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Abstract

Chronic coronary syndronf€CS) is accompanied by angina and limitatitmetbJ- G A Sy i Q&
life. The significance of coronary blood flow reduction is currently best assessed by fractional flow
reserve (FFR) as guide to intervention. The beneficial effect of percutaneous coronary
intervention (PCI) in these patients has been challenged, and therefore fresh evaluation of the

changes in response to PCI is needed.

Using realvorld data from40 patients,detailed examination of coronagnatomy and
physiologyusing FFR and computational fluid dyna(i@-)to assess absolute coronary flow,
wasconductedt G A Sy da y20 dzyRSNH2Ay3 t/ L Rdz2S G2 CCw
group. A novel methodo assess the myocardial ischemic burden and address the global flow
reductiony  YS R WO dzY (EERuMivia®dRvelBp@av Bitness trackeronitored everyday
physical activityand sixminute walk tests were performetgefore andthree months after tle

procedure. Qestionnairesvere usedo evaluate the change as reportedthg patients.

| founda clear and significant physiological improvement following FRERhyperaemic
stenosisresistancgHSR microvascular resistanc#VR), absolute flomwhich increased 80%)
and FFRm (which increaseffom 0.72to 0.83. The change in FERwas a predictor of the change
in quality of life at follow up. Improvement in spontaneous and observed physical activity, which
ga KAIKEEe GINARIofS o0SG6SSy LI GASylhaz gl & YA
patients. This was also observeithwguestionnairesn all domains except angina frequency.

Taken together, thisvork showsthat physiological improvemeEFR and FE&R), and
absoluteflow restoration areachieved with FFBuided PCI. dever, that does not necessarily
result in measwrd improvement in everyday physical activity,seltreported generalhealth
status, but it does result in improved angina status, at three mor@dherall, these findings
indicate that physiological improvements in myocardial perfusion produced byrelGiaeto
lead to a major change in objective measures of activity or wellbeing in everyday life, but are worth

pursuing in terms of angina, specifically.
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Chapter onelntroductionandbackground

1.1 Ischemic heart disease

1.1.1Epidemiologwf Ischemic heart disease

Coronary artery diseag€AD)s the third leading cause of death in the United Kingdom, and is
responsible for around 64,000 deaths every year. In 2021, it is reported that the number of people
living with CAD in the UK can reach up to 2.3 million, around 83,000 arenveord 1.5 miion

are men Despite the fact that these numbers are significantly high and the issue needs to be
addressed, the mortality rate of cardiovascular disease including CAD has decliheeeby
quarters in 2020 compared to 1969. Nationwide mortality cause@Ap is estimated to be
around 177,992 deaths per year in 1981 stiibday it has dropped to 64,170 death per year
(BHF, 2022)CAD is not only lathal disease; it imposes high costs on economy and healthcare
systems aroundhie world. In the UK, the costs of CAD account for one third of the total costs of
cardiovascular disease and stroke, resulting total cost of £7.6 billion merely due to CAD in
2015. Not all of these costs are healthcare related, productivity los® anerbidity and mortality

are responsible for a total of 33% of the total costs dbuating for around £2.5 billiofBHF, 2022)

1.12 Coronary artery disease: clinical presentations

As a consequence of plaque developméamtinal diameter starts to get reduced progressively.
Early stages of the disease are often asymptonfadwever, when the lesions start to be more
flow limiting symptoms are likely. Myocardial ischemia can result gtamoticflow limitation

and it is cased by oxygen supplgemand mismatchWhen the flow can no longer be increased

to achieve myocardial demands, a characteridtiestpain or discomfort cararise(Shaoet al,

2020) Fundamentally, coronary artery dise@sa bestable for prolonged periodbut due to its
chronic nature, progression to unstalilesease camccur. Acute atherothrondiic events like
plague rupture and erosion cause this serious change of disease stBhisigd on thatCAD is
categorised into twaypes ofclinical presentations, which are chronic coronary syndrome (CCS)

and acute coronary syndrome (ACS)
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1.1.3.1Chronic coronary syndme

The term®hronic coronary syndronfi/asproposed bythe EuropeanSociety ofCardiology (ESC)

to replace the old term#table coronary artery disea@&he term is thought to be a distinctive

name that better describe the dynamic nature of the dise8s&ble angina is the distinctive and
typical symptom for CCS. It is best described as short episodes of exertional central chest pain or
tightness that myg last for few minutes or even less and is relieved by rest. Typical angina can have
other triggers such as emotional stress and cold weather. Pain might radiate to other parts

including neckback and left arngSaraste and Knuuti, 2020)

1.1.3.2Acute coronary syndrom@cCsS)

There is a spectrum pbssible clinical presentations of ACS ranging from cardiac arrest, to severe
pain. However, the typical symptom of ACS is acute and persistent chest disetnmdetthat

can also radiate to other part of the upper body and can be described as pgajhtoess.ESC
guidelineshas suggested two main clinical investigation to identify ACS based ¢hhiel&and

Jobs, 2021)

1- Acute chest pain and persisteé®T segment elevation myocardial infarction (STEMI)
2- Acute chest pain but no persistesT elevatiomon-ST segment elevation acute coronary
syndrome(NSTEACS)

1.13 Coronanpblood flow in health and disease

Coronary anatomy

The coronary arteries originate from the aortic sinus just superior to the aortic Vabréeft and

right coronary arteries supply the myocardium and epicardium. The left coronary artesyeft<CA

at the left main stem coronary artery (LMS$yhichdivides into left anterior descending (LAD)
artery and left circumflex artery (LCx). Moreover, the LAD isgpipé anterolateral left ventricle

and two thirds of the anteroseptusegments of the Li¥rough thediagonal andeptal branches.

The LCx supplies the left atrium and one third of the posterolateral free walls of LV. Furthermore,
the LCx branches intvariable number of obtuse marginal branch&kelargest is usually the

terminal branchin a minorityof the populaion, the posterior descending artery (PDA) branches
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from the LCx to supply the inferior segments of both ventricles. The right coronary artery (RCA)
which originates from the right sinus supplies the right side of the heart, andf¢her wallif it

isa right dominant system right dominant system is more common among the population (70%)
andsupplieghe PDA branch along with taeutemarginal artery. The RCA and its branches supply
the right ventricle, SA and AV nodes and one third of the sephahnderior segments of the

ventricles An illustration of the coronary artery tree is shown in figuie 1.

Left main coronary artery

Left circumflex artery

Right coronary artery
eft anterior descending artery

Right coronary T eft Coronary Tree
SRR ramus intermedius
Y \ N
RCA
Diagonal 1
OM2 Diagonal 2

PDA

Figurel.1 lllustration of coronary artery tree
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Goronary physiology

Myocardial oxygen demand is susceptiblanincrease in heart ratéeft ventricularcontractility

or wall tension. This increase in demand requaeBicrease in supply to maintain myocardium
perfusion,and failure to achieve sufficient oxygen supply can result in myocardial ischfamia.
increase in oxygen demand camly be met by increasing blood flow tiee myocardium, due to

fact that oxygen extraction is already near maximal levels aflir@shatch demad, theincrease

in flow may need to bédyy four to five foldDetry, 1996)In normal adults, coronary blood flow
(CBF) represents/e percentof the total cardiac outputChange in coronary vascular resistance

is responsible focoronary blood flowegulation. However, epicardial coronary arteries are not
the major contributor to resistance across the coronary; bieely only account foiive percentof

the total coronary vascular resistance, wherdasY A ONR @ 4 Odzt | G dzZNB o6fonn >
the coronary arteries constitute the remaining 96% Q. NA Sy | Yy RCBE is fegulat¢gd> H n n
by multiple factors that include metabolitéadenosine, hypoxia), endothelium derived agents
(nitrous oxide and endothehlh) and other neurdhormonal mechanismsegpinephine and
acetylcholine). This autoregulation process is essential in controlling vasodilation and
vasoconstriction phenomenpanaintaining appropriatecoronary blood flow tdhe myocardium
(Johnson, Gould and De Bruyne, 202i)healthy individuals and under resting conditions, the
mean aortic pressure of 60 to 140 mmBgufficient to maintain myocardial perfusion. However,

if pressure exceeds or drops below this range, autoregulation fail<CBRéecomes purely
pressuredependent(Dunckeret al, 2015) Coronary perfusion pressure (CPP) is essdatial
maintaining coronary blood flow. CPP refers to the pressure gradient between aortic diastolic
pressure and left ventricle end diastolic pressure (LVEDP). Mosboéppperfusion takes place
during diastolebecuse myocardial contraction compresses the arterial walls, limftowy. CPP
provides sufficient pressure to drive coronary perfusion from epicardial to endocardial regions

(Heward and Widrich, 2022)
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Effects of coronary stenosis upon coronary blood flow

Healthy coronary arteries can respond to myocardial demands by increasing flofivepinoes
compared to resting floysubject tothe absence of microvascular dysfunctidnis mechanism is
defined as coronary flow reserve (CFR). However, in the peesésienosis, epaerdial resistance
increases due to flow obstructioAs a response, autoregulation mechanism attempts to reduce
microvasculature resistance to preserve blood floBF-€antherebybe maintained. Eventually,
with increase in stenosis ity to approximately70% by diameter the microvasculature
becomes exhausted and &ib reduce its resistanceandthe inability to meet the myocardl
metabolic demands becomes impairsgbulting in myocardial ischembdevertheless gsting can

resore the balanceby reducing myocardial demanf3unckeret al, 2015; Johnson, Gould and

De Bruyne, 2021Further details opressureflow relationshigs providedin section 1.3.4

1.2 Management oforonary artery diseag€AD)

There arethree principal objectives in the management of CAD: eradicating angina, reducing
cardiac events, and improving quality of life. These objectives can be achieved through
conservative treatment strategymedical managemehf coronary revascularisation or a
combination of the twoBothstrategieshave been in routine clinical practice for several decades
and can in different circumstanceseduce the mortality and morbidity of CAD addition, risk
factor modificationssuch as increaskphysical actity, lowfat diet and smoking cessationus
shown positive outcomes in preventifigrimary preventionand slowing the progression of

('secondary preventiongoronary artery diseag€howet al, 2010)

1.2.1Medicalmanagement

Medical managemeris aimedat redudng symptomsand prevening cardiovascular event$he
first is nitrates or nitric oxide donating drugs suclglgseryl trinitrate. Nitrates have vasodilator
effects that helps relieving angiaétacks whenthey occurwithin minutesby reducing preload

andincreasing blood flow to the myocardidoy coronary vasodilatatidiVightet al, 1992) Beta
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blockersare used to controheart rateandthe force ofmyocardialcontraction, which helpto
reduee exertional anginaand prevent angina attackby reducingmyocardial oxygedemand
(Diaz et al, 2005) Calcium channel blockersedue afterload by peripheral arteriolar
vasodilatation andeducirg arterial blood pressur@Husted and Ohman, 20159)o minimise the
risk offuture cardiac everst, two approachesre used namely, antthrombotic (anti-platelet)
agentsand lipid lowering therapfplaque stabilisationAspirins mechanism of action &sa cycle
oxygenase inhibitor, causingnhibition of platelet aggegation.Moreover, aspirins associated
with reduced risk of death from MThe RISC Group, 1998htins are lipid lowering drugand
are used to lower cholesterol levels by inhibiting formation of LDL cholesterol \HtMGCoA
reductase.Theycanreduce LDL cholesterol by 5@¥d reducethe incidenceof cardiac events
(Ridkeret al, 2008)

1.2.2Revascularisation
The principal goal of coronary revascularisation is to improve coronary blookyflowproving
blood supply,thereby relieving ischemiaredudng symptoms improving quality of life and
increasingexercise capacitjRevascularisation can be achieved bydwategiescoronary artery
bypass graihg (CABG)and percutaneousoronary intervention (PCIlyhe earlieis the original
technique to restore flow in stenosederies. The first successful CABG surgeryimiag early
1960s (Goetzet al,, 1961) CABG can be defined agascular conduit grafted beyond the stenosis
to restoreblood flow tothe myocardiumRoutinely used conduits are saphenous veaftg{SVG)
and the internal mammary artery (LIMAhe choice of conits dependsaipon different factors
including lesion location and anatomy The LIMA whichbeing arterial, is more resistant to
degeneration than vein grafts, is usually applied to the Gerally, CABG is recommended
when PCI failsin the presence ofomplex threevessel disease with high SYN$éoteor when
there is left main stenosi€SousadJvaet al, 2019) The SYNTAX score is used as angiographic
grading system, that helps in evaluating the complexity of(SiaDo%t al, 2005) Alternatively,
PCJ which is minimally invasiyes usedmore widely than CABGhe first successful in human
angioplasty was performed in 197Gruntzig, Senning and Siegenthaler, 197Bg technique
involvesgaining access to coronary vasculature through a catheter insertedhmt@dial or
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femoral artey. The catheter is inserted into one of the major epicardial vessaler Xray
guidance, andtontrast agent is injected to visualidee coronary vesels Thisis angiograghic
guidance. The coronary angiograsnthe gold stanard diagnostic tool in the catheterisation
laboratory (see sectiofi.3.2. Once the lesion of interegtidentified and locateda guide wire is
advanced across the lesion followed by a balinftationandstent deploynentto maintain vessel
patency.Each strategy has its own benefits and limitations, however, both haveehekemced
to be effective and safe in treating ischeimgart diseaseA summary ofhe European guidelines
on myocardial revascularisatios presented in figure 2. Both strategiehave beershownto
reducesymptomsthe risk of myocardial infarction and cardiovascular dé¢SthusalJvaet al,
2019) Both interventions have proven effectiveness when compared to optimal medical therapy
alone(OMT)in CCSThe superiority of CABG OMTin terms of survival, especially left main
stem andthree-vesseldiseasewas reportedn a metaanalysigYusufet al, 1994) The FAME2
randomised clinicélial comparedPCland OMTvsOMTalonein CCS patients with at least one
physiologically significant stenosis, witkignificant reductior{4.3% vsl2.76)in cardiovascular
eventsat three year follow up. Additional benefitavere improved quality of lifeand exercise
capacity and reduakanti-angina medicationrthis trial wasgguidedby the use of fractional flow
reserve (FFR) (seectionl.3.3(Fearoret al, 2018) A large metaanalysis that included 100 trials
compared PCI and OMT and concluded that revascularisation witherexationdrug eluting

stents (DES) is associateith improved survivgWindeckeret al, 2014)
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PCI

Left coronary artery

Circumflex

Right cor
ight coronary coronary artery

artery

Left anterior
descending
coronary

artel
Distal right ¥

coronary
artery

Left internal thoracic
artery to left anterior
descending

Right internal thoracic
artery or radial artery

Sequential anastomosis
to obtuse marginal
1and 3

FAVOURS PCI

Clinical characteristics

Presence of severe co-morbidity (not adequately reflected
by scores)

Advanced age/frailty/reduced life expectancy

Restricted mobility and conditions that affect the
rehabilitation process

FAVOURS CABG

Clinical characteristics
Diabetes

Reduced LV function (EF <35%)
Contraindication to DAPT

Recurrent diffuse in-stent restenosis

Anatomical and technical aspects

MVD with SYNTAX score 0-22

Anatomy likely resulting in incomplete revascularization
with CABG due to poor quality or missing conduits
Severe chest deformation or scoliosis

Sequelae of chest radiation

Porcelainaorta®

Anatomical and technical aspects

MVD with SYNTAX score 223

Anatomy likely resulting in incomplete revascularization
with PCI

Severely calcified coronary artery lesions limiting lesion
expansion

Need for concomitant interventions
Ascending aortic pathology with indication for surgery
Concomitant cardiac surgery

Figurel.2 Main aspects that need to be considered for decision making in CABG and PCI.

