the valve and vessel walls. Figure 6B
demonstrates a CT obtained TAVIA Y LJ | yiévs dfXile aortic root and valve.
Measurement®f the aorta,aorticroot and AVannulusaretakenfrom thesereconstructions.

Figure6Cshowsa 3Dreconstructionof both the right andleft femoralandiliac arterieswith
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cross sectional diameters provided at each level. This image also shows a rather large

abdominalaorticaneurysm.

1.3.6.2Complicationsof TAVI

TAVlimplantation carriesa variety of risks,includingdeath. Thecommoncomplicationsand
riskshave been obtained from the NICORBCISNational Audit of InterventionalProcedures
(2021-22) (45). Therewasa 9.4%rate of PPMinsertionasaresultof TAVlimplantation,with
Medtronic brandedvalvescarryinga higherrisk than Edwardsvalves(12.3%vs 8.4%)(45).
Paravalvularandtransvalvuladeakis a complicationwhich canleadto LVfailure andthe risk
of moderate or worse aortic regurgitation was 2.4%(45). The rate of coronaryocclusion
requiringa 0 12 Alfpetcutaneouscoronaryintervention (PC) is low at 0.38%and there is a
0.94%risk of pericardialtamponaderequiringeither percutaneousor surgicaldrainage(45).
Therate of vascularcomplicationshavebeenfalling overthe last 10 yearsand havefallento
1.5%from 3.2%in 2013 (45). The overallrisk of major bleedingis 1%and life-threatening
bleedingis 0.45%(45). Thein-hospital CVAriskwas1.87%andthis hasbeengraduallyfalling
overthe lastfive years(45). Theroutine useof cerebralprotectiondevicesare not mandated
but 12.9% of cases implemented this technology (45) The BHFPROECT study
(NCT02895737%% an ongoingUKbasedrandomisedcontrol trial which will randomise7730
patientsto cerebralprotection device(Sentinel)or standardcareandwill be largeststudy of
its kind globally when complete (51). In hospital mortality was 1.5% and this has fallen

dramaticallyfrom 4.8%in 2013(45).

1.36.3 TAVIin high-risk patients

ThePARTNERal (Placementf Aortic TranscatheteMalves)vasthe first majorprospective,
randomised,treatment-control, clinicaltrial to compare TAVIwith both medical therapy
(wherepatientswere unsuitablefor SAVR358 subjectsrandomisedand SAVR699subjects
randomised)52,53). Thesawvereparallelarmsof the sametrial: AandB.Leonet al presented
the PARTNERB (TranscatheteAortic-Valvelmplantationfor Aortic Stenosisn Patientswho
CannotUndergoSurgerydataon TAViversuspatientswho were unsuitablefor SAVRn 2010
(53). At one year,the rate of the compositeendpoint of death or rehospitalisation and all-

causemortality, in patientswho receivedTAViwas42.5%and 30.7%respectivelycompared
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with 71.6%and 50.7%in the control arm (P=<0.001)53). Patientswho receivedTAVIhada
significantlyincreasedisk of peri-proceduralstroke (5%vs1.1%,P=0.06)and vasculatnjury
(16.2%vs 1.1%,P=<0.001)53). Despitethis, the data showeda significantdifferencein the
compositeendpointsand death in patientswho receivedTAV over medicaltherapy alone
(53). Smith et al presented PARTNERA (Transcatheterversus Surgical Aortic-Valve
Replacemenin HighRiskPatients)data on TAVIversusSAVRN hightrisk patientsin 2011
(52). Thecompositerate of deathat one yearbetweenthe TAVIand SAVRohortwas24.2%
and 26.8%respectively(P=0.4) (52). Therate of major strokeat 30 days(TAVisSAVRyas
5.1%vs2.4%respectively(P=0.07),andthe SAVRjrouphada significantlyhigherrate of new
onsetatrial fibrillation (AF)andbleeding(52). PARTNERAdemonstratedthat TAViand SAVR
were associatedwith similar outcomesat one year in high-risk surgicalpatients despite a
significantdifferencein peri-proceduralcomplicatiors (52). Fiveyearoutcomesfor this arm
were publishedin 2015by Mack et al (54). Thefive yearrisk of deathin the TAVIvs SAVR
group was 67.8%vs 62.4%respectively(P=0.76)(54). However,the developmentof aortic
regurgitation(AR)wassignificantlyhigherin the TAVIigroup (14%vs 1%,p=<0.001)andwas
associatedvith asignificantlyhigherriskof deathat five years(56.6%with mild ARand72.4%
with more than moderate AR, P=0.003) (54). Similar overall clinical outcomes were
demonstratedbetweenthe groupsoverfive years.Thesignificantlyhigherratesof ARin the
TAVIcohortandthe associatednortality maybe due to earlygenerationTAViimplantsand

growingexperiencewith the techniqueby operators.

1.36.4 TAVIin intermediate-risk patients

TheltalianOBSERVANTudy(ObservationaStudyof Effectivenessf SAVRTAVIProcedures
for SevereAortic StenosisTreatment) by Tamburinoet al in 2015 was a prospective,
observational,multi-centre real world study that propensitymatched 1,300 patients with
either TAVior SAVRindfollowed them for oneyear(55). Thispopulationof & | G 2 Y Swéa$ £
deemedto be of low-intermediate surgicalrisk. Theall-causemortality at one yearfor TAVI
vs SAVRvasshownto be 13.6%vs 13.8%(P=0.936)(55). Fiveyeardata for this cohort was
publishedby Barbantiet al in 2019 (56). The rate of any causedeath at five yearswas
significantlyhigherin the TAVIcohort at 48.3%vs 35.8%in the SAVRcohort (P=0.002)(56).
TAVwasalsoassociatedvith a significantlyhigherrisk of major cardiacand cerebrovascular

complicationsat five years (54% vs 42.5%,p=0.003) (56). Giventhe observational,& I f
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O 2 Y Snidfliré of the OBSERVANTudy, the cohort of patientsrecruitedwaslikely to have
a higherfrequencyof co-morbidity and unfavourableanatomicalfeatureswhen compared
with rigorouslycontrolledrandomisedrials suchasPARTNEE6). Furthermore OBSERVANT
only matchedpatientswho hadfirst-generationTAVIdevicesand there wasno centralised
echocardiographyorelab;therefore, given the findings of Mack et al (54), it is not clear
whether valvular leak and AR was a major driving factor behind the high mortality
demonstratedin this group. This being the case, newer generation TAVI devices may

demonstratebetter long-term outcomes;the OBSERVANIIstudyis ongoing.

Multiple randomisedtrials havevalidatedthe safety TAVIagainstSAVRn intermediateand

low risk patients,includingin the longterm (57-62). PARTNERA (63)and SURTA\(Burgical
or TranscatheteAortic-ValveReplacemenin Intermediate RiskPatients)57, 64) were both

randomisedtrials comparing TAVIvs SAVRfor intermediate risk patients. PARTNERA
randomised2,032 patients while SURTAMUWandomisedl,746. Both trials found TAVIto be

nor-inferior with respectto major cardiovasculaeventsand death (at two and five years)
although, as previously demonstrated, the postoperative risk profiles were significantly
different, with SAVRavingagreaterincidenceof bleedingand AF,and TAVbeingas®ciated
with residualARandvasculaiinjury (57,63). Thefive-yeardatafor PARTNERA showedwas
no statisticaldifferencein the compositeendpoint of death from any causeor major stroke
betweenthe TAViand SAVRjroups(47.9%vs43.4%P=0.21)(62). However,somesub-group
analyseswere of interestin this cohott. Firstly,the rate of death and disablingstroke was
significantlyhigherin the groupof patientswho underwentTAViatrans-apicalapproachvs
SAVR59.3%vs 48.3%) while the transfemoral approachwasin equipoisewith SAVR62).

Secondlyjn landmarkanalysesetweentwo to five years,there wasa higherincidenceof

deathanddisablngstrokein the TAVIgroupoverthe SAVRyroup (62). Valvularleak,ARand

untreated coronary diseaseare postulatedas possiblecauseq62). Hve-year SURTAWata
showedall-causemortality and stroke for TAVIvs SAVRo be 31.3%vs 30.8%(P=0.85)and
yearstwo to five landmarkanalysedor the sameat 21.3vs20.7%(P=0.77)(64,65).
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1.36.5 TAVIin low-risk patients

PARTNER (61) and EVOLU-LRT (TranscatheterAortic-Valve Replacementwith a Self
Expandingvalvein LowRiskPatients)(58) are both randomisedtrials comparingTAVIwith
SAVRIn low risk patients. PARTNER randomised 1,000 patients and the rate of the
compositeprimaryend-point of death, rehospitalisationor major strokewas8.5%in TAVIvs
15.1%in SAVRP=<0.001ptoneyear,(61) TAVMasalsoassociatedvith lowerratesof death
or stroke at 30 days (0.4%vs 1.1%, P=0.01) (61). The five-year data from PARTNER,
publishedin 2023 confirmedlongterm non-inferiority betweenTAVIand SAVRprimaryend
point reachal in 22.8%0f TAVIcohortvs27.2%o0f SAVRP=0.07)(66). PARTNER, however,
excludedpatients with significant co-morbidities that would increasetheir risk of post-
operative complications,patients with BAV,and those with no transfemoral access(61).
EVOLUTRTrandomised 1,468 patients and demonstratedan incidence of the primary
endpointsof death or major stroke of 5.3%in the TAVIcohortvs6.7%in the SAVRohort at
one-year, which achieveda probability of non-inferiority of >0.999(58). The Nordic Aortic
Valvelnterventionteam(Thyregocket al, NOTION{}59)alsonoted non-inferiority with respect
to major cardiovasculaeventsanddeathat five-years albeitwith the commonlyseenexcess

risksof AR ,vascularcomplicationand pacemakeinsertionstill present(59).

1.3.7 Antithrombotic therapy

All patientswho receivea TAVIshouldhavelifelongsingleantiplatelettherapy (SAPT|Clasg
A recommendation)14). A DOACis recommendednsteadof SAPTf there is an indication
for anticoagulationsuchas AFor pulmonaryembolism(14). Longerterm dual antiplatelet
therapy(DAPT)sonlyrecommendedf there isaclearindicationfor this suchasPCICurrent
guidancesuggestdhe useof DAPTor three monthspostTAVIwith lifelong SAPThereafter

in the majority of patients,with earlierde-escalationn thosewith a higherbleedingrisk (14).

A number of studieshave investigatedantithrombotic therapy following TAVI.The ARTE
(AspirinVersusAspirin+ ClopidogreFollowingTranscatheteAortic Valvelmplantation)trial,
publishedby RodésCabauet alin 2017, randomised222 patientsto either SAPWwith Aspirin
(80-100mgonce a day) or DAPTwith Aspirinand Clopidogrel(75mgonce a day) following

TAVlandfollowed up at three months(67). Althoughthis wasa somewhatsmalltrial which
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only publishedrelatively short-term data, it did note that patients receivingSAPThad a
tendencytowards reduction in MACEeventswithout incurring an increasedrisk of M| or
stroke (67). Thecompositeend point of MACEeventsand major or life-threateningbleeding
occurredin 15.3%of the DAPTgroup,comparedwith 7.2%in the SAPTroup (p=0.065)67).
There was a statistically significantincreasein major or life-threatening bleedingrisk in
patientsreceivingDAPTover SAPT10.8%vs 3.6%;p=0.038)67). Therewasno differencein
the occurrenceof death between the groupsat three months (SAPT3.6%;DAPT 6.3%;
p=0.37)67). Noneof the patientshad AFandnoneweretakinga DOA®r VKAThe POPULAR
TAVI (Anticoagulation with or without Clopidogrel after Transcatheter Aortic-Valve
Implantation)trial by Nijenhuiset al 2020aimedto tacklethis additionalquestion(68). They
randomised 313 patients already taking an oral anticoagulant (DOAC or VKA for an
appropriate indication) to either receive additional Clopidogrelor not for three months
following TAVI(68). The primary outcome of all-causebleedingwasmet in 21.6%receiving
anticoagulation alone compared with 34.6% of those receiving additional Clopidogrel
(RR=0.63;95% CE0.430.90; p=0.01) (68). The most common causefor bleedingin both
groupswasfrom the TAVlaccesssite. Theother primary outcomeof non-procedurerelated
bleedingwasreported in 21.7%o0f the anticoagulantonly group comparedto 34.0%in the
groupreceivingadditional Clopidogre(RR=0.6495%CI=0.440.92; p=0.02)(68). Analysisof
the secondaryendpointsof MACEeventsand cardiovasculadeath showednon-inferiority
betweenthe groups,howeverthe studywasnot correctednor poweredfor theseendpoints

specificallyandtherefore no clinicalinferencesshouldbe drawn (68).

A metaanalysisof three randomisedtrials comparingSAPTvs DAPTfollowing TAVIwas
publishedby Maeset alin 2018(69). Atotal of 421 patientswere includedandthere wasno
differencein the baselineproceduralor clinicalcharacteristicsThe combinedprimary end
point wasdeath,vascularcomplicationsand major bleedingat 30 days(69). TheDAPTgroup
demonstrateda higherrate of the combinedprimaryend point comparedto the SAPGQroup
(17.6%vs 10.9%;0R=1.7395% CI=1.02.98; p=0.05)and a higher rate of major or life-
threateningbleeding(11.4%vs 5.2%;0R=2.2495%CI=1.124.46; p=0.022)(69). Therewas
no differencein deathor MACEeventrates(69). Thus DAPTwasfound to proffer patientsa
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significantlyincreasedrisk of major adverseevents, primarily driven by bleeding without

providingareductionin MACH69).

1.3.8Durability of TAVIvalves

Althoughthe principleaimsof the aforementionedT AVirialsfocusedprimarilyon short-term
safety and efficacycomparedto SAVRjncreasingattention hasturned to longterm valve
durability, especiallyas TAVIexpandsto youngerand lower-risk patients (70). Currentdata
suggestthat TAVIvalvesdemonstrategood durability for at least8-10 years(59, 70). The
NOTIONTtrial, which included predominantly low-risk patients, showed no significant
differencein valvefunction between TAVIand SAVRat 8 years(59). Similarly,analysisrom
the PARTNERand PARTNERtrials found low ratesof clinicallyrelevantvalvedysfunction
upto eightyearspostTAVI(71). Longterm follow-up beyonda decadeis lacking,andnewer-
generationvalvesmay perform differently than first-generationvalves Ongoingsurveillance
and future registry data will be essentialto fully establishthe longterm performanceand
bioprostheticdurability of TAVIrelativeto SAVR

1.4 Coronaryanatomy, physiologyand pathology

Theheartisanorganuniquein its ability to provideandregulateits own blood supply.There
isacomplexinterplaybetweensystemialiseasestructuraldisease®f the heart,anddisease

of the coronaryarteriesand microvasculatureyhich canbe difficult to treat in isolation.
Thecoronarycirculationcanbe dividedinto four categorieqseeFigure?) (72).

1. Mainepicardialarteriesé p n g snvmdiameter)
2. Prearterioles(100p nn > YO0

3. Arterioles(10-m n n > ¥hémicrovasculature

4. Capillarieg5-m n > &tbe microvasculature

The main epicardialarteries serve predominantlyas capacitancevesselsand provide little
resistanceo blood flow in health. Thesevesseldilate and accumulateelasticenergyto aid
forward flow of blood to the pre-arterioles and arterioles, which are compressedduring

systole(73). Theintermediate pre-arteriolesare responsiblefor maintainingpressureat the
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origin of the microvasculaturen responseto perfusion pressurechanges and in normal
physiologicalconditions, are important in regulatingcoronaryresistance(73). Finally,the
intra-myocardialarteriolesand capillarieso f m n ofthé microvasculatureare the site of
metabolicautoregulationof myocardialblood flow (MBF)via vanationsin vasculartone, in
orderto meet myocardialoxygendemandand housethe majority of intra-myocardialblood
volume (IMBV)(73, 74). Thearteriolesplay a role in maintainingvascularresistanceacross
the myocardialbed aswell as containingsignificantiIMBYV (74). Figure7 demonstratesthe
componentsof the coronarysystemwith ad Y A O NaBquired3Dreconstructionand ultra-
high-resolutionimagesof a porcine heart, usedwith permissionfrom Feheret al 2017(74). It
alsoshowsthe mean pressureand resistanceacrossthese vesselsduring the cardiaccycle

anddemonstrateghe high IMBVwithin the microvasculature.
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Figure7. Component®f the coronarytree.

Componentsf the coronarytree. 7A; a 3D renderingof a porcine heart vasculatureusing
microCT 7B; a short axis/axialsliceof the sameheart with maximalintensity projection.7C
ultra-high resolution microCTimagesof the sameheart. The majority of IMBVis contained
within the microvasculaturewhile the mostimportant vesselsvith respectto redstanceare
the pre-arteriolesand arterioles.Reproducedrom Keheret al 2017, with permissionfrom

WoltersKluwerHealthInc (74).
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1.4.1Normal coronary blood flow

Myocardialblood flow is suppliedthroughthe main epicardialcoronaryarteries,which arise
from the coronaryostiaat the sinusesf Valsalvan the aorticroot. Thesearteriestravel over
the surfaceof the hearttowardsthe apexanddispatchthousandsof arteriolesinto the sub-
epicardium, which divide transmurally into the sub-endocardiumto supply the entire
myocardialbed with oxygen (75). Coronaryautoregulationis driven by myocardialoxidative
metabolism(MVQ), which allows maintenanceof myocardialoxygensupplyacrossa range
of perfusionpressureg75). Themaintenanceof adequateoxygensupplyto the myocardium
is complex, tightly regulated and governedby a network of neurohormonal, myogenic,
metabolic and endothelial processes(76). Thisis ultimately achievedvia modulation of
vasculatone andresistancewithin the sub-endocardiaimicrovasculatur€73,76). However,
the myocardialtissuebedisin a constantflux of contracton andrelaxationand,assuch,the
flow throughthesevesselssaffectedbythe extravasculacompressioriorcesgeneratedwith
eachventricular contraction (75). Therefore,blood flow to the myocardiumis reducedin
systoleasthe myocardiumcontracts,andexternalcompressiveforcesincreasethe resistance
in the microvasculatureThiscontractionresultsintwo @ RS O S t Sadlwardcgmpréssion
wavesarisingfrom the myocardiumasdocumentedby Davieset al in 2006in their landmark
paper on wave intensity analysisapplied to coronary physiology(77). Relaxationof the
ventricle and myocardialtissuebed easesthe compressiveorceson the microvasculature,
reducingresistanceand therefore distal pressure,resultingin an caccelerating backwards
decompressiorwave, thus causingblood to be & & dzO {nt6 Fhé microvasculatureand
coronary bed during diastole (77, 78). Myocardial oxygen suppl is almost completely
dependenton coronary blood flow and myocardialoxygenextraction is near maximalat
resting conditions, thus, an increasein myocardialoxygendemand must be met with an
adequateincreasein coronaryblood flow to avoid a supplydemand mismatch(79). Sucha
supplydemandmismatchcanoriginate at any level acrossthe coronarymyocardialsystem
andincludescoronaryatherosclerotiadiseasemicrovasculadiseaseandmyocardialdisease

andpresentsclinicallyasischaemia.

Davieset al implicated six predominantwavesin driving coronaryblood flow (77,78). The

two most relevant waves which contribute to coronary flow in health are the forward
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compressionvave in systole(sFCWhand the backwardexpansionwave in diastole (dBEW)
(77). ThesFCWIs generatedby ventricularcontractionin systolewhich propelsblood from
the aorta into the coronary ostia and arteries. In diastole, myocardial relaxation
decompressethe microvasculatureesultingin the dominantdBEW acceleratingblood flow
into the myocardialbed. The dBEWis the predominantwave and contributor to MBF(77).
Thus,coronaryblood flow is determinedprimarily by the varyingeffectsof resistanceacross
the coronarymicro-circulationduringsystoleanddiastole,and proximalperfusionpressures.
Thiscomplexseriesof pressure-flow relationshipsis termed cardiaccoronarycoupling(80),

andformsthe basisfor physiologicalndicesmeasuringcoronaryblood flow (81).

1.4.2Coronaryartery disease

Coronaryartery disease(CAD)escribesdiseaseof the main epicardialcoronaryarteries,is
the secondmostcommoncauseof deathin the UK, andthe leadingcauseof deathworldwide
(82). Riskfactorsfor CADincludediabetes hypertensionsmoking geneticpredispositionand
dyslipidaemia.The pathophysiologyof CADis atheroscleroticand inflammatory. Arterial
endothelialinjury resultsin lipoprotein (oxidised/modifiedLDL depositionwithin the arterial
intimal layer, which attracts leucocytes(83). Monocytesfrom the circulationinfiltrate the
vesselwall and are transformedinto macrophageswithin the intimal layer which take up
lipoproteinsandtransforminto foam cellswhichin turn replicateandform fatty streaks the
earlieststageof atheroscleroticplaqueformation (83). Fatty streakstrigger smoothmuscle
cells to accumulag; these then proliferate and create a collagen and proteoglycan
extracellulamatrix which surroundsthe fatty streak,generatinga fibrous plaguewith a soft
lipid-rich interior (83). Asthe fibrous plaqueenlargesjt encroachesnto the arterial lumen,
creatinga stenosiswithin which limits the flow of blood. Thismayremainasymptomaic for
manyyears howeverif the narrowingbecomessignificantenoughto createanoxygensupply
anddemandmismatch,ischaemiadevelops.Thismanifess clinicallyin a variety of ways,but
most notably chest discomfort when myocardialoxygendemand is increased,e.g. with
exerciseandis relievedwhen myocardialoxygendemandis reduced,e.g.with rest. Painat
rest is indicative of severeischaemiaand a coronarysystemwhich is unableto supplythe
myocardiumevenat rest, and canbe the precursorto a myocardialinfarction (MI). Coronary
arterydiseasasthereforeaspectrumincludingasymptomatiglaque,stableanginaunstable

anginaand Ml (83). Erosionor suddenrupture of the fibrous cap,evenin an asymptomatic
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plaque,cantriggerasuddenclotting cascadendlocalplateletactivationresultingin anacute
intracoronary thrombosisand major MI. CADaffectsthe perfusionpressureand resistance
acrossthe entire coronary vasculatureand myocardium,and affects overall myocardial

perfusion(84).

1.4.3Coronaryangiography

Invasivecoronaryangiography(ICA)is the gold standardinvestigationfor epicardialCAD(5).
ICArelies on interpretation of X-ray imagestaken when radiolucent contrast is injected
directlyinto a coronaryartery by handthrougha speciallydesignedcoronaryartery catheter
whichisretrogradelypassedhroughthe arterial systemfrom a sheathin aperipheralartery.
However it hasseverallimitationsthat must be consideredwhen assessinghe presenceor
absenceof CAD.Inter-observervariability can make managementdecisionscomplexand
contentious(85). Pooropacificationof the arteriallumenmayoccurasaresultof inadequate
contrastinjection, inadequatecatheter engagementobesity (due to dissipationof X-rays
and vascularcalcification(86). However,the major drawbackto ICAIn isolation is that it
cannot objectively quantify coronary disease or provide physiologicaldata (86, 87).
Physiologicakssessmenbf coronary diseag has proven efficacy, longterm health and
economicbenefits,andis guidelinebased(5). Figure8 displaygypical coronaryangiography
imagesof the three major coronaryarteries,which are all largelyunobstructedwith good

distalflow.
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Figure8. CoronaryAngiogram.

Coronaryangiographyimagesof unobstructedleft and right coronarysystems Takenwith

permissionfrom a studypatient. 8A; Left coronary.8B; Rightcoronaryartery.

1.4.3.1Percutaneougoronaryintervention

If CADsidentified,determinedby avisualappreciationof coronarydiameterstenosisor using
coronary physiology,treatment can be offered either with medication, PClor CABGto
improve longterm prognosisand treat symptoms(5). PClis a minimallyinvasivemethod of
restoring coronary blood flow which can be performed relatively quickly in the cardiac
catheterlaboratory(CCL)without generalanaestheticor a prolongedhospitalstay.It canbe
done as a follow-on procedureto ICAwhere there is an appropriatelyequipped CClLand
technicalexpertise,makingit an attractive option for the treatment of CAD.It hasan ESC
ClasslAindicationfor the treatment of both acuteand chroniccoronarysyndromesandis a
guidelinedriven, gold standardmethod for the treatment of CADin variousanatomicalsub-
groupsand the evidencebaseis well established(5). Procedurally,PClis a percutaneous
techniquewherebyintra-coronaryballoonsand/or metallic (usuallychromiumcobalt) stent
scaffoldsare inflated and deployedover a thin intra-coronarywire which hasbeen passed
acrossacoronaryocclusioror stenosisunderX-rayguidance TheES@uidanceon myocardial

revascularisatiorecommendsthe use of drug eluting stents over bare metal stents and
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advocateghe radialarteryroute (5). After PClpatientsgenerallyreceivel2-monthsof DAPT,
althoughthis is duration mayeither be extendedor reducedbasedon individualthrombotic
andbleedingrisk(5). Figure9 isa schematiaiagramdemonstratngthe techniquefor single
vesselPCland Figurel0 showsa PClprocedure(performedby the author of this thesison a
studypatient)in acriticallystenosedostiatLADandthe step-wiseprocedureto deployastent

from the left mainsteminto the proximatLADandthe restoration of blood flow.

Percutaneous coronary intervention (PCl)

Stent

Catheter

Atherosclerosis

Arte :
et (plaque) |1

Stent

Poor blood Deflated balloon

flow

Good blood flow

Figure9. Schematiaiagramof PCimethod.