Reproduced with permission from Oxford University Press via copy right clearance (501742989).
1.3 Assessment dischemic heart disease

1.3.1 Norrinvasive investigation

Cardiac diagnostic tools vary in thesnailability, utilityand accuracywhich makes it important to
determine the most suitable test depending on the condition and urg&uysdJvaet al, 2019)

One ilustration oftheir usein the diagnosis of CABpresentedn figurel.3. To identify ischaemia

in patients withsuspectedCADanexercise stress test can be used dggnostic tool. The aim is

to reproduce a state in which the oxygen demand/supply mismatch occurs. The patient can be
stressed physicallyusing abicycle ora treadmill If the patient is unable to exercise
pharmacological stressisingdobutamine or adnosine can be usedBanerjeeet al, 2012) In

stress echocardiographgbnormal LV wall contraction and motion are induced by ischaemia
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which resolve under resting conditions. Contrast can be administered to enhance image quality
if required (SousdJva et al, 2019) Alternatively,in single photon emission computed
tomography (SPECT), radiopharmaceutical tracers (TechrA@doimor Thallium 201) are
administered under stress and rest conditions. Tracer uptake reflects perfusion and therefor
local myocardial blooflow. CAD can be predicted with high sensitig@@ermano and Berman,
2007) Computed tomography coronary angiography, now recommended by NICE adirefirst
investigation of stable chest pa(iNICE, 2017)s ananatomicalmodality that acquires coronary
lumen images with an intravenously administered contrast agemtain factors can degrade
image qualitysuch as heart rate >60 bpmmability to holdhe breath, obesity, high calcium score
and arrhythmia. This tool has demonstrated sensitivity e8®% and 999% in CAD prediction

in different multicentre studie@Vieijpoomet al, 2007, 2008) Cardiovascular magnetic resonance
(CMR) imaging is a tool that generates images from hydrogen nuclei using radio waves in
magnetic field. It can detect either myocardial perfusion (vasodititess CMR) or ischaemia
induced regional wall motion abnormalities (dobutamine stress CMR). This technique can perform
complete quantification of perfusion, and provide cardiac structure information and high spatial

resolution(Katoet al,, 2010; Sakuma, 2011)
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CAD Diagnosis
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Figurel.3 Commonly used algorithms in the diagnosis of CAD.

This algorithnmseparatesliagnostic tools based on risk degree (high/low) and type of test (functional or
anatomical). Created with Draw.io

1.32 Invasivecoronaryangiography

Invasive coronary angiography (ICA) is the gold standard talhgmosismanagemenplanning
and interventionwith PCI Images are visible after injecting contrast media the coronaries
through catheters insertediathe radial or femoral arteriesCA is used to identify treeverity

and location of lesionaindit is also valuable in visualisimginches and collateral vess@fsgure
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1.4). The main purposef the coronary angiogram determine the numberposition, importance
anddegree of lumial narrowings. @ronarystenoses which are estimatdd be greater tharb0%

of a vessek crosssectional arear 70%of its diameterare regarded as probablijow-limiting
(Feldmanet al, 1978) ICA capturga series otwo-dimensionalimages from different angles,
creating a conceptualisation ofhree-dimensional coronary anatomyver 250,000ICAsare
performed and about 100,000 PCI procedureach yeam the UK(NAPCI, 2021)CAcarries a
risk of major complicationsf considerablyess tharil:100Q Additionally, isspatial and temporal
resolution is superior to other imaging tod€olletet al, 2017) However, ICA hasome
limitations. The three-dimensional (3Dpature of the coronary anatomy makigo-dimensional
(2D)imagesunrepresentativein sone cases. For instancan eccentric stenosis can be dgr-
estimated anostial lesiormissed,or long diffusdy diseasd vesselsncorrectly classifiedrinally,

ICA is limited to anatomical assessmentit does not informabout the functional severity of
coronary stenosigzunctional severity caes valuable prognostic value in coronary artery disease.
To overcome these limitations, several adjunctive invasive diagnostic techniques were developed

to guide treatment and improveoronary artery disease assessment

Figurel.4 Right coronary artery angiogram shog/a moderate stenosis in the mid segment

The ed arrow points at the stenosis location
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1.33 FractionalHow Reserve(FFR)

ICA igarticularlyinadequateto identify the functional severity of mild to moderdésions(25
70%diameter stenosis for which visual assessment mor (Bruerenet al, 2002) Sixty five
percent of stenose with angiographic severity 580B8% were found to befunctionally non
significant(Toninoet al, 2010) Therefore, thee was aneed to providea comgementary
functional diagnostic tool to distinguish fldmiting disease Fractional flow reserve (FFR)a
pressurederivedindexrepresening the extent to which myocardial blood flow is limited bg th
presence ofacoronary stenosis imyperaemiconditiors. To elaborate, maximal myocardial blood
flow is assumed to be similar across the normal artery to gadgquatesupply to myocardium
whereas in the presence of an epicardial stenosis, myocardial Bloads reducedy the effects

of epicardiatesistanceThis is demonstrated in figureSA. Thesimplifiedratio of these two flows
with fundamental assumptionsepresentsFFR In practice,FFR is measured by advancang
pressuresensitivewire across the coronary lesion, whereas the proximal coronary pressure is
measured from the tip of coronary guidatheter(figure 15B). Hyperaemia is then induced by
infusinga pharmacologicainicrovasculavasodilator (adenosinéjtravenously The man distal
coronary pressure {Pand mean proximal coronary pressurg @e measured simultaneously
and the ratio of the two mean pressures is calculated. The(RtRy) when maximal hyperaemia
is most stable is calculated as the FHf. threshold for significant flow limiting stenosid{s8,

however, the range 0.75 to 0.8 is still considered a grey area.

30



Increased epicardial resistance

Myocardium

Pa Microvascular resistance is assumed minimal |
in hyperaemic conditions

Increased epicardial resistance

Proximal pressure
Distal pressure

Figurel.5 Demonstration of bastbeoreticaland technical principles BFR

A) Representation of pressure drop in response to increased resistance at the presence of stenosis and at
hyperaemia. B) Technical demonstration of FFR measurement in downstream diseased coronary artery.
Pa: Proximal aortic pressurey: ®istal pressurd?: Venous pressufereated with draw.io)
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1.33.1Theory of FFR

Pressurelow relationship

It is important to understand the relationship between pressure and flow in the cont€Bof
GenerallyCBHRncreases as a respong&eincrease in demandhut this increase is limiteldy the
resistance in the coronary systefhe resistance can legther epicardial, a coronary stenosis, or
microvasculgrwhich accourd for most of the resistance in the system.Hhyperaemia the
resistance of healthynicrovasculaturarops to the minimumandthe only resistance that can
affect the flow iepicardiaktenosisCHB- is driven by coronary perfusion presséeessure 10ss in

the absence of coronary stenosis is unlikely, therefore, a positive linear relationship can be
observed.The pessure gradientiow velocity relationship idescribed byPoiseuillés law, which
assumes that flow is lamin#irough a pipeunder constantvelocity and circular cross section
Given that iracoronary artery viscosity is constavessefradiusis the determinindactor (to the
fourth power)in apressure dropThis explaisthe exponentiaincrease in pressure gradient with
increase in stenosis severifycross the stenosis, the flow accelerates due to the reduced cross
sectional areaccordingto . S NJ/ 2 dz Distal@ddhe dtehasis pressure drop due to energy

loss caused by friction through the stenpaisd flow slows.

Derivation of FFR
FFR is the ratio of flow through a stenoS¥sefosiy, t0 the flowwithout the stenosis Qnorma)
assuming the flow before the stenosis to be normal. Tmsbearepresented by the following

equation:

OOy LYoot o
b1 Gaaa
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Where:

Therefore:

Measurements are obtained under hyperaemic conditions, therefore resistances are minimal and

equal, and they cancel out:

Venous pressure is negligible compared to aortic pressure, therefore assumed zero, leading to the

simplest form of the equation:
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Pyis pressure distal to stenosis
F,is pressure proximal to stenosis
P,is venous pressure

R is resistance
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1.33.2Validation of FFR

Non-invasive ischemigests were the reference toa usedto validate FFRind identify the
threshold of flow limiting stenosi§he a&curacy of FFR was validated extensively ipdisethree
decades in different clinical settings including singkssel disease, muitessel disease,
anatomical location of disease (i.e. ostial) aruhitentswith previous myocardial infarctiofhe
major studiesare reviewedin this section.All are limited by the lack of a 'gold standard

investigation with which to compare FFR.

FFR was first validated against exercisengst patients withsingle vessel diseasehe earliest
study to produce a valid cut off value for FFR tbatdbe assumd to induce ischemia was done

in 1995.The study showed strong correlati¢r0.75) between lesions with FFR >0.72 and ECG
changeqSTFsegment depressio@t peakexercisewith adiagnostic accuracy of 87#e Bruyne

et al, 1995) All patientswho were positiveat ET underwensingle vessePCl and hadFFR
measurenent before and after revascularisatioRepeat ET was compldtene week after the
procedureto identify FFR values that were associated witbhrmal ETand which weréschemia
induciblevalues The study suggested a value of 0.74 to hel@ble threshold to determine
functional severitwith a diagnosticaccuracy of 97%®ijlset al, 1995) One year laterthe same
group conducted another validation stydiput with three nonrinvasive stress test¢ET,
dobutamine stress echocardiogrd@SEand thalliumscintigraphy)All patients wth FFR value of
X.75 showed reversible ischemia at least one of these testwhich wererepeated after
revascularisatiofPClor CAB® and the diagnosticaccuracywas 9346 (Pijlset al, 1996) Other
studies have validated FFR in mu#issel disease by comparing itthwDSE and thallium
scintigraphymainly. A aut-off value of 0.7%vas agreed except for one study which suggested 0.76.
However, diagnostic accuramas lower in MVD compared to S¥Bnging from 69 to 81%
(Chamuleawet al, 2001; Riebeet al, 2004; Erharet al., 2005) A cut off value of).80 isnow
usedroutinelyin clinical practicéo increase measuremesensitivity The difference between the
two cut off points(0.760.80)is termedthe W3 NI & in Wigicfi $1€X3 (i S NIJ Sgedisiog y A a i Q

making is important to decide on revascularisa{ide Bruyne and Sarma, 2008)

34



1.33.3 Evidence fothe clinical utility oFFR
The accuracy of FFR in discriminating functional stshas led to multiple studies that aimed to
focus on its role in improving management of coronary artery disease in the cardiac

catheterisation settings.

Benefitfrom FFRn moderatecoronary stenosis

FFR ray be most useful in moderate lesions, where tlezidionto interveneor not might be

unclear basedupon the ICAalone The first study to report deferringhe treatment of
physiologically nosignificant stenoses basagon FFRmeasurementsvas the DEFER study

(Bechet al, 1998) in which325 patiens were studiedThosewith FFR>0.75were randomly

assigned tdgerformQ(PCland WHeferlXno treatment) groups, whilst treatedignificant lesions

were theYeferenceyroup Thefive-year outcome showed ngignificantdifference between the

groups in event free survival (80% vs /p%.52 for 'defer and'perform groups respectively.

The composite ratofcardiadR S| G K ' yR alL gl a4 KAIKSNIAY (KS WL
(3.3% vs 7.9%, respectivelwhilst i KS WNBEFSNBYy OSQ HNB. oA was a (KS
concluded that deferringnoderatestenosis with FFR of >0.ig5afgPijlset al, 2007) At 15 years,

GKS NI OGS 2F aL ¢l a arxayArATAOryidte KAIKSNI AYy (K
2.2%, p=0.03jvhilstthe difference inmortality remainednon-significanbetween thetwo groups
p=0.79(Zimmermanret al, 2015)

FFRutilisationin CCS
AsFFR has proven to be an important tool to discriminate ischieithiEing stenoss, in addition
to the proven safety in deferring lesiawith an FFR of >0.75, large randomized tredse

conducted to understand its utility in patiewsth symptomatic CB.