Imagereproducedfrom the MelbourneHeartGroup,Copyright(88).
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Figurel0. Angiogrghicimagesof PClprocedure.

PClof ostiatLADstenosiswith deploymentof a stentfrom the left mainsteminto the LADIn
a study patient, performed by the author, imagesused with permission.10A; Ostial LAD
stenosisdemonstrated.10B; Stent sited to correct location. 10C; Stentballoon inflated to

deploystent. 10D; Deployedstentwith clearimprovementin lumensizeandflow restoration.

1.4 4 Assessmenbf coronary physiology

Treatmentof stable CADusingcoronaryphysiologyhasbeen validatedwith fractional flow
reserve(FFR)Nd the instantaneouswavefree ratio (iFR),and is guidelinebased(5). In a
retrospectivestudy of over 4,000 coronarylesionswhich underwent quantitative coronary

angiography(QCAxnd FFRpne third showeddiscordancebetweenthe respectivese\erity

46



and treatment thresholds, therefore the use of physiologicalindices in assessmentof

indeterminatecoronarydiseasdsrecommended5, 87,89).

1.4.4.1Fractionalflow reserve

Fractionalflow reserve (FFR)is a pressurederived index of myocardialblood flow (and
ischaemiaby proxy),asmeasuredby the maximalflow of blood througha stenosedcoronary
artery, comparedwith the theoretical maximalflow of blood in the absenceof the stenosis
(90). FFRis measuredinvasivelyusing a pressuresensortipped wire placeddistally to a
coronarystenosisduring maximalhyperaemiain order to minimisecoronarymicrovascular
resistance.ln this state there is an assumedlinear relationship between blood flow and
physiologicatoronaryperfusionpressuregFigurel?) (90); this is a basicassumptionof FFR
(84) Vasodilatationis achievedwith intra-coronaryglyceryltrinitrate (GTN)andhyperaemia
is most commonlyachievedwith intravenous(IV) or intracoronaryadenosineinfusion (84).
FFRs calculatedby indexingthe meandistal coronarypressure(Py), measuredrom the wire
tip, to the proximal aortic pressure (P:), measuredfrom the guide catheter (84, 90).

Therefore

FFR=Py/P,

Anoptimal FFRjn the absenceof any stenosisor flow limitation, is 1.0. A cut-off of %§.80is
generallyusedin clinical practice and guidelinesto determine functional significanceof a
coronarylesion(5, 84). Figurell demonstratesan FFRecordingbeingobtainedfrom a study

patient usingthe Coroflowt system(CoroventisUppsalaSweden).
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Figurell. FFRecording.

Anexampleof FFRbeingrecordedin astudypatientusing/ 2 NP F(€Cdogenti® ) software
Thered pressuretrace representsPa (119mmHg)the greenline representsPs (105mmHg)

andthe FFRs measuredas0.88.

Theexperimentalbasisfor FFRwasfirst reported by Pijlset al in 1993in a landmarkpaper
usinga Doppler flow velocity transducerand guidewirein hyperaemicepicardialcoronary
arteriesof five dogs(90). Thesamegroup validatedthis method in 45 humansubjectsin an
observationalstudy comparingthe efficacy of FFRwith severalnon-invasivemeasuresof
reversiblemyocardiaischaemian 1996(91). Thefirst randomisedcontroltrial to eitherdefer
or offer PClbasedon FFRwasthe DEFERrial (FractionalFlow Reserveto Determinethe
Appropriatenes®f Angioplastyin Moderate CoronaryStenosispy Bechet alin 2001(92). In
325patientswithout documentedischaemiavho had singlevesselCAD FFRvasmeasurel.
If <0.75 PClwasperformed (referencegroup),howeverif >0.75,patientswere randomised
to either defer (medicaltherapy)or perform (PCI)92). Longterm analysesof this registry

were publishedat five yearsby Pijlset al (93) and 15 yearsby Zimmermanet al (4). At 15
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years the rate of deathfor all three groupswassimilar(33.0%n defer, 31.1%n performand
36.1%in the referencegroup,P=0.79)(4). Therate of MI wassignificantlylower in the defer
groupvsthe perform groupat 2.2%vs 10.0%(P=0.03)respectively4). Therefore the authors
declaredthe safetyof deferring PClin functionallynon-significantcoronarylesionsand that
PClimayin fact causea higherrate of Ml in this cohort (4). However thesepatientsreceived
bare metal rather than drug-eluting stents (DES),and newer-generation DESmay have
reducedthis rate in practice (4). Thetrial was limited in its conclusionsn that it did not
demonstrate any significantbenefit from FFRguidanceover standardtherapy; rather, it
showedthe safetyof deferralbasedon FFRand asall patientswith FFR<0.75were treated,
no conclusionganbe drawnaboutthis cohort (4). TheFAMEL trial (FractionaFlowReserve
versusAngiographyor Multi-VesseEvaluationy Toninoet alin 2009comparedFFRyuided
vs angiographyguided PClin 1,005 patients with multivessel coronary disease(94) A
treatment thresholdof FFRA).8 wasusedin patientswith at leasttwo coronarystenosesof
>50%.Thosein the standardtreatment arm did not undergoFFResting (94). Thiswasthe
first major trial to show favourable outcomes with FFRguided treatment. There was
significantreduction in the combinedendpoint of death and major adversecardiovascular
events(MACERnt oneyearbetweenin the angiographyroupand FFRyroup(18.3%vs13.2%,
P=0.02)(94). Subsequentwo yearandfive yearanalysesy Pijlsin 2010(95)andvanNunen
in 2015 (96) respectivelyconfirmed the safety of FFRguided PClin multivesselCAD.The
reductionin mortality and Ml persistedat two years(12.9%vs 8.4%,P=0.02)(95)and at five
yearsthere wasno significantdifferencein MACEoutcomes(31%vs 28%,P=0.31)(96). The
FAME2 trial by DeBruyneet alin 2012randomisedpatientswith stablecoronarydiseaseand
FFR1iQ.80to either PClor medicaltherapy (97). Patientswith FFR>0.80were alsofollowed
up. Recruitmentwashalted prematurelyafter 888 patientsunderwentrandomisationdueto
an early and significantdifference between the cohortswith respectto primary endpoint
eventsof death, MACEor urgentrevascularisatior4.3%vs12.7%respectively(p=0.001)97).
Thiswasprimarilydrivenbyurgentrevascularisationfl.6%vs11.1%P=0.001)97). Thethree-
year and five-year data confirmed the longterm benefits of revascularisingunctionally
significant(FFR1Q.80) coronarylesions,and confirmed favourableoutcomesin patientsin
whom PCiwasdeferred (FFR>0.8 (98, 99). At five years,the rate of the primary endpoints
wassignificantlyjower in the PCigroupvsmedicaltherapygroup(13.9%vs.27.0% P=<Q001)

(98). However,this difference was once againprimarily driven by urgent revascularisation
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(6.3%vs 21.1%)andthe ratesof cardiacdeath or Ml were similarat 5.1%vs5.2%and 8.1%
vs 12.0% respectively (98). Therefore, the authors concluded that an FFRguided
revascularisatiompproachwasassociate with alower compositeprimary endpointrate at

five yearscomparedwith medicaltherapyalone(98).

1.4.4.2Limitationsof FFR

Thetheoretical basisfor FFRassumessome fundamentalrelationshipsregardingcoronary
perfusionpressure(Figurel?), flow, and microvascularesistancevhichmaynot necessarily
be valid in all patients (100) FFRmeasurespressureas a surrogatefor flow due to the
technical challengesassociatedwith invasive flow measurements,and thus assumesa
proportionalandlinearrelationshipbetweenintracoronarypressureandflow when maximal
hyperaemiais achievedand microvascularesistanceminimised (100) However,coronary
flow andpressureare not linearlyrelated (101) Theactualrelationshipis curvilinear,evenat
maximal hyperaemiaand vasodilation,and there is a & y 4 Y8 N@®essureintercept, as
coronaryperfusionfalls to zero at a perfusion pressureof 20mHg(Figure12) (100) This
a Ay U SINB S LEdEeBféctedby centralvenouspressure collateralcoronaryflow, and
intramyocardialcompliance(100) In the originalvalidationmodelsof FFRyenouspressure
was subtractedfrom the Paand Pdvalues(91), howeverin practicethis is assumedto be
negligibleandtherefore removedfrom the final equation(100) Asidefrom the fundamental
misassumptiorof alinear pressureandflow relationship the degreeof interferenceof these
other individualfactorsvariesfrom personto personandintroducesthe potential for error
andinaccuracy(100) In order to facilitate a linear pressureand flow relationship,there is
also an assumptionof pharmacologicallyachievedminimal microvascularesistance(91).
Thus asFFRestimatesthe ratio betweenmaximaltheoreticalblood flow with andwithout a
stenosisanassumptionis madethat the microvasculaturénasthe samecharacteristicsn the
presenceand absenceof an epicardialstenosis(100) However,it hasbeenproventhat the
microvasculatureas an important feature of overall myocardialblood flow, and that with
reduced distal perfusion pressure,the resistanceto flow increasesin order to maintain
intravascularpressure(and vice versa)(102) Thus,theoretically, restoration of perfusion

pressureby PClof an epicardial vesselshould see a fall in the minimal microvascular
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resistancebackto baseline(100) In a 2005 study by Verhoeffet al, in which simultaneous
pressureandflow velocitymeasurementsvere madein areferencevesselandpre- andpost
PClin a target vessel,it was demonstratedthat PClresulted in an immedide fall in the
minimal microvascularesistanceto below that of the healthy referencevessel(103) This
finding corroboratesthe datafrom the experimentalbasisof FFRoy Pijlset al in 1993,which
suggesteda progressiveoverestimationof the coronary blood flow as stenosisseverity
increased(90). Thisin turn suggestedongterm microvascularemodellingin responseto a
chronic low perfusion state, but which notably has the potential for recovery(103) The
minimal microvascularresistanceis therefore variable from one myocardialterritory to
another in the sameindividual, let alone between patients. Thus,when consideringthe
above,assuminga constantminimal microvascularesistancefailsto consicer the adaptive

capacityof the microvasculatureandintroducespotential error (100)

Themeasurementof FFRalsohasa number of technicallimitations which shouldbe noted.
Thereis a fundamentalrequirementfor maximalvasodilationand hyperaemiausuallywith
GTNand adenosine(91). However,these medicationscan causehypotension,shortnessof
breath and chestpain, and minimal microvascularesistancemay not be easilyachievedat
standardiseddoseswhich mayincreasesideeffects.Furthermore somecautionis advisedn
usingsuchpotent vasodilatorgn patientswith severeaortic stenosisdueto the potentialfor
significanthypotension,aswell asthe issueof additional cost. Finally,there is potential for
pressuredrift to occurasaresult of alossof equalisationbetweenthe Pdsensorwhichmay

giveafalsepositiveresult.
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| The coronary pressure—flow relationship. Coronary blood flow at rest (solid
lines) is controlled to match myocardial oxygen demand and to counteract variations
in perfusion pressure by parallel changes in microvascular resistance, resulting in an
autoregulatory plateau. During coronary vasodilatation, control is exhausted and
blood flow depends on perfusion pressure (dotted line). The coronary pressure—flow
relationship is concave at low perfusion pressures. The zero-flow intercept on the
pressure axis (P, slightly exceeds venous pressure (P ). Straight extrapolation of the
hyperaemic pressure-flow relationship results in an incremental-linear relationship
that intercepts the pressure axis at the coronary wedge pressure (P, ), which
incorporates collateral flow, heart rate, and ventricular wall tension. Small vessel
disease or abnormal left ventricular function decreases the slope of the pressure-
flow relationship (curved arrow).  Elevated left ventricular end-diastolic pressure
or left ventricular hypertrophy cause a parallel shift to the right (straight arrow).

Figurel2. Diagramshowingthe coronarypressureflow relationship.

Adaptedfrom van de Hoefet al 2013 (100)with permissionfrom SpringerNature, Nature

ReviewgCardiologyCopyright(2013).

1.4.4.3Instantaneouswave-free ratio

Theinstantaneouswavefree ratio (iFR)is a pressurederivedindex of coronaryflow which
doesnot require pharmacologicavasodilationor hyperaemia.lt hasa ClasdA indicationin
Europeanguidelinesfor the assessmenof intermediate coronarystenoseg5). It measures

maximaltheoreticalcoronaryflow ratio, similarto FFRduringa phasein the cardiaccyclein
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which microvascularesistanceis naturally minimisedin order to achievea linear pressure
andflow relationship(104) It wasdevelopedand presentedby Senet al in the 2012 ADVISE
(AdenosinevasodilatoindependentStenosi€valuationstudy (104) TheADVISHI studyby
Esanedet al supporteda combinedFFR/iFRpproachto intermediatestenosesandsetthe
iFRcut-off at the currentlywidelyacceptedi.89(105) Severakubsequentrialsandameta
analysishave shown non-inferiority with FFRwith respectto diagnosticperformance(105

110)

1.4.4.4Quantitative flow ratio

Thequantitativeflow ratio (QFR)sthe moststudiedandvalidatedangiographyderivedindex
of coronaryseverity (111) QFRwas first validatedby Tu et al in 68 patients (77 vessels)
undergoingroutine ICAand FFRusing3D-QCA TIMI3 frame countingand CFCto computea
virtual-FFRVVFFRYyalue,which wascrossreferencedwith the invasiveFFR112) Themodel
requiredthe induction of hyperaemia(112) Theyshowedgoodcorrelationwith FFRr=0.8,
p=<0.001)112) Subsequentlythe FAVORFunctionalDiagnosticAccuracyof Quantitatve
FlowRatioin OnlineAssessmentf CoronaryStenosispnd FAVORI studiesremovedthe use
of pharmacologicalhyperaemiaand demonstrated superiority to standard ICA in the
assessmenbf lesion severity and good agreementwith FFR.The authors supported the

diagnosticcapabilityandfeasibilityof QFR113115)

1.4.4.5Absolutecoronary blood flow

Theuseof absolutecoronaryblood flow (a@BF)asanindexto guidethe treatment of CADis
not guideline basednor widely used in practice MeasuringaCBFaccurately(in mL/min)
requiresthe simultaneousneasuremenof microvascularesistanceandits clinicalrelevance
is related directly to the massof subtendedmyocardium.Qur ability to measureaCBFas

evolvedover severaldecadesandthe developmentsare describedbelow.

A Dopplertipped intracoronaryguidewireto measureabsolutecoronaryflow and velocity
wasfirst validatedby Doucetteet al in 1992 (116) Thiswaspreviouslythe most commonly
used method of assessmenof coronaryblood flow velocity (CBFVin practice,howeverits
limitations and inaccuraciesassociatedvith variationsin vesselsize,inaccuratecalibration,

and turbulent flow obstruction of the catheter have diminishedits influence (73). Thefirst
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trial to employ a Doppler-tipped wire was the DEBATHrial (Doppler Endponts Balloon
AngioplastyTrialEurope)in 1997,whichfound significanlong-term mortality riskassociated
with a reducedCBF\bf <2.1,further illustratingthe importanceof the microvasculaturan

long-term outcomes(117)

Pijls et al were first to use the thermodilution technique to measure FFRand CFR
simultaneouslyn order to differentiate the effectsof epicardialand microvasculadiseasén
practice(118) Thistechniqueusesa speciallydesignedntra-coronaryguidingcatheterwith
a micro-infusion catheter placed more distally and a pressuretemperature sensortipped
wire placedevenfurther distallyinto a coronaryartery (118120). Salineis constantlyinfused
through the micro-catheter,and changesn pressureand temperature are detected by the
sensortipped wire (119) Thismethod canmeasuresimultaneousabsolutecoronaryflow as

well ashyperaemianicrovascularesistancg HMR) (121)

Thenovelw I € T f(H&xacathParis,Francexatheteris presentlythe mostcommonlyused
intra-coronary catheter used to measure aCBFusing the continuous thermodilution
techniqueand hasbeenvalidatedin vitro andin humans(122124) Thisis a rapid exchange
infusiontipped catheter which slidesover a standardpressuretemperature sensortipped
wire, continuouslyinfusesintracoronarysaline,and usesCoroflowt (Coroventis Uppsala,
Sweden software (122) Duringa W & (i 4 I Ri&fuSién, the temperature of the blood and
salinemixture is measureddistallyby the wire, whichisthen pulled backinto the catheterto
measurethe infusiontemperatureof the saline ,and makean absoluteflow calculationbased
ontheseparameters(122,124) Thistechniqueisreportedlya more reproduciblemethod of
coronary blood flow, microvascularresistance(MVR and HMR assessmenthan bolus

thermodilution whichis more proneto inter-operatorvariability (122124)

Both techniquesof thermodilution are invasive require at least6F guidingcathetersand a
significantamount of specialistequipment, software and expertise, while reproducibility
remains difficult in practice (119) Furthermore, the parameters measured cannot be
interpreted without the distributionterritory of myocardiumbeingknown,nor canvaluesbe

comparedbetweenpatientsasthere is no guidelineendorsednormalreferencerange(119,

54



122) Fournieret al 2021 aimed to provide reference valuesfor hyperaemicaCBFand
resistancan a prospectivemulti-centre study of 69 patients(177vessels)of whom 25 were
controls and 44 had mild, non-obstructive CAD(125) Theyusedthe wl & T fcaheter
continuousthermodilution techniqueto measureaCBRn mL/min and resstancein Wood
units (WU)(125) TheymeasuredaCBFHn all three coronaryarteriesin 49 of their patientsto
determinewhole hearthyperaemiaoronaryflow andusedcardiacCTscanningn 40 patients
to determinemyocardiaimassin orderto presentflow datain mL/mir/g in this cohort (125)
Thisstudyfound whole hearthyperaemiaCBRo be 668+185mL/mirin healthycontrolsand
582+138mL/minn the cohort with mild CAD(125) Mean minimal microvascularesistance
is reported as approximately150 WU acrossthe microvasculaturg(125) Flow in the left
anterior descending artery (LAD was 293+102mL/min in healthy controls versus
228+71mL/minin the mild CADcohort althougha very largerange of flows were observed
acrosdifferent vesselsandpatients(125) Whencorrectedfor massthere wasno significant
difference between mean aCBFin the major coronay artery myocardial territories
(5.941.9mL/min/gin LAD,4.9+1.7mL/min/gin LCxand 5.3£2.1mL/min/gin the RCA)lbeit
with significantinter-patient variability (125) Ultimately,degite showingthat aCBFcanbe
measuredrelatively quicklyand safelyin practice,the data obtainedis difficult to interpret
betweenpatientsdueto the wide rangeof flow andresistancevalues althoughintra-patient
pre- and posttreatment measurementmay be more useful in guiding or assessinghe
effectivenesof treatment (125) Theprimaryreasonpostulatedfor the wide rangeof values
obtainedisthe relation betweenflow andmyocardiaimasswhichdoeshold somereason,as
when correctedfor massthe flow acrosshe three major vasculaterritories is similar(125)
Variabilityin proximal coronaryperfusionpressurein hyperaemiaacrossdifferent patients
may be another contributing factor (125) No rest data were obtained and we therefore

cannotmakeanyassessmenof adBFat restin thesepatients.

AubiniereRobbet al 2022 presenteda retrospectivestudyfrom The Universityof Sheffield,
in whichaCBRvasmeasuredusingthe CFDsoftwarevirtuQ™ (whichalsoformsthe basisof
part of thisthesis)andcomparedts relationshipwith invasivelyneasured=FRn 143patients
with varying degreesof CAD (203 arteries) (126) The absolute values obtained were

significantlylower than those reported invasivelyfrom normal patients by Fourner et al,
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although many patients in this study had CAD(125) Median aCBFacrossall vesselsand
patients was 85.2mL/min (IQR 63.5116.3mL/min) and microvascular resistance was
0.72mmHgmin/mL (IQR0.520.98mmHg.min/mL)126) When assessedy vesselthe left
main stem, LAD and Right Coronary Artery (RCA)had non-significantly higher aCBF
(95.6mL/min, 85.6mL/min and 98.8mL/min respectively)than the Left Circumflex(LCx),
diagonalor marginalbrancharteries(78.1mL/min,79.9mL/minand56.7mL/mn respectively)
(126) As would be expected, FFRpositive caseswere closely associatedwith a greater
reductionin aCBRandareductionof >23mL/minwasdeemedto be significant(126) Overall
discordancebetween FFRand aCBFwaslow, howeverit wasgreatestin the FFRange0.75
0.8whichis slightlydisappointingasthis generallyregardedasthe ¢ 3 NJ2&yT& treatment
and the data for FFRis describedin more detail in section1.4.4.1 Ultimately, this study
demonstratedgood overall concordancebetween FFRand aCBReduction (r=0.89,/ 2 KSy Qa
Kappa0.71) however as with previous studies measuringaCBF, the figures obtained
demonstrate wide inter-patient variability and again make inter-patient interpretation
difficult. Thefiguresobtainedare significantlylower than those presentedby Fournieret al,
andthisislikelyto be dueto the factthat thesefiguresrepresentcoronaryoutlet flow, rather
thaninlet flow, and bloodislostto sidebrancheq126) Beyondthis, the patientsin Fournier
et alhadeitherno or minimal CADwhereasawide rangeof epicardialstenoseavere present
in this study(126) Theuseof CFDandvirtuQ™for this studywill be expandeduponlater in

thisthesis.

1.4.5Microvascularcoronary disease

Abnormalitiesin the structure and function of the microvasculatureaffects total MBF,
contributesto myocardiaischaemiandisassociatedvith adversdongterm outcomes(73).
In some registry data, up to half of patients presentingwith symptoms of myocardial
ischaemiaare found to haveno obstructive CAD but their high ratesof MACEsuggestMVD
(127) At present,no guidelinedirectedtreatment recommendatonsfor patientswith MVD
exist and a number of co-existing factors including obesity, diabetes, heart failure with

preservedejectionfraction (HFpEFandtraditional CADare recognisedasriskfactors(79).
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1.4.5.1Classificatiorof microvascularcoronary disease

Microvasculadysfunctioncanbe broadlydividedinto four categoriesTheseare; MVDin the
absenceof CADMVDin the presenceof other myocardialdisease MVD in the presenceof
CADandiatrogenicMVD(72). Tablel, reproducedfrom Camiciet al 2007,expandon these

clinicalclassification$72).

Table 1. Clinical Classification of Coronary Microvascular Dysfunction.

Coronary microvasculardys-  This type represents the functional counterpart of traditional coronary risk factors
function in the absence (smoking, hypertension, hyperlipidemia, and diabetes and insulin-resistant states).
of obstructive CAD and It can be identified by noninvasive assessment of coronary flow reserve. This type
myocardial diseases is at least partly reversible, and coronary flow reserve can also be used as a surro-

gate end point to assess efficacy of treatments aimed at reducing the burden of
risk factors.

Coronary microvasculardys-  This type is sustained in most instances by adverse remodeling of intramural coronary
function in the presence arterioles. It can be identified by invasive or noninvasive assessment of coronary
of myocardial diseases flow reserve and may be severe enough to cause myocardial ischemia. It has inde-

pendent prognostic value. It remains unclear whether medical treatment may re-
verse some cases. It is found with primary (genetic) cardiomyopathies (e.g., dilated
and hypertrophic) and secondary cardiomyopathies (e.g., hypertensive and valvular).

Coronary microvasculardys-  This type may occur in the context of either stable CAD or acute coronary syndromes
function in the presence with or without ST-segment elevation and can be sustained by numerous factors.
of obstructive CAD It is more difficult to identify than the first two types and may be identified through

the use of an integrated approach that takes into account the clinical context with
the use of a combination of invasive and noninvasive techniques. There is some
early evidence that specific interventions might prevent it or limit the resultant
ischemia.

latrogenic coronary microvas-  This type occurs after coronary recanalization and seems to be caused primarily by va-
cular dysfunction soconstriction or distal embolization. It can be identified with the use of either in-
vasive or noninvasive means on the basis of a reduced coronary flow reserve, which
seems to revert spontaneously in the weeks after revascularization. Pharmacologic
treatment has been shown to promptly restore coronary flow reserve, and it may
also change the clinical outcome. The likelihood of distal embolization can be re-
duced by the use of appropriate devices during high-risk procedures.

Tablel. Clinicalclassificatiorof MVD.

Reproducedvith permissionfrom Camiciet al 2007 (72), CopyrightMassachusettdledical
Socigy.

1.4.5.2Pathophysiologyof microvascularcoronary disease

The pathogenesiof MVD s initiated and sustainedvia a number of different mechanisms
that mayoverlapin their influencebetweenthe different pathologicatauseg72). Ultimately,
these mechanismslead to impaired capacityto alter MBF to meet myocardial oxygen
demand. Broadly speaking, the pathophysiologicalmechanismsbehind MVD can be

categorisednto structural,functionaland extravascula(72).
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Adversestructuralremodellingof the microvasculaturés characterisedy medialandintimal
arteriolar thickening,causedoy smooth musclehypertrophyand collagendeposition,which
occursin conditions causingLVHsuch as hypertensionand hypertrophic cardiomyopathy
(HCM)(73). Functionalmechanismdgor MVD are largelya result of endothelialdysfunction
and are characterisedoy reduced capacityfor dilatation or increasedconstriction of the
microvasculaturg73). Riskfactorsfor endothelialdysfunctionmediatedMVD are similarto
CADand include diabetes,smokirg, hypertensionand dyslipidaemia.Thesepatients may
presentwith typicalanginadespitenormalepicardialvesselon ICA(73). MBFpredominates
in diastole, it istherefore stronglyaffected by pathologicalalterationsin intra-ventricularor
intra-myocardialpressureghat alter this phaseof the cardiaccycle(73). Thus,raisedintra-
myocardialand LVfilling pressurexreatea secondary. VHandimpair myocardialblood flow
throughexcessie extravasculacompressivdorce andreduceddiastolicrelaxation(73). This
is therefore not necessarilya pathologyof the microvasculaturdtself per se and may be

viewedinsteadasan acquiredabnormalityin cardiaccoronarycoupling(Figurel4) (80).

1.4.5.3Assessmenbf microvascularcoronary disease

Thereare no imagingmodalitieswhich allow visualisationof the coronarymicrovasculature
in vivo (73). Therefore microcirculatoryfunctionis assessedisinga numberof invasiveand

norrinvasivetechniques(73).

Goronaryflow reserve(CFRisthe ratio of hyperaemido baselingotal myocardiabloodflow,
andcanbe measurednvasivelyusingthe thermodilution or Doppler methods(120,128)and
non-invasivelyusingcardiacMRI(CMR)121,129) and positron emissiontomography(PET)
imaging(130,131) Transoesophageaéchocardiographyasalsobeencomparedalongside
Doppler wire measurementswith some succesg132) CFRis most commonly measurel
invasivelyusinganintra-coronarypressuretemperaturesensortipped wire with either bolus
or continuoussalinethermodilutionto measurecoronarybloodflow velocityboth at restand
stress(79). Hyperaemias inducedpharmacologicallysinglV adenosineor acetylcholine lt
is an integrated measure of blood flow through the major epicardial vesselsand the

microvasculatureit providesinformation aboutthe ability of the vasculaibedto respondto
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hyperaemiaandis a usefultest to assesVDin normalcoronaryarteries(120,128) ACFR

of <2.0is consideredabnormalandis associatedvith increasedverallmortality risk (128)

Theindex of micro-circulatoryresistance(IMR)is defined asthe minimal resistanceduring

maximalhyperaemicflow and is independentof variationsin vasculartone, the epicardial
vesselsand heart rate (73). It is measuredinvasivelyusinga pressuretemperature Sensor

tipped intra-coronarywire, and is calculatedasthe meandistal pressuremultiplied by the

thermodilution-derived meantransit time of a bolus of salineduring maximalhyperaemia
(2133) An IMR of >25 U is the widely accepted cut-off value for pathologically high

microvascularesistancg79). HighIMRis associatedvith poor long-term survivaloutcomes
acrossthe spectrumof epicardialcoronary disease(79). Thishas been demonstratedin

patientswho havehad PClfor acuteMI (128,133)andstable CAD(134).

Boththe CFRandIMR,whenmeasurednvasivelyare proneto inter-operatorvariabilityand
are difficult to interpret at the individual patient level (127) Assuch,De Bruyneet al 2021
proposed microvascularresistancereseve (MRR)as a novel marker of MVD which is
theoretically free of inter-operator variability (when measured using continuous
thermodilution) and can be applied more consistentlyacrossvaryingdegreesof epicardial
coronary flow (127) It is obtained invasivelyusing continuous thermodilution of saline
through a dedicated intracoronary catheter to simultaneously measure all relevant
physiologicalindices (127) They have defined the MRR as the true ratio of resting to
hyperaemicmicrovascularesistance thus raisingthe obviouscomparisonwith FFR(127)
Thus,aswith FFRthe MRRmeasureghe microvascularesistancdf the epicardialcoronary
arterieswere free of stenotic disease(127) In the presenceof an epicardialstenosis,the
microvascularresistance will theoretically decreaseas a compensatory autoregulation
mechanismto maintain myocardialoxygen supply, and thus the measuredresistanceis
artificiallylow andis directly affectedby the presenceof up-streamflow reduction(127) The
MRRIis reportedly unaffectedby epicardialcoronarydiseaseand can be calculatedusinga

simpleformula:

MRR= (CFR/FFR)(Pa.rest/ Pa.hyperaemia)
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Thus, using this formula, the MRR can be simply describedas the ratio of myocardial
resistanceat rest and hyperaemiain theoreticallyunobstructedepicardialcoronaryvessels
andistherefore proposedasthe first true specificmeasureof isolatedmicrovasculadisease
(127) Theauthorsof the theoretical basisof MRRdid not provide optimal referencevalues
andonlypresentedtheir studybasedon 30coronaryarteries,andthere are clearlylimitations
including little widespread uptake and experience with continuous thermodilution
techniqueq127) Beorhoutet al presentedacomprehensivevaluationof the diagnosticand
prognosticperformanceof MRRIin 1481 stable patientswith anindicationfor ICAfrom the
globallLIASInclusivelnvasivePhysiologicahssessmenin AnginaSyndromesRegistryin the
Europea Heart Journalin 2023 (135) The ILIASRegistryis a retrospective,international
registry of coronaryphysiologyand clinicaloutcome data from over 20 centres(135) They
usedthe formuladescribedaboveto calculateMRR howeverthe keydifferencebetweenthis
analysisand De Bruyneet | { feaposalis the use of the bolus, rather than continuous
thermodilutiontechniqueto measurerestingand hyperaemidransit times. Thus,thereisa
clear difference in the fundamental methods and the key factor implicated in the inter-
operator variability of measuringCFRand IMR invasivelyremains present here (135)
Notwithstandingthis, they found a medianMRRof 2.97 and demonstratedgoodcorrelation
betweenMRRand CFR'135) Furthermore the differencebetween CFRand MRRincreased
with falling FFRvalues,thus demonstratingthe consistencyof MRRdespitefalling proximal
perfusionpressuresand an abnormalMRRwasassociatedwvith a significantlyhigher5-year
MACFErate, especiallywhen the FFRvas<0.75(135) In patientswith an FFRof <0.75,MRR
outperformed CFRin its associationwith 5-year MACEand target vesselfailure, and this
suggestghat MRRis a more reliable marker of MVD, especiallywhere there is epicardial
coronarydiseasg135) Thisstudy,althoughretrospectiveand methodicallyslightlydifferent
to the initial proposalfor MRR, haspositive conclusionson the potential use of MRRasa
novelmeasureof MVD(135) Theysuggesian optimal cut-off valueof >3.0asanormalMRR
andsuggesiadditiond prospectivestudiesare neededto validatethe indexfurther (135) All

three indicesof MVDdescribedabovewill be measuredn this study.

1.5 Coronaryartery diseasein aortic stenosis

Asignificantproportion of patientswith AShaveconcomitantCAD(136) ThePARTNERtrial
detecteda 74.9%frequencyof significantCADin highrisk patientsrandomisedo TAVIwhile
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the PARTNERtrial demonstrateda frequencyof 62.5%n their intermediateriskcohort (52,
57). Macket al demonstrateda coronarydiseasdrequencyof 27.7%n the low riskcohort of
the PARTNER trial (61), thus demonstratingthe wide variability of CADin AS but a clear

pattern of risingfrequencyand severitywith higherriskgroups.

The2021ESC/EACTRIdanceon the managemenof valvularheartdiseaseecommenddCA
in the majority of patientsundergoingany valvularintervention (Clas4C)(14). Treatmentof
concomitantCADisrecommendedasedpurelyon severityasper diameterstenosis Theuse
of FFRandiFRto guidemyocardiakevascularisatioim patientswith ASisactivelydiscouraged
(5,14). Coronaryartery bypasggrafting(CABGIs recommendedn patientsundergoingSAVR
with CADof >70%(ClasdC)(14). Howeverthe guidancefor patientsundergoingTAVlisless
robust, and suggestghat treatment shouldbe & O 2 Y & AWR&NERIR 5 >70%proximal
segmené coronary stenosis(ClassllaC)(14) PatientsundergoingSAVRwith concomitant
CABGhave an increasedrisk of peri-operative complicationsand postoperative mortality
comparedto those undergoingSAVRalone (137) However,the impact of treating CADIn
TAVIpatients remainsunclearand the guidanceon revasculaisation is notably in need of

greaterindividualisationandvalidation(138,139)

1.51 TAVland CADin the UK

Accordingto the 2021-22 BCISand NICORAudit, 2.9% of patients undergoingTAVIhad
plannedPCiprior to their procedure andthis rate hasbeengraduallyfallingfrom 7%in 2014
(45). 11.4%0f patientshad prior PClunrelatedto their TAVIprocedure(45) Thelikelihood,
from the availableliterature, is that treatment of co-existing CADis being deferred or
managedmedicallyprior to TAVI rather than only 2.9%of patientsundergoingTAVIhaving
significantCAD.

1.5.2TAVIand CADat SheffieldTeachingHospitals

TAVIwasfirst performed at Sheffieldteachinghospitals(STH in 2017 and 431 procedures
were performedin the sixyears2017-2022,inclusive Of these,47%(n=206)had CADat ICA,
which is defined as >50%in stenosisdiameterin a major epicardialvessel.Of this cohort,

15.7% (n=68) had planned PClprior to TAVI.Only 5.8% (n=12) had FFRmeasured.All
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measuredFFRsvere >0.80and PClwasdeferredin all casesThemeanSYNTAXcorewas3.4
(n=431).In patientswith 50-70%diameter stenosis(n=62)in at leastone vesselthe mean
SYNTAZXcorewas5.2 and noneof thesereceivedplannedPClprior to TAVIIn patientswith
>70%diameter stenosisin at leastone vessel(n=88),the mean SYNTAXcorewas 7.8 and
72%(n=63)went on to haveplannedPClprior to TAVI 56 of 431 patientshad a chronically
occludeal vesselof 100%diameterstenosis eight of whom had plannedPClprior to TAVI1.Of
the total cohort, 10.4%(n=45)had prior CABGnd 7.4%(n=32)had prior PClIn 2022,0f 93
TAVIproceduresat STH 14 patients (15%)receivedplannedPClprior to TAVI.Thesefigures
demonstratethat althoughthe rate of plannedPClperformedprior to TAVIat STHs higher
than the 2.9%quoted for the sametime periodin the latest BCIS/NICO&udit data (45), the
number of patients with a previoushistory of PClwas lower than the national averageof
11.4%andultimately, only a smallnumberof patientsreceivingTAViat STHad plannedPCl
Of patientsattendingfor TAVI1,19.5%(n=84)were on dual anti-thrombotic therapy (DATY,
with either DAPTor SAPTand a DOACB80.5%(n=347)were on SAPTor no anti-thrombotic
therapyat all. After TAVI163.5%(n=274)patientswere usingDATTIn patientsreceivingDATT
prior to TAVI,7.1%required a blood transfusionduring their admission comparedto 2%in
patients not receivingDATT(OR3.74, 95% Cl 1.22-11.42,p=0.021) 17.8%(n=15/84) of
patientsreceivingDAT Tsuffereda vascularcomplicationcomparedto 6.3%of thoseon SAPT
or no anti-thrombotic therapy (OR1.54,95%CI10.81-2.92,p=0.19) Finally,the CVArate was
similaracrosghe groups,with 7.1%of thoseon DAT Tsufferinga CVAcomparedwith 7.8%of
thoseon SAPr no anti-thrombotic therapy (OR1.04,95%CI0.41-2.61,p=0.942)

1.5.3 TAVIand CADin the literature

A numberof early studiesdemonstratedconflictingresultsin patientsundergoingTAViwho
had either previouslytreated or untreated CAD(137, 140-142) A metaanalysisof seven
similar studies(2,472subjectsy5 Q! & GeSajdendnstrateda prevalenceof CADof 52%
andfound no statisticallysignificantdifferencein all-causemortality betweenpatientswith
or without CAD(OR=1.095%CI=0.671.50)(143) Thetimingof PCin TAVpatientsisanother
contentiousisale. Kotroniaset al performed a meta-analysisof nine studieswith 3,858
patients undergoingTAVIwith or without PCland found that patients who had PClhad a
higher rate of vascularcomplications(OR=1.8695% CI=1.32.60) and all-cause 30-day
mortality (OR=1.4295%CI=1.081.87)(144) Therewasno significantstatisticaldifferencein
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cardiovasculadeathat 30days(OR=1.0395%CI|=0.35§2.99)or one-yearmortality (OR=1.05,
95%CI=0.7%1.56)(144) A similarmeta-analysidy Lateefet alin 2019lookedat 11 cohort
studies (5,580 subjects)to determine whether PClbefore or during TAVI proffers any
additionalbenefitto TAVIalone (145) Thefindingswere similarto those of Kotroniaset al
there wasno statisticaldifferencebetween30-day (OR=1.3095%CI=0.851.98)or one-year
(OR=1.1995%CI=0.921.52)all-causemortality betweenthe groups(145)

A recent large meta-analysisand systematicreview of patients undergoing TAVI with

significantconcomitant CADby Aarts et al investigated13 observationalstudiesand one
randomisedcontrolled trial (146) & { A 3 y ACRDwWAS-dgfifiedl in some studiesas >50%
diameterstenosisn a major epicardialvesseland >70%n others,no physiologywasusedto

guide revascularisationTheyfound no significantdifferencein short- or longterm clinical
outcomesbetween TAVIpatientswho did or did not undergoPCI(146) The30-dayall-cause
mortality amongbetweenisolatedTAVivs TAVIand PCiwas5.9%vs 4.7%(0OR:1.27,95%CI:
0.91-1.77,P=0.17)Theone-yearmortality betweenthe groupswas13.6%vs16.4%(OR0.91,
95% CI: 0.64-1.29, P=0.59)(146) Furthermore, patients undergoingisolated TAVI had
significantlylower bleedingrates than those who had PClalso (7.5%vs 9.4%,0R:0.66 95%
Cl:0.46:0.94,P=0.022)146) Ultimately, Aarts et al demonstratedno significantshort- or

longterm clinicalbenefitin treating patientswith CADundergoingTAViwith PClandin fact

demonstratedanincreasedisk of bleedingin this cohort (146)

The above meta-analysesnimic the findingsof studiesinvestigatingthe samequestionin
patientswithout AS,i.e. whether PClin stable CADwithout inducibleischaemiacanprovide
survivalbenefit (147-150) Katritsiset al demonstratedno survivd benefitin PClvs medical
managementin patients with chronic stable CADin a meta-analysisof 2005 (147) Similar
resultswerereportedin ameta-analysisncludingl4,877patientsby Bangaloreet alin 2020,
althoughPClwasassociatedwith higherrate of freedomfrom angina (149) The COURAGE
trial (ClinicalOutcomedUtilizingRevascularizatioand Aggressivé®rugEvaluation)y Boden
et al in 2007 and the ISCHEMIArial (Initial Invasiveor ConservativeStrategyfor Stable
CoronaryDiseaseby Maron et alin 2020both randomisedpatientswith stableCADto PClor

medicaltherapystudies,andagainshoweda statisticallysignificanimprovementin freedom
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from anginain the PCigroup,but no overallsurvivalbenefit or reductionin MACH?148,150)

ThelSCHEMI&ial enrolledpatientswith stableCADwvho demonstratedmoderateto severe
ischaemicburden on non-invasive stress testing, such as stress nuclear imaging, stress
echocardiographyor cardiacMRI(150) ThelandmarkORBITArial (Percutaneougoronary
intervention in stable angina)by AlLameeet al randomisedand blinded 200 patients with

stable CADto PCland medicaltherapy or a & a K IP€lprocedure plus optimal medical
therapy, and demonstratedno significantdifferencein exercisetime betweenthe groups,

thus demonstrding the potential placeboeffect of a PClprocedurefor anginarelief (151)

The ACTIVATIOMNal (Percutaneou€oronaryinterventionprior to transcatheteraorticvalve
implantation) is a randomised controlled trial compaing angiographyguided PClwith
medicaltherapyin patientsundergoingTAVI(152) In this trial, 235 patientslisted for TAVI
with significantcoronaryartery diseaseand CanadianCardiovasculaBociety(CCSglass)KH
anginawere randomisedto either PClor medicaltherapy. Similarrates of the composite
endpointof all-causedeath and re-hospitalisationat one yearwere reported, (PCl41.5%vs
medical therapy 44.0% P=0.067, although the non-inferiority margin was not met and
recruitmentwasdiscontinuedprematurely(152) Thesecondaryendpointsof major CVAand
MACEeventsat 30 daysand one year were also similar, but major bleedingevents were
significantlyhigherin patientswho had PCI(P=0.021) likely to be driven by their needfor
DAPT(152) Aswith the observationaimeta-analysesoted above,no objective markersof
ischaemiaare measuredand & & A 3 y ACARWAS d¢fitned as >70%stenosisin a major
epicardialvessellmportantly, patientswith left mainstemor ostial CADwere excludedfrom
the ACTIVATIOBtudy and representa vulnerablecohort who mayindeedbenefit from PCI
before TAVI152) Beyondthis, the meanageof patientsin the ACTIVATIONal was84 years
andit isnot clearwhetherit isappropriateto applythesefindingsto the increasinglyounger
cohort of patients who are beingoffered treatment with TAVLIt shouldalsobe noted that
isolated ASis known to causeanginawithout discernible CADon ICA (153) therefore

attributing anginato visualisedCADalonein the contextof ASisintrinsicallyflawed.

The NOTION3 (Revascularisationn Patients Undergoing Trarscatheter Aortic Valve

Implantation)trial randomisel 455 patientswith severeASand at leastone coronaryartery
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with an FFRof <0.8to either full revascularisatiorfwith PClY¥ollowed by TAVIor TAVialone
(154) Therefore all patientsin this studyhadfunctionallysignificantCAD asassessetly FFR,
andthisisthe onlystudyof its kind. In patientswith >90%coronarystenosisyevascularisation
was performed without FFRguidanceif randomisedto the treatment arm. At a median 2-
yearsfollow-up, the compositeend point of all-causedeath and MACEeventsoccurredin
26%o0f patientsin the PClgroupand 33%in the conservativeherapygroup (HR0.71,95%CI
0.51-0.99,P=0.04)154) A bleedingeventoccurredin 28%of the PClgroup and 20%in the
conservativetherapy group (HR1.51,95%CI11.03 ¢ 2.22) (154) Thisis the first suchtrial
where intra-coronary physiologyhas been usedto confirm lesion significancein patients
undergoingTAVI,andthe authorsrecommendedhe useof FFRguidedPClthis cohort. The
FAITAV(FunctionalAssessmenin TAVItrial is ongoingand will randomize320 patientsto
FFRor angiographicallyguidedrevascularisatior{ClinicalTrials.goldentifier: NCT03360591
(155).

Murray et al haveperformeda largemeta-analysigo further investigatethe questionof PCI
timing in patientsundergoingTAVI(156) Theyhighlighted13 studies,whichincluded15,412
patientswho hadanindicationfor routine PClIn somepatients,PClwasperformedpre-TAVI
andin others, at the sameprocedure,and thesewere comparedwith patientswho had PCI
after TAVI.Therewasno differencein the 30-daymortality, strokerate or majorbleedingrisk
between patients who had PClpre-TAVIand those who had PCldone at the sametime as
their TAVI procedure (OR 0.91, 95% CI [0.67-1.24]) (156) When these patients were
comparedto thosewho had PClpost-TAVIhowever,there were significantdifferences.The
30-day mortality among patients who had combined concomitantand pre-TAVIPClwas
significantlyhigherthanthe postTAVicohort (OR5.70,95%C][1.34-24.36])andthe two year
mortality wassimilarlyhighalso(OR4.40,95%CI[2.6-7.44]) (156) Therewere similarstroke

andbleedingratesin both groupsasboth eventuallyhad PClwhether before or after TAVI

Tarantiniet al presenteda clinicalconsensustatementon the treatment of CADIn patients
with severe AS undergoing TAVI from the European Association of Percutaneous

Cardiovascularinterventions and ESCworking group on CardiovascularSurgery and
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highlightedkey areasof uncertaintyin this growingcohort (139) Thekeyrecommendations

from this consensugpaperwere:

1. Wherethere is significantCAD(>70%stenosisin a proximalmajor epicardialartery,
and >50%left main stem), PClshould be performed before TAVI,especiallyin the

contextof Ml or vesselsvith >90%stenosis(139)

2. AnindividualisedHeart Teamapproachshouldbe takenfor all patients,basedon co-

morbidities extentof CADand presenceof ischaemig139)

3. Wherethere is CAD or future PClis anticipated a balloon expandedintra-annular
TAVhalveispreferableto asupraannularvalve Wherea supraannularvalveisused,
caremustbe takento achieveoptimal commissurahlignmentto aid future coronary
accesg139)

Thequestionof revascularisatiorof CADIn patientsundergoingTAVIremainsa contentious
one. Onlythe NOTIOMB trial hasdemonstratedpositive outcomesin patientsreceivingPCI
alongsideTAVlandseveralothers,includinglargemeta-analysesioted abovehavefailed to
demonstrateanybenefiteitherin the short- or long-term. In fact, there isa consistentfinding
of significantlyincreasedbleedingdemonstratedacrossmultiple studiesand meta-analyses.
Assuch,routine PCiin patientsundergang TAVIshouldnot be recommendedor all patients
and careful, individualiseddecisionmakingis crucial A number of patient related factors
shouldbe takeninto considerationincludingpresenceg(or absencepf ischaemia/myocardial
infarction, frailty, bleedingrisk and renal diseasein order to mitigate for peri-procedural
complicationsaand mortality risk.In patientswith stablebut significantCADjt maybe difficult
to disentanglesymptomsof anginafrom thosecausedy severeASanda strategyof offering
TAVwith reassessmenbf symptomsafter this and only performingPClif symptomsremain,
is not unreasonableTAVIhasprovensurvivaland mortality benefit (62) whereastreatment
of stableCADwith PClHoesnot (150)andassuch offering TAViasthe initial treatment seems
logical. More randomisedtrial data are required as the majority of the availabledata are
observationalput in the meantime,a Heart Teamapproachshouldbe taken and individual

patientrelatedfactorsshouldbe consideredor this cohort of patients.
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1.5.3.1 Coronaryangiographyafter TAVI

TAVIindicationsare expandingo includeincreasinglyoungerpatientswith lower risk (44),
assuch,the numberof planned unplannedor emergencyPClproceduresin TAVIrecipients
are likely to increasein future. ICAand PClcan be challengingfollowing TAVIdue to
anatomicalchangesduring implantation as well as TAVImodektype and alignment with

coronaryostiarestrictingselectivecatheterengagement.

Sectionl.5.3touchesuponthe conceptof commissurablignmentof TAVIvalvesin patients
with CAD.Commissurahlignmentrefersto the orientation of the TAVI | { @&l€sand
commissuregqthe junctions between leaflets) relative to the native aortic valve and root
anatomy.Iln SAVR¢commissurahlignmentis achievedunder direct visualguidanceIn TAVI,
however,the alignmentis determined by the orientation of the delivery systemand valve
deploymenttechnique.Achievingoptimal commissurablignmentis particularlyimportantin
supraannular selfexpandingvalves,as misalignmentcan lead to obstruction of coronary
ostia and impaired coronary accessat a later stagg157) Inability to successfullyengage
coronaryarteriesduringlCAcanhavevery seriousdeleteriousconsequ@cesin time-critical
situations such as acute MI. Yudi et al 2018 presented an informative review and
troubleshootingguidefor achievingcoronaryartery access&fter TAVwith variousvalvetypes
and havehighlighteda number of anatomicaland valverelated factorswhich contribute to
difficult coronaryengagement(158) A summaryof their main findingsis reproducedwith

permissionfrom TheJournalof the AmericanCollegeof CardiologyElsevierjn Figurel3.