FFRguided PCI

The FAME study investigated the role of-g§&ed PCI in MVD compared@Aonly guided PCI

in 1005 patientsPatientswere included ithere were at leasttwo major coronarywessels wittat

least 50% diameter stenosis, and then randomised to receive stéased upon FFRand
angiogram(FFRyuided group) or angiographic finding aloaadiograpi-guided group)in the

CCw 3INRdzLIE Fye f SaA 2RC(Tonindekal, ZDOOWAL oK@ y@ar, FFRIDER S NI Sy
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PCI was associated withlower rate of myocardial infarctiorand death compared tdhe
angiographyguided group (13.2% vs 18.3%, p=0.02, respectivddg theFFRguided approach
resulted ina reduced number of deployed stents (1.9x¥s32.7+1.2 p<0.001)here was no
significant difference in angina symptoips0.2)and number of indicated lesions per patients
(p=0.34. At two yearsthere were similaresults, MACEeingsignificantly lower in the FFRiided
group compared to angiograptguided group (17.9% vs 22.4%, p=0.08, respectiaslyyas the
rate of daath andmyocardial infarctior8.4% vs 12.9%, p=0.0Bijlset al., 2010) However, at
five years, the difference between the two groupMaCEdiministed (28% vs 31%, p=0.3}0an
Nunenet al, 2015) FAME was the first trial to favour the use of -Gbided PCI over aA-
guided approachand showing positive outcomes to 5 years FAME2 was a multicentre
randomised clinical trizhat compared FFRguided PCI with optimal medical therapy (OMT) alone
in888LJF A Sy i(a ¢A Neasighioant IBsbngx3BAwereentered into a registry and
received OMT onlgDe Bruyneet al, 2012) The pimary endpoint 4 composite of death, MI, or
urgent revascularisatiomjas significantly different between the groyp.7% vs 4.3%%<0.001)
for OMT vs FFRuided interventiorrespectively.This wagrimarily driven bythe high rate of
urgent revascularisatiom the OMTgroup (11.1% vs 1.69$<0.001) These findings resulted in
halting the recruitment prematurelyAt three and five yeardMACEemained significantly higher
in the OMT grougompared to P@juided intervention22% vs 1A% p<0.001) and (27.0% vs
13.9%, g0.001), respectivelyt was concluded thatFRguided revascularisatigorovidesmore
valuecompared tadOMT alone if©€CSwhilstmedical managemens$ adequatefor non-significant
lesiors(Fearonet al, 2018; Xplanteris et al, 2018) The findings fromthe FAME trials
demonstratel that FFRo guide interventions superior tdCAIn asgning treatmentnd a proof

of its clinical applicability in short and long term outcomes.

FAME 3vas amulticentre randonsed trial compang CABG with FFguided PCI. Multiple large
randomised clinical trials have shown that treating MVD with CABG has better outcomes
compared to PCHowever, it is argued that FgRided PCI might show namferiority to CABG as
there was a lack of data to cpawre the two.The one year findings failed to prove rAaferiority

of FFRyuided PCI in MVD to CABG, mortality andsiibkeand repeat revascularisation was
lower in the CABG group 6.9% vs 1Qeéaroret al, 2022) However, there are sonpointsthat
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should be considered in this trial. First, FFR was not performed equally in both; grdapsin

the CABG group FFFR was performed in 10%Tdnéymeans that some lesions were bypassed
although they were not necessarily physiological signifiddoteover, the FFRguided PCI design

of the study resulted in treating only physiologically significant lesions which may result in having

more complex cases on the PCl amd negatively skewingdhdata

FFR influence managemenstrategy

The first study to investigate the role of FFR inénfiingthe management plan was tHe-RR3F
multicentre registry. The objective of the studgs to evaluate the rate of reclassification of
coronary revascularisation basepon FFR duringiagnostic angiographg 1075 patients with at
least one ambiguous coronary lesidnitial revascularisation strategy were recorded before
measuring FFR anddsd on angiography alorf¢an Bellet al, 2013) The initial distribution of
treatment plan for medical therapy, PCI and CABG was 55%, 38% and 7%yedsp&iter FFR
measurement, that was changed to 58%, 32% and 10%, respedivelfinal applied strategy
was basedipon FFR measurement in 95% of gtedy population that resulted intreatment
reclassification id3%of the patients At one yearthere waso significant difference outcome
between patients whose initial strategy agreed with their final strategy and those who were
reclassified. Similarly, the RIPCORD studyestigatedthe routine use of FFR in diagnostic
angiographyn 200 patientsvith CCSThe initial strategy was recorded prior FFR disclosure, as
WYSRAOIFf GKSNILRBQS Wt/ LQX WY/ WhenDFER wabk ¢iven, tHer 2 NS
management plan was changed 6% of the cases suggesting that significant stenosis was
reportedincorrectlyin 32% of the cases based on coronary angiogram(Gaolyeret al, 2014)

The POSIT trial evaluated the effectsf routine measurement of FFRarpmanagement and
outcomesin 918patients with 1293 lesion®aptisteet al, 2016]Van Bellet al,, 2017) Patients

were includedn whom theFFR was measured in at least one vessel. Change in management was
assessed per patierand per vessel, and management strategies were medical therapy,
revascularisatioyor additionaktress imaginglhe nranagement plan was changed in 44.2% of the
patients and 45.2% of the lesiod.one year, MACE was lower in patients with lesions FFR>0
compared with those who had revascularisation (5.3% vs ).3Plhie DEFINE REAL study

investigated physiological assessment in M@erall managemenwas reclassified id5.74
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whilst vessel management was reclassiie80.0%.(Van Belleet al, 2018) It can be concluded
that incorporating FFR in rouéindiagnostic angiogghy is associated witha reduction in

intervention and a considerable change in management strategy

FFRutilisation inacutecoronary syndrom@ACSpatients

Although FFR is wastablished irCCSits role in ACE lessclear. The FAMOWSSTEMI study
randomised patients with ne8T segment myocardial infarction (NSTEMtH) one or more
coronary stenosis >30% FFRguided PChnd angiograrguided PCIThe FFR group was
associated with more deferré24.®%6 vsl3.26, p=02). At oneyear, the FFR group had a lower
revascularisation rate compared to the angiogigunded group(79% vs 86.8%, p=0.05nd
there was no significant difference in MACE rates (p=0RF9uided PCI was responsible for
changesn treatment plansn 21.6%of the patientgLaylancet al, 2015) In the COMPARKCUTE
trial, FFRyuidedcomplete revascularisatioof the non-infarct related arterywas compared to
culprit only revascularisatian STEMpatients with MVD Patients were randomly allocated in
each group ina 1:2 ratio, complete and culprit oebpectivelyFFR was performed in both groups
but wasdisclosednly in the FFQuided group At one year, the rate of MACE was significantly
lower in the FFR guided complete revascularisation compared to culpriteealcularisation
group(8% v=21%, p<0.001Yespectivelyinterestingly, half ahe non-infarct related lesionthat
were condiered significant othe ICAvere foundto befunctionallynon-significant and deferring
these lesions was safe and effici@dmitset al, 2017) The DANAMB-PRIMUL™tudy,of similar
design randomisedpatients with STEMI tBFRyuided complete revascularisation vs culprit only
revascularisation in MVD patients with STEMQstronet al, 2015. The fndingsin 627 patients
weresignificant reductiosin alkcause mortality, recurrent Ml and repeat revascularisation in the
complete revascularisation group (13% vs 22%, p=0.004). This finding was mainly driven by the

reduction in repeat revastarisation.
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Theoreticalimitations ofFFR

Despite the strong clinical evidence FFR and the positive outcomes that have faldaver the
years, FFR still has theoretical and practical limitatiomsoretically, FFR is basgsbn multiple
physiological assumptisyand thereforemaynot becompletely accuratdn FFRpressure is used

as a surrogate to quantify flo@assuming a péect linear relationshipwith MVRbeing minimal

and constantHowever,the relationship between pressure and flow can be more complicated,
particularly when perfusion pressure is Id®erfusion pressure is the dynamic force that drives
flow across the aery, therefore, low perfusion pressure results in low flow veloltitg. known
that flow acceleratiof. S NJ/ Aavgfahdieizegy los@lue tofriction) are determining factors$n
pressure dropLow velocitymight underestimates the pressure gradient at the presence of a
stenosis and therefore, FRRan de Hoekt al, 2012) FFRalso fails to take microvascular
dysfunction into accountMicrovascular resistand@MVR)is assumed constar@nd mnimal at

hyperaemian the presencgRstenosi} and absencéRvorma) Of coronary stenosis antherefore,

A —
F—

thesecancel out whercalculating FFER

. Omitting MVRresistance is governed by

achieving maximal hyperaemia, and failtwalo sowill influence FFR measurement. Therefore,
external factors such as caffeine intake before the procedure aifgitt vasodilatation and result

in inaccurate FF@Matsumotoet al, 2014) In addition to the twaassumptions discussed above,

venous pressure is negligible and assutoduk zero,FFR=—— leading us to the simplest form

of the equation FFRR#P.. Venous pressure is typically close to zer6 (dmHg) however,using

a fixed value such as 5 or 10 mmHg or assuPwig) zerois associated with significant error in
low FFR value¥he ensitivty of FFRs significantly reduced (64%) whend$assumetb bezera
However, that was during the >0.75 threshold erad ¢he adoption of >.8threshold reduced

this misclassificatiofDivakaet al, 2004) It is understandable that acquiriagrue individual value

for R, is not simple becuse it requires extra vascular access and is tooesuminglt is also
important to state that thefirst study to validate FFR by Pijls and colleagues considered
simultaneoud?, (central venous pressurd} and P measuremerd to produce the outstanding

early findings of FFR.
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Practical Limitations of FFR

Decision making in medicine is driven by different factors, but it is most favoured when there is a
binary cutoff value that aid excluding interventions (treat vs defer). This was applied in FFR and
earlyfindings showed high accuracy in detecting ischemia inducing lesions at a cut off value of
X0.75 and it was later evidenced by the DEFER(Rijidet al, 1995, 1996; Becht al, 1998)
However, the landmark trials of FAME and FAME 2 increased the FFR cut ofb vl t
justifyingthat by the small number of patients that FFR m&wviouslyvalidatedon, and the fact

that the noninvasive imagingodalitiesthat were usecdad their avn limitations as wellTonino

et al, 2010; De Bruynet al, 2012) Both cut off values yielded significant outcomes in faebur
physiologicahssessmento discriminate flowlimiting stenoss. This led to creata greyzone
between the two cut off value®n theone hand FFRarries significant prognostic and diagnostic
values the lower the valugthe morethe benefitsgained from revascularisation. On the other
hand, other factors need to be considered when the FFR value is measured in the grey zone
Following from that, it was reported thdecision making certainty was it lowest when FFR
values were measured at8dcompared taa closer range (077to 0.83) andawider range (<0.75

and >0.85)FFR was associated wdldiagnostic certainty of 50%, 80% and 95% respectively
(Petracoet al, 2013) Other procedural difficulties inclegressure signal drifPD)rom the wire
transducer Analysis of 1218 FFR measuremarigaledthat 39.3% showed pressure drift
resulting in 3.6% reclassificatibiVakasaet al, 2016) It is recommended that Riifference o5

mmHg requires repeat FFR measurement adnmHg should be taken into account when
calculating FFR/ranckxet al, 2012) FFR is time consumiagd increasas the up-front costs
especially forthe pressure wire(about £500) Also administration of hyperemia can cause

discomfort for patients and it is contraindicated for severe asthmatics.
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1.34 Reding pressurendices

FFRremains the gold standard tool to assess functional ischemia, and the body of evidence that
support its use isobust However, some of its limitations have been addressed earlier and one of
them is the induction dfyperaemiaAlternatively, norhyperaemic pressure ratigfHPRd)ave

been introduced as a possible alternatives to FBRinderstand how the resting indices work, it

is important to remember that most of the myocardial perfusion takes place duringldiakhis
highlighs two main points which areesting blood flowshould be high and microvascular
resistance ideally should be constant but not necessarily minithed.form thefundamental
methodological concepif what is known as diastolizdices . Rernatively, wholecycleindices,
whichfollow similarassumptionof FFRPs«/Pa) form the second category of the resting indices.

Figure 16 illustrates different resting indices and the period in which they were measured.

Pd/Pa
RFR

/\ |

Whole-cycle indices
Diastolic indices

Pressure (mmHg)

»

Time
Figurel.6 Commonly available resting pressure indices

Period of cardiac cycle is represented for each index. Pd/Pa, ratio of mean distal coronary artery pressure
to mean aortic pressure in the resting state; RFR, restiraytlél atio; iFR, instantaneous wave
Reproduced with the permission of BMJpen Heart via copy rights clearans490261420838
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1.35.1 Instantaneous waviee ratio

Instantaneous wawree ratio (iFlRwas develope@dsan adenosindree alternative to FFRFRis
measuredduring thewavefree period, which ia portion of diastole wherklVVRis low and stable
(Seret al, 2012) The ADVISE study demonstrated the concept of iFR and validated it against FFR.
iIFR showd similar resting resistance during the widnee period to the values reached during
adenosine hyperaemi@ndthe Pd/Pa ratio obtainely iFR during the wavieee period showed

close correlation with FFR. It was concluded that diastolic resistance thariwgvefree period

can produce an index that is efficient in identifying ischaemic stgesist al, 2012) The VERIFY
study showed that the agreement between iFR and FFR was weak, particularly indkeafon
decision making, and iFR was not hyperagndapendent since the parameters changed
markedly(Berryet al, 2013) Conversely, the CLARIFY study demonstratsg egreement
between iIFRand FFR with hyperaemic stenosis resistance (HSR) and they were both able to
equivalently classify stenosis sevel(Benet al, 2013) The iIFR SWEDEHEARIy was a
randomisedcontrol multicentre trial aimed to compare MACE in-gtidedvs FFRyuided PCI
(Gotberget al, 2017) A total of 2037 patients were ragdgted for the studyAt one year, thee

was no significant difference in MACE between the two groups (6.7% vs 6.1%, p=0.007) for iFR and
FFR respectivelyhe difference remaéed nonsignificant at 5 years (21.5% vs 19.9%¢ DEFINE
FLAIRtudywas a mulcenter, international, randomized, blinded tnaith similar objective and
designto the earlier study{Daviest al, 2017) A total 0f2492 patients were randomly allocated

to FFRyuided and iFQuided group. At one year, there was no significant difference in MACE
rate inthe iIFR and FFR groups (6.8% vs, 8% 00) respectivelysuggesting noimferiority of

iIFR to FFR in guiding angioplasty

1.3.5.2 Restindull cycleratio

Resting full cycle rati(RFR)s a full cardiacycle index that is based on the maximal relative
pressure difference proximal and distal to stenoRiER is calculated as the lowastraged
pressureratio (Py/Pa) in five consecutive full cardiac cycl@he suggested cut off valuer iRFR is
K).89 todetermine physiological significance of a stenolie VALIDATRFR study aimed to
validate RFR against iSvaneruett al, 2018) The study compared the agreement between RFR

and iFR in 651 waveforms which were obtained for iFR asses<Ioemation between the two
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indices was high tR0.99, p<0.001) artthere wasa diagnostic accuracy of R&#®7.4% The RE
VALIDATE RFR trial wgsospective study that aimed to validate diagnostic equivalence between
RFR and iFR in clinical practigt a cut off value of 0.89 for both indicgéumaret al, 2020)

FFR wagssed as a reference standafthe mean value for FFR, RFR and iFR was 0.80 = 0.09, 0.90
+ 0.08, and 0.90 + 0.08, respectively. RFR was fegundalentto iFR (95% CI:0.026019) with

high diagnostic accuracy (97.8%preover,RFR diagnostic performantasalso beercompared

to FFR irfreal world settings. Findings from 712 coronary lesions (617 patients) demons#&rated
correlation between RFR and FFR (r=0.766, P<0.01) with diagnostic accuracf\iern8ann

et al, 2021)