The REACCESSiudy (ReobtainCoronaryOstial CannulationBeyond TranscatheterAortic
ValveStent)aimedto investigatethe feasibilityof successfutoronaryengagementollowing
TAVIin a prospective singlecentre studyof 300 patients(159) Theydemonstratedthat only
23 patientshad unsuccessfulCAdueto TAVIhowever,22 of thesepatients had an EvolutR
Pro (Medtronic) branded TAVIvalve,whichis a seltexpanding supraannularvalveimplant
and extendsbeyondthe coronaryostia (Figurel3) (159) Use of the EvolutR Provalve,in
combinationwith a high implant location were the key factors associatedwith inability to

achievecoronaryaccesg159) No SapienEdwardd.ifesciencesyalveswere associatedvith
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inability to obtain coronaryaccessand engagingthe RCAwas more commonlychallenging

than the left coronarysystemoverall(159)

The ALIGNACCESSudy (TAVRwith CommissuraBlignmentFollowedby CoronaryAccess)
prospectivelyaimedto achieveperfect intra-proceduralcommissuraklignmentin patients

receiving supraannular Evolut R Pro and Accurate Neo TAVIvalvesand compare pos-

implantationcoronaryaccesswith eachother, and with intra-annularSapien3 valves(which

cannot be specificallyaligned in 206 patients (160) They found that despite achieving
favourablealignmentin 86%o0f Evolutand 88%of AccurateNeovalves successfutoronary
accessvasstill significantlyhigherin intra-annularlydeployedSapiernvalves(160) Adequate
coronaryengagementwas achievedin 95%o0f patientswho had an EdwardsSapienvalve,
however this was significantlylower at 71%in patients with a favourablyaligned supra

annularvalve,andthis falls evenlower to 46%in patientswith a non-alignedsupraannular
valveimplant (160) Misalignmentof a supraannularvalveand sinusof Valsalvaheightwere

both significantlyassociatedwith failure to achievecoronaryaccesgost TAVI(160) Thus,
despitepre-emptivelyaimingto achieveperfect commissurablignmentwith supraannular
valvesjt remainedeasierto obtain successfutoronaryaccessvith non-alignedintra-annular
Sapienvalves,andit wasimpossiblein 54%of those with a non-alignedsupraannularvalve
(160)

To assessthe realworld demand for postTAVIPC] Stefaniniet al performed a large
retrospective, international, multi-centre systematicreview of 15,325 patients who had
unplanned PClbetween 2008 and 2019 (161) They found that only 133 patients (0.9%)
required unplannedPClin this time and the highestincidenceis in the first week, with a
progressivaleclinethereafter (161) Within the first two yearsof TAVIthe commonesineed
for PClwas MI and beyondtwo years,chroniccoronarydiseasewasthe primary indication
(161) Theyfound that PCiwassuccessfuin 95%of patientswho had a selfexpandingvalve
and 100% of balloonexpandedvalves (161) The mean age of patients attending for
unplannedPCiwas 80 yearsand 70%of them had prior revascularisatiorwith either PClor
CABQ161) 89%had hypertension,67%had dyslipidemia,36%had diabetesand 20%had

CKD(161) Theresultsof this large study show an overalllow re-presentationrate for PCI
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postTAVland very positive outcomesregardingachievingcoronary access However, the
overall number of patients attending for ICA and follow on PClwere very low and
predominantly of an elderly and co-morbid population. The results do not considerthe
numberof patientswho attendedwith anindicationfor ICA/PCbut were managedmedically
due to their age,comorbidity and frailty, which will be a much lessclinically appropriate
treatment decision as TAVI is offered to younger patients. Ultimately, the low re-
catheterisationrates are likely driven by the fact that patientsin this agedand frail cohort
who re-presentedwith anginaor Ml were not taken backto the CCldue to their high-risk.
Beyondthis, 70%o0f thosewho returned for PClhad prior revascularisatiomndthis suggests
a possiblecohort where optimisationof CADmay be beneficialpre-TAVIto avoidfuture re-
presentation.The low re-presentationfigures should be observedwith caution as TAVlis
offered to youngerand lower risk patientswho are more physiologicallyobust and havea

longerlife expectancythan the presentlystudiedpopulation.
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CENTRAL ILLUSTRATION Coronary Reaccess After TAVR

Factors Impacting Coronary Access Imaging Evaluation

Fluoroscopy

1. Sinotubular junction
dimensions

2. Sinus height

3. Leaflet length and
bulkiness

4. Sinus of Valsalva width
5. Coronary height

Device and Procedural

1. Commissural tab
NG orientation
N

2. Sealing skirt height
3. Valve implant depth

Yudi, M.B. et al. J Am Coll Cardiol. 2018;71(12):1360-78.

Summary of factors impacting coronary access and imaging evaluation after TAVR. MDCT = multidetector computed tomography; TAVR = transcatheter aortic valve
replacement.

Figurel3. Factorampactingcoronaryaccessafter TAVI.

Thetop valveis an EvolutR Provalveand the bottom valveis an EdwardsSapienXTvalve.
Reproducedrom Yudiet al (158) with permissionfrom TheJournalof the AmericanCollege

of CardiologyElsevierCopyright2018.

1.5.4 Aortic stenosisand myocardialblood flow

Aortic stenosiscommonlypresentswith typical anginalsymptomsof ischaema despite no
discernibleCADon ICA,and these patientshavea higherrisk of suddencardiacdeath (20).
The primary physiologicaladaptationin patients with severeASis LVH,in an attempt to
reducelLVwall stressand overcomethe restricted LVoutflow (162) LVHprogressesvith AS
severityin order to counterrisingLVfilling pressureand afterload,and intra-ventricularand

intra-myocardialpressuresncreaseasaresult(163) Proximalperfusionpressurealsofallsas
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the stenoticaortic valveorifice becomesncrementallysmaller,andlessblood drainsinto the
coronaryostia (163) The progressivelyjhypertrophiedmyocardiumdemandsmore oxygen,
whichin healthisaugmentedby anincreasen coronaryperfusionpressureandreductionin
microvascularesistancein order to allow blood to fill the myocadium (Figurel14) (163)
Howeverin AS this regulatoryfunction is becomesprogressivelyexhausted,and impaired
further by increasing systolic filling pressures and time, reduced capillary density,
perimyocyticfibrosisand reduceddiastolicfilling time, all of which impair the physiological
vasodilatorycapacityof the microvasculaturdy decouplingthe regulatorymechanismshat
would normally augmentMBF (Figurel4) (163,164) Theultimate result is vulnerabilityto
ischaemiavhenoxygendemandrises(164) Thehaemodynamiconditionsof ASandLVHare
therefore characterisedby high LV pressure,low coronary perfusion pressureand high
extravasculacompressivdorcesfrom myocytehypertrophy,all of whichare detrimentalto
myocardialperfusion (162) Furthermore,there is a reversalof the normal endocardial:
epicardial MBF ratio, which in health is around 1.2:1 (20). This reversalresults in sub
endocardialschaemiaandfibrosis TotalrestingMBFincreasessaphysiologicafesponseo
these conditionsin order to match rising myocardialoxygendemands(73). CFRs typically
reducedin patientswith AS,demonstratingan impairedcapacityto further increaseMBFin
responseto hyperaemiagdueto exhaustia of the vasodilatorycapacityof microvasculature
(73, 162) Patientswith severe ASadapt their haemodynamicstate in order to create a
baselinestateof hyperaemiaandthereisasubsequenstruggleto respondto further physical
or pharmacologicastress,due to impairmentof the vasodilatorycapacityof the myocardial
bed, resulting in ischaemiaeven without CADand a blunted hyperaemicresponseto
pharmacologicastress In patientswho haveconcomitantCADthe ischaemieffect of these
pathophysiologicaprocessesare exacerbatedfurther. Myocardialischaemiaat the end of
this pathologicalcascadaunderlies the aetiologyof suddencardiacdeath, heart failure and
malignantarrhythmiain patientswith severeAS(165) Remowal of the mechanicabutflow
tract obstruction provides an instant relief from the high-pressure state and increases
proximalperfusionpressurewhile reducingintra-ventricularand intra-myocardialpressures
(166) Thismay form the basisfor the instant relief of anginapost SAVRor TAVIin some,
despiteLVHregressiortakingmonthsor years(20,164)
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Schwartzkopfet al describedthe pathologicalcharacteristicof peri-myocyticfibrosisand
rarefactionof arteriolesin the hypertrophiedmyocardiumof patientswith AS(19). Reduced
CFRsalsonotedin patientswith other causef LVHsuchashypertensionor HCM,however
MVDin thesepatientswasfound to be primarily driven by structural maladaptationswithin
the intra-mural arterioles, resulting in intimal and medial thickening (section 1.4.5.2),
whereasthesefeatureswere not presentin patientswith LVHsecondaryto AS(19), further
implicatingextravasculaforcesrather than diseaseof the arteriolesthemselveg162) Figure
14, below, demonstrateghe aforementionedpathologicaktonsequencesf ASon myocardial

blood flow.

CENTRAL ILLUSTRATION Pathological Effects of Aortic Stenosis on the Coronary Circulation

Increased Early Systolic Deceleration
(Isovolumetric Contraction)

Pressure Gradient =
Reduced Coronary
Inlet Pressure

Stenosed
Aortic Valve

«Elevated LV pressure

*Increased myocardial work

*Resting reduction in microvascular resistance
Coronary
Microvasculature

Lumley, M. et al. J Am Coll Cardiol. 2016;68(7):688-97.

In this diag ic rep ion of the pathological environment to coronary flow in aortic stenosis (AS), (A) AS causes an elevation in left ventricular (LV) pressure,
increasing myocardial work. Furthermore, the pressure gradient across the aortic valve leads to reduction in the pressure at the coronary inlet (reduced driving pressure).
Under resting conditions, microvascular resistance is reduced to maintain coronary flow. (B) During isovolumetric contraction (aortic valve closed), greatly elevated LV
pressure leads to increased compression of the intramyocardial vessels and augmented deceleration of coronary flow. (C) Following the opening of the aortic valve,
acceleration of coronary flow is attenuated due to a reduced driving pressure secondary to the pressure gradient across the aortic valve. Ao = aorta; LA = left atrium;
RA = right atrium; RV = right ventricle.

Figurel4. Pathologicakffectsof ASon coronarycirculation.
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Reproducedrom Lumleyet al 2016(80), with permissionfrom the Journalof the American

Collegeof CardiologyElsevierCopyright2016.

1.6 Aortic stenosisand coronary physiology

Thefunctionalassessmenof CADwith FFRhasprovensurvivaland economicbenefits (99).
OtherindicessuchasiFRand QFRshowgooddiagnosticaccuracywhencomparedto the gold
standardFFRput longterm survivaland economicdata are awaited (108 114) However,
patientswith severeASwere excludedfrom the trials usedto validatetheseindices;assuch,
it isnot knownhow bestto asses$unctionalseverityof CADin patients with severeAS.The
ESC/EACTguidelineson valvular heart diseaseand revascularisatioractively discourage
physiologicabssessmenbf CADiIn this cohort despiterecommendingFFR and iFRguided
revascularisationin patients without ASas a ClasslA indication (5, 14). Thisarisesfrom
uncertainty about whether patients with severe AS undergoing SAVRor TAVIrequire
revascularisatiotnasedon a numberof conflictingstudies(139,145) Thevalueof functional
assessmenbf lesion severity is clear, but their appropriatenessand interpretation in AS
remainsunvalidated.Theinterplaybetweenmyocardiabloodflow, microvasculture andthe
complex haemodynamicenvironmentof ASremainssomewhatpoorly understoodand are
clearlymulti-faceted.Thissectionwill highlightthe currentliterature aroundASandcoronary

physiologyindicesandfuture directions.

1.6.1ASand FFR

Thefundamentalassunptions made during FFRmeasurementare noted in section1.4.4.2.
FFRsmeasuredverthe entire cardiaccycleandtakenduringaW & (i % i Rafihgp@raemia.
However,asdescribedin section1.5.2 the capacityof the microvasculaturego respondto
hyperaemiain ASis sub-maximaldueto the baselinegphysiologicaincreasen restingMBFto
meet the hostile haemodynamiaonditionsof AS(166) Theoretically, FFRmeasuredwith a
blunted hyperaemic response will underestimate the severity of a coronary lesion.
Converselywhen ASis treated and hyperaemicflow is able to increasein responseto
pharmacologicastimulation,the FFRmeasurementacrosshe samelesionshouldfall (166)
Thus, the incapacity to respond to pharmacologicalhyperaemia suggeststhat the

physiologicatoronaryconditionsrequiredto accuratelyneasure=FReannotreliablybe met.;
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therefore, FFRneasurementasquestionablevaliditywhenstandardcut-off valuesareused,
and may lead to inappropriatedeferral of functionally significantlesions(6). To date, only
one randomised, controlled trial prospectively recruited and measured FFRto guide
revascularisationn patients undergoing TAVI,and the NOTIOMS trial has already been
describedn section1.5.3(154) Beforethe publicationof thistrial, anumberof retrospective
andobservationabktudiesaimedto investigatethe effect of TAVion FFR/aluesandtheseare

describedbelowandin table 2.

A studyof phasicintra-coronarypressureand waveormsdirectly beforeandafter TAViin 11
patientsby Davieset al found a significantfall in the sFCWand dBEWwaves,with a lossof
the relationshipbetween systoliecdiastolicfilling patternsin untreated ASwhen myocardial
oxygen demand is increased, suggestinga failure to decompressthe microcirculation
adequatelyin these conditions(164) After TAVIthere wasa slightfall in the dBEWat rest
with arisein the sFCWhbut a significantrisein the hyperaemiacdBEWwaveintensity,with an
improvedrelationshipto the normal cardiaccoronarycouplingduring whole cycleanalysis
(164) Theyreported animmediateimprovementin the hyperaemiccoronaryphysiological
reserveby reducingthe LV and intra-myocardialpressuresandthus@ RS O2 YLINlBa a A y 3 ¢
microvasculaturg¢164) Thisstudy,however,onlyincludedl11 elderlyandco-morbid patients,
all of whom were mechanicallyentilated, and right ventricular (RV)pacingwas usedas a
markerof increasedcardiacwork rate ratherthan pharmacologicahgents All of thesefactors
make interpretation and reproducibility somewhatquestionableand cumbersomein the
current state of TAVI,where patients are generallyyounger,healthierand not ventilated. A
similarstudyby Rolandiet al showedarisein both restingand hyperaemicdBEWntensityin
15 patients (167) Adenosinewas usedto induce hyperaemiaand the hyperaemicdBEW
intensityincreaseccomparablyto controlspostTAVI(167) Bothstudiesfound animmediate
responseand suggestthat FFRmeasuredimmediately post TAVImay be reliable, as the

microcirculationcanbe recruited oncecompressivdorceshavebeentreated.

A number of studieshave assessed-FRpre-and post-TAVIin order to determinethe acute
andlongerterm effectsof TAVIandthesearesummarisedn Table2. Someconflictingresults

have been demonstrated,but some notable and valuabledata have also been gathered.
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Wiegerincket al demongrated a significantfall in mean FFRpre- and postTAVIfrom a
baselineof 0.97to 0.95in 27 patientsundergoingl AV without angiographicCAD(21). Similar
findingsare demonstratedby Ahmadet al who showeda meandrop 0.87 to 0.85(p=0.008)
immediatelypostTAVIin 30 patients.In a largerstudyby Pesarinet al however,54 patients
undergoingTAVlhad FFRmeasurementgaken pre- and post TAVI,and showedno overall
differencebetweenvalues(0.89to 0.89,P=0.73)(168) Despitethis, sub-groupanalysif this
cohort producedsomevaluabledata: namelythat whenthe FFR/aluewas).80,there was
significantdrop in FFRpost-TAVIfrom 0.71to 0.66 (P=<0.001),and where FFRwas >0.80,
there wasa significantincreasein FFR168) Furthermore,sevenpatients with pre-TAVIFFR
Q.80 had a reclassificatiorand down-gradingof functional severityafter TAVI(168) These
findingsare supportedseparatelyby Scarsinet al (169) Stolleret al (170)and Sabbatet al
(171) Scarsinet al 2020found no overallchangein acute or longterm FFRmeasurements
after TAVIhoweversub-group analysisof their (albeitsmall)group of 14 patients,in whom
only 3/23 lesbnshad FFRK).8,showedsimilarlythat sub-normal FFR/aluestend to fall post-
TAVI(169) Sabbalet al 2022 similarlyfound no significantoverallchangein FFR/aluesat 6
monthspost TAVIhoweversub-group analysisof lesionswith FFRof .80 demonstratesa
cleartrend towardsafall at 6 months(171) Stolleret al 2018alsodemonstratedarisein the
FFRvalue,whenthe valuewas>0.80,a finding which can be explainedby the acute aortic
pressureincreasefollowing TAVI(170) ConverselyVendriket al 2020 found a large and
significantdecreasein the FFRpostTAVI,both immediatelyand with a further drop at 6-
month follow-up (0.85to 0.79 immediately,and to 0.71 at 6 months), albeit only in 13
patients (172) Thiswasattributed to the simultaneousncreasein hyperaemicwhole-cycle
coronaryflow asmeasuredby FFRflow whichrosesignificantlyfrom 26.3cm/sto 30.78cm/s
immediatelypostTAViandevenfurther to 40.20cm/s(p=<0.001at 6 months(172) Scarsini
et al 2023 measuredFFRas a secondaryendpointin a relativelylarge study of 134 patients
andfound a significantfall in FFRvhen measuredimmediatelypost TAVI,althoughall FFR
resultswere >0.8 and there wasno angiographicCAD(173) Theconflictingresultsin these
smallobservationaland non-randomisedstudiesconfirmthe pitfalls of FFRmeasuremenin
patients with AS. However, in a singlecentre retrospective study of 216 patients who
underwent TAVIand PCI,Lunardi et al demonstrated favourable longterm (two year)

outcomesin patientsin whom FFRguidancewasusedin the decisionto treat CAD thus at
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least demonstratingthe safety of treating FFRpositive CAD,albeit with no guidanceon

deferral (174)

Minten et al haveperformeda meta-analysisof the useof hyperaemicand non-hyperaemic

pressure indices in patients with severe AS undergoing TAVI and found a mean
underestimationof FFRby 0.02+0.07(P=0.0038)pre-TAV (175) This demonstratesthat

althoughthere is a slightrisk of under-estimationof FFRfor reasonsalreadytouchedupon,

stronglypositiveor negativeresultscanbe relied uponto guiderevascularisation.

Authors N | Inde | Baseline| Immediately| P- Long P-value | Conclusion
X Post value |term
Wiegerinck |27 |FFR |0.97 0.95 0.042 | NA NA Significant
etal 2015 reduction
(21) acutely.
Pesarinet |54 |FFR|0.89 0.89 0.73 NA Nochange
al 2016 acutelyin
(168) overall
analysis.
Subanalysisof Pesarini | 0.92 0.93 <0.001| Significantincreaseacutelywhen
et al 2016 FFR>0.80.
Subanalysisof Pesarini | 0.71 0.66 <0.001| Significantreductionacutelywhen
etal 2016 FFRA.80.
Ahmadetal |30 |FFR |0.87 0.85 0.008 | NA NA Significant
2018(166) reduction
acutely.
Stolleretal |40 |FFR |0.90 0.93 0.0021 | NA NA Significant
2018(170) increaseacutely
whenFFR
>0.80.
Scarsinetal | 14 |FFR | 0.87 0.88 0.49 |0.88 0.33 Nooverall
2020(169) (meanl4d changeacutely
months) or at longterm.
Stundletal |12 |FFR|0.77 ) i 0.76 0.11 Nochange
2020(176) (mean6- mediumterm.
8 weeks)
Vendriketal | 13 |FFR | 0.85 0.79 <0.001|0.71 <0.001 | Significant
2020(172) (mean6 reduction
months) acutelyand
long-term.
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Sabbatetal |40 |FFR |0.84 - - 0.84 0.72 Nochangelong
2022 (171) (mean6 term (6m)
months)
Scarsinetal | 134 | FFR | 0.9 0.88 0.014 |NA NA Significant
2023(173) reduction
acutely.

Sabbatetal |34 |FFR|0.9 NA NA 0.91 0.39 Nochangelong
2023 term (6m)
a77)

Table2. Summaryof FFRore- and postTAVIin the literature.

1.6.2ASandiFR

TheiFRis a non-hyperaemicindex of coronaryflow measuredduring a period of diastole
when coronary pressure and flow is theoretically linear (77). During this period, the
myocardiumsneitheractivelycontractingnor relaxingandthe aortic valveis naturallyclosed
(166) Thus,theoretically,if pressureand flow relationshipsare linear and the aortic valve
doesnot contributeto coronaryflow in this period,then iFRmayexperiencdessconfounding
than FFR166) However,the haemodynamiconditionsof AS,asdescribedin section1.5.2
suggesthat increasedviBFdueto a highMVQ will causeanincreasen trans-stenoticflow,
and thus an artificially low iFR thereby potentially overestimatinglesionsignificancg178)
Inanumberof smallobservationaktudies jFRvalueshaveconsistentlypeenfoundto remain
stablefollowing TAVIasoutlinedin Table3. Scarsinet al 2020isthe only studyto investigate
longterm changesin iFR following TAVI,with a mean follow-up period of 14 months.
Althoughthis studydemonstratedno significantshort- or long-term changein iFR there was
are-classificatiorrate of 21.7%in lesionfunctionalseverityassessmengomparedwith only
4.3%in FFR(169) Thiswasdriven entirely by functionallysignificantlesionspre-TAVIbeing
reclasdied into the non-significantrangepostTAVI169) Howeve, thisfindingin itselfisnot
easilyinterpretable and should be viewed cautiously.The samegroup, along with several
others, has postulated that the haemodynamicconditions of ASresult in discordance
between FFRand iFRwhen standard cut-off valuesare used (179) Scarsiniet al 2017
demonstrateda low diagnosticaccuracywith respectto FFRvhen standardthresholdswere
used,but a significantimprovementwhenthe iFRcut off valuefor significancas reducedto

0.83(179) Valuesrangingat the lower end from 0.73(180,181)to 0.83 at the upper end
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(179,182) havebeenpostulatedin studiesaimingto validatethe diagnosticaccuracyof iFR
againstFFRn AS Thesestudiesare howeverintrinsicallyflawed,asthey are all attemptingto
validatethe iFRagainstFFRwhich itself is not validatedin ASand hasmany pitfalls in this
context. Furthermore,despitethe fact that iFRvaluesdo not changepostTAVI the findings
of Scarsinet al do demonstratethat its use may overestimatefunctional severitywhenthe
standardcut-off valueof 0.89isused(169,179) Table3 summariseshe literature in iFRpre-

andpostTAVI.

Authors | N |Index |Baseline |Immediatel | P-value | Long P-value | Conclusion
y Post term

Ahmadet |30 |iFR 0.88 0.88 0.94 NA NA Nochange.

al 2018

(166)

Scarsinéet | 66 | iFR 0.89 0.89 0.66 NA NA Nochange.

al 2018

(183)

Scarsinet | 14 | iFR 0.88 0.90 0.30 0.91 0.30 Nochange.

al 2020 (meanl4

(169) months)

Vendriket | 13 |iFR 0.82 0.83 0.735 ]0.83 0.735 | Nochange.

al 2020 (mean6

172) months)

Table3. Summaryof iFRpre-and postTAVIin the literature.

1.6.3ASandCFR

CFRs usedasa markerof total coronaryhyperaemiccapacity(20). CFRs typicallyreduced
in ASdue to an existingstate of reducedmicrovascularesistancejn order to up-regulate
total MBFat rest (184) Therefore,despitehyperaemiathe capacityof the microvasculature
to augmentMBFfurther in stressis exhaustedand the CFRs consequentlyblunted (184)
Thesemechanism$iavebeendescribedn 1.54. CFRhaslongknownto be reducedin severe
AS,with or without CAD andits longterm effectsfollowing SAVRhavebeen studied (185)
Nemeset al demonstrateda rise in the CFRrom baselineto 12 monthspost SAVR1.96to
2.57),howeverat three yearsfound a significantreductionbackdown to a meanof 2.01in

their smallcohort of 30 patients,despiteregressionof LVH(185) Thelongestterm datain
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TAVIpatientsis by Camuglieet al who followed up eight patientswith invasiveDoppler wire
CFRmeasurementsat 12 monthsand found a significantimprovementto abovethe normal
cut-off limit (186) Vendriket al followed up 13 patientsat sixmonthsandfound a significant

improvementalso,albeit not animprovementabovethe normal cut-off value(172)

There is conflicting evidence concerningwhether CFRimproves immediately postTAVI.
Wiegerincket al demonstrateda significantimmediate improvementin CFRin the sub-
analysisof patientswho had no significant(i.e. lessthan moderate)ARpost TAVIbut not in
the overall cohort (21). However,over the last severalyearsTAVIprothesesand operator
experiencenhaveimproved,partly drivenby findingsfrom majortrials suggestinghat residual
ARis associatedwith worse longterm outcomes.Thisis reflected in the small study by
Vendriket al, whichdemonstratesa significantimprovementin CFRmmediatelypost-TAVI,
againalbeit not an improvementabovethe normalthreshold(172) Sabbahet al 2023also
noted a significantimprovementwhen measuredsix months after treatment with TAVlor
SAVR177) Thelargeststudyto measureCFRchangeacutelypost-TAV] Scarsinet al 2023
usedthe indexasa secondaryend point and found no acute changein 134 patients (173)
Theprimaryendpoint in this studyisMRRandwill be discussedn moredetailthe appropriate

section.Table4 summariseshe availabledatain this area.

Authors N |Index | Baseline| Immediately | P-value|Long P-value | Conclusion
Post term

Camuglizt |8 |CFR |1.53 1.58 0.41 2.18 <0.01 |Nochange

al2014 (mean acutely,

(186) 12 significant
months) increasdong-

term.

Wiegerinck |27 |[CFR | 1.9 2.1 0.113 |[NA NA Nochange

etal 2015 acutely.

(21)

Subanalysisof 1.9 2.2 0.009 | Significanincreasan CFRn

Wiegerincket al 2015 patientswithout AR(moderateor
severepostTAVI

79



Stolleretal |40 |[CFR |1.9 2.0 0.72 NA NA Nochange
2018(170) acutely.
Vendriket |13 |CFR |1.28 1.65 <0.001 | 1.94 <0.001 | Significant
al (mean6 increase
2020(172) months) acutelyand
long-term.
Scarsinet |13 |CFR | 2.0 2.12 0.805 |[NA NA Nochange
al 2023 4 acutely.
(173)
Sabbatetal |34 |CFR |2.5 NA NA 3.1 <0.001 | Significant
2023 (mean6 increasdong-
a77) months) term.

Table4. Summaryof CFRpre- andpost-TAVIin the literature.