1.35 Assessment of flow
Reduced blood flow to the myocardium is la@damental pathophysiology of ischemic heart
disease. Thyghe assessment o€BHs an attractivechoice to assesthe significance oCAD
especially becaudeFR i®nlya surrogate for flowCoronary flow reserve (CFR) is defined as the
ratio of maximéaflow at hyperaemia to the resting flo@FR measuséow in the entire coronary
circulation includng epicardial and microvascular flpwnlike FFRwhich simply assesses the
epicardial stenosi@Hgure 17) (Joyeet al, 1994) CFR can be measured invasiveipugh two
methods thermodilution (CFRermo) and Doppler velocity ultrasoundCFRBoppie). IN the case of
thermodilution, CFRermo IS measured by injecting oo temperature normal saline through the
coronary artery and calculating timeantransit time at the end of the pressuwre which is
supplied with ahermistor. The resting and hyperaemic mean transit time is then calcuéatdd
the ratio of the twois reported as the CHBarbatoet al., 2004) CFRBoppleriS measuredising a
Doppler tipped guiewire that is able to measure coronary flow velocity, assuming velocity and
flow areproportional. The ratio of average peak velocity is measured at rest and hypertemia
calculateCFRPieket al, 2000) Both flow assessments are technicalallengingand possess
somepracticallimitations(consistency of saline injection for thermodilution, and directionality of
the Doppler wirejhat made their usenainy confined toresearchMoreover, invasive CERnot
routinely utilised in toddyg practicewhichcan be attributed to the comekity of thetechnique,
skill and experienceequired to produce reliablend accurat®utcomes One of the limitations is
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that changes in systemic hemodynamic,(blRod pressure or LV contracti)ityave significant
impact upon resting flow andtherefore CFRde Bruyneet al,, 1996) A clear at-off value for CFR
might be difficult to be identified, due tine widerange of normal CFR valuet¢26), and any
given value in this range might be normal for some patientslandrmalin others(Fearon, 2018)

AlsoCFRmeasumg flow in the entire coronargystem camot distinguisha significant stenosis

from amicrovascular dysfunctiqiNg, Yeung and Fearon, 2006)
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Figurel.7 Demonstration of coronary vasculature at presence of epicardial and microvascular diseases.

FFR neglesthe increase in microvascular resistancest@iFR reésupon microvascular resistance in its
calculation Created with (BioRender)

1.4 Computatismal modelling of coronary blood flow

Computational fluid dynamics (CFD) is a frelghich systems that involve flow of fluid, transfer

of heat or related phenomena are analyssthgcomputerbased simulation. It is a powerful and

safe tool and it is uskin different applications including aerodynamics, hydrodynamics, and other
engineering usefKatz, 20120 / C5 A& | (0SOKYAljdzS & Kldynamicy | f 84S
properties by solving the Nawvi8tokes equations governing fluid flow, encompassimgygy,
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momentum and conservation of ma@dorriset al, 2015) CFD has been used to model blood

flow within arteries and veins, especially coronary artefiée benefit of CFD is its ability to

simulate fluid dynamics in specific regionsich are difficult to study through seven essential

stages(tablel.1).GFD has been applied tothe physiological assessment GAD To produce

functional information, including FFR, both anatomical and physiological inputs are required. Fluid

movementis solved by using CFD, and anatomy is reconstructed from coronary irDefgrent

software systemK | S 0SSy dziAfAaSR (2 O02yaiNyzOi

angiography and CT coronary angiography. Both Haw®nstratedpromising outcomes and
have been investigatedevelopment of computdbased VFFR can providéde availability of

physiological assessment, as FFR is be#aguredn less than 10%f PCI procedures around the

United Kingdom and even fewer in diagnostic procedures.

Tablel.l1 Stages of computational fluid dynamics model construction in medicine

Stage

Description

Clinical imaging

Segmentation and
reconstruction

Discretisation

Boundary conditions

Simulation

Postprocessing

Validation

Using different imaging modalities (CT, Angiography, MRI
Ultrasound) to provide anatomical and physiological features.

Creating physical bounds of the region of interest by obtaining cl
images ana@onverting them to irsilico geometry.

Dividing the geometry into fixed and limited elements or time per
in order to prepare the constructed geometry for analysis (This is
1y26y Fa WYSAKAY3IQUL O

Wall, inlet and outlet are considered specific physical and physiols
boundaries that are necessary to permit CFD analysis.

Creating a solution and computer file that is able to define |
02dzy R NASaQ O2yRAGAZ2Yya |yR 2
model and meshing details).

Extracting and illustrating the applicable data from the overall elen

Using the acceptable standards as a method of validating the moc
results by comparison.

Thesestagesare reproduced fronfMorriset al, 2016)
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1.4.1VIRTUheant system the Sheffield group

The VIRTUheart systefthe University of Sheffield, Sheffield, United Kingdsnbased upon
invasive coronary angiography and can generate vFFR usitecifues byolving the Navier
Stokes continuity equatiomsd applyindpoundaryconditions Two cleadiastolic ICAmages with
angle difference30° are needed tgenerate VFFR addition to good opacification amadequate
contrast media injectianThe first study to derive vFFR bas@dn ICA was VIRTL Thiswas a
feasibility study that computed vFFR in 19 patiehte m@tients undewent elective PCI, and
lesions identifid were relatively simplén native vessels with >50% diameter stend®ctational
coronaryangiographyimageswere usedfor segmentation (3D reconstruction tife coronary
artery)and vFFRredictionbecause that system was available and thought to be neceksary;
thiswas changeth recognition that it is not available in all centres, dneto the limited number

of images taken at end diastolEhe study aimed to compare vVFFRvite-based FFRBs the first

of its kindand to assesthe system feasibility and relidity. FFR was measured in intermediate
lesions if indicated and post stent FFR was measured in stented vEssgldive matched data
setswere analysed, 12 left coronary art¢tyCA) and 10 right coronary artery (R@A)nary cut

off valuex).80 was used for both VFFR and FFR for diagnostic accuracy. Measured and virtual FFR
were highly correlated (R=0.84he average absolute error waf.06 (p=0.08) and diagnostic
accuracy \as 97%Morriset al, 2013) Therewere somelimitations the number of patients was
modest, which is understandable for a feasibility and hypothesis generating ahdiyhe
computation time was long (up to 24 hours), which is impracttthipughthis was improved
significantly in later studie$iowever, the outcomes of VIRTUvere encouraging and led to
subsequent studies and developnteio the systemThe VIRTABAST study ardto address the
long processing timdue to using afully transientCFDanalysis The study proposed pado-
transient(nine parametersand steady statgfour parameters) novel protocols to perfor@FD
analysesThe fndingswerethat the novel psedo-transient protocol was able to generate VFFR in
<4 minutes with 100% accuracy comparetht&fully transient CFD analysi$ie pseuddransient
model proposed by Morris et al., (2017) takes the luminal boundary condition, derived from
angiograms, and uginless expensive steadtate calculations, extracts from this geometry a

Bernoulli resistance to represent any stenoBisithermore the workflow then adds, a micro
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vascular resistance to produce a compartmental or OD representation of the arterya$tiew
subject to pulsatile pressure and/or flow boundary conditiorsulting in pseudatime-
dependant flow. Of course, this computation of flow contains much less information than would
be obtained from the full velocity field computed by the expengraglitional fully transient
analysis.Steady state analysis, which is even simpler, yielded similar yesugtgesting that
reliable VFFR can be generated with standard computers and therefore utilisation in clinical
practiceis feasible Furthermore the authorsconcluded thatMVVRhad the highest impaatpon

VFFR sensitivity. Thus, a more personalised, papatifictuning is needed to improve VFFR

accuracy and to accurately represdivR(Morriset al, 2017)

The Sheffield groupasdeveloped another novel technolqgyrtual coronary intervention (VCI),
introduced to plan treatment based upon angiogram images. Thevasto predict physiological
responses to stent deployment using CFD including a radius correction tool to replicate a deployed
stent This studywvasthe first to simulate stent implantation based solabpn ICAandto obtain
accurate physiological responses psiginting FFR was measured pre and pB€ll, vFFR was

then generated befie PCl and post VCI in 59 vessels:PBlemFFR and vFFR showed high
correlation (R=0.87), with diagnostic accuracy of 93%-FosmFFR and post VCI vFFR showed
good correlation as well (R=0.80jterestingly, this model was able to produce these outcomes
with comparable time to FFR which makes it practical for padigdific treatmentplanning
(Goslinget al, 2019)

A further development of the VIRTUheart system is a toohdeel measurement of coronary
absolute flow(Qcrp and MVR (Morris et al, 2021) Absolute flow was measured vitro (flow
circuit) andin vivoto validate the tool.In vitrg Qrpand experimentaFlow agreed closely
(R=0.999 p<0.001)n vivo,Qcroand MVRat rest and hyperaemia weresed tocalculate Qrp
derived CFRvhich showed good correlation wigitessurederived CFRE=0.92, p<0.001in 40
patients Further compariso with Dopplerderived flow showe thatthis method was significantly
more accuratan vitroandin vivothan Doppler Incorporating coronary absolute flow aMlVR
alongside FFR in decisioraking could have a key role, and further studies are needed to evaluate

the tool. This modelling software will be used in this study
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As mentioned above, the VIRTUheart system provides wide range of advantages and robust
potentials. Starting from the high diagnostic accuracy, to-p&dtassessment, virtual stenting and

detailed virtual physiological assessment of coronary vessels.

Some of the limitations that can be linked to VIRTUheart technique in generating VFFR is that most
of the studies that were used to validate it were of a modest sample size and are carefully chosen
under controlled conditions. Also, personalisation are needed to tune the model, as for most of
the earlier published work, populati@veraged values were used. However, in later publications,
some personalised inputs improved the accuracy of (HeRlinget al, 2022) Additionally,
complex diseases, LMS stenosis and previous @ABot suitable for modelling for various
reasons including difficulty of segmentation or failure to produce the volume mesh in the cases of

complex disease.

1.4.20ther systems
The pringple of deriving FFR frol@Ahas shown promising and encouraging outcomes widehk

led to the development of differerstystems

CAASR system: PIE Medichhaging

CAAS3D-QCAsystem (Pie Medical Imaging, Maastricht, Netherlands) has been developed to
include lesion assessment of functional sevekrly version of CAAS systdi not actually

provide VFFR, but it gives virtual functional assessment indext{aéd)pon pressure gradients

at presspecified flow ratesising CFPPapafakligt al, 2014) The first validation study showed
reasonableorrelation between vFAI and FFR (R=0.78, p<0.000)adestagreement (p=0%9).

VFFR was then utilised into the CAAS workstation (conventional method of Pd/Pa). The CAAS vFFR
was first evaluated in the FAST | study, which assessed 100 panhent&emonstrated high
accuracy and reproducibility (93% and 95%) when compareavikéibased FFRMasdjediet al,

2020) This was followed by the FAST EXTEND study which was of a larger study population
(n=296). The dagnostic accuraayf core lab analysi® discriminate significant lesions (FFR <0.8)
remained high 94%Nelemanet al, 2021) Both studies demonstrated excellent outcomes,

leading to the international multicentré&AST Il study, incling 334 patients to study diagnostic
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accuracy of CAAS vFFRsiie (local operator in the catheterisation laboratoay)d offline (core
laboratory) in comparison withvire-based FFRVasdjediet al, 2022) There washigh diagnostic
accuracy for ossite (91%) and blinded core lab analysi/g98/oreover, mean vFFR/alue
analysed on site was 0.80.10 and core lab was 0.88.09 whilst thereference mean value was
0.83t0.08.TheFAST IBtudy is designetb determine the safety and effectiveness of vFFR. Th
randomised controlled multicentre trial aims to comparéRguided PCI strategy to FG&ded

PCI strategy to guided coronagyvascularisation

QFBRt: Medis Medical Imaging

Quantitative flow ratio (QFR) generatedisinga combinationof anatomical recastruction from

ICA an estimate of flow derived frahrombolysis in myocardial infarction (TIMI) frame count to
calculate the mean flomate at hyperaemias the input for the CF&hd 3D quantitative coronary
angiography (QCADFR showedood correlatiorwith FFR when was first analysed in 77 vessels
(R=0.81, p<0.001) and high diagnostic accuracy (88%) al, 2014) The FAVOR npilot study
comparedwire-based FFRnd QFR analysed in core laboratories. Stbdy derivedflow from
three different models(1) fixedflow QFR [fQFR], (2) contrdistiw QFR [cQFR], and (3) adenosine
flow QFR [aQFRjnalysis of 84 vessels showed good agreernetnteen all three modelwith
FFR Overall diagnostic accurafty each method wafQFR(80%) cQFR (86%) and aQFRA4S.
(Tuet al., 2016) cQFRshowed close diagnostic accuracy to aQFR, despittatiee being at
hyperaemic stateThus, the FAVOR Il study compai@&R with invasive FFR in routine coronary
angiography in a prospective multicentre stuSyudy findingglemonstated good agreement
between the two FFR methods (p=0.006) higth diagnostic accuracy (92.7%) forsite analysis,
and (93.3%) for offlin@nalysis(Xu et al, 2017) The FAVOR Il China was a multicentre
randomised, sharsontrolled trial with the objective o€omparing QFguided strategy to
angiographyguidedstrategyin guiding coronary revascularisatiédntotal of 3825patientswere
randomisedinto each groupboth stable 36.5%)and acute (63.5%jpatientsbeingincluded At

one year,QFRguided strategymproved outcomes and was associated with I0M&CE rate

(5.8%) compared tangiographyguidedstrategy(8.8%)Xuet al, 2021)
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1.43 Comparison between the current technologies

Deriving FFR from coronary angiography can be classified into two cateyerigst is based on
CFDandthe second is based amplifying the fluid motion using different mathematical formulas
including Bernoulli and Poiseuille as described in the theory of FFR section. To elaborate, the CFD
technique generates pressure throughout the produneztiel, requiring boundary conditioas

inlet and outlet An example of CFD model is the VFFR, in which 3D reconstruction and boundary
conditions are provided to the syste@ther systems that are based on mathematical formulas

and 3D reconstructions require further inpstsch as TIMI frameounting empiric hypermeidA

summary table showing the different techniques is presented in table 1.2.

Tablel.2 Comparison between the covered angiogragdryved FFR technologies

Technology Model Inputs
1 3D model geometry
VFFR (VIRTUheart CED 1 Two.prOJectlonsKSO° difference
1 Aortic pressure
1 Generic outlet resistance
1 3D model geometry
_ CAASFER  Mathematical formula 1 Two.prOJectlons@0° difference
(Pie medical imaging 1 Aortic pressure
1 Empirichyperemic flow
. : 1 3D model geometry
QFR (Medis medica Mathematical formula § xtwo viewsi5° difference

imaging) 1 TIMI frame counting

vFFR= virtual fractional flow reserve, QFR= quantitative flow ratio, CFD= computational fluid dynamics,
TIMI= thrombolysis in myocardial infarction and 3D= three dimensional.

Advantages and disadvantages of angiograjgnved FFR

For patients being eduated for revascularization, especially those scheduled directly for ICA,
angiographyderived FFR proves to be an ideairatine test. During the procedure, vVFFR (or other
technologies) has the potential to provide quicker and improved degisading.The significant
benefit it offers is the ability to provide an initial physiological assessment within any diagnostic
coronary angiogram, including ngertiary centres, without requiring extra equipment, pressure
wires, interventionists, or increased t®sMost importantly, the increased availability of these

technologies can result in increase the number of physiological tests (which is considerably low
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where less than 10% of the procedures in the UK measure AddRjonally, if validated well,
thesetechniques may provide a key role in decision making inside the cardiac catheterisation suits.
Conversely, there are some limitati@ssociated with the use of these methods. To start, all these
methods fail to represent patiersipecific physiology, as mavariables are based on population
averages as previously mentioned. There are two main componentadhabtbe measured
precisely with angiography derived FFR, and these are microvascular resistance and hyperemic
flow. Both are very important compartmes in the measurement of FFR and building on the
measured valueDue to the nature of the acquired images (2D), there are certain lesions that are
difficult to reconstruct such as those located in a bifurcation with excessive overlapping or those

locatedin ostiam like LMS where there is lack of healthy segment of the vessel to reconstruct.

It is worth highlighting that all these methods are dependent on high quality coronary angiogram
(i.e. high contrast, minimal overlapping and no magnification) gréresl to generate reliable 3D
reconstructionsFinally, as ahanyother modernassessment tools, anatomical modelling require

extensive practice, understanding of coronary anatomy and computer(lskiés al, 2019)
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1.5 Living withCCS

Coronary artery disease is not only a leading cause of death, but also remains orgr et
causes of morbiditieslreatments haveimprovedand life expectancys prolonged however,
patientsstill have toadaptto angina symptoms, complex managensgandlimitation in physical
activity. All of these factorsiaycau® undesirable effects on patienspecially on their physical

functioning wellbeing quality of life andifestyle

1.5.1Patients reported outconemeasures i€ADpatients

One of themajor goalan the treatmentof CAD patients improving quality of lif¢Fihnet al,
2012) Previously, corelinical outcomes were thefocus inpatient care, whichare indeed
necessary. Howevesincethe 1990s, thee has been increasddcus on whatonstitutesquality

of life (QoL)in IHDand CCS in particularhis has become amportant aspect to investigate

an objective and theoretical manner, and was the motive to progatient reported outcome
measures (PROIs)during this eraFurthermore,PRMs or qiestionnaires can beompleed to
investigate the effects of a specifiseasein the populationto observe thegeneral healtrof
certain population suffering from a diseased to compare different managemestrategies
These research questiohave been studied ilHDin particularto address angina and chest pain
as astandalonelife-limiting factor(i.e. Seattle angina questionnair&) to observethe overall
health inthose patients (EurdQoLquality of life and short forng 12). QoL in association with
coronary revasularisation of CCS was studied in different clinical trials. The first to report a
comprehensig QoLassessment was the ACME tfiRdriset al, 1992) The study randomised 212
patients with single vessel disease into PCl and OMT grBegultsat baseline reported no
significant difference in the groups, whereasiatmonthghe improvementin anginasymptoms

in PCI groupvas significantompared to OMT64% vs 46%, p<0.0Espectively. Additionally,
physical and physiological wellbeing domains segeificantlyimproved in the PCI group after 6
months (p<0.02)Strausset al, 1995) The ACME Il trial was of a slari design but studied
patients with two vessel disease. There was no significant difference (p£Do&2) and freedom
from angina(0.09)betweenPCIl and OMgroups at baseline and after six mon{Rarisiet al.,
1997) The findings of this stugguggested contradictory results to the earlier work, in which

differences were significant between the groups. Thidd be atributed to the use of different
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PR®s instruments and thextent of the diseaseThe MASS trial compared three management
strategies CABGPCland OMT(Huebet al, 1995) At three years, anginfaeedom rateswere
significantlyhigherin the CABG and PCI groupgampared to OMT group (98%, 82% and ,32%
respectively. These findings wereonfirmedin the MASS Il trialwhich had similar desigrbut
studied MVDand usedhe SF36 instrument to report Qo{Favaratcet al, 2007) The findings of
RITA 1l study sh@d improvementin Qol, as scored by S¥5, in the PCI group compared ttoe
OMTgroup,at one yearHowever this differencewas diminished at three yeatmlike theMASS
trials (Pococlet al,, 2000)

Both the FAME 1l and COURAGE trials suggested significant improvement in QoL and angina
symptomswith PCI compared to OMT aloa¢ two yearswhen assessed by EBD and SAQ
respectvely(Weintraubet al,, 2008; Fearoet al, 2018) In thelSCHEMIrandomisedrial, which
examinednvasive and conservative strategies in treating moderate to severe iscmrhaalth
outcomes of the two strategies assessed by SAQ. The study reported improvement in the summary
scores up to 3 years, however, despite the modest differencgdast the groups, the invasive
strategy gained larger improvemef8pertuset al, 2020) Howeverall these trials would some

levels of placebo effect for patients who undergo coronary intervention this should be
acknowledged This effect is not only observedin coronary artery disease but in different
cardiovascular disease and other diseases. The first trial to address the placebo effect in PCI
settings was the ORBA trial. This was taue randomised blinded,placebacontrolledtrial, in

which symptomaticpatients with single vessel disease were randomised to pla¢siem)
procedure or PIGAlLameegt al, 2018) Patients and follow up consultants were blinded t& FF

and randomisation up to six weeks when follow up was completed. Results of the study were
surprising becausehere was no significant difference between the groups in QoL or symptoms.
Moreover, here was no significant difference between baseline amdlibg period in physical
limitation and angina frequency and stability when assessed by SAQ (p=0.42, p=0.26 and p=0.85
respectively. Additionally,there wasno significant difference between the groups in-H&bL

index (p=0.99). These findings may c¢até that using questionnaires alone might not give a

complete understanding of LJI { A &ial Quality of life and symptoms status. Instead,
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might need torelate these findings to disease severity as assessed per patient level or even per

lesion leel, and factor in the powerful effect of a procedure, whether therapeutic or not

1.5.2Physical limitatiorandactivity monitoring
Patients withCADare expected to be less actjydue to anginaiponexertion. This can result in
modification to lifestyle to adapt either by reducing the intensity of actipdgsibly becomg
sedentary if angina is more frequent. However, physical activit¢ Abdre alsorelatedcausally
Studies have shown that ictévity and sedentary lifestyle are significant risk factors for, @AiSt
exercise and active lifestyle are associated with reduced inciderica@fand improve survival
rates (Tayloret al, 2004) There are twomainways b quantify limitation of physical activity,
namelyquestionnaires and wearable activity monit@sverattudies have repted that physical
activityis limited at baseline compared tfter revascularisation. This has been reponsihg
guestionnaires including SAQ, RAND 36 and (@Fdifitraubet al, 2008) However, this remains
a subjective measure and might be affected by wdiffe factors at the time of questionnaire
completion. Therefore, an objective method of measgiphysical activity might be more useful
to understand and quantify limitation associated with CRDnitoring in cardiology is not a new
concept, despite theotable evolution of the technology the past decadeFor example, the
Holter monitor has been usddr RS OF RS& Fa |y |Yodz Fi2NR 9/ D (K
activity (Corday, 1965)Many new wearabldevices have emerged over the past decade, with a
remarkable adoption by researchers, clinicians, and consumers with different parameters that can
be collected including arrhythmias, heart rate, and several aspects of physical d&ttysigal
activity measured by aelerometer was investigatedn CAD patients before and after
revascularisatiorResults from a po&EABG monitoring study have shown a relationship between
hospitalisation and activity. Increasing activity straight after G¥e8@ssociated with decreased
hospitalisation tim€Cooket al, 2013) A direct correlation between wearable monitoring devices
and increased physical activity in CAD patients was demonstiataehabilitation studies
(Frederixet al, 2015) The TEACH trial aimed to assess physical after CAD related hospitalisation
compared to baselinasing worn accelerometel hestudysuggested thatat one yea, activity
levels were proportional (those who were active before admission became more acthtbpse
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who had CABG were more active compared tolR@€lestingly, increased in activity levels lasted

up to two months and then started to declindevetheless, monitoring activity levels in CAD
patientsremain understudie@nd has been addressed mainly in rehabilitation studies, although
this might not representative for CAD population since it was suggested that up to 85% of these

patients do not partipate in rehabilitation program®&eidet al., 2006)

1.5.3Functional capacity
An essential necessity for most of our daily activities is the ability to perform aerobic vesek. Th
typesof activities arelependent upnfunctionalcardiovascular and pulmonary systems, and their
ability to deliver oxygen to the active uades. The ability to do these actigs is a simple
conceptualisation of functional exercise capacity which is defined as the maximum amount of
physical exertion @it a person can susta{harson, 2007)Exercise testing has been studied in
CAD as a prognostic and diagnostic evaluation method for functional capacity and it was shown to
be a strong predictor of mortality and cardiovascular ev@viairket al, 1987; Kwolet al., 1999;
Myerset al, 2002) Exercise testing protosoVary.tican be performed as a treadnahkercisepr
walking or cyclingunder controlled settingsvith or without ECG monitoringlThis norinvasive
stress assessment has been used asdaggahdard method tealidate other diagnostic tools due
to its robust ability in discriminating ischemia.a cohorbf 9852 patients with known CA&ither
revasularised or nof the valueof functional capacity value in CAlas shownFollow up at 11
yearsrevealedthat exercise capacity is a strong predictor of Ml, revascularisation and all cause
mortality. Additionally, it was suggested that patients with similar capacity levels carry equivalent
mortality rate despite revascularisatistatus at baselingdunget al,, 2014) Howeveran exercise
test might be difficult to perforrm elderlyor frail patientdespite being the most commonly used
functional capacity test. Other fogof test can be completeduch assub-maximal' walkbased
testing.The sixminute walk test (6MWT)isé1 2 F (G KS &AAYLX Sad GSada GKI
functional capacityEnright, 2003)The test has been extensively investigated in chronic dsease
including respiratorynes, such ashronic obstructive pulmonary disease (CORBJ,cardiac
heart failure (HF)Measures includinglistance valked, changes over time and response to
interventions or treatmentand relationship to disease prognosias been studieqDuet al,
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2017) Howeverthe prognostic value &MWT inCADas a predictor of future events or as a tool

to measure functional exeise capacity is still undstudied.A study was conducted to evaluate
6MWT predictability oMI, HF and altause mortalityin comparison with traditional treadmill
exercise test ICCSatients. The study involved 556 patiemtsdfollow up for cardiac events

and heart failure wasightyears.At follow up, cardiac events occurred in 39.2%gthose who

were in the lower walked distance (819 m) group were afour-fold risk of cadiac events
compared withthose in the higher walked distance (5337 m) group (p<0.001). The study
suggested thaa decrease in walked distance &g averagel04 m was associated with 55% of
cardiac events. When this was adjusted for risk factors adthcaseverity measures (EF, diastolic
dysfunction, inducible ischemia, and other diagnostic blood tests), the risk of cardiac events was
reduced by 30%. The study concluded that 6GMWT and treadmill exercise were similar in predicting
cardiac eventgBeatty, Schiller and Whooley, 201@her studieshave investigatethe role of

the 6MWTin rehabilitation
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1.7Aims and hypothesis
The primary hypothesisfir this thesis is

Assessment aforonary blood flow can predict the benefit of revascularisatiddGiatients

My overall aim is tassess the change associated withiPCICS patientt different levelsfrom
coronary physiologythroughmyocardiumi@ 2 G KS LI G A S yThi©will b&éhiswed® R &  f

through these experimentalbjectives

1- Evaluate the effect of coronary stent upon blood flow and other coronary physiology
metricsusing VIRTUheartand virtuQt software

2- Compare coronarghysiology in flow limiting disease and fftmw limiting disease

3- Develop and validate a single FFR ir{@exnulative FFRased on coronarghysiology and
anatomy to assesSADseverity and myocardium at risk.

4- Assess physical activity in CCS patientg) wgearable devices aitidMWT toevaluate the
changes associated with PCI.

5- Assesshanges igeneric and disease specific PR@Mgsponse to PCI.
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1.8 Studydesignand ethis
1.8.1 Studydesign

Thiswasa prospective observational single centre studglettive patients wittCCSvho were
scheduled to undergelective PCI or left heart catheterisation + PCI at the Northern General
Hospita) Sheffield between September 2020 and August 20®&r the careof Professor Gunn

or Dr Morris.Forty patients were recruited for this study, on the basis of including 20 patients at
each group (intervention and fAotervention). This is a hypothesis generating work, with limited

time and fund, therefore, initial plaio include 20 patients in each group was decided upon.
maximise recruitment of suitable patients, patients were identifiedhe basis oflocumented

CAD either from previous procedures or at CTCA. To these patients, an information sheet (PIS) and
initial approval for contact were sent by post, and patients were contacted upon their approval. A
home visit was undertaken and written informed consent obtained (see appendix for PIS and
consent sheet)Baselinecharacteristicavere collected upon recruitmenfQuestionnaires were
completed andmonitoring devicse set up during the study initiation home vidiatients were
contacted again for prprocedure assessment (6MWT and Clgifr to the PCIThe CMR data

were not used in this thesis, due to some limdas that will be discussed in the next chapters.