1.6.4ASand absolute coronary blood flow

Invasiveassessmenbf absolutecoronaryblood flow hasonly beenmeasuredpre- and post
aortic valve replacementfor severe ASby one group (177) Sabbahet al 2023 measured
hyperaemicaCBHn the LADusingw | & F fadéantinuousthermodilution in 34 patients
with no flow limiting CADpre- andsixmonthspost-aorticvalvereplacementwith either TAVI
or SAVR(177) The also measuredCFR MR and FFRin the LADat the sametime and
measured LV parameterswith CMR and echoardiography,but did not perform stress
perfusionCMR(177) Althoughthe numbersstudiedare small,andonly 17 patientshad TAVI,
this is the largeststudy of its type so far. Theyshoweda non-significantnumericalincrease
(230mL/minvs 250mL/min,p=0.26)in hyperaemicaCBFn the LADpre- and post-treatment
with either SAVRor TAVIat six months (177) They did however find a significant
improvementin CFR2.5vs3.1,p=0.005)ut FFRand IMRremainedunchanged177) these
valuescanbefoundin the relevanttables.Microvascularesistanceasmeasuredn WUwere
similar to previously recorded valuesin healthy controls and did not seemto change
significantlyafter treatment of AS(347WUvs 287 WU, p=0.20)(177) LVmass,asmeasured
on CMR,reducedsignificantly(174gvs 137g,p=<0.001)after treatment of AS(177) They
concludedhat; ashyperaemicaCBFRand MVRremainedsimilarpre- and posttreatment, but
CFRmproved,the improvementcould either be explainedby a reductionin baselineaCBF

(which was not measured)due to reduced myocardialoxygendemand,or an increasein
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aCBF/gof myocardiumwhen regressionof LVHis considered(177) Ultimately, this wasa

hypothesisgeneratingstudyand definitive conclusionsannotbe drawn.

Paolisscet al measuredabsolutecoronaryblood flow (aswell asMRRand CFR)invasively
usingthe continuousthermodilution method with aw I € T fca&heterin the LADof 29
control matchedpatients with severeASat rest and hyperaemia(187) All patientshad an
unobstructed LAD(<50%stenosis)and preservedLVfunction (LVEFP50%,) measurements
were only taken prior to treatment and no postTAVIdatawere obtained (187) Theyfound
that absoluteresting flow in the LADwas significantlyhigher in patients with severe AS
comparedto controls (86mL/minvs 67mL/min) howeverthere wasno differencebetween
the groupsin hyperaemicflow (200mL/minvs 186mL/min) (187) Hyperaemicmyocardial
perfusion(in mL/min/g), CFRand MRRwere all significantlyreducedin the AScohort (187)
Thisis a very informative and usefulstudy,demonstratingincreasedbaselinecoronaryflow
in ASto meet high myocardialoxygendemand,and the key role this hason impairment of
CFRn thesepatients However,flow and MRRwere only measuredpre-TAVIand compared

with controls,and no posttreatment dataare presented whichis the basisof this thesis

BenDor et al, performed transoesophageal echocardiography(TOE) Doppler-based
coronaryflow assessmenin 90 patientsundergoingTAV by usingpeaksystolicanddiastolic
velocity as a surrogate marker of absolute coronaryflow (188) Theyfound a significant
increasein peaksystolicvelocityfrom 24.2cm/spre-TAVIto 30.5cm/spostTAVI(p=<0.001).
CMRhasalsobeen usedfollowing SAVRo confirm an increasein coronaryflow following

stent-lessSAVRbioprosthesismplantation (189) Studiesinvestigatingcoronaryphysiology
pre-andpostTAVIsimilarlyhavemeasurechyperaemianyocardialperfusionusinganumber
of techniques, including hyperaemic systolic coronary flow velocities (SFV). These
unanimouslydemonstratea significantincreasan the SF\following TAVIAlthoughthe exact
mechanismsreunclear thisfindingislikelyto be aresultof the increasedgroximalperfusion
pressureand reducedLV and intra-myocardialpressures.Thesestudiesare very smallin

sanple size and SFVwas assessedas a secondarymeasure only; therefore, definitive

conclusiongannotbe drawn.
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Authors N | Index Baseline | Immediately | P-value |Longterm | P-value | Conclusion
Post

Wiegerinck | 40 | SFV 44.5 51.1 0.027 NA NA Significant

etal 2015 (cm/s) increase.

(21)

Ahmadet |30 | SFV 33.44 40.33 0.004 NA NA Significant

al 2018 (cm/s) increase.

(166)

Vendriket |13 | SFV 26.36 30.74 <0.001 |40.2 NA Significant

al 2020 (cm/s) increaseacutely

(172) andlongterm.

Sabbalet |34 |aCBF 230+106 | NA NA 250+101 |0.26 Nochangelong

al 2023 (mL/min) term (6-months).

a77)

Table5. Summaryof aCBRand SF\pre-and postTAVIin the literature.

1.6.5ASand HMR,IMRand MRR

Themechanism®f microvasculadiseaseand resistancehavebeendescribedearlierin this
review.Little dataexistson the effectsof TAVlon acuteor long-term microvascularesistance
usingHMRor IMR however, theoretically,a reduction in LVEDPLVfilling pressuresand
intra-myocardialpressires shouldresult in an improvementin these indices.Someof the
studieswhich measuredFFRand iFRalsomeasuredHMRand the resultsare noted in Table
6. Ahmadet al and Vendriket al both noted a significantimmediatereductionin IMRwhile
Wiegerincknoted a non-significantreduction. Thisis consistentwith the acceptedparadigm
of high microvascularesistanceand hostile haemodynamicconditionsof ASwith instant
relief after treatment. Thesestudiesareverysmall,andHMRwasa secondaryendpointin all.
Sabbahet al 2023 measuredIMR pre- and posttreatment with SAVRor TAVIat sixmonths
andfound no significantdifference,albeit with a baselinelow IMRIin patientspre-treatment

(177)

Scarsinet al 2023measuredmicrovascularesistancaeserve(MRR)n 134 patientspre- and

immediatelypostTAVI(173) Thephysiologicabasisand evidencebaseof MRRasa novel
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markerof microcirculatoryresistancehasalreadybeendiscussedn this thesis. ASMRRis a
relativelynovelmeasureof MVD,data on this methodin ASis scant but asan expertgroup,
Scarsinet al havepresentedan elegantmulti-centre international studyandfurther divided
groupsdependingon their tertile of MRRmeasured , ASphenotypeand LV function (173)
Theyfound that a very low MRR(<2.0)wassignificantlyassocia¢d with low-flow ASand LV
dysfunction(173) Furthermore,characteristicassociatedvith lower MRRwere femalesex,
AFand CKD(173) which may warrant further scientificexploration. Theyfound that the
acrosshe entire cohort, there wasa non-significantincreasen the MRR howeverthere was
a statisticallysignificantimprovementwhen appliedto the patientsin the lowesttertile of
pre-TAVIMRRandthosewith significantlLVfailure (173) LowerMRRconfersa higherdegree
of MVDasthe reserveof the microvasculture isimpaired,asin CFRandaresultof <3.0 is
abnormal(135,173) Theyalsomeasured~FRand CFRandthoseresultscanbe foundin the
respectivetables but unfortunately, no longterm data are presentedand giventhe long
term haemodynamichangesn severeAS the longterm effectsof TAVion MVDareprobably
more important than the short-term effects NonethelessScarsiniet al suggestMRRas a

usefulmarkerof diseaseseverityin patientswith ASundergoingTAVI(173)

Authors N |Index | Baseline | Immediately | P-value|Long | P-value | Conclusion
Post term

Wiegerinck {40 |HMR |2.10 1.83 0.072 |NA NA Nonsignificant

etal 2015 fallin HMR.

(21)

Ahmadetal |30 |HMR |2.42 2.14 0.03 NA NA Significanffall

2018(166) in HMRacutely.

Vendriketal | 13 |HMR |2.54 2.18 <0.001 [1.95 |<0.001 | Significanffall

2020(172) in HMRacutely
andlongterm.

Sabbatetal |34 |IMR |13 NA NA 13 1 Nochangelong

2023 term.

a77)

Scarsinetal | 134 | MRR | 2.40 2.66 0.094 |NA NA Nonsignificant

2023(173) increasen MRR
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Subanalysisof Scarsiniet | 1.4 1.88 <0.001 | NA NA Significant

al 2023¢ LowestMRR increasen MRR
Tertile

Subanalysisof Scarsiniet | 1.8 2.69 0.014 |[NA NA Significant

al 2023¢ LV/ cardiac increasen MRR
disease

Table6. Summaryof MVD pre-andpost-TAVIin the literature.

1.6.6ASand QFR

A number of studieshave soughtto validatethe accuracyof QFRagainstFFRNn assessing
lesionsignificancen patientswith AS(190-192) In aretrospectiveobservationaktudyusing
the angiographicand physiologydata from Ahmadet al (181) SejrHansenet al measured
QFRin 28 patientswho had undergonelCAand TAViwith immediatepre- and post TAVIFFR
andiFRmeasurementsandfound reasonablediagnosticaccuracywith post TAVIFFR83%,
p=0.008)(191). However,the angiogramswvere not designedior QFRmeasurementandthe
drop-out rate was27% Furthermore, only pre-TAVI QFR was measured due to the
retrospectivenature of the analysis,and this was validated againstpost TAVIFFR Similar
studieshave producedsimilarresults.Kleczynskalsofound good agreementbetween QFR
and FFRn patientswith severeAS,and evenbetter concordancevheniFRwasusedasthe
referencevalue(190) Thesestudiesall sufferfrom the samemajorproblem,i.e validationof
a novel measureof functional significanceagainstanother novel measureis fraught with
complexityandpotential error. Thisstudy will comparevFFRvith invasivelymeasured=FRn
study patientsin order to explorethe accuracyand viability of usingthis methodin patients

with severeAS.Thiswill be expandedon later in this thesis.

1.6.7ASand CFFFR

Themostrecentandrelevantvaldiationof CFbasedFFRassessmenis a study by Michail et
al who recruited 42 patientswith severeASto invasiveand CTbasedFFRassessmen{193)
Dueto drop-out from CTinterpretation limitations, 39 full setsof data were acquired(60
vessels)Mean invasiveFFRwas 0.83and mean CFFFRwas0.77 (193) Therewasa 76.7%
diagnosticaccuracyand the authors declaredthe safety and feasibility of CFFFRIin this
context. Thiswashowever,a smallsinglecentre studythat excludedpatientswith ischaemic

heartdiseaseneartfailureandhadarelativelyyoung cohort(meanage- 76 yearsold). Ageing
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affectsthe quality of CTcoronaryangiogramslueto calciumartefactandit therefore might
be difficult to achieveusefuldata in older patients. Furthermore,the resultsarisefrom a
singleCFFFRsoftwareanalysispackagethere are severalcompetingsystemsavailable and

the resultscannotbe interpreted outside of the technologyusedin this particularstudy.

Michielset al 2022measuredCFFFRL\*massandtotal coronaryvolumepre- andpostTAVI
or SAVRn 23 patients(194) Althougha statisticallysignificantdecreasan L\fmassafter was
notedtreatment of severeAS total coronaryvolumeand CFFFR/aluesremainedunchanged
despitethis. Theyconcludedhereforethat CFFFRvasnot subjectto the confoundingactors
of MVD and LVHas it remained unchangeddespite significantregressionof LVH(194)
However,CFFFRmeasuredn this smallstudywasnot validatedagainstinvasiveFFRand no
patients with a coronary stenosisof >50% were included. Therefore, no patients with
haemodynamicallysignificantCADare includedin this study, and as alreadynoted in the
studies measuringinvasive FFRpre- and post-TAVI,when pre-TAVIFFRis >0.8Q it rarely
becomegeclassifiedo becomehaemodynamicallgignificanpostTAVITherefore the real
world validity of assessinghe significanceof a coronary stenosisusing CFFFRremainsa

guestionto be answered.

1.6.8Futuredirections

TAVIhasrevolutionisedthe treatment of AS but the treatment of concomitantCADs clearly
experiencingad O | -dzCpigriod at present.Thestudiesabovehighlightthe complexitiesand
pitfalls associatedwith coronaryphysiologyin context of severeAS,and demonstratethe
need for robust randomisedtrial data. The evidence of longterm health berefits of
physiologicallyassessedCADare clear. Theevidenceof the longterm effectsof PClwith or
before TAVIbasedon visual ICAassessmenbf CADare much less definitive. Therefore,
functional measuresof CADIn AS,those which considerthe signifiant influence of the
microcirculationaswell asthe hostilehaemodynamiconditions,are neededto translatethe
positiveeffectsof coronaryphysiologyadvancesverthe last20 yearsinto patientswith AS.
Onlythen canwe validateone measureagainstthe next, aspresentlywe do not knowwhich
indexof coronaryseverityshouldbe used,which acceptedcut-off point is relevant,nor the

measuresagainstwhich to validate Computationalfluid dynamicsand advancedimaging
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techniquesmay hold valuableanswes to these problems.Thenext sectiors will expandon

CMRandCFD

1.7 CardiacdVRI

CardiadMRlisanon-invasivemagingmodalitywhichisableto providehighresolutionimage
gualitywithout usingionisingradiation.It canprovideawide arrayof data,including(but not
exclusively)precise quantification of myocardial structure, massand LV function, tissue
characterisationviabilityandscarburden,blood flow quantificationanda preciseevaluation
of valvestructure, sizeand function from a singke scan (195) Therole of CMRhasgrown
dramaticallyover recentdecadesand it is a gold standardtechnique to investigatecardiac
function and structure (195). It hasa Clasd indicationfor the investigationof variousforms
of cardiomyopathyin ESQuidanceon myocardialdiseaseand heart failure (196)and hasa
Clasdl Bindicationasa non-invasivefunctionaltest of ischaemian patientswith suspected
or confirmedCAD(5). It isalsorecommendedn EACTS/ESfDidanceon valvediseasdor the
assessmentand quantification of AS severity where echocardiogaphy has provided

inadequateor discrepantdata (14).

Theuse of CMRto assessschaemiaghasbenefitswith respectto both diagnosticyield and
longterm outcomes,aswell asguidingtreatment. Kwonget al presenteda retrospectiveUS
basedstudy of 2,349 patientswho had CMRfor the assessmenof stableanginasymptoms
without prior provenangiographicCADand found that patientswith ischaemiason CMRhad
afour-fold increasediskof MACEeventsat oneyearandaten-fold increasediskof requiring
PClwithin the study period of five years(197) Furthermore,Nagelet al presentedthe MR-
INFORMrial in 2019,a non-blindedrandomisedtrial of 918 patientswho had either FFRor
CMRguidedrevascularisatior§198) Theydemonstratednon-inferiority betweenCMRvSFFR
guidedtreatment strategieswith respectto MACEeventsat one year and actuallyshowed
that number of PClproceduresperformedin the CMRcohort waslower without proffering

anincreasediskof Ml (198)
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1.7.1 Stressperfusion CMR

Sress perfusion CMRIis a non-invasiveand validated method of quantifying coronaryand
myocardialblood flow and has higher diagnosticyield than other non-invasivetechniques
suchasnuclearperfusonimagingor stressechocardiography199) StresgerfusionCMRcan
assessoronaryblood flow and myocardal viability, and alsoprovidesdefinitive dataon LV
function, structure and sizeat the sametime, makingit an attractive and effective single
investigationin patients with heart diseaseof variousaetiology (199) It has shown non-
inferiority with FFRin guidingrevascularisationn stable CADand superiority comparedto
nuclearperfusionimaging(200) Methodsof analysingand reportingimagesobtainedfrom
stressperfusionCMRincludequalitative,semiquantitativeand quantitative. Thesemethods
provide differing data and require varyingdegreesof expertise(199) Qualitative analysis
requiressignificantexperienceandexpertisein CMRreportingandprovidesoperatordefined
dataon areasof redricted perfusionandtissueviability usinglate Gadoliniumenhancement
images(199)

StresgerfusionCMRutilisesdynamiccontrastenhancedmagingto detectthe signalchanges
which occurwhen a Gadoliniumbasedcontrastagentpasseghrough the cardiacchambers
andmyocardium(199) T1-sensitive EC@atedimageqslicethickness8-10mmandtemporal
resolution100-125ms)are obtainedusingduring stressandrest (199) Sressisinducedwith
the useof an IV vasodilatorstressingagentsuchasDipyridamole Adenosineor Regadenoson
(199) Oncethe stressingagenthasbeendeliveredand state of microvasculavasodilation
hasbeenachievedthe Gadoliniumbasedcontrastagentis injectedto a peripheralveinto
visualisethe passageof blood through the heart (199) In a normal heart, with normal
coronaryarteriesandmicrovasculaturethere isanevendistribution of contrastseenpassing
through the cardiacchambersand myocardium.However, where there is restriction of
myocardial perfusion, either due to epicardial CAD, MVD, avascular scar tissue or
cardiomyopahy, there is a slower rate of perfusionwith reducedT1 signalintensity when
comparedto normalterritories of myocardium(Figurel5) (199) Wherethere is little or no
contrast uptake in a region of myocardium,this representsa significant reduction, or
completeabsenceof, perfusion ascanbe appreciatedin the infero-lateral LVwall in Figure
15D.
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Left Ventricle

Right Ventricle

Perfusion Defect

Figurel5. Contrastenhancedstressperfusionimages.

Figurel5demonstrateswo imagesrom anormallyperfusedmyocardium(AandB)andtwo
imagesfrom a study which shows restricted perfusion (C and D). All imagesare basal
ventricularshort-axissliceswith stressperfusionusingRegadenosoanda Gadoliniumbased
contrast agent. All imagesare obtained from study patients, with permission.15A; The
Gadoliniumbasedcontrastis seenpassindirst throughthe RV.15B; Thecontrastcannow be
seenhighlightingthe LV cavityand LVmyocardialwalls. Thereis equaldiffusion of contrast
within all myocardialterritories. 15C; Contrastpassinghroughthe RVin the secondpatient.

15D; Thereis diffusion of contrastin the anterior LVwall, howeverasthe label hasshown,
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there is a significantareaof infero-lateral LVwall which hasseverelyrestricted T1signaland

no contrastis seenin this territory of myocardiumindicatinga significantperfusiondefect

Quantitative stressperfusion CMRutilisestime-signalintensity curveswhich are produced
usingfirst-passGadlinium contrastimages(199) Thetime-signalcurvedatais generatedby
the reportingsoftwaredetectingthe T1signalintensity of imagesascontrastpasseshrough
the cardiac chambersand myocardium over the cardiac cycle (199) The LV contours
(epicardialand endocardialborders) and RV insertion point must be entered into the
reportingsoftwaremanuallyfor all three short-axissliceshroughthe LV(basalmid-chamber
andapical)and across60 imagesper sliceand cardiaccycle(180imagestotal), during stress
and rest. When the regionsof interest have been successfullycontoured, the reporting
softwaredividesthe short axisLVimagesnto sixsegmentdor all three slices andthis forms
the basisof the AmericanHeartAssociation(AHA)shortaxist 6 dzf fségSénttionmodel
which showsMBFin eachindividual cardiacterritory, as canbe appreciatedin Figure16B
(201) Time-signalintensity curves(Figurel6C)are producedonceall phasesand 180images
have been contoured and segmented. MBF is produced in mL/min/g for every pixel
myocardiumwithin the contoured region of interest, includingthe blood pool (Figurel16)
(199) SegmentaMBFisrecordedin mL/min/gandtotal MBFcanbe calculatedoy multiplying
the meanof thesevalues(Figurel6B)by total LVmass(in g), whichis obtained at the same
scan(199) The processof reporting usingquantitative stressperfusionand the time-signal
intensity method is donein both stressand rest phasesandratio of the total MBFat stress
divided by the total MBFat rest hasbeentermed the myocardialperfusionreserve(MPR),

whenmeasuredusingCMR(199) It is essentiallyakinto CFRneasurecby CMR
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Wall Intensity-Time (slice 2)

Figurel6. QuantitativestressperfusionCMRwith time-signalintensitycurves.

Figurel6 demonstrateghe quantitative stressperfusionCMRreporting processusingMASS
reporting software (Version2023EXP LeidenUniversityMedicalCentre,Netherlands) 16A;
Short axis mid-LV chamber contoured first passimage. The green line is the contoured
epicardialline, the red line is the endocardialine and the smallblue dot is the RVinsertion
point. Themyocardiumhasbeendividedinto six separatesegmentsandthis is done across
all 180images.16B; The AHA16-segmentmyocardialsegmentationmodel is producedand
MBFis givenin eachindividualterritory aswell asa meanacrossall segmentsThe meancan
be multiplied by total LV massfor total MBF. 16C; Timesignalintensity curves produced
which denote T1signalintensityin eachsegmentof myocardium(andblood pool ¢ red line)
acrossthe cardiaccycle.Thisdatais then usedto producethe bullseyemodeland give MBF
in eachpixel of myocardiumin mL/min/g. The x axisdenotestime and the y axisdenotes

signalintensity.

Areductionin MBFat stress,either globallyor in a specificcoronarymyocardialterritory, is
most commonly causedby MVD or epicardial CADrespectively(199) A reduced MPRis
associatedvith MVD asthis impliesimpaired vasodilatorycapacityof the microvasculature
(199) Although standard CMR has an ESC/EACTG@uideline recommendation for the
assessmenand quantificationof severeAS there is no recommendationfor measurement

of MBFusingstressperfusionCMRIin patientswith severeAS.Thorntonet al measuredVBF
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in 46 patientswith and without severeASusingstressperfusionCMRand re-measuredthe
same parameters after treatment with SAVR(202) The cohorts were divided equally,
howeverthe AScohorthada higherdegreeandrate of CADthan the control group,although
nonerequiredcoronaryrevascularisationASpatientswerefoundto havealower stressMBF
compaedto controls(1.63mL/g/minvs1.96mL/g/min,p=0.009)202) StressMBFincreased
after treatment with SAVRo 1.97mL/g/min,which was similarto controls (p=0.90)(202)
MBFat rest was numericallybut not statisticallyhigherin the AScohort (0.88mL/g/minvs
0.76mL/g/min,p=0.4)and did not increaseafter SAVR202) MPRwasalsolower in the AS
cohort (1.86mL/g/minvs 2.72mL/g/min, p=0.003) but improved after SAVR(202) The
patientsexaminedn the abovestudydiffer somewhatfrom this studyasthe medianagewas
significantlyjower at 71yearsandpatientsunderwentSAVRatherthan TAVIwhichimplicitly
suggestdessco-morbidity and frailty. Beyondthis, the degreeof CADbetweenThorntonet
I f sfudy and this one is not compaable as patientshad varyingdegreesof revascularised
and non-revascularisedCAD.Nonethelessthe above study is useful and rare one which
demonstrateghe changesn MBFwhichoccurin severeAS andreassuringlythat stressMBF
canimprovewith SAVR202) TheVIRTUWASwiIll utilise stressperfusionCMRin patientswith
severeAShavingtreatment with TAV] and will explorethe effectsof MVDandthe question
of revascularisationThe stressperfusion CMRscanningprotocol and reporting techniques

usedfor this studywill be describedn further detailin the methodssection.

1.7.2Coronarysinusflow in CMR

Thecoronarysinus(CS)s the major vein of the cardiacvenoussystemand responsiblefor

draining 95% of deoxygenatedblood from the myocardium(203) Thus,the CShas been
proposedasan accuratesurrogatemarkerof total MBF(204) albeit without the capadiy to

determineregionalperfusionabnormalities henceits limitation in guidingrevascularisation
CSlow wasfirst measurednvasivelyby Ganzet alin 1971who comparedCSlow in patients
with angiographicallyconfirmed CADand healthy volunteers(205) Theyfound a meanCS
flow of 122mL/minin hedthy controlsvs 128mL/minin patientswith CAD(205). In modern
clinical practice, invasive CSflow is not routinely measured.CSflow, however, can be
measurednon-invasivelyusingCMRand may have a usefulrole in providinginformation in

patientswith MVD,aswell asepicardial CAD(203,204) Using2D phasecontrastflow CMR

imaging,Indorkaret al calculatedthe ratio CSflow at stressandrestto calculatea surrogate
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form of CFRn 507 prospectivelyrecruited patientswith varyingdegreesof CADin order to
investigatelongterm cardiovasculaputcomes(206) Theydemonstratedincreasedrisk of
MACEeventsin patientswith lower CFRwhen measuredusing CSflow, whether they had
epicardialCADor not (206)

CSlow is calculatedat CMRusing2D phasecontrastflow imagesand canmeasuredat stress
andrest (203) Typicallythe CSliesin the atrioventriculargrooveand is bestseenin the 2-
chamberlong axisview (Figurel7A). The CSis contouredand the regionof contouredCSis
corroboratedwith the phasecontrastflow images. Thesoftwaremeasuredlow acrosshe CS
in mL/sacrossthe entire cardiaccycleand producesa time-flow curve.Whenmultiplied by
the heart rate takenduringimageacquisition,a valueof CSflow in mL/min canbe obtained
which will be useda surrogatemarker of total MBFE. Figurel7, below, demonstratesa 2-
chamberLVlongaxisview (17A)with the CSclearlyseenin the atrioventriculargrooveand
the corroboratingareain the phasecontrastflow image(17A)andthe final time-flow chart

whichis produced(17C)
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Figurel7. Coronarysinusimagingat CMR.

Figurel7 showscoronarysinusimagingof a study patient, usedwith permission.TheCShas
not beencontouredfor visbility. 17A; Longaxis2-chamberLVview with CSclearlyvisiblein
the atrioventriculargroove.17B; Corroboratingphasecontrastflow image.17C; Timeflow

curveproducedwith CSstrokevolumeprovidedin mL/sat 1.91mL/s.

1.7 .3 Limitationsof CMR

Despitethe clear advantagesof CMRover various other imaging modalities, severalkey
limitations remain in current practice. Firstly,accesso CMRremainslargelyrestricted to
largerteachinghospitalsin the UK. The MRI scannercan alsofeel claustrophobicand loud
and manypatientscannottolerate lyingflat in the scannerfor the 30-45 minutesit takesto
complete a full scan.Thistouchesupon a further limitation, which is the length of time
requiredto completea scanbeingsignificantlylongerthan an echocardiogramfor example.