All data were anonymised and uploaded ibtaiversityof SheffieldPLOARIS databagdlscans
werelabelled by VIRFBIDand can be linked to other collected d&teevery participantPatients
underwenttheir coronary angiography, muliessel pressure wire examination, and PCl when
indicated by the FFRStudy partitJr yia ¢SNB (GKSy 3AINRAzZLISR Ayd2 Wt
oFraSR 2y CCw Ay Y2aid OFaSaz 2N WOsisoNFReat AT V!
off value. All pressure wire assessment and coronary angiograex® repeated after the
procedureif applicableFollow up assessment was completed after three moeieept for CMR

in the control groupThe main reason to undertake CMR lgsig in this study was to produce
perfusion scans, therefore, patients who did not have intervention (control) did not have a follow
up scan as changes cannot be measured in response to intervention and fundingpisiat
overview of theprotocolis illustratedin figure 18 and a recruitment diagram is shown in figure

1.9
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1.8.2Selection criteria

This study included heavy screening, but limited number of recruitment (N=40). This might have
caused some samplingals during the selection process. First, only patients with documented
disease either by CTCA or ICA were recruited, this was intentionally performed due to the limited
sample size and to exclude patients who were listed for diagnostic angiogram onhd, Seco
patients with severe emorbidities such as neuropathy, chronic kidney disease, or severe mitral
valve disease were excluded to avoid any effects on physical activity monitoring and PROMSs. Third,
patients who suffer from significant mobility impairmewere excluded for the same reasons.
However, this is a hypothesis generating and a proof of concept study as mentioned in the
previous section, therefore, it might be understandable that restricted selection was used for the

recruitment.

1.8.3Recruitmen difficulties

Apparently, the main difficulty was the inability to allocate patients into their groups at the
recruitment stage. This challenge raised from the fact that this is not a randomised nor blinded
study and allocation can only be decided follmpihe outcome of the procedure. Although it is

all assessment were done alike for these participants prior to their procedures, the inability to
allocate participants into groups resulted in an unequal number of participants in each group (13
vs 26) for on-PCIl and PCI groups respectivabditionally this study was considerably selective

with a design that required multiple visits, some challenges were encountered. Since the cardiac
catheterisation suits in Sheffield Teaching Hospitals covers most areas in south Yorkshire, some of
the study participantsvere referred from other district hospitals. This caused considerable
challenges since the study required home visits and multiple hospital visits which resulted in
increased travelling time for both researchers and participants. The study design rédqglires
collaboration from the participants, especially with the monitoring component as the data
collection depends heavily on following the instructions and compliance. Therefore, extensive
communication was needed throughout the involvement period to enthat data were being

collected at high standards.
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1.8.4 Ethics andunding

The study was approved bye Health ResearchAuthority (HRARNd Health and Care Research
Wales (HCRWJIRAS: 272069 The Sheffield Teaching Hospitardiothoracic Directorae
ResearchExecutive (CDRE) amdlHR @rdiovascularPatient Panel (CPP) approved the study
protocol. Funding was granted from Sheffield Hospitals Charity (Grant number: 192027) and King
Saud bin Abdulaziz University for Health Sci¢k8ALHS)through the Saudi Arabian Cultural
Bureau in the UK (UKSACB) as pathafvarded scholarshijp the author
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Figurel.8 Flowchart of the overall methodology for VIRT joject.
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Chaptenwo: Revascularisation in CCS: invasive and computational
assessment of coronaphysiology.

2.1 Introduction

Coronary arteries response to myocardial demand by increasing blood flow significantly compared
to the resting state. However, the progressof coronary stenass results in failure to meet these
demands andwhenbecoming flow limitingcan cause myocardial ischemfastenosiscan be
treated with PCI, aiming to dilate the narrowing and restore coronary flow. The gold standard for
guiding PCI ithe invasive coronary angiografiCA) ICA is used to assess the d&e severity
anatomically but visual analysis not accurate enough to discriminate ischemia in intermediate
lesionsUp to 65% of intermediate lesions with diameter stenosis ef@@are not flow limiting
(Toninoet al, 2010) Coronary flow reserve (CFR) is used as an estimate of flosaariok
measured by thermodilutioar Doppler velocity ultrasoundut assessment of flow technically
challenging antlas so fafailed topenetrateclinical practice. However, Fk#ich measures flow
reduction is more feasible, and a strong predictor of ischer@iqer physiological indices have
shown to be capable tastriminate ischemia in intermediate lesions at comparable levels to FFR
such as iFaviest al, 2017) (See Chapterl)

The past decade has seen the introduction of computational methods in the assessment of
coronary artery disease. Different systems have been successful in providing reliable-and non
invasive methods to assess functional severity oémosis such a®QFRand vFFRThe Sheffield

group developed the VIRTUheart systevhich was the first to derive FFR from angiographic
imageswith diagnostic accuracy of 9{#orriset al, 2013) The model generates VFFR using CFD
techniques andhas undergone different developmental stages including reducing thegsioge

time to five minutes, personalisation of the boundary conditions, incafoeg virtual stenting

and computing coronanabsolute flow and resistancéSoslinget al, 2019; Morriset al, 2021
Goslinget al, 2023. The tool can estimatdMVR HR and CFR, therefore providing a

comprehensive physiological assessthwd coronary artery diseas€See Chapter 1)

Whilst kaseline coronary assessmarsing FFRas been investigated extensivgiwstPCl FFR

(the whole point of revascularisationqs been lesstudied compared to pr®CJ)and its routine

63



use in clinical practice is considered occasional, although recent studies suggest a prognostic value
(Pirothet al, 2022) There isalsolack of agreement in a cuff to target best possible outcomes.

The largest prospective study to investigate goGt FFR in stable patients reported aottvalie

of >K).88. It was suggested that this value was predictive of target vessel failure and cardiac death
(p=0.001 and p=0.02), respectiv@lyet al, 2017) A combination of computational and invasive
assessment auld provide comprehensive physiological assessneénCAD Additionally, the
invasive measurement of FFR can be of great value to generate more information about flow and

MVR

The aim of this chapter is to evaluate the relationship between coronary physiog&igcs and

FFR, and to quantify the physiological change in response to PCI.

2.2 Methods

2.2.1 Patient screening and recruitment

Patients were screened who were listed for elective PCI or left heart catheteri@adGirPCI
according to standard inical criteria at the Northern General Hospital, Sheffibletween
September 2020 and May 20Zxe pagé&9for recruitment detailsAll available waiting lists were
screened for suitable candidate®nce candidates identified, a summary of each patiesd
presented to the principle investigator of the study for final selection. Patients then were
contacted through the NHS prior to researcli#gntact, once participants responded with
intention for involvement in the study, research fellow contactedrtlaad a visit was plannegt.

the home visif baseline characteristics were collectesl monitoring device was given and

guestionnaires were completddee chapters four and fiyer more details of those activities).

Inclusion criteria:

1 Adultpatients >18 years old.

1 Symptomatic patients with stable angina listed for4m.

1 Previous CTCA or angiogram reporting visual stenosis of >50% in at least one
coronary artery.
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Exclusion criteria:

91 Acute coronary syndrome.

Severe valvular disease.

Previous CABG or recent PCI.

Contraindications to CMR or adenosine.

Renal failure (Cr >18§0nol/dL).

Significant mobility difficultieg-urther details about mobility will be discussed in
chapter four)

1 Multiple comorbidities or terminal conditions.

= =4 4 4

2.2.2 Procedural protocol

Patients underwent invasive coronary angiography using standard techniques and clinical
protocols, with a 6F guide catheter, in preparation for pressure wire examination and PCI. To
ensure images were suitable for analysis withMliRTUheant software segmentation tool, the
following protocol was applieavhich is the Sheffield 'standard’ for modelliipe main objective

was to capture at least two high qualigiear, noroverlappedimages for each major vessel

diastole

5-6 views for LCA and 3 of the (dominant) RCA (Figure 2.1)
At least two views of each diseased vessel at ledst &0t
Image must be centred before acquiring

No panning or magnification

Adequate contrast injection

Increased Xray dose if patient is obese

At least 4 cardiac cycles must be acquired per image

= =2 =42 4 A4 A A

Good catheter engagement

Patients were loaded with aspirin and clopidogrel, if not already taking those drugs, and a single
dose of weightadjusted heparin was given. A final visual assessment of all vesséien made.

Any epicardial vessels >2.5mm (i.e stentable) with diameter stene33Y8Wvere then assessed

with a pressure wire (PRESSUREM/IREAbbott). This was performed according to standard

practice. FFR was measured during stable hyperemiahwhis induced by intravenous
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adenosine infusio(70 pg/kg/min).In cases with a severe stenosis, RFR alone was recorded. The
average resting pressures proximal and distal to the lesipman(@® R) were also recorded.
Dedicated software (Coroflow®, Corovembbott, Uppsala, Sweden) was used to measure and
record FFR and RFR (Figure 2.2). Based upon the angiographic findingsvarelb@sed FFR
assessment, a decision to proceed to PClI was made by the operator (JPG and PM). PCI was
conducted according to standard contemporary practice, with implantation of a drug eluting stent.
Repeat angiography and measurements of FFR were taken after PCl wehepessible.
Angiogram images were anonymised and transferred to the XNAT database (University of

Sheffield). Coronary pressure data were exported in the form of (.csv) files for further analysis.
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Figure2.1 Suggested views for VIRTUheart segmentation tool.
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Figure2.2 Examples of coronary angiogram before and after intervention and the corresponding invasive
pressure trace as shown by Coroflow (3.0)

On the left, a coronary angiogram shawsroximal LAD lesion (A). The adjacent image is the Coroflow

(3.0) user interface showiagpressure drop after adenosine infusion. The top right corner shows FFR

(0.66) at hyperemia, averaged pressure proximaktosis (Pa) and averaged pressure distal to stenosis
(Pd). Repeat angiogram and post stent FFR (0.91) is shown below (B).
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2.2.3 Segmentation using VIRTUhegw201 Beta) tool

The VIRTUheart workflow bundle provides multiple tools, and the segmerttatiancorporated

in it is the starting point. To generate a 3D reconstruction of the coronary artery, two high quality
images with a difference of 30° are needed. DICOM imagesgpbbaded into the softwargnd

views (RAO and LAO) and directions (Cranial or Caudal) are indicated to provide more reliable

angle difference.

Image Acquisition Data

-30.34
28.9
1234

The ECG trace is imported automatically, allowing the user to identify the ideal frame, which
should be n enddiastole, to capture the maximal flow at the lowest point of myocardial

contractility.
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To compensate for possible table movement between two image acquisitionssio@gection
is performed. The process is completed by identifyingamneection point at each image at the
same location, correction points are crucial for the segmentation process, and therefore user

judgment is necessary. To confirm confident identical points, bifurcations are used.

The centre line is drawn along the vessglthe user on the first image (left side). Two
O2NNBaLRyYyRAYy3 ftAySasz (y26y a& aSLALREFIN fAYySa

allow better judgement of vessel reconstruction.
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Diameter markers are assigned and automatic vessel edge detection is generated. Errors in edge

detection are common, so manual correction is performed.

All steps are repeated on the other image (right side) and a 3D recormtroftthe artery is

gererated.

2.2.4 Deriving VFFR from 3D reconstruction

A 3D surface mesh is inserted into the segmentation described abogprasentthe arterial

lumen. VIRTUheattthen converts the 3D surface mesh to a volumetric mesh (ANSYS Inc, PA,
USA) which allowomputation of the trandesional pressure gradient using computational fluid
dynamics (CFD) by solving the NaSi&kes equations of conservation of mass and momentum,
as applied to Newtonian fluids the computation of steady state VFFR, the distapaters of
coronary microvascular physiology are reduced to a single time averaged resistance (8.721e9
Pa/n?s?) derived from averaged value from a previously studied cohort. vVFFR can therefore be
described as a function of four parameters: mean proxinmabsure (mmHg, terms 24
(mmHg.min/mland 2 (mmHg.midymlI?) and total distal resistance: @nd Z represent the linear

and quadratic coefficients that describe the relationship between pressure andvfimh is

described as follows

A0 & A IS VR

where dP = pressure drop, Q is flow apdZZand 3 are dimensional constants.
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It is assumed thatvhen flow is zero, pressure drop (dP) is zero, thereforedZ At two specified
flow rates (Q1 and Q2), the pressure drops are computed eandRdR respectively. From this

Z1 and 24 can be calculated as:

. Qou Qv
W = —
L L

. QU Quu
(A) T % T 7
L L V)

ThisCFDsolver uss flow rates of 1ml/s and 3ml/s based on previous work to determine the
optimal rates(Morris et al, 2017) Once Z and 2 are known, the coronary flow, for a given

myocardial resistance can be calculated as:

w0 Y ® Y 10D

C

o)

VFFR can then be determined as:

RN O ¢
L 'O0Y-

0

VFFR is then generated with a colour mapping system used to demonstrate the pressure drop
across the vesséigure 2.3) The pressure drop can be measured at any point across the simulated

arterial lumen.

72



Figure2.3 Generated vFHRR.77)with colour map of pressure drop across the vessel.

2.2.5virtuQ: Deriving absolute flow from angiogram and intracoronary pressure data

virtuQu software (University of Sheffield, Sheffield, United Kingdom)usad to compute

absolute flow. This is an extension of the VIRTUhesoftware. In this case, in addition to the
angiographic (anatomical) images, real (rather than modelled) pressure data from the pressure
wire are used to construct a model of absoluizdd flow (mL/min) also using CFD. Fameraged

proximal pressure gPand distal pressure {Pat baseline and under hyperemic conditions are

applied at inlet and outlet to tune accurate boundary conditions. Volume mesh was constructed

with 1.2¢1.5 M elements, CFD then computes coronary volumetric flow rate. Applying the
hydraulic equivalentof OhQa I g G2 GKS O02YLJzi SR O2NRyYyl NB Ff
are used to derivéelSR, MVR, CFR following these equations:
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Model inputs and outputs are illustrated in figurd.2/alidation and technical background have

been published previouslMorris et al, 2021) All outputs were reported before and after

intervention (if applicable)

B Baseline Hyperemia
Proximal pressure, Pa  |116 101 mmHg
A Distal pressure, Pd 101 7¢| mmHg

Flow in (ml/min)

Flow out

Flow branches
Pd/Pa & FFR
MVR

SR

CFR

35.0

49.0

35.0(15.2) 49.0(l16.1)

0.87
2.74
0.43

Figure2.4 virtuQ user interface.