PatientsundergoingCMRare also askedto hold their breath during certain acquisitions,
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during both inspiration and expirations, and many patients with underlying cardiac or
pulmonaryconditionsstruggleto achieveadequatebreath holds, which canimpair image
guality. Otherfactorswhich cancausemovementartefactare arrhythmiasand ectopy. CMR
is also a relatively costlyinvestigationwhen comparedto other non-invasiveinvestigations
andsignificanttime andexpertiseisrequiredfor the reportingof scansAll patientsaretaken
through a careful multi-point MRI safety questionnaireby an experience radiographer

beforethey are deemedsafeto havean MRI.

1.8 Computationalfluid dynamics

CFDsacomputedmethod of quantifyingthe mechanicatesponseof fluidsto externalforces
in orderto assesslow velocityand pressure(207) A CFDmodel makesthesecalculationshy
solving the NavierStokesand continuity equations, which describethe conservationof
energy, mass and momentum, creating a simulation using inputted physiologicaland
anatomicaldatato reconstructa physiologicaBDarterialmodel(seeFiguresl8 and19) (208)
CFDis used commerciallyin aeronautical travel, vehicle design, medicine and safety
technologiesExample®f CFONn measuringcoronarypressure andflow includethe QFRand
CFFFRndicesalreadytouchedupon. Methodsof coronaryphysiologyassessmeniisingCFD
do not usually require invasive pressurewire assessmenbr pharmacologicallyinduced

hyperaemiaconditions.

1.8.1 VIRTUheant

VIRTUhartn is the first successfulangiographybased software tool to measure VFFR
developedat the Universityof Sheffieldby Morris et al 2013 (208) It usesimagesobtained
during ICAto reconstructa 3D arterial model,and subsequentlyappliesprinciplesof CFDto
calculatea vVFFR208). It hasbeenstudiedextensivelyand shownto haveefficacyandvalue
in both acute and chronic coronary syndromes (209, 210) To compute VFFRusing
angiographidmagesand CFD physiologicabnd anatomicaldata (ICAimages)are inputted
into the model (208) A 3D reconstructionof the artery is then producedusinga mesh of
around 1 million tetrahedra (208) Thenext stageis to definethe inlet and outlet boundary
conditions (i.e. arterial inflow and outflow physiologicalconditiong (208) A CFDsolver

softwarepackagd ANSYEFXjsrecruitedto sdvethe equations setthe boundarylimits and
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generatethe pressureandflow values(208) ThevFFRs measurel from the resultsof these

calculations(208) Figurel8, below, showsthe final vFFResultsscreenof an LADfrom a

studypatient. ThevFFRsrecordedat 0.73,the invasivelymeasured=FRvasalso0.73in this

case.ProcessingCAimagesthroughthe VIRTUheant softwarerequiresa seriesof stepsto

be performed by an experiencedand trained operator. Thisseries of stepsis termed the

workflow (208) Thestepstakenthroughthe workflow havebeenadaptedfrom Morris et al

2013(208)andare describedbelow:

1.

Image acquisition Imagesobtained from ICAare usedin VIRTUheant. The
workflow requirestwo high quality, well opacified orthogonal views of the
coronary artery of interest to produce an accurate 3D reconstruction.The
imagesare uploadedto the VIRTUheant softwarein DICOM(digital imaging
and communicationsn medidne)format andthe operatorchoosegwo images
which have a minimum of 30 degreesbetween the views in the left-right

anterior obliqgueor caudacranialplanes

Segmentation and reconstruction The operator then outlines the vessel
centrelineand boundariesfor both imagesusingthe software. The software
usesthis segmentatiornto generae a 3D meshreconstructionof the portion of
artery measured The segmentationtool used in VIRTUheart has been
developedusing at the University of Sheffieldushg MATLAR software
(Mathworks,Massachusett&JSA).

Mesh preparation. The3D meshis dividedinto millionsof tetrahedral shaped
cellsto producea volumetricmeshc this processs termeddiscretisation The
mathematicalequationsdescribedare appliedto this volumetricmeshlater in

the process.

Boundary conditions. The vesselinlet, outlet and walls are defined for CFD
analysis.Boundaryconditionsare defined as the physicalconditionsat the
vesselnlet and outlet. Theinlet conditionsare determinedby proximalaortic
perfusion pressure and the outlet conditions are determined by the

microvascularresistance.A generic value of 8.721e09Pa/mPs? is used for

95



VIRTUhearsimulations(210) Thisvalue representsthe general population
mean microvascularcoronary resistance,as calculated during the initial

VIRTUheant validationstudiesby Morris et al (208)

5. Smulation. A CFDsolversoftware package(ANSYE&FX)whichis embedded
into VIRTUheant is recruited to apply the NavierStokesand continuity

equationsto the 3D modelto producea final vFFR/alue.

6. Datacollection/ post-processing Theoperatoris ableto viewthe resultsof the

equationsand coronaryphysiologicaparametersproduced(seeFgure 18).

7. Validation. Thecomputedvaluescanbe comparedo the goldstandardmethod

of obtainingthesedatai.e. invasivepressurenire measurement.

The segmentationprocessrequires considerabletraining and experienceof interpreting
coronary angiograms notwithstanding the speed of the computation. The steps are

expandeduponin the methodssection.

InletD  2.62
OutletD  1.45
MinD 095

Length 49.56

Figurel8. Exampleof a VIRTUheaH" interfaceandresultsscreen
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AnLADisreconstructedusingthe workflow anda vFFRof 0.73isrecordedat the distal point.

Theinvasivelyneasured=FRvasalso0.73in this patient.

1.8.2 Limitationsof CFD

A discordancebetween invasiveFFRand angiographyderived vFFRmeasurementsaffects
around 30%of caseq211) Theprinciplecausefor this discrepancys a failure to appreciate
fully the complexflow relationshipsand effects of microvasculamresistanceupon which
conventionalFFRs based(211) An assumptionof hyperaemiaand minimal microvascular
resistances made. Thismay be validin the majority of patients,but certainlynot all, and is
affectedby a number of diseaseprocessesncluding heart failure, hypertensionand AS.In
order to mitigate for this, personalisedbounday conditionsand resistancevaluescan be
inputted into the latest VIRTUheant software in order to improve accuracy. These
parametersinclude patient height, weight, blood pressure,heart rate and two separate
coronaryartery specificscoresMyocardialleopardyndex(MJl)andDukeJeopardyDJ)score
(210) Usingthesepersonalisecbounday conditionsimprovesthe accuracyof VIRTUheant
significantlywith adiagnostiaccuracyf 90%achievabldor stenosesvith FFRof .8(210)

Therefore patient-level specificmodelsare valuablein CFDmodelling(211)

1.8.3 virtuQu

virtuQu is a novel CFDbasedsoftware model built upon the VIRTUheant workflow which
measuresabsolute coronary flow (in mL/min) as well as microvascularresistance (in
mmHg.min/mL)and CFRfrom imagesobtained at conventionallCAand routine invasive
pressurewire-derivedphysiologicalndices,and wasdevelopedat the Universityof Sheffield
by Morris et al 2021 (MathematicalModellingin Medicinegroup)(212) It providesaCBFand
MVRdata both at rest and in hyperaemiawhichis valuableas most invasivemethodsonly
measurethese in hyperaemicconditions. The workflow is similarto VIRTUheart and is
describedn 1.8.1, howeverasopposedio VIRTUheant (whichdoesnot requireanyinvasive
dataotherthanangiographiegmages)yirtuQu requiresinvasiverestingandhyperaemid/Pa
data to be inputted at the simulation phasein order to obtain accurate results (212)
Therefore,for virtuQu to be accurate,invasivepressurewire data aswell asangiographic

imagingneed to be obtained at coronary angiography(212) It has been validatedin 40
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patientsagainsinvasiveDoppler-wire flow measurementsn vivoandin vitro, andwasshown
to be more accurateandreproduciblethan this method (212) AubiniereRobbet al aimedto
validatevirtuQu by usingaCBRo augmentthe data obtainedfrom invasivelymeasuredFFR

andthis hasbeendescribedn section1.4.4.5(126)

A comprehensiveand unique array of coronary physiologicalparameterscan be obtained
usingvirtuQu software,includingaCBFMVR,vFFRstenosisresistance and CFRat rest and
during hyperaemia(Figure19) (212) The pitfalls of measuringabsolutecoronaryflow and
microvasculadiseasehavebeendescribedearlierin this thesis virtuQu providesa unique
opportunity to measurecoronaryflow and microvascularesistancein absoluteunits while
circumnavigatingthe aforementioned problems. As a result, the haemodynamicand
physiologicalconsequencesof severe AS that invalidate interpretation of conventional
measuresof coronaryphysiologydo not affect virtuQu measurementsFurthermore,with
conventional CFDand vFFRneasurementsthe inflow and outflow boundaryconditionsare
unknown and therefore assumedbasedon averagedpatient populations; however, with
virtuQu, thesevaluesare known preciselyfor all patients(212) Absolute,accurateand like-
for-like valuescan therefore be measuredand comparedin individuals,and a substantial
volume of important physiologicaldata can be accrued.virtuQu may well be the ideal
measureof coronary physblogy in patients with severe AS,as it escapesthe common
cofoundersand problemsfrom which other commontools suffer. Figure1l9 demonstratesa
reconstructedcoronaryartery from this study usingthe virtuQu software. Theresultsare

clearlyvisibleandsimpleto extract
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Flow in (ml/min) 211.9 172.1 Inlet D 3.29 F F R
Flow out 116.3(1148.0) 94.5(1236.2) OutletD  2.60

Flow branches 95.6 77.6 Min D 1.36 1.00
Pd/Pa & FFR 0.44 0.29 length  73.70

MVR 0.15 0.03

SR 0.24 0.21 0.95
CFR 0.81

l

0.90

e

0.85
0.80

0.75

0.70
0.65
0.60

Figurel9. Exampleof virtuQu interfaceandresultsscreen

Theseare the resultsfrom a study patient with areconstructed severelystenosedLADwith

averylow FFRTheflow, resistanceand CFR/aluesare presentedveryclearly.

1.8.4 virtuQu andVIRTUheant in AS

Thevalidityandfeasibilityof measuringpCBFMVRandvFFRisingvirtuQu andVIRTUhean
technologyin patientswith severeASis untested and will formed part of the basisof this

thesis.

1.9 Hypothesis aims and outcomes

Theprincipal aim of this studywasto assesshe haemodynamieffectsof treating severeAS

at a coronaryand microvasculatevel.
My hypothesesveretherefore:

1. Treatmentof severeaortic stenosisnvith TAVIhasmeasurabldongterm (3-6-months)
haemodynamidenefitswith a measurablechangeabsolutecoronaryblood flow and

improvementin parametersof microvasculadiseag.
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2. Thereareaccompanyingmprovementsn symptomsandphysicabctivitylevelswhich

alignwith the reversalof pathologicalLVremodeling

1.9.1 Researchaims
In patientsundergoingTAVIfor severeAS,| aimed to:

1. Assesshe changesn coronaryblood flow and microvasculafunction pre- and postTAVI
in a selectionof patients from Sheffield TeachingHospitalswho had CADat angiography
Theseparameterswere measuredinvasively with CMRand usingvirtuQu CFDtechnology
They included aCBFglobal MBF,CSflow, CFRMPR,IMR, MRR,MVR,FFRand RFRThese

parameterswere measureal both pre- and postPClwhereappropriate)and post TAVI.

2. Obtaina complementaryset of dataon changesn LVparameterspre- and postTAVIfrom

CMRandechocardiography.

3. CompareCMRfindings of patients with severe ASwith a comparatorgroup of patients

without ASwho hada similardegreeof CAD

4. ComparemeasuredFFRmFFRith vFFRusingVIRTUheaftin patientswith severeAS.

1.9.2 Outcomes

Primary outcomes The primary endpoints were the longterm (3-6 month) changein
absolutecoronaryblood flow and microvasculadiseaseasassessedvasivay, with cardiac

MRIandvirtuQu.

Secondary outcomes The secondary endpoints were changesin all other coronary
physiologicaparameters| aimedto examinethe relationshipbetweenthesechangesandLV
performanceat CMRand echacardiography as well as symptom burden and activity level
using questionnaires | also comparel CMRfindings between patients with and without
severe ASto determine the changesin myocardialperfusion and LV performancein AS
comparedwith controlswith a similardegreeof CAD.Finally,| comparel mFFRwith vFFRn

patientswith severeAS.
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Chapter 2 Methods

2.1 Studydesign

This was a single centre, prospective, open label, longitudinal, observational study
undertaken at Sheffield TeachingHospitalsNHSFoundation Trust and The University of
Sheffield. The STHresearchreference number is STH1871 and the Integrated Research
ApplicationSystem(IRA$ project ID is 301021.The study was exploratory and hypothesis
generatingand followed patientsthrough their treatment journeywith severeASand TAVI.
Certain activity was purely research driven and informed consent was obtained for

participationin the study(seeAppendicesA, Band C).

2.2 Studypopulation

Electivepatients who were listed for a work-up coronaryangiogramprior to TAVIfor the
treatment of severeASat STHwere screenedwith atargetof 20 patients Thesepatientshad
standardindicationsfor TAVland ICAPCIin accordancewith the ESC/EACTguidanceon
valvularheart diseaseand myocardialrevascularisatiorfs, 14). Diagnosisand quantification
of severe AS was made using standard echocardiographyand the decisionto list for
angiographyand TAViwasat the discretionof the TAVIHeartTeam.Patientshad PCi(or not)
at the discretionof the TAVIHeartTeamandaccordingo conventionalguidance(5). Patients
camefrom acrossthe catchmentareaof the Northern GeneraHospital,Sheffield(Sheffield,
Barnsley,Chesterfield,Rotherham,Doncaster Worksopand Wakefield)as Sheffield is the

tertiary referral centrefor PCland TAVIfor the region

2.3 Recruitment

Patientswere recruited from the elective TAVIwaiting list at STH.Patientswere initially
identified at the point of discussionat the TAVIHeart Team meeting or initial clinic
appointmentwith a TAVIoperatorand a decisionto proceedwith a work-up ICAor PCiwas
madeat this stage. TheTAVIioperatorthen highlightedpotentially suitablepatientsto me by
email and patients were approachedfor the study and had their ongoinginvestigations
arranged. Somepatientswere identified for ICAwithout prior knowledgeof their coronary

anatomyandadecisionto proceedto PClWwasbasedon guidelinebasedcriteria(5). However,

101



asSTHsatertiary referral centre,somepatientsreferredfor TAVIfrom outsidethe Sheffield
areaoften hada localcoronaryangiogram.Thosewith significantCADrequiring PClprior to
TAVIasagreedbythe HeartTeam were alsoidentified. Tho® not requiringfurther standard
of carelCAor PClwere not approachedA spreadsheetith potential candidatesvasshared
with the TAVIteam, STHcardiologysecretariesand CCLschedulersto ensure potential
recruitsto the study had their angiographyor PClwith membersof the studyteam. When
potential study participantswere identified, they were formally approached A consentform
(seeappendixA), patientinvitation letter (seeappendixB)andpatientinformationsheet(see
appendixC)were sentto the patient in order to gain fully informed consent.If a patient
expressedwillingnesdo participatein the study,theywere contactedbytelephoneto have
their outpatient angiogramand CMRarranged.Formalwritten consentwastaken by me at
our first faceto-face meeting, usuallyat angiography Patientswho are enrolled onto the
study were given a unique study number for anonymisationof data at a later stage.All
patientsundergoingTAVlat STHrequired a TAVICTscanaslocal protocol. The purposeof
this scanhasalreadybeendescribedin 1.3.6.1 Patientswith unsuitableanatony for TAVI
were removed from the waiting list and excludedat this stage.Patientswere given the
contactdetailsof the studyteam. Patients couldleavethe studyat any point, and continue
with their standardcare.When patientswithdrew, relevantstudydatacouldstill be usedwith

their consent.

2 4 Inclusionand exclusioncriteria
Studyinclusioncriteriawere:

1 Diagnosiof severeAS
M Suitablefor electiveTAViat STH

1 Listedfor electivelCA/PCat STHwith a >50%coronarydiameter stenosisin a major

epicardialvessekuitablefor pressurewire assessment.

 Informedconsentobtained

Studyexclusiorcriteriawere:
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1 Inabilityor refusalto giveconsent
1 Requiringemergency TAVI

1 Unsuitableanatomy for TAVI

1 Unobstructedcoronaryarteries

1 Diagnosi®f aterminal condition

1 Significantlyco-morbidity or frailty.

2.5 Researclethicsandintegrity

This study receiveda favourableopinion from the researchethics committee (RECandthe

NHShealth researchauthority (HRAN 29/09/2022 (22/NW/0017, seeappendixD)andwas
sponsorediythe STHesearchanddevelopmenexecutivecommittee(STH21871) hestudy
protocol and documentationwere registeredand approvedby IRASPoject ID: 301021).1t

was reviewed favourably by the Sheffield national institute for health and care research
cardiovasculapatient panelon 06/07/2021. A comparatorgroup of CMRpatients (patients
with CADbut without AS)weretakenfrom the VIRTLE study, whichwasrecentlyundertaken
by ourresearchgroup(STHesearcmumber:20961andIRASrojectID:272069. TheVIRTUY
5 study received a favourable opinion from the RECand NHS HRA on 06/03/2020
(20/NS/0033;see appendixE). All patients had consentedto their CMRdata to be usedin

similarprojectsacrossour researchgroup.

2.6 Studyprotocol

Theclinicalstudyprotocolaimedto measureabroadandcomprehensiveangeof clinicaland
patient reported data acrossthe duration of the LJ- (i A @asfidipation. Thestudy captured
and utilised data obtained from routine standardof clinicalcare (SOCpathwaysaswell as
researchspecificinvestigations.The study pathway and assessmenperiod can broadly be

separatednto three phases

1. PreTAViphase

2. TAVIProcedure
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3. PostTAViphase

The time differential between the pre-TAVIphase and TAVIprocedure varied between
patientsdue to their positionon the TAViwaiting list, whichwasbasedon individualclinical
need and date listed. The postTAVIphasewas a 3-6-month period during which a further
researchdriven ICAand CMRwere performed. A summaryof the VIRTUASstudy protocol,

designandpatientjourneyisillustratedin Fgure 20.

2.6.1PreTAVIphase
Thepre-TAVIphaseof the studyincluded:

1. Consent

2. Coronaryangiogramand pressurewire assessmen{SOC).
3. Questionnaires.

4. virtuQ™ processingf angiographyderiveddata.

5. CardiadMRI.

6. EchocardiograniSOC)

7. TAVICT(SOCY patientsexcludedf unsuitableanatomy.

The pathway for identifying and approachingpatients to consentto the study has been
describedin section2.3. When a patient wasidentified and listed for ICA/PCbasedon TAVI
Heart Teamagreement,they received an appontment to attend the STHCCLfor their ICA
basedon standardNHSavailabilityand policies.Duringthis procedure if there wasany CAD
requiring assessmenta full invasive coronary physiology study was performed and is
describedin more detail later in this chapter. Thedata obtainedwere usedasthe pre-TAVI
invasivecoronaryphysiologyIf patientsrequired PClbasedon theseresults(FFRK).8),they
receival this at the same procedure (as per ESCguidance(5)) and had the same set of
coronaryphysiologyperformedon the samevessehfter PCIIf their initial physiologyesults
were negative(FFR>0.8),the procedurewascompleteas PCiwasunwarranted. Angiogram
imagesand pressurewire data derivedat this stagewere systematicallyrecordedfor usein

the study and processingoffline through the @ A NJivaamkflow. Patientshad their health
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guestionnairesas part of this visit. A selection of patients also had quantitative stress
perfusionCMRpre- andpost-TAVIDueto fundingavailability this waslimited to 10 patients.
Patientswho consentedfor andwere deemedsuitablefor CMRhadthis arrangedafter their
initial angiogramand PClprocedure.Thiswasperformedat STHon the PulmonaryLungand
RespiratorylmagingSheffield(POLARISYniversity of Sheffield MRI scannerbasedat the
NorthernGeneraHospital, STHandtransportationwasprovided.Thescanningorotocoland
reportingtechniquewill be describedn further detail later in this chapter.All patientshad an
SOCpre-TAVI echocardiogramand TAVICT to make the diagnosisof AS and ensure

anatomicalsuitabilityand safety.

2.6.2 TAVIprocedure

All patientshadtheir TAVIprocedurein the standardand clinicallyindicatedway by the STH
TAVEieam. Choiceof valvetype andsizewasmadebythe TAVHeartTeambasedon anatomy
andCFTAVrecommendationsMedtronicEvolutRProandEdwardsSapienvalvesvere used

at STHluringthe period spanninghis study.

2.6.3PostTAVIphase
Thepost-TAVIphaseof the study included:

1. Coronaryangiogramand pressurewire assessment
2. Questionnaires.

3. virtuQ™analysis.

4. CardiadMRI.

5. EchocardiograniSOC).

Followingdischargeandrecoveryfrom the TAVIprocedure,patientsentered the final phase
of the study. A period of at leastthree monthsrecoverywere observedbeforethe follow-up
angiogramguestionnairesand CMRwere planned.Relevantangiographyand pressurewire
datawere againprocessedffline through the virtuQu workflow. A summaryof the VIRTU

ASpatient pathwayis outlined belowin Fgure 20.
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VIRTU-AS Patient Pathway
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Figure20. Summaryof the VIRTUASpatient pathway.
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2.64 Clinicaldata

Routinepatient characteristicslata were obtained and reported for all study patients This
included age,weight, body massindex (BMI) and heart rate. Dataon past medicalhistory
included hypertension hyperlipidaemiagdiabetes smokingstatus, COPDAF,CKDperipheral
vasculadiseaseMlI, previousPClor CABGCVAandpresenceof a PPM.

2.65 Clinical scoresand questionnaires

Thisstudy utilised the extensivelyvalidated Short Form 12-point questionnaire(SF12) to
obtain a patient reported measureof health and well-being. The SF12 questionnaire(see
appendixG) isameasureof overallhealthand mentalwellbeing,it isa 12-item questionnaire
which producesseparatephysicaland mentalwellbeingscoresandis validatedfor usein the
generalpublic(213) TheSF12yuestionnaireproducesa numericalresultwhichis compared
to the populationmeanof 50+10in eachdomain.Thefirst setof questionnairesvere carried
out on the day of the pre-TAVIwork-up angiogram.Thesecondset of questionnairesvere
conduwcted at leastthree months after recoveryfrom TAVIat the secondangiogramvisit or
CMR.Theywere in paperformat and the completedquestionnairesvere stored securelyin
the individualpatient researchfolder heldin STHTheSF12 questionnaireis non-proprietary
free to use. The Rockwoodclinical frailty scale(see AppendixH) was usedto categorise
LJ- A degréedf @ailty prior to their TAVIprocedureandthe New YorkHeart Association

(NYHAB¥coringsystemwasusedto assessymptoms(seeAppendixl).

2.7 Dataprotection

Imagesobtainedfrom coronaryangiographyechocardiographyand TAVICTwere storedin
DICOMformat on the STHPicture Archivingand CommunicationsSystem(PACSHhs per
standardlocal NHSprotocol. Relevantfiles were subsequentlytransferredelectronicallyin
anonymised format (using the patient specific study identifier) to the Mathematical
Modelling in Medicine XNAT(MMMXNAT)database,which is a passwordprotected and
securedatabasecreated by the ScientificComputingteam at The University of Sheffield
specificallyfor clinicalresearchandislocatedon the secureUniversityof Sheffieldserver.All
patients were given a unique study identifier and imageswere downloaded from the

MMMXNATdatabaseonto an encryptedlaptop in anonymisedormat for offline processing
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through the VIRTUheant workflow. Coronaryphysiologydata obtained using Coroflow
(Coroventis)n the CClwere storedlocallyon the STHlinicalserverandspecifidmageswere
transferredto the PACSThesedata remaired on the secure STHserver. The data were
extractedin anonymisedormat usingthe patientspecifiddentifier. CardiadViRlimageswere
saveddirectly onto the securePOLARI#nagingArQ databasewhich is located securelyon
TheUniversityof Sheffieldserver.Thesemageswere transferredby specialistadiographers
in anonymisedormat to the to MMMXNATdatabasewherethey were downloadedonto an
encryptedlaptop for reporting. Alldatawere usedlawfully,subjectto the DataProtectionAct
2018 andonly authorisedmembersof Universitystaff and the researchteam had accesgo
the securePOLAR|&ArQand MMMXNATdatabase. OnlyclinicalSTHstaff hadaccesdo the
STHsecureserverand PAC&ndanydatastoredon this serverare held accordingo STHand
NHSpolicies.

2.8 Coronaryangiographyand pressurewire assessment

All patientsin this studyhadtheir ICAand PCperformedat the STHCClunderthe careof the
researchteam. All proceduresadheredto standardSTHclinicalprotocolsand ESQuidance
for the investigationand managementof CAD(5). Patientswere consentedseparatelyfor
eachICAprocedureaccordingto standardNHSclinical practice.l personallyconsentedfor

and performedall pre- andpostTAVlangiogrampressurewire and PClprocedures.