0.0

0.75
1.45
0.51
1.40

(A) showing inputs panel, averaged Pa and Pd at baseline and hyperemia are entered and (B) showing the
model outputs (Flow, FFR, MVR, SR and CFR) at baseline and hyperemia.
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2.2.6 Modelling protocol

| collected all pressureire based~FRdata as reported by the procedure operator and the raw
datain all feasible vessels pRCI and as many as feasible goGt. All lesions with pressure wire
assessment were segmented and processed offline througitUWidariz version 2.Gand virtuQ«

version 3.0 software (the University of Sheffidl@erformed all the segmentation and processing

of the modelled vessels. MoreoverfFFRs were generated for all segmented vessels and
subsequent simulations through virtwé@re completed to compute coronary absolute flI(V&R,

MVR and CFRt baseline and hyperemic conditions. Hyperemic physiology metrics and vFFR
values were reportedlo ensure accuracy of the processing, 10 cases were randomly assigned for
a second operatowho was a cardiologist with strong exposure to VIRTUheart system. The
operator was blinded to theire-based FFR amqfoduced vFFR valyds ensure reliability of the
results.| was not blinded to the wirbased FFR values and this was due to the nafuitee data
collection which requires attending all the catheterisation procedures and performing the analysis
as a part of this PhD work. However, to ensure reliability and accuracy, interobserver analysis was

performed as mentioned earlier.

2.2.7Statistical analysis

Data were reported as means, standard deviations of the means and percentages unless stated
otherwise. Blanéhltman plots were used to assess the limits of agreement (£1.96 SD) between
wire-based FFBnd VFFR. Intaslass correlation as used for intepbserver variability to assess

the agreement betweenwo operators. Histograms were used to display frequency of variables
and bar charts to demonstrate differences. For each vessel, coronary physiology variables were
reported before andafter PCI (if applicable) and paired samplest was used to compare the
difference. Pearson coefficient (r) was used to calculate linear correlation between FFR and other
coronary metrics Correlation matrix was used to assess the correlation coefficre the
percentages of change between the variables before and after PCI. GraphPad Prism (9.4.1) was

used for statistical analysis.
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2.3 Results

2.3.1. Patients and lesions characteristics

Forty patients were recruited, of whicB @nderwentLHGPCI The mean age of study participants

was 65 £8.6), of which 31 (77%) were male, 20 (50%) wersmeokers, 4 (10%) were current
smokers, 25 (65%) had hypertension, 14 (35%) had hyperlipidaemia and 6 (15%) had type 2
diabetes. The number of diseased vessalpptent was 1.4841.48). Eight patients had mild or

visually absent disease (22.9%), eight patients had single vessel disease (22.9%), 13 had two vessel
disease (37.1%) and six had triple vessel disease (17.1%). Three patients were referred for CABG
dueto the presence of a chronic total occlusion (CTO) in one vessel or more. Patients and lesions
characteristics are shown in table 2.1. The total number of vessels studied before PCI was 56, of
which 21 (37.5%) haalfunctionally significant stenosis (FRR @y 0 @ ¢ KS CCw RA & NJ
in figure 25. The mean positent FFR was 0.89.04) measured in 22 vessels, of which 10
(45.5%) had FFR>0Tree patients did not have FFR-precedure due to a difficulty of passing

the wire (2) or the absencd a significant lesion (1). Thus, the total number of patients with FFR

measured in one or more vessel vais Studied vessels charaasdics are shown in (Table 2.2).
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Table2.1 Patients and lesions characteristics

Patient characteristics N Percentage Mean ¢&SD)
Age 65 (8.6)
Male 31 77
Female 9 23
Current smokers 4 10
Exsmoker 20 50
Nonsmoker 16 40
Hypertension, 25 65
Hyperlipidaemia 14 35
Type Diabetes 6 15
Vessel and procedural characteristics
Number of patients 38
Mild or absent 8 21
Single vessel disease 9 24
Double vessel disease 14 38
Triple vessel disease 6 16
Diseased vessels location 69
LMS 9 12.3
LAD 22 32.8
LCx 11 15.1
RCA 18 26.1
RAMUS 3 4.1
PDA 3 4.1
OM 1 1.4
D1 2 4.1
Chronic total occlusions 9 13
LAD 3 4.1
RCA 5 8.2
LCx 1 1.3
Treated vessels distribution 38
LMS 5 12.5
LAD 14 37.5
LCx 6 15
RCA 10 25
RAMUS 2 5
PDA 1 2.5
D1 1 2.5
Referred to CABG 3 8.3

LMS= left main stem artery, LAD= left anterior descending artery, LCx= left circumflex artery, RCA= right
coronary artery, PDA= posterior descending artery, D1= first diagonal artery, OM1= obtuse antanyinal

CABG= coronary artery bypass graft.
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Table2.2 Summary of studied vessels before and after intervention

Functional assessment N Percentage Mean+SD
PrePCI

Studied vessels 56

FFRKD.8 21 37.5 0.69+0.09

FFR >0.8 37 66.1 0.90+0.04
Location

LAD 28 48.3

LCx 10 17.2

RCA 16 27.6

RAMUS 1 1.7

OoM1 1 1.7

D1 2 34
PostPCI

Studied vessels 22

FFR-0.9 10 455 0.92+0.02

FFR <0.9 12 54.5 0.85+0.03
Location

LAD 13 59.1

LCx 2 9.1

RCA 7 31.8

FFR: Fractional flow reserve, PCI= percutaneous coronary intervention.

Distribution of measured FFR pre PCI

Frequency
[¥§)
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Measured FFR

Figure2.5 Distribution of allvire-based FFR

Represented as values of pre REé-based FFR the x axis and frequency on the y axis. The threshold for
treatment (FF<0.80) is shown in red.

78



2.3.2 Accuracy of processing

Seventyfive vessels were successfully segmented and vFFR was generated, of which 17 were
segmented twice (pre and post PCI), five were post PCl only and 36 were pre PCI only. Three lesions
were excluded from the analysis because of parallel epipolafing} and ostial and LMS lesions

(n=2). There was no significant difference between-based FF[.84+0.1) and vFFR (0.85+0.1),

the mean difference (bias) wa$.01+0.04), the standard error (0.005), p=0.31 and the results
were closely correlated (@90). A Bland\tman plot is shown in figure 2.5A. Intdrserver
variability was calculated using in®rf I 34 O2NNBf I GA2Yy YR tSFENA2YQ
cases for reprocessing by another VIRTUheaxperienced operator. The second operatoswa
blinded to the vVFFR and FFR results. The mean vFFR for the first operator was 0.83+0.13 and
0.81+15 for the second operator, the mean difference was (0.02+0.09), the agreement between
observers was strong (r= 0.80, ICC= 0.89, p<0.01).-Blandn and coelation plots are shown

in figure 26.
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Agreement between measured FFR and vFFR
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Figure2.6 FFR agreement plots

(A) BlandAltman plot demonstrating agreement and differences betweexbased FFR
and vFFR. The upper and lower limits of agreement are shown with the interrupted line (
nondg G2 nonyos 6. 0 oSérvddvaighiltg, and CCNBBEmani A 2y F
plot demonstrating agreement and differences between the two operaw®upier and
lower limits of agreement are shown with the interrupted H0d.% to 019).
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2.3.3. Coronary physiology assessment for the full cohort at baseline

All segmented vessels with FFR at baseline (n=54), including vessels with flow limiting disease,
were processed for computation of coronary physiology parameters. Absolut€f&gMSRand

MVR were generated using virtuQ software (University of Shefftl The mean coronary
absolute flow was 61.8£26.6 [range 21.4 to 132] ml/min; nt¢&Rvas 0.29+0.29 [range 0.06 to
1.44]; mearMVRwas 1.18+0.52 [range0.26 to 2.90]; and the mé&Rvas 2.27+1.09 [range 0.95

to 6.02]. The distribution of coronary physigy parareters is presented in figure 2.Th 54
vessels, there was a weak correlation betwedre-based FFRind coronary absolute flow
(r=0.16), p=0.24 (figure&),astrong negative correlation betweevire-based FFBnd HSR (r=
0.74), p<0.01 (figur@.8B),a moderate positive correlation betweesire-based FFRnd MVR
(r=0.39), p<0.05 (figure &), and weak positive correlation betwesite-based FFRnd CFR
(r=0.24), p=0.07 (figure 8D). Same analyses were done for vFFR and showed moderate
correlaion with coronary absolute flow (r=0.35), p<0.05 (figuB&}.strong negative correlation
with HSR (0.77), p<0.01 (figure &), weak positive correlation with MVR (r=0.18), p=0.18
(figure 28G), and weak positive correlation with CFR (r=0.23), p€iy0&: 28H).
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Distribution of coronary absolute flow at baseline
for all patients
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Figure2.7 Distribution of computedoronary physiology

(A) coronary absolute flonB) HSRO MVR andD) CFRn 54 vessels at baseline.
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Figure2.8 Correlation plots betweesire-based FFBnd coronary physiology parameters on the left and
with VFFR on the right at baseline.

A) Correlation betweenire-based FFBnd absolute coronary flow (r=0.16) vB)e-based FFBnd HSR
(r=0.74),wire-based FFBnd MVR (r=0.39), Bire-based FFBnd CFR (r=0.24), E) vFFR and absolute
coronary flow (r=0.35) F) vFFR and HS® 763, G) vFFR and MVR (r=0.18), and H) vFRFERnd
(r=0.24).
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2.3.4 Physiological assessment of coronary arteries in the presence of flow limiting
disease

A total of 20 vessels from 16 patients who were treated with PCI afteet#&d&edfiow limiting

disease were successfully processed and vVFFR was generated. In atiditioessels were
processed for computation of coronary absolute flow, HSR, MVR Rrizth€&d upon baseline and
hyperemic pressure proximal and distal to the stenosis (Pa/Pd). Mean coronary flow was 55.5+23.3
ml/min, range 21.4 to 130 ml/min; mean HSR was 0.50+0.3, range 0.13 to 1.4; mean MVR was
0.98+0.35, range 0.26 to 1.55; and mean ®&R1.90+0.4, range 0.95 to 2.63. The distributions

of values per vessel are shown in figuf@ There was poor positive correlation betweeine-

based FFBnd coronary absolute flow (r=0.31, p=0.17) (figut@&), a strong negative correlation
between wire-based FFRnd HSR (¢8.80, p<0.01) (figure POB), a poor positive correlation
betweenwire-based FFBnd MVR (r=0.22, p=0.4) (Figur&(Z), and a poor positive correlation
between  wire-based FFR and CFR (r=0.37, p=0.1) (figure 10D).

The same angtes were done for vFFR and showed a strong positive correlation with coronary
absolute flow (r=0.72, p<0.01) (figurel@), a strong negative correlation with HSRO(BS,

p<0.01) (figure 4.0F), a poor negative correlation with MVR-@34, p=0.13) {dure 210G), and

a positive correlation with CKR0.57, p<0.01) (figure TOH).
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Coronary absolute flow distribution before
intervention in flow limiting disease

10

i [

20 25 35 45 55 65 75 85 95 105 115 125 135

Coronary absolute flow (ml/min)

p=2
Frequency

Hyperemic stenosis resistance distribution before
intervention in flow limiting disease

[y
o

oo}
Frequency
o N B o ©

01 025 04 055 0.7 085 1 115 13 145 16
HSR (mmHg.min/ml)

Microvascular resistance distribution before
intervention in flow limiting disease

(@)
Frequency
O R N WU

0.2 0.35 05 065 0.8 095 1.1 1.25 14 155 1.7 1.85 2
MVR (mmHg.min/ml)

Coronary flow reserve distribution before
intervention in flow limiting disease

6

5
>
Q
54
D 23
e
=2
1
0

L I o T ¥ T ¥ ¥ o ¥ o ¥ o T o T T ¥ o ¥ o R ¥ o ¥ o N s B T s B ¥y ]

O N & O ® O N ¥ W W O N ¥ O W O

O 0 6 @ 0 H A @ A =@ ~N N N N N m

CFR
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Figure2.10 Correlation plots betweesire-based FFRnd coronary physiology parameters on the left and
VFFR and flow parameters on the right ).

A) Correlation betweewire-based FFRnd absolute coronary flow (r=0.31),\)e-based FFRnd HSR
(r=-0.8), wire-based FFRnd MVR (r=0.22), Djire-based FFRnd CFR (r=0.37), E) vFFR and absolute
coronary flow (r=0.72) F) vFFR and HSB.86), GVFFR and MVR (r=0.34), and H) vFFR and CFR (r=0.57).
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2.3.5 Changes associated with coronary angioplasty idiftoting disease.

FFR posPCIl was measured in 17 vessels; all vessels were successfully processed, although one
vessel was excluded due to pkel epipolar linesLower FFR values before PCI were strongly
associated with higher level of changes-9is p<0.01) (Figure 2.11$ummary of changes
associated with PCI are listed in table 2.3 and individual changes are demonstrated inlfigure 2.
Therewas a mild correlation between the change in coronary absolute flow and change in FFR
(r=0.45, p=0.07) (figureIBA). A similar correlation observed with change in vVFFR (r=0.44, p=0.07)
(figure 213D), a moderate negative correlation with changeH®R (r6.51, p<0.05) (figure

2.13B), a moderate negative correlation with change in MVR.G&;, p<0.05) (figure 23E) and

poor correlation with change in CFR (r=0.15, p=0.55) (figL8€)2A correlation matrix between

the percentage of changes betare all metrics is shown in table 2.4.

0.5

A Measured FFR

0.4 0.6 0.8 1.0
Pre-PCI FFR

Figure2.11 Change in FFR in response top@? FFR.

This correlation plots demonstrates the liner relationsbifveen the baseline FFR and the increase in FFR
(r=91, p<0.01).
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Table2.3 Summary table of computation of coronary flow and resistances before and after PCI

Summary of the change in coronary physiology paramete Mean +SD  p-value

Number of successful computat®af absolute flow N=17

Mean FFR before PCI 0.69 +0.10

Mean FFR after PCI 0.87 +0.04

Mean increase in pressure after PCI 0.18  %0.09
Percentage of change in pressure after PCI 28 +19% <0.01
Coronary absolute flow

Mean flow before PCI (ml/min) 62.22 £26.22

Mean flow after PCI (ml/min) 112.23 +35.99

Mean increase in flow after PCI (ml/min) 49.97 +32.61
Percentage of change ilow after PCI (ml/min) 80 +63% <0.01
GFR

Mean CFR before PCI 1.96 +0.41

Mean CFR after PCI 201 +0.64

Mean increase in CFR after PCI 0.05 +0.66
Percentage of change in CFR after PCI 6 +36% =0.75
HSR

Mean HSR before PCI 0.48  +0.37

Mean HSR after PCI 0.09 +0.06

Mean decrease in resistance after PCI -0.38 +0.34
Percentage of change in HSR after PCI -74 +13% <0.01
MVR

Mean MVR before PCI 091 +0.33

Mean MVR after PCI 0.58 +0.18

Mean decrease in resistance after PCI -0.33  +0.25
Percentage of change in MVR after PCI -32 +20% <0.01

FFR= fractional flow reserve, HSR= hyperemic stenosis resistance, MVR= microvascular resistance, CFR=
coronary flow reserve.