2.8.1 Coronaryangiography

Vascularaccessvas achievedthrough the radial artery in preferenceto the femoral artery
with a6Frperipheralsheath.Imageswvere obtainedusing6Frguidingcathetersandaniodine-
based contrast solution As per clinical guidance, patients received 70-100I1U/kg of
unfractionatedHeparin administeredntra-arteriallythroughthe guidingcatheterto achieve
an activated clotting time (ACT)of between 250-350s. The ACTwas measuredevery 30
minutes and patients were given supplementalbolusesof intra-arterial unfractionated
Heparinif the ACT was <250s.Intra-arterial GTNwas generallyavoideddue to the risk of
significanthypotensio in patients with severeAS.Imageacquisitionwas performed using
our protocol for computational modelling (good opacification, minimal overlap, minimal

magnification,minimal panning,and at least three views of the right, and five of the left
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coronary artery) to allow accurate reconstruction and modelling in the VIRTUheant
workflow. Onceimageacquisitionwascomplete,anyvisuallyintermediatecoronarystenoses
(50-90% luminal stenosis)were subjectto physiologyassessmentccordingto standard
clinicaland study protocols Patientsunderwenta full invasivepressurewire study with a
n ® n pmssuretemperature sensortipped Abbott Pressurewire™ X (Abbott Vascular,
SantaClara,CA,USAwhich waszeroedoutside of the body and equalisedto certral aortic
pressurein the aortic root. Thewire wasadvancecdcarefullybeyondthe coronarystenosiso
adistalpointin the coronaryartery of interest. Translesionaldataweretransmittedfrom the
transducernear the distal end of the wire to Coroflow™ software (Coroventis,Uppsala,
Sweden)wirelesslyusing Bluetooth™ technologyfor interpretation and extraction. Trans
lesionalpressureand temperature data were obtained at baselineand during hyperaemia.
Hyperaemiawas induced with an IV Adenosineinfusion given at a standard rate of
140ug/kg/min RFRand resting Ps/Pa were measuredat baselineconditionsand FFRand
hyperaemicPy/Pa were measuredtwo minutes after commencinglV Adenosinewhen the
operatorswere happythat a stablestate of hyperaemiavasachieved Bolusthermodilution,
with 3mL of room temperature 0.9% saline, was performed at baseline and during
hyperaemiain order to measureCFRand IMR. If the FFRwas recorded at X).8, PClwas
deemednecessaryand therefore offered accordingto current ESQuidanceon myocardial
revascularisatior{5). This was performedat the samesitting and within local guidanceand
protocols Only newer generationdrug-eluting stentsor drug-coated balloonswere usedif
PCiwasdeemednecessaryln anytreated vesselthe full rangeof baselineand hyperaemic
coronary physiologywas repeatedto ensureadequatetreatment had been provided and
accurate up-to-date data were obtained for comparisonlater. Once the procedure was
completed,all equipmentwas removedand haemostasisachievedwith either a TRBandt
(Terumo)radial compressiondevice or an AngioSeakt (Terumo)femoral closuredevice.
Patientsweredischargedaterthat dayif wellandhadno post-proceduralcomplicationsThis
protocolwasusedfor both the pre- andpost TAVingiogramandpressurewire assessmers
and the same set of data were obtained eachtime. Figure21, below, demonstratesan
angiogramimageof an LADwith a distally placedpressurewire measuringthe FFRduring

hyperaemiaconditions.
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Coroventis X
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Figure21. Angiogramand FFR.

Angiogramof LADwith distally placedpressurewire and Coroflow™ (Coroventis)screenof

FFRmeasuremenwith steadystate hyperaemia.

2.8.2 Bolusthermodilution

Thebolusthermodilution method for the measuremeniof CFRand IMR s briefly described
in section 1.4.5.3 The Abbott PressuréWire™ X has one pressure sensor and two
temperature sensors.The temperature sensorsare placedproximallyand distally,and the
meantransittime (betweenthesetwo sensors)pf a bolusof salineis measuredoy forcefully
injecting 3mL of room temperature 0.9%salinedirectly into a coronaryartery through the
guidingcatheter. The lower temperature of the salinebolusis detectedby the temperature
sensos on the wire and the transit time betweenthe two pointsis usedasa surrogatefor
volumetricblood flow. Assuch,the transittime of abolusof salinethrougha coronaryartery
is inversely proportional to the volumetric flow rate. Hence,a short mean transit time
indicatesa highflow rate. ThedistallyplacedPressuraVire™ X (Abbott)temperaturesensos
record the meantransit time of three bolusesof salineat rest and during hyperaemiaand
sendstheseto the Coroflow™ (Coroventispystem whichrecordsand calculateghe ratio of
theseto measureCFRIMR is measuredasthe meandistal pressure(Psy) multiplied by the
thermodilution-derived meantransittime of a bolus of salineduring maximalhyperaemia

andis measuredusingthe meanof three hyperaemidransit times. Multiple bolusinjections
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of salinecannotalwaysbe exactlyequalwith respectto flow rate and volumewhen done by
hand. To mitigate for this, all proceduresand injectionswere performedby the author and
whereadiscrepantvaluewasobtained,the readingwasrepeateduntil three similarreadings
(within 0.2secondsjvere achievedIn casesvherethe equalsation pressureof the pressure
wire hadd@ R N &nidydrétréthe acceptedbaselineof 1.0-0.99 upon withdrawal to the left

main stem, the wire wasre-equalisedand entire procedurerepeatedto ensureaccuracy

Figure22, below, demonstratesa Coroflow™ recordingof simultaneousy measurel CFR,
IMR, FFRandrestingindices.Thethermodilution temperature curvescanbe appreciatedin

the lower part of the image. The FFRRFRP4/Pa values,CFRand IMR can all be extracted
easilyascanbe appreciatedoelow. Thesevalueswereusedto calculatethe MRRoffline, using

the equationdescribedn section1.4.5.3

Patient Live Review Research C oroven fi S x

FFR

0.66
Pd/Pa
0.89

CFR

2.0
Mh1 6

RRR

5.0

Rest 0.82 (.87 b ) ; i ; Resume

TR YR xs2 oner P2 IKIHS

Figure22. FullCoroflowM (Coroventisktudy.

CoroflowM (Coroventi} screenof study patient with thermodilution derived temperature

curvesandsimultaneousneasuremenbf FFRrestingPy«/Pa, CFRandIMR 22A; Thepressure
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wire is equalisedto central aortic pressureand passeddistally in resting conditions. The
restingpressuretracingsare recorded,the red trace is P: and the greentraceis Py. 22B; The
temperatureis zeroedsothe pressurewire acceptshe bodytemperatureaszero,ascanbe

appreciatedbnthe y axis 22C Restingtransittimes(in secondspf a 3mLbolusof 0.9%saline.
22D; The temperature detected by the distally placed pressurewire transducerfalls to

around -2.5-3.0°Cbelowthe zeroline with a3mLbolusof saline. Thebluetemperaturecurves
denote resting conditions and the orangelines denote hyperaemia.The orangelines are

clearly seento dip earlier alongthe x axis (time), suggestinga shorter transit time (thus

greaterflow rate), aswould be expectedin hyperaemicconditions. Thetemperature lines
graduallydrift backto the zero level as the saline passesthrough the myocardium.22E

Hyperaemidransit times of a 3mLbolusof 0.9%saline. 22F, Adenosineinfusionhasbeen
commencedfor at leasttwo minutesand hyperaemicPq/Pa pressuretracingsare recorded

Note the separationbetween Py/Pa during hyperaemia,comparedwith resting conditions

22G, The software simultaneouslydisplaysfinal results once resting and hyperaemic
parametershavebeenmeasured TheFFRs 0.66,the restingPs/Pais 0.89,the CFRs 2.0and

the IMRIis 16.

2.9 Computationalfluid dynamicstechniques

TheVIRTUASstudy utilised the VIRTUheaft" software packaggMathematicalModellingin
Medicine,Divisionof ClinicaMedicine,Universityof Sheffield v4.0.0.6Xo measureaCBRnd
MVR (virtuQ™) and vFFR(VIRTUBart™). The coronary artery segmentation tool is
embeddedwithin the mainsoftwarepackaggv4.a.5) Theprocesof usingVIRTUheaft can
be broadly divided into three phases;angiogramacquisition (describedin 2.7.1), artery
segmentationand reconstrudion, and CFDsimulation. ThedetailedVIRTUheaft workflow
isdescribedn sectionl.8.1andisexpandeduponbelow. Thesegmentatiortool requirestwo
angiographiemagesof the coronaryartery of interest, with projectionsof at least>3( apart
and with good lumen opacification, during end-diastole. Coronary angiogramswere
downloadedin DICOMormat, fully anonymisedAll segmentationand CFDprocessingvere
performedusingthe approvedsoftware only and, on a password protected and enaypted
OMENM by Hewlett PackardLaptop (15-dhlxxx Intel? Core™ i7-10750H CPU2.60GHz
processor16GBRAM.
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2.9.1Coronaryartery segmentationand reconstruction

The segmentation and reconstruction phase generatal the volumetric 3D mesh of the
coronaryartery of interest usingthe VIRTUheaft! segmentationtool and the epipolarline
transactiontechnique It utilised MATLABM software (Mathworks, MassachusettdJSA)to
createthe 3D mesh,whichis createdfrom millionsof tetrahedralshapedcells.Thefirst stage
of the segmentationand reconstructionprocesswasto selecttwo angiogramimageswith
goodlumenopacificationandwere at least30° apartspatially. Thenextstagewasto calibrate
the software with the imagesspatially by measuringand confirming the diameter of the
guidingcatheterand placingtwo pointsin the sameplacealongthe artery of interest. The
nextstepwasto drawthe @ O S y (i NfEhe drtghBwhichisaline alongthe centralpoint of
the artery and denotes the beginning and end of the 3D reconstruction. Next, the
segmentationtool automaticallydetected the vesseledgesand any discrepancyor error
couldbe manuallycorrectedat this stageto ensurethe vesselumenwasaccuratelydepicted.
Thenext stagewasto performthe samestepson the correspondingangiogrammage.Once
thiswasdone,the segmentatiorntool wasableto produceanaccurate3Dreconstructionand
volumetricmeshof the artery. Themathematicalequationsusedby the CFDsolver(ANSYS
CFXyvere appliedto this 3Dvolumetricmeshto processesults.Thesamereconstructed3D
volumetricmeshwasusedin both VIRTUheaft'andvirtuQ™ on the samesoftwarepackage
andthe processof doingsois outlined below. Thestep-wise processof creatinga 3D arterial

reconstructionusingthe segmentatiortool is outlined in Fgures23-35 below.
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& VIRTUheart - Coronary Artery Segmentation Tool - Version 4.2.5 2T (=] X

Sde| 08

Angiogram Selection: Click
Done

Figure23. Stepl of segmentation

Twoangiographicziewsof the coronaryartery were chosenwith goodopacificationand 30°

apart. Imagesweretakenin end-diastolewhen coronaryfilling is optimal.

Z, VIRTUheart - Coronary Artery Segmentation Tool - Version 4.a.5 = o X

Figure24. Step2 of segmentation
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Thediameterof the guidingcatheterwasmeasuredand sizeconfirmedin order to calibrate

the softwarespatially.

T4 VIRTUheart - Coronary Artery Segmentation Tool - Version 4.5

dde 08

24
& Continue -

o Do you wish to repeat correction?

ve [N

Image Registration: Place a
corresponding point on the

image.
This process registers the right
image to the left correctly

‘Done’ to Wlﬁ'!ll; ‘Cancefl to

Figure25. Step3 of segmentation

Tofurther calibratethe softwarespatially,two corroboratingpointswere placedin the same

locationon eachimage.
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& VIRTUheart - Coronary Artery Segmentation Tool - Version 4.2.5 = [a] X

Sde | 08

Segment Artery: If required, i
tune centreline extraction by
Harame = Blurriness (low to high)

rameters. 3
Hover wg: the 'check box' or S ll ! m

'slider’ to view the tool
i :

Finally close either by
accepling(default) or
rejecting the extracted
centreline
Rejecting it will enable draw
centreline manually!

Figure26. Step4 of segmentation.

Theda O S y GéNBhe drtgrpwasdrawn on the left imageandtakendown to the pressure

wire transducerfor accuracyin virtuQ™.

& VIRTUheart - Coronary Artery Segmentation ool - Version 4.5 - 6 X

dde 08

Figure27. Step5 of segmentation
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The software automatically detected the artery edges. Manual correction would be

performedat this stagefor errors.

& VIRTUheart - Coronary Artery Segmentation Tool - Version 4..5 = (=] X

sds 08

(8 Toggle Vessel Edges

Segment Artery: Correct the

detected borders by placing

points (minimum 3) along the

incorrect border line sections.

Click ONextT to start

correction,

CUndoC to revert the recent
correction,

CDoneC to finish correction

CEXitd to quit manual
correction

Figure28. Step6 of segmentation

Thesamestepsasabovewere performedon the right image.

lion Tool - Version 4.a.5 = (=] X

oon the segmentation input
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Figure29. Step7 of segmentation.

Bothimageswere segmentedandthe 3Dreconstructionreadyto be produced.

@ VIRTU-Q Coronary Flow Simulator

Overview  Surface Preparation  Coronary Results

BE

Proceed to simulation set4p —

Figure30. Step8 of segmentation.

The3Dreconstructionof the LADisreadyto be processedn either VIRTUheaft or virtuQ™

usingthe CFDsolver.
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.
@ VIRTU-Q Coronary Flow Simulator

Overview  Surface Preparation  Coronary Results

Select Distal Pressure Method
Estimated Measured
3D Mesh of LAD
VIRTUheart, vFFR virtuQ
Smudation Na

Figure31. Step9 of segmentation.

The 3D meshcould be processedusing Estimatedboundary conditions (VIRTUheaft!, for
vFFRmeasurement)or with Measuredboundaryconditions (virtuQ™, for aCBFMVRand

CFR).

= App Options

W VIRTU-Q Coronary Flow Simulator

Overview  Surface Preparation  Coronary Results

=

lect Distal Pressure Metl

Inputting invasive parameters for
i for

y
..... virtuQ processing.

Iuput Hyp.

¢ 22
as standard for all cases.

Semulation Name

o VAS_003_LAD_Pre_PCI

Compute Coronary Physiology

Figure32. Stepl0 of segmentation.

Branch Flow Exponent of 2.33 used

= App Options




ThevirtuQ™ data entry screen.Restingand hyperaemicPs/Pa valueswere entered and a

standardbranchflow exponentof 2.33wasusedfor CFDanalysis.

| @ VIRTU-Q Coronary Flow Simulator = o X
Overview  Surface Preparation  Coronary Results = App Options
o (3]

FFR VAS_003_Tetcase cutle [l Flow in (ml/min) 117.5 177.5
Flow out 34.3(14.2) 51.8(125.9)
Flow branches 83.2 1257
Pd/Pa & FFR 0.89 0.67
MVR 2.45 0.68
SR 0.32 0.39

CFR 1.51

Name: cfr-VAS_003_LAD_Pre_PCI (VAS_003 Testcase) &

Protocol: SingleVessel

Created on: 13/03/2024 10:03:20

Results fidelty: Converged v

» FFR measurement 1
The FFR between the selected points is: 0.68 ‘
©] Hide selecton |
© Select distal port Stop selecting | |

Figure33. Stepl1 of segmentation

virtuQ™resultsscreenfor the abovesegmentationwasproducedwith easilyextracteddata

for aCBFMVR,CFRamongother data.
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@ VIRTUheart Coronary Simulation App

Overview  Coronary Simulation  Coronary Results

Ress amary (4]
FFR VAS_003_Testcase-outiet 074

InletD  2.89
OutletD  1.79
Min D 1.16
length  73.15

Name: VAS_003_Testcase
tocol: SrgleVessel

Created on: 13/03/2024 12:45:10

Resuts fidelty: Converged

.
» FFR measurement =
The FFR between the selected points is: 0.76
o Hide selection
© Select distal point Stop selecting

Figure34. Step12 of segmentation.

VIRTUheaft results screenfor the same reconstruction.A standard resistancevalue of
8.721e09vasusedin this case ThevFFRs measuredat 0.76whichis slightlydiscrepantrom
the mFFR

o

X

Overview  Coronary Simulation  Coronary Resuts

[ (2]
FFR VAS_003_Testcase-outlet 074

Inlet D 2.89
OutletD  1.91
Min D 1.16

length  44.39

Name: VAS_003_Testcase
Protocol. Vessel
Created on: 13/03/2024 124510
Resuts fidelty: Converged

M FFR =0.80

» FFR measurement
The FFR between the selected points is: 0.80
O Hide selection
© Select distal port Stop selectng

Figure35. Stepl3 of segmentation.
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VIRTUheaft" results screendemonstratingthe ability of the softwareto perform a virtual

& LJdrfl tGahdmeasurethe vFFRalongany point alongthe vessel.

2.9.20 A NXipiaversing

Theprocessof usingthe VIRTUheaft'workflow hasalreadybeendescribedn detailin 1.8.1
and 2.9.1 and Figures23-35. Thevolumetric mesh createdat the segmentationstagewas
uploaded onto the virtuQ™ platform and invasively measuredresting and hyperaemic
pressurevalueswere inputted to provide accurateboundarycondition data (seeFigure32).
The software packageused ANSY SCFX(version 222) CFDsolver software to solve the
incompressibleNavierstokes and continuity equationson the 3D volumetric mesh and
produced primary values of vessel inlet and outlet aCBF(in mL/min) and MVR (in
mmHg.min/mL)seeFigure33). Theoutlet aCBFvalueis the blood flow achieveddistalto a
coronary artery stenosisin both resting and hyperaemicconditions. Therefore,care was
takento producea segmenation wherethe distalend of the centrelinecorresponadto the
tip of the pressurewire transducerusedto obtain invasivePs/Pa data (seeFigure26). The
model requires a translesional pressuregradient of at least 4mmHgand an invasively
measuredFFRof <0.95in order to be accurate.All simulationsusedstandardblood density
(1056kg/n¥) and viscosity(0.0035Pawith a homogenisedusingvesseltaper) side branch
flow-diameter scalingexponent of 2.33, as recommendedby the software developers.
AbsoluteMVRwas calculatedusingthe hydraulicequivalentof h K Y @v&and is calculated
asthe Py dividedby aCBFRneasureddistally (Ps/aCBF) Themodelwasalsoableto calculate
the reductionin aCBFcausedby the presenceof epicardialstenosisand canbe seenin the
main resultspage(seeFigure33). Dataon artery diametersizeand lengthwasprovided as
well asCFRAIl resultswere processedn a vessekpecificbasisand valueswere providedat
rest and during hyperaemia.The primary outcomesmeasuredfor this study included both
restingand hyperaemicindicesof aCBHKin mL/min) and MVR (in mmHg.min/mL)obtained
from virtuQ™. Additional valuesobtained,includingCFRwere usedassecondaryutcomes.
MeasuringaCBHnN patients with severeASmay hold more valuethan measuringstandard
indicesof coronaryphysiology suchasFFRaswe canmeasureabsolutechangesn flow and
it is not unreasonabldo considerlargereductions(or improvements)of aCBRo hold more

prognosticand symptomaticsignificancethan lesionspecificoroportionalchanges
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2.9.3VIRTUheart" processing

VIRTUheaft! was utilised to comparevFFRwvith mFFRThiswasa secondaryoutcomeand

aimedto compareaccuacyof VFFRn patientswith severeAS ,asthe major studiesstudying
the efficacyof vFFRvere all in patientswith either stableor acute coronarysyndromeswvho

are not necessarilpubjectto the complexhaemodynamiconditionswhichexistin severeAS
(209,210) Theworkflow and step-wise processof usingVIRTUheaf'hasbeenextensively
describedalreadyin this thesis (sections1.8.1 and 2.9.1 and Figures23-35). A standard
resistancevalueof 8.721e09Pa/m’s* wasusedto calculatethe vFFR208)

2.9.4VIRTUheart training and reproducibility

| receivedtraining in how to operate VIRTUheaftin order to produceaccuratecoronary
artery segmentationsrom senior, expert membersof the MMM group (my thanksto Dr
Morris, DrHaleyand DrWilliams) .| wasableto honemy skillsby participatingin other studies
within our groupwhich utilised VIRTUheaft"and when the team and | were confidentthat
my skillset was appropriate, | beganproducingthe final segmentationsfor the VIRTUAS
study. To ensurereproducibility and accuracy,segmentationswere reviewed by a second
expertuse (mythanksto Dr Taylor)who wasblindedto invasivephysiologyresults If there
were discrepanciesr inaccuraciedetected, the segmentationwas repeated until it was
accurateandboth researchersvere satisfiedthat the segmentationaccuratelyreflectedthe

coronaryarteryin question.

2.10CardiacMRI

StresperfusionCMRwasperformedin ten patientswho had consentedand were medically
suitable Oncea suitablepatient wasidentified, the POLARI&calemicradiologyteam were
informed andan appointmentwasmade.Asper the patientinformation sheet(appendixC),
travel expenseswere paid for. All pre-TAVICMRstudies were performed after coronary
angiography pressurewire study and (where appropriate) revascularisationwith PCI.
Patients had their follow-up CMR 3-months after treatment with TAVI All scanswere
performedin a 1.5 Tesla GE450W whole body MRI scanner(GEHealthcare , Milwaukee,
Wisconsinand imagingwasacquiredusinga 16-channelcardiaccoil. TheMRIscannerwas

basedat the Northern GeneraHospita] STHand run by The Universityof SheffieldPOLARIS
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team (led by ProfessordimWild). All safetyproceduresoutlined in STHVIRIprotocolsandin
Krameret al 2020 (214) were followed carefully and all patients had a pre-scan safety
guestionnaireto ensure that they were safe to proceed. All scanswere performed by
superintendentMRIradiographerat TheUniversityof Sheffield Mr. DavidCapeneor senior
radiographerMr. JodyBrayand | was presentfor all scans Patientswho had a PPMcould
not havea CMRIn TheUniversityof SheffieldViIRIscannerregardles®f the MRIcompatibility

of the device.

2.10.1CMRimageacquisition

Patientswho were safeto proceedhada standardstressperfusionCMRprotocolasoutlined
in Krameret al in the StandardizedCMRProtocols2020update, publishedin the Journalof
CardiovasculaMagneticResonancé€214) Thisincluded:

LVstructureandfunction.
RVstructureandfunction.
LateGadoliniumEnhancemen{LGE)

StressPerfusion

a ~ W Dhp e

Bloodflow quantitation.

Theprotocolincluded baselinescoutscans cineimages(shortaxis,long-axis,4-chamber,LV
volumestacks)4Dflow sequencingstressandrestfirst passperfusion,2D phasecontrastat
rest and stress(CSlows) and late gadoliniumacquisitions Cineimageswere EC&gatedand
acquired during breath holds at end-expiration. The full protocol can be appreciatedin
AppendixF. A GadoliniumbasedIV contrast agentwas used and IV Regadenosori400ug
standarddose)wasusedasthe stressoragent. Adequatestresswasdeemedto havebeen
achievedwhenthe heart rate increasedoy >10bpm.Imageswere anonymisedaccordingto
uniquestudynumberandsavedonto the ArQdatabasenvheretheywere securelftranserred

to the MMMXNATserverfor downloadand offline analysis.

2.10.2CMRreporting and analysis

CMRreporting in the VIRTUASstudy wassupportedand supervisedoy Dr Rebeccasosling,

a clinicalresearchcardiologistspeciali;ng in CMRat STHand The University of Sheffield
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Image analysisand reporting was done offline using MASSresearchreporting software
(Version 2023 EXR courtesyof Professorvan der Geest,LeidenUniversityMedical Centre,
ND).

Analysisof LVvolumes,LVmass(LVM)and LVfunction were done by manuallytracingthe
epicardialand endocardialborderson the LV short-axisstackcine imagesin all slices.The
MAS Ssoftware hasan artificial intelligence(Al) module which could do this very accurately
and quickly. Al was usedto initially report the LV parametersand draw the epicardialand
endocardial boundaries. These were then checked over carefully to ensure boundary

accuracyDataobtainedincludeLVEF.Vmass,LVchambervolume,andwall thickness.

Quantitative perfusionanalysiswas done by tracing epicardialand endocardialborderson

the stressandrest perfusionimageseries Firstpassperfusionimageswere usedto highlight
the endocardiumand epicardiumandthe borderswere copiedacrossall imagephasesThis
wasdonefor all three short-axisimageslices Oncethis wasdone,the RVinsertionpoint was
marked and the software creatad a 16-segmentAHAmyocardialsegmentationdbullseye

model(201) MBFwasgivenin eachl6-segmentareaandalsoasa meanacrossall segments.
ThemeanMBFisgivenin mL/min/g andwasmultiplied by the LVmasg(obtainedin the earlier
analysiphase)o providethe globalMBFin mL/minfor the wholeLV.Theindividualcoronary
artery territories could be assessedor MBF and a colour coded bullseye schematicwas
produced.Theareassuppliedbythe LADare 1,2,7,8,13and 14,the areassuppliedby the LCx
are5,6,11,12and 16 andthe areassuppliedby the RCAare 3,4,9,10and 15 (215) Thesame
processwas performedin both the stressand rest phaseimageseries.The MPRwasthen

calculatedasthe ratio of globalMBFat stressto the globalMBFat rest. Figure36, below,

showsa stressperfusionimageseriesfrom a studypatientwith the AHA16-segmentullseye

myocardialsegmentationrmodel.
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1: MASS - Bull's eye X

ml/min‘g

Valid=16, Sum=59.64, Avg=3.73

Phases: (1 - 60), min=0.00, max=5.71

VIRTUAS-008 V1/VIRTUAS-008 V1/20230608
o e

Figure36. MAS Sstressperfusionreporting.

Exampleof MASSsoftware reporting technique for stress perfusion imaging. 33A; The
epicardial (green line) and endocardial(red line) borders were drawn during first pass
perfusionimaging.33B; TheRVinsertionpoint wasmarkedfor the software.33C Abullseye
diagramof MBFin eachl16-segmentareawascreatedby the softwareandthe MBFin each
segmentin mL/min/gis given.TheaverageMBFis alsoshownandis 3.74mL/min/g.Thiswas
multiplied by the LVmass(in g)to achievethe globalMBFin mL/min.33D; Thecontourswere

drawnalongall phasesandslicesto producethe results.

Coronarysinusflow wasmeasuredusing2Dphasecontrastflow analysisasndwasusedin this
study asa surrogatemeasureof total coronaryblood flow. The CSis typicallyfound in the
atrioventriculargroove (Figurel7 and 37). The contoursof the CSwere drawn in the long-
axis2-chamberview and a smallareaof myocardiumwascontouredto provide background
velocity correction (203) Thesoftware calculatel CSflow in mL/s,which was multiplied by
the heart rate to achieveCSflow in mL/min. Thisanalysisvasdone in both stressand rest
phasesFigure37, below, demonstratesthe techniqueof obtaining CSflow data from long-

axis2-chamberand 2D phasecontrastflow images.
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Figure37. MASSCSflow reporting.

Exampleof MASSsoftware reporting techniquefor CSflow using 2D phasecontrastflow
analysis34A; The CSwascontoured(red circle)and a region of adjacentmyocardiumwas
contouredfor backgroundcorrection (pink circle). 34B; The sameregionsof interest were
markedon the phasecontrastflow image.34C, Resultsfor CSflow are providedacrossthe
whole cardiaccycle.Theresultsdemonstratea CSflow of 5.75mL/s.Thiswas multiplied by

the heartrate to achieveCSlow in mL/min.

2.10.3CMRin VIRTU5 comparatorgroup

Our researchgroup have recently undertakenthe VIRTLD study, utilising stressperfusion
CMRin patientswith stable CAD without valvularheart disease As in the VIRTUASstudy,
patients who had physiologicallysignificant CAD(FFRKn dgceivedrevascularisatiorwith

PClandthosewho did not were treated medically.All patientshad consentedto their CMR
databeingusedacrossother studieswithin our researchgroup,andassuch,an appropriate

selectionof ten patientsfrom the VIRTULb studywere selectedasa comparatorgroup.
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Pre TAVICMRstudiesfrom the VIRTUASstudywere usedfor thiscomparisorandthesewere
all performedatfter revascularisatiorfwhereappropriate)with PClor in patientswho did not
require coronaryrevascularisatin. Assuch,ten comparatorCMRstudiesfrom the VIRTLb
project were carefullyselectedfrom patientswho, similarly,had CMRafter revasculari®n
with PClor did not require coronaryrevascularisatiordue to physiologicallynon-significant
CAD I thereforeaimedto ensurethat both groupshada similardegreeof stable CAD(either
fully revascularisedCADor physiologicallynon-significant CAD),the major variable being
severeAS,in orderto comparethe effectsof severeASon MBFandLVparametersAllVIRTY
5 patientshadtheir scansaccordingo the sameprotocol outlinedin thisthesisandall scans
were done in the sameMRI scannerasthis study, and were similarly supervisedby senior
radiographystafffrom TheUniversityof Sheffieldandaclinicalresearchellow. Allscansvere

reported by Dr RebeccasoslingusingMASSeporting software

2.11 Echocardiography

All patients considered for TAVI had standard two-dimensional (2D) transthoracic
echocardiographyTTEpsa SOQnvestigation Thisformed the basisof their referral to the
TAVIHeartTeam TTEwasperformedaccordingo BritishSocietyof Echocardiograph{BSE)
guidancefor TTEassessmenbf AS(216) Gradingof ASseveritywasperformedaccordingo
the ESC/EACTBIidancefor the treatment of valvularheart diseaseand describedearlierin
this thesis(14). The TTEwas performedand reported by a BSEaccredied sonographer As
thisisa SOQGnvestigation the datawill remainon the STHPACS

2.12 Statistics

Continuousdata were presentedas mean valueswith standarddeviation (SD)or median
valueswith interquartile range (IQR) Categoricaldata were presentedas counts (n) and
percentagevalues.ShapireWilk testingwasusedto determinenormality of data. Continuous
paireddata points,suchasFFRaCBFCFRMBF,CSflow, LVMand LVEFyvere analysedwith
pairedt-testor2 A f O 2 Eignedyarist asappropriate Pairedcategoricavariablesvere
analysedwith a O b S Y test.IBarelationswere analysedwith { LIS I NXridy QEANB 2 y Q&
correlationsasappropriate A two-tailed P-value of <0.05was consideredto be significant.

Statisticalanalysisand figureswere producedusingSPS$§version29, IBM, NY,USA.
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2.13 Intended benefits of research

Asanexploratorystudy,VIRTUAShad the potentialto producehypothesiggeneratingesults
which in time could benefit a significantand growing cohort of patients. First,if coronary
bloodflow changel significantlyfollowingtreatment with TAVIandMVDregressiorwasthe
key componentof this increase then it may deemmanyPClproceduresdone prior to TAVI
basedon visualestimationof angiographidCADunnecessaryThiswould avoidunnecessary
risk exposurefor patients both procedurallyand with respectto additional mediaation. As
alreadydescribedn section1.3.7, patientstakingDAPTwho receive TAVIhavea significantly
highercomplicationrates, primarily drivenby excessleeding Furthermore aspatientswho
undergoTAVIitend to be elderly,they often have quite complexand calcificCAD requiring
complexPC]whichis associatedvith longerproceduretimesandhighercomplicationrates.
Avodanceof unnecessaryCiwould alsobenefit patientswith respectto their waiting time
to TAVI Secondpbservingthe changesn aCBFMVR MBFand LVfunction after treatment
with TAVIwill also allow prediction of relative benefit from TAVIand PCL.If TAVlalone
producesthe desiredchangesn these parametersand renderspatients free of angina(as
anginain ASis commonlydueto MVD, asdescribedin section1.54) then PClservesonly to
increaseriskandwaitingtimesfor this frail cohort of patients. Third, reducingthe numberof
proceduresneededbefore TAVIreduceshealthcarecostsof excessPCl hospital staysand
medicationcosts There are therefore also potential health economicbenefits of studying
coronary blood flow in AS. Although VIRTUAS was not powered to detect statistically
significantresults,it wasa usefulexploratorystudyandthe hypothesegyeneratedmayform
the basisfor largerfuture trials to help improve our understandingof coronarydiseaseand

bloodflow in AS the benefitsof whichareclear.

2.140utcomes

The primary outcomesof the VIRTUASstudy were the longterm (3-6 month) changes in
absolutecoronaryblood flow and microvasculadiseaseasmeasurednvasivelyat ICA) with
cardiac MRI and virtuQu, before and after TAVI The parametersobtained for primary
outcomeswereaCBRKRatrestandin hyperaemia)total MBF(atrestandin hyperaemia) MPR,

IMRandCFR.
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Secondargndpointswere changesn other coronaryparametersor LV. Thesewvere FFRRFR,
resting Pd/Pa,LVEFLVM MRR CSflow (at rest and in hyperaemia) | measuredgeneral
physicaland psychologicalvellbeingusingthe SF12 questionnaire.

| alsocomparel pre-TAVistressperfusion CMRdata with a comparatorgroup of patients
without severe ASand a similardegreeof CADin order to examinethe effectsof severeAS

on MBFandLVparameters.

Finally,asa sub-analysiof this study, | comparel invasivelyneasuredFFRmFFRyith vFFR

in patientswith severeAS.
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Chapter 3 Results

3.1 Screeningand enrolment

Patientswere screenedand enrolledinto VIRTUASfrom September2022to August2023.
Duringthis period,two to three TAVIproceduresvere beingperformedat STHoer weekand
the elective waiting time was about 12 months. A total of 47 patients were formally
approachedfor recruitment. A target of 20 patients was set, and although 22 patients
attendedfor apressurewire study,severalwere subsequentlyexcludedand the finalnumber
who proceededo TAVWwas12. Pre TAVicharacteristicglatawere processedor 17 patients
PreTAVIcoronary physiologyindices were processedfor 15 patients as two patients
withdrew consentfor the study. Threepatientshad a full set of pre-TAVIdata obtainedbut
later selfwithdrew or were withdrawn (by the TAVIHeart Team)from the TAVIwaiting list
but alloweduseof their data. Ninepatientsreturnedfor apostTAViangiogramandpressure
wire study.Coronaryaccesgouldnot be achievedn two patients.Threepatients declinedto
return for postTAVIangiogramPre TAVIstressperfusionCMRdata were processedor 10
patients.PostTAVICMRdata were processedor sevenpatients.Onepatient required PPM
after TAVland could not therefore have post TAVICMRand a second patient developed
endocarditiswhile on the TAVIwaiting list and needed SAVRand was excluded.A third
patientdid not attend for post-TAVICMRasthey were removedfrom the TAViwaitinglist. A

consortdiagramoutlining the recruitmentprocesss shown belowin Figure38.
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Figure38. VIRTUASrecruitmentflowchart.
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3.2 Clinicalinformation

Clinicalcharacteristicavere presentedfor 17 patientswho attendedfor ICAat the STHCCL
andhadanydegreeof CADwarranting pressurewire assessmentAll figuresrelateto patient
characteristicsbefore treatment with TAVI. Table 7 summarisesthe baseline clinical

characteristicscomorbidities,medicationsand clinical scoresof patientsin the VIRTUAS

study.
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BaselineClinical Characteristics n=17
Age 82+4.7
Male sexn (%) 11 (65%)
Female sex (%) 6 (35%)
Weight(kg) 80x15
BMI 29+4.3
Heart Ratgbpm) 689
Comorbidities

Hypertensiom (%) 10 (59%)
Hyperlipidaemian (%) 13 (76%)
Diabetesn (%) 1 (6%)
Historyof Smokingn (%) 6 (35%)
Chronic Obstructive Airways Diseas) 2 (11%)
Atrial Fibrillationn (%) 4 (23%)
Pacemaken (%) 1 (6%)
Chronic Kidney Diseasg%) 2 (11%)
Peripheral Vascular Diseas€%) 2 (11%)
Previous PGl (%) 12 (70%)
PreviousStroke or TlA (%) 4 (23%)
Medication




Aspirinn (%) 11 (65%)

P2Y12 inhibiton (%) 11 (65%)
DOA (%) 4 (23%)
Statinn (%) 13 (76%)
Betablockern (%) 11 (65%)
ACEnhibitor n (%) 3 (17%)
Calcium Channel Blocker(%o) 4 (24%)
LoopDiureticn (%) 7 (41%)

Clinical Scores
Rockwood Frailty Sco(eee Appendix) 4 (IQR %)
New York Heart Association Score (NYHA) (see Appégndix 2.7¢0.5

Table?. Baselineclinicalcharacteristics

Comorbidities,medicationsand clinicalscores Figuresare givenin countsand percentages

meanzSr medianwith IQR.

3.3Echocardiographyesults

AllpatientsundergoingTAVhad SOGchocardiographgndtable 8 demonstrateghe results
obtainedfrom SOGchocardiographpre- andpost-TAVITheprimaryvaluesof interestwere

the parametersof ASseverity.

PreTAVI PostTAVI p-value
n=17 n=12
LVEF (%) 535 5446 0.50
LV End Diastolic Diameter (LVEDD) (1} 45£5 44+5 0.41
Mean Transvalvular Gradient (mmHg) 47+9 1145 <0.05
PeakTransvalvular Gradient (mmHg) | 78£13 21+10 <0.05
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Peak Transvalvular Flow Velocity (m/§ 4.4+0.3 2.1+05 <0.05
Aortic Valve Area (cfh 0.70+0.15 NA
[+ 9kSQ 1745.5 15+6 0.56

Table8. Echocardiographyesults.

3.4 QuestionnaireResults

The SF12 questionnairewas used before and after TAVIto assessoverall physicaland
psychologicalvellbeing.Table9 demonstratesthe changesn the pre- and postTAVISF12

Scores.

Baseline PostTAVI p-value
n=17
SF12 Physical score 35.2:9.3 45.2¢11.2 <0.05
SF12 Psychological scorg 52.9+8.5 58.4t4 0.57

Table9. SF1uestionnaireesults.

Therewasa significanimprovementin SF1hysiologicatomponentscoreandno statistical

changein the psychologicaindex.

3.5 Invasivecoronary physiologyresults

| aimedto achievea full seriesof invasivecoronaryphysiologydata at baseline,post-PCI
(whereappropriate)and postTAVI. All pre-TAVIprocedureswere doneviathe radial artery
and performedexactlyasdescribedn section2.8.1 All patientstolerated IV Adenosinewell
and there were no significantpostproceduralcomplications Pre TAVIcoronaryphysiology
data were preserted for 15 patients. A total of 22 vesselg13 LAD,6 RCAand 3 LCx)were
interrogatedwith afull pressurewire study.Eightpatients(10vesselsjeceivedPClndseven
patients(12vesselsylid not receivePClWhereappropriate the samesetof physiobgydata

were repeatedpostPClIfor comparisonwith postTAVIdata. Nine patients attended for a
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postTAVIcoronaryphysiologystudyandwe were unableto gaincoronaryaccessn two. The

reasondor exclusionandattrition are outlinedin FHgure 38.

3.5.1 Invasivecoronary physiologyin PClcohort

Table10 demonstratesthe pre- and post-PClinvasivephysiologydata for the eight patients

who receivedPCl(10vessels).

Baseline PostPCI p-value

n=10 n=10
Pq rest (mmHQ) 67+21 82+16 <0.05
Parest (mmHQ) 89+18 90£15 0.74
Ps/ Parest (mmHg) 0.81 (0.70.86) 0.92 (0.880.93) <0.05
RFR 0.68 (0.520.75) 0.89 (0.840.94) <0.05
Pq hyperaemia (mmHg) | 49+19 68+13 <0.05
Pz hyperaemia (mmHg) | 7221 7915 0.21
FFR 0.74 (0.660.75) 0.87 (0.820.89) <0.05
CFR 1.2 (1.}1.5) 1.35 (1.21.6) 0.61
IMR (mmHg.sec) 2214 21+14 0.72
MRR 2.3(1.92.7) 1.78 (1.62.5) 0.17

Table10. Coronaryphysiologyresultspre- and post-PCl

Therewas a significantincreasein the FFR(and RFR after treatment with PCl,as can be
appreciatedin Figure39 and 40. Therewasno changein the pre- and postPCICFR|MR or
MRR
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Figure40. Changesn individualFFRraluespre and post-PCI.

Tablelldemonstratesacomparisorof the postPCphysiologydata (10vesselsjor the eight

patientswho requiredrevascularisatiomvith their post TAViphysiologydata (8 vessels)aken

3-6 monthsafter TAVI

PostPCI PostTAVI p-value

n=10 n=8
P4 rest (mmHg) 82+16 84+17 0.07
Parest (mMmHg) 90+15 90+17 0.12
Ps#/ Parest (mmHg) 0.92 (0.880.93) 0.93 (0.910.97) 0.09
RFR 0.89 (0.840.94) 0.90 (0.960.93) 0.17
Pa hyperaemia (mmHg) | 68+13 68+18 0.51
Pahyperaemia (mmHg) | 79+15 78+21 0.81
FFR 0.87 (0.820.89) 0.88(0.860.89) 0.054
CFR 1.35 (1.21.6) 2.4(2.1-2.8) <0.05
IMR (mmHg.sec) 21+14 2715 0.33
MRR 1.78 (1.62.5) 3.3(2.7-3.7) <0.05

Tablell. Coronaryphysiologyresultspost-PCland postTAVI.

Therewasa significantincreasein the invasivelymeasuredCFRoostTAVIin the PClcohort
(seefigures41 and 42). Therewasalsoa significantincreasein the MRR(seefigures43 and

44). No other measuredparametersreacthed statisticalsignificance.
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Figure43. Boxplot of changesn MRRpostTAVIin PCicohort.
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3.5.2 Invasivecoronary physiologyin medicaltherapycohort

Table12 demonstratesa comparisonof invasivephysiologydata for the sevenpatients (12
vesselswho did not receivePCldue to physiologicallynon-significantCADwith their post
TAVI physiology data. Two patients (two vesselsin total) re-attended for postTAVI

angiographyand pressurewire study.

Baseline PostTAVI p-value

n=12 n=2
P4 rest (mmHg) 85+20 77+13 0.75
Parest (mmHQ) 91+20 78£13 0.63
Ps#/ Parest (mmHg) 0.94 (0.8-0.98) 0.98 0.50
RFR 0.91 (0.850.94) 0.96 0.72
Pa hyperaemia (mmHg) | 72+18 68.5t5 0.43
Pa hyperaemia (mmHg) | 80+16 73.5t4 0.38
FFR 0.91 (0.850.99) 93.5 0.18
CFR 1.6 (1.21.9) 2.0 0.76
IMR (mmHg.sec) 19+10 21.5¢17 0.66
MRR 2.0 (1.22.8) 2.3 0.81

Table12. Coronaryphysiologyresultspre- and postTAVIfor patientswho had functionally

non-significantCAD.

No parametersreachedstatisticalsignificancedue to the low numbersof patientswho re-

attended.

3.5.3Invasivecoronary physiologyin entire cohort

In order to comparechangesin coronaryphysiologypre- and post-TAVIacrossthe entire

cohort, table 13 demonstratesthe baselineinvasivephysiologyresultsof the patientswho
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did not receivePC] combinedwith the postPClicoronaryphysiologyof the patientswho did
receive PQ. Thus,combiningthe baselinedata of patients who had physiologicallynon-
significantCADwith the post-PCldataof the patientswho requiredrevascularisationin order
to demonstrateaccurateandup-to-date pre-TAVicoronaryphysiologydata. All pre-TAVidata
presentedhere,therefore,representthe physiologyat the closeof eachprocedure.Thepost

TAVIphysiologydatausedfor statisticalanalysisvere takenfrom the samevesselsasin the

pre-TAVigroupfor direct comparison

PreTAVI PostTAVI p-value

n=22 n=10
Pq rest (mmHQ) 84+18 83+16 0.18
Parest (mmHQ) 91+18 8817 0.39
Ps#/ Parest (mmHg) 0.93 (0.890.96) 0.95 (0.91-0.98) 0.052
RFR 0.91 (0.840.94) 0.91 (0.90-0.96) 0.13
Ps hyperaemia (mmHg) | 70+16 68+16 0.69
P2 hyperaemia (mmHg) | 80+15 7718 0.98
FFR 0.87 (0.82-0.90) 0.89 (0.86-0.92) <0.05
CFR 1.45 (1.21.7) 2.3(2.02.7) <0.05
IMR(mmHg.sec) 2012 26+15 0.56
MRR 1.8 (13-2.8) 3.2(2.3-3.4) <0.05

Tablel3. Coronaryphysiologypre- and postTAVIin entire cohort.

Therewas a significantincreasein the CFRand MRRacrossthe entire cohort after TAVI
(figures 45-48) but no significantchangein the IMR pre- and post-TAVI(figures49 and 50).
Therewasa significantincreasein the FFRvhenmeasured3-6 monthsafter TAVI(figures 51
and52).
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Changes in CFR pre- and post-TAVI across entire cohort

40
o
P=<0.05
16
*
30
—
10
o
20
10
o
0
Pre-TAVICFR Post-TAVICFR

Figure45. Changen CFRpost-TAVIin entire cohort.
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Figure46. Changen individual CFR/aluespost-TAVlacrossentire cohort.
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Figure47. Changen MRRpostTAVlacrossentire cohort.
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Figure48. Changan individualMRRvaluespost-TAVlacrossentire cohort.
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Figure49. Changesn IMRpre- and post TAVIacrossentire cohort.
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Figure50. Changesn individuallIMRvaluespre- and postTAVlacrossentire cohort.
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Figure52. Changen individualFFRraluespostTAViacrossentire cohort.
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3.6 Computationalfluid dynamicsresults

All vesselsvere segmentedand processedhrough the VIRTUheaf workflow for analysis
through virtuQ™. Therewere no processingerrors and the software successfullynodelled
segmentationdor all vesselsThesamevesselsvere analysedasthose which had invasive

coronaryphysiologydatameasuredandthe resultswill be displayedn the sameorder.

3.6.1 Computationalfluid dynamicsresultsin PClcohort

Tablel4 demanstratesthe pre- andpost-PCICFDOdatafor the eightpatientswho receivedPCl

(10vessels).

Pre-PCI PostPCI p-value

n=10 n=10
Baseline flow in (mL/min) 149+35 24581 <0.05
Baseline flow out (mL/min) 58+29 73£38 0.337
Baseline MVR1{mHg.min/mL) 1.2 (0.51.5) 1.2 (0.81.6) 0.855
Hyperaemic flow in (mL/min) 170+28 286102 <0.05
Hyperaemic flow out (mL/min) 66130 91458 0.224
Hyperaemic MVRi{mHg.min/mL) | 0.56 (0.41.3) 0.82 (0.51.3) | 0.438
CFR 1.2 (0.98-1.5) 1.1(1.01.4) |0.828

Tablel4. CFDresultsat baselineand postPCiin the PCicohort.

Therewas a significantincreasein baselineand hyperaemiccoronaryinlet flow after PCI.
There was no significant change in coronary outlet flow, however this figure fails to

completelyaccountfor sidebranchflow andvesseleakage Therewasno differencein MVR
or CFRafter PCl.Tablel5 demonstratesa comparisonof the post-PCICFDdatafor the eight

patients(10vesselsyvho requiredrevascularisationvith their post TAVICFDdata.
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PostPCI PostTAVI p-value

n=10 n=8
Baseline flow in (mL/min) 24581 170+81 <0.05
Baseline flow out (mL/min) 73£38 55+33 0.16
Baseline MVR1{mHg.min/mL) 1.2 (0.81.6) 1.3(1.2-2.7) 0.21
Hyperaemic flow in (mL/min) 286102 229+61 0.15
Hyperaemic flow out (mL/min) 91458 8539 0.94
Hyperaemic MVRY{mHg.min/mL) | 0.82 (0.51.3) 0.85(08-1.0) |0.77
CFR 1.1 (1.61.4) 13(11-22) |0.25

Tablel5. CFDresultspost-PCland postTAVIin the PCicohort.

Amongthe PCkohort, followingtreatment with TAVIthere wasasignificantreductionin the

baselinecoronaryinlet flow (figures53 and54). Therewasno changen hyperaemidlow and

no other parametersreachedstatisticalsignificance.

Change in resting inlet aCBF (mL/min) after TAVI in PCI cohort

400.00

P=<0.05

300.00

200.00

100.00

.00

Post-PCl Baseline Flow In

148

Post-TAV| Baseline Flow In




Figure53. Changedn baselineaCBREmL/min)post-TAVIin PCicohort.
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Figure54. Changesn individualrestinginlet flow valuesin mL/min postTAVIin PCicohort.

3.6.2 Computationalfluid dynamicsresultsin medicaltherapycohort

Tablel6 demonstratesa comparisorof CFDdatafor the sevenpatients(12vesselsyvho had

physiologicallyhon-significantCADwith their post TAVICFDdata (two vessels)

Baseline PostTAVI p-value
n=12 n=2
Baseline flow in (mL/min) 123+53 49+31 0.18
Baseline flow out (mL/min) 54+46 31+28 0.18
Baseline MVRifmHg.min/mL) 21(1.2-2.7) 3.7 0.45
Hyperaemic flow in (mL/min) 188+84 16067 0.07
Hyperaemic flow out (mL/min) 8060 97+72 0.18
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Hyperaemic MVR{mHg.min/mL)

1.2 (05-1.5)

0.88

0.20

CFR

14(11-17)

3.6

0.18

Tablel6. CFDresultsat baselineand postTAVIin the medicaltherapycohort.

Nomeasuregeachedstatisticalsignificancen the medicaltherapycohortdueto the low re-

presentationrate.

3.6.3Computationalfluid dynamicsresultsin entire cohort

Table 17 demonstratesthe baseline CFDresuts of the patients who did not receive PC]
mergedwith the postPCICFDdata of the patientswho received PCIto form the pre-TAVI

data(22vessels)Thepost-TAVidatawasformed of all patientswho returnedfor a follow up

angiogram(10vessels)n order to perform adirect comparisorbetweenthe groups.

PreTAVI PostTAVI p-value

n=22 n=10
Baseline flow in (mL/min) 178+90 146+89 <0.05
Baseline flow out (mL/min) 63142 50+32 0.07
Baseline MVRifmHg.min/mL) 1.5(0.92.2) 2.3(1.2-3.6) 0.092
Hyperaemic flow in (mL/min) 232+104 215+66 0.13
Hyperaemic flow out (mL/min) 85+58 87142 0.95
Hyperaemic MVRy{mHg.min/mL) 1.1 (0.51.3) 0.9(08-1.0) 0.51
CFR 12(1.1-15) 1.4 (1.2-3.0) 0.08

Tablel7. CFDdatapre- andpostTAVIfor the entire cohort.

Therewasasignificantreductionin the baselineaCBREmL/min)following TAVKfigures55 and

56) but no significant change in hyperaemic aCBF (figures 57 and 58). The MVR

(mmHg.min/ml did not changeeither at baselineor duringhyperaemigpostTAVI.
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Change in resting inlet aCBF (mLImin) pre- and post-TAVI across entire cohort

400.00

P=<0.05

300,00

200.00

100.00

.00

Pre-TAVI Baseline Flow In Post-TAV| Baseline Flow In

Figure55. Changedn restingaCBRKmL/min)postTAVIin entire cohort.

Figure56. Changesn individualrestingaCBFvaluespre- and postTAVlacrossentire cohort.
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