88



1.00 4.00

3.75
0.95 =
0.90 2 325
o 085 g 3.00
o 0.804------ P A S - g 275
w = 2.50
< 0.75 3 2.25
A 2or0 D & 200
2 1.75
P g £ 1550
= 0.60 5 1.25
0.55 5 1.00
0.50 (&) 0.75
0.50
0.45 025
0.40 T T 0.00 T T
Pre-PCI FFR Post PCI FFR Pre-PCI CFR Post-PCI CFR
0.69:0.10|  [0.8740.04 1.96:0.41|  [2.01:0.64
E 200—- 1
% 175 8 150
& & 1.254
S i ‘D :
= e @ 1.00-
—
B &1 E 3 0.75-
<] - 754
8 751 @
1 >
2 0 go.soj
c 1 =
e 25 = 0.254 "\
(=] L g
O Y : 0.00 T T
Pre-PCI Flow Post-PCI Flow Pre-PCI MVR Post-PCI MVR
" [62.2¢26]  [112.2136] [0.9120.3]  |0.58:0.2]
Q
£ 1.50
2 |
@ 1.25-
2 ]
2 1.00
(=} g
C ¢
£ 0.754
w -
o
‘E 0.50-
e g
8 0.254
> g
-
0.00

1 1
Pre-PCI HSR Post-PCI HSR

[0.48:0.4| [0.10.06|

Figure2.12 Individually plotted and matched pREI coronary physiology parameters with corresponding
value postPCI.

(A)FFR(B)coronary absolute flon{CHSRD)CFRand (EMVR MeanSD are presented in boxes.
Dotted redine in graph (A) represents FFRaftivalue (0.8).

89



A 0.4+ D .
° 0.4 e
®
EOJ- i
o - 0.3
§ 02 i
& 2 0.2
£
a 0.1 0.1
00t—TFF—F—"—7—— 0.0+——F——F——7——7—7——
0 25 50 75 100 125 150 0 25 50 75 100 125 150
A Coronary absolute flow (ml/min) A Coronary absolute flow (ml/min)
B E 0.0
-0.2
(14 14
- S 0.4-
< <
-0.6
®
AS54+—r—"T—"—"T"—T"T—TT—"T" 08t+——"7—"""7"F—""""T—"—"T"—"T"
0 25 50 75 100 125 150 0 25 50 75 100 125 150
A Coronary absolute flow (ml/min) A Coronary absolute flow (ml/min)
C 154
- °
L]
1.0
°
: [ ]
0.54
e -
o @
< 0.0 i - —2 !
: 50 100 150
-0.54 ® ¢
’ o o L
1 *®
-1.0-

A Coronary absolute flow (ml/min)

Figure2.13 Correlation plots demonstrating the relationship between the changes in coronary absolute

flow with other coronary physiology metrics post PCI.

k Coronary absolute flow Flow post PGIflow pre PCI

)
LINEB

KCCw I'¢cCCw LIRBGt+tLE POkl f W{ WNBI { WLE]RAELCK Cwrl
t/ LZ

50 k Z@CWCwl LIBGCw / ILZ& ® 0¢ MVR pralPCI’

90

atw Lkai

[/ C
t /



Table24a Sl yasx aidl yRIFENR SOALFIGAZ2YyE& FYR tSIFNER2YyQa O2NNBf | (A z

PCI in flow limiting disease

Change % ir
Mean Change % coronary Change % Change % Change %
(xSD) in FFR absolute in HSR in MVR in CFR
flow

Change % in 28
FFR (x19)%

0.60* -0.60* -0.15 0.24

Change % in 97
coronary (£82)% - - -0.61** -0.67** 0.12
absolute flow

Change % in -74

HSR (£13)% - - - 0.34 -0.03
Change % in -32

MVR (+19)% ) ) ) ) 038
Change % in 6 ] ] ] ] )
CFR (+36)%

* =p<0.05

o =p<0.01

91



2.3.6 Measurable differences in FFR positive and FFR negative vessels: a subgroup analysis
A subgroup analysis was done to compare the differences between FFR positive (n=20) and FFR
negative (n=30yroups Five flow models of branche®re excluded from the analysis to match

the two groups for major coronary arteries only. There was a significant difference between FFR
positive group and FFR negative groupine-based FFFp<0.01), vFFR (p<0.01), HSR (p<0.01),
MVR (p<0.05) and CFRQ5). Although flow in FFR negative group (66.80 +27) was higher than
the FFR positive group (55.47 +23.3), the difference was statistically not significant (p=0.13).
Summary of the comparison is listed in table 2.5. Differences between the groups are
demonstrated asistogramsn figure 2.4. Coronary absolute flow in the positive group showed

mild positive correlation with FFR (r=0.31, p=0.17), and moderate but significant negative
correlation with MVR and HSR-Q046, p<0.05 and ¢8.48, p<0.05, respectively) and modest
correlation with CFR=0.38, p=0.09). There was no correlation between coronary absolute flow
and FFR in the positive group (r=0.01, p=0.95), a significantly strong negative correlation with MVR
(r=0.84, p=<0.01), weak correlation with HSR and no correlation with CER2(rp=0.51 and

r=-0.05, p=0.78, respectivelJorrelation plots are demonstrated in figure2.1

Table 2.5 Summary of the differences in coronary physiology metrics between FFR positive group and FFR
negative group

, FFR posie FFR negative Difference
Coronary physiology

parameter (n=20) (n=30) p-value
Mean SD Mean +SD Mean +SD

Wire-based FFR 069 +0.09 090 +0.04 0.20 0.02 <0.01
VFFR 0.70 +0.10 0.89 +0.04 0.19 0.02 <0.01
Coronary absolute flow 55.47 +23.3 66.80 27 11.33 +7.46 0.13

HSR 051 +0.33 0.18 $0.19 -0.32 0.07 <0.01
MVR 098 +0.35 128 046 030 0.12 <0.05
CFR 1.90 041 26 +1.34 0.69 $0.31 <0.05
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Figure2.15 Correlation plots between coronary absolute flow and other coronary physiology metrics in
FFR positive (left) and FFR negative (right) groups.

A) Flow and FFR+ve (p=0.17 ), B) flow and MVR (p<0.5), C) flow and HSRafo<D)0fidw and MVR
(p=0.09). E) Flow and F#R(p=0.95), F) flow and MVR (p<0.01), G) flow and HSR (p=0.51) and H) flow and

MVR (p=0.78).



2.4 Discussion

2.4.1 Summary of the results

In this chapter, which represents one component of the VAR Ptbject,| have shown that
computing coronary physiology metrics such as coronary absoluteH®RMVRand CFRusing

the ICAand invasive pressure wire data is feadidth before and after PCThis is currently not

done in everyday clinical practidéis was achieved in 75/78 vessels witiodelling success rate

of 96% including severe, moderate, mild lesions and-PGstassessment. The relationship
betweenwire-based FFRnd vFFR with otheoronary physiology metrics in the presence of flow
limiting disease were shown to follow certain patterns. This was shown in the negative correlation
with HSR (p<0.01) in FFR and vRHBsitive relationship was observed betweeine-based FFR

and cororary flow, and it was even stronger with vVFFR (p=0.17 and p<0.01, respectively). This
relationship was observed between CFR with FFR and vFFR as well. However, MVR did not show
any significant patterm that respectAdditionally, all coronary metrics siggantly changed post

PCI at the (p=0.01) level, except for CFR (p=0.75). The change in HSR and MVR in response to PCI
had the largest effect on coronary absolute flow compared to other metrics (p<0.01, p<0.01,
respectively). Additionally, when vesselshva positive FFR were compared to vessels @ith
negative FFR, MVR and CFR were significantly higher in the latter (p<0.05, p<0.05) and HSR was
significantly lower (p<0.01). Computed flow wamericallyhigher in the negative grouput this

was not stastically significant (p=0.13ummary of the main findings is shown in figure 2.16.
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Chapter 2

FFR Coronary physiology FFR

Change

Higher FFR Lower
= Flow =
Higher MVR Lower
Lower HSR Higher
Higher CFR Lower

Difference

PCl improves all coronary physiology metrics except CFR
PCl increases absolute coronary flow substantially
Absolute coronary flow was similar in flow-limiting disease and non flow-limiting disease
MVR was significantly reduced after PCI

Figure2.16 Schematic summary of the findings from chapter two

2.4.2 Modelling coronary physiology

Conventional methods for assessing functional severity are mainly preesived such as FFR

and other resting indices. However, FFR provides a percentage of coronary flow reduction
compared with a simildnypotheticaly healthy artery. In concept, FiRa representation to the

ratio of pressure drop across the artery in a response to increase in epicardial resistance (stenosis).
Despite FFR being superiortt@ angiogram in guiding P@Iind thecurrent gold standard for

ischemia discrimination, pregsuin this context is used as a surrogate to flow, yet the exact flow
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value remains unidentified. FFR as it stands has provided excellent value to the current practice,
yet quantifiable specific coronary metrioayenrich our assessment. This computationathod

provides a comprehensive exploration of coronary physiology and potentially an assessment
method that aids in quantifying the ischemic burden of a given lesion, especially that this work

was done in realvorld patients.

The current methosito derive coronary flow and the subsequent metsash asesistances (HSR,

IMR and MVR) are limited to coronary Doppler ultrasound and thermodilution. However, these
modalitiesare verylimitedin clinical practice due to operator experience, high levelaigability

expense, time, wire handlingnd pronaessto errors. Recent findingéMorris et al, 2021)
demonstrated that virtuQ flow modleng system was able to predict flow and was in agreement
with ultrasound Dopplein-vitro and iRviva It was also reported that computed flow was
associated with low levels of variability compared to Doppler derived flow. Additionally, computed
CFR usmvirtuQ was closely correlated with pressdegived CFR. Therefore, believing that this
system is able to produce validated flow, it is safe to assume that computed resisthittese
RSNAGSR FTNBY Ft2¢ ol &SR 2y K&dNdcdaly A lGgh Bupldh g1 £ S
reliability. It is crucial to highlight the role of segmentation and 3D reconstruction that was used

in this method of calculating flow. The VIRTUheart systenbéasshown to be accurate in
predicting FFR with a diagnostararacy>90%. In this chapter, | have shown that there was no
significant difference between mFFR and vFFR (p=0.31) and they were closely correlated (r=0.90)
with strong interobserver agreement (ICC 0.89, r=0.80). Therefore, the computed flow and

derivedmetricsmaybe assumedo beacceptable.

2.4.3 The relationship between FFR and other coronary physiology metrics

Fractional flow reserve and coronary absolute flow

In this chapter, | investigated the relationship between FHRthits invasively measured and
virtually generatedorms using CFD simulation with other coronary physiology parameters in
chronic coronary syndrome patients. Acceptable levels of cornedatvere observed prECI for

all patients (figure 2.6) and for the flow limiting disease subgroup in particular (figure 2.9).
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Furthermore, coronary absolufeow and FFR were poorly correlated when assessed at the full
cohort level, however, this was ndiet case in flow limiting disease. The relationship failed to gain
statistical significance on the latigeet a stronger correlation was observed. This relationship was
strong and significant when assessed against VFFR in flow limiting dilseaskat VFFR failed to
showa significant correlatiomvith flow when assesseith the whole cohort, similar to mFFRyet

there was a significant relationship in the flbmited group, unlike mFFR. This is an important
finding because it highlights the sensitivifytiois flow model to the geometry more than the
pressure drop, since mFFR and vFFR showed good agreement as discussed earlier and did not
differ significantly. Flow around the uncertainty zone (FFR of00823 was more scattered and
away from the fittedrend line (Figure 2.9A) which agrees with the literature that this range of
FFR might be not representative of actual flow reduction in 20% of the measurements and could
result in change of managemdmetraccet al, 2013) Due to the small sample size of flow limiting
disease (20 vessels), | was not able stratify the data into groups to compare the uncertainty zone
with more severe cases. Furthermore, understanding the degree of relationship between FFR and
flow in this ramge might be of a great value. Absolute flow and FFR seem to correlatedbetter
lower valus. This was also demonstrated when FFR negatesselswere compared to FFR
positive (figure 2.13). The diminished relationshiphigher values of FFR may indecdhat
coronary flow cannot be generalised and in fact should always be treated asiegsselent and
patientdependent. For example, hyperemic coronary absolute flow of 70 ml/min is not
necessarily better than 40 ml/min, because the latter might be ginda meet the myocardial
demand whereas théormer may be insufficient for someThismay be useful inpersonalised

decision makingandin developing systemic and coronary vascular models.

FFRandHSR

HSRwas the mostlosely related metric tBFR andRFR alike in both analyses compared to ather

HSR remained strongly correlated with RRRyhicha high FFRvas associated with law HSR

and vice versa. This finding alignA 1 K t 2A&aSdzAtf £ SQ& LINAYOALX ST 4 KA
inversely proportional to*r(De Bruyne and Sarma, 200Burthermore, small changes in vessel
diameter, which imitate epicardial resistance, should reflaci@v and therefore, significantly
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on FFR.This was also demonstrated when the change in resistance was assessed against
percentage of change in flow (table 2.4nhdchanges in FFR and flow were most sensitive to
changesin HSR after® (r=60, p<0.05and r=61, p<0.0] respectively. Moreover, HSRdha

strong correlation with FFR in different analyses (full cohort;lftoiting disease only and pest

PCI). The reported correlation between FFR and HSR for the full cohort agreles finttings of

others (Van De Hoeét al, 2014) This finding also agrees with optical coherence tomography
derived stenosis resistance in 21 patients in a cohort of negative and positi&E&§BIMEt

al., 2013)

AFFRandMVR

Calculating hyperemMVRnorinvasively is one of the most importanitputsof this CFD model.
Different group$ave beersuccessful in generating andMR derived from QFR by incorporating
aortic pressure and an estimation of the mean transit tffirebaldet al, 2020; MejiaRenteriaet

al., 2021; Scarsiet al, 2021) One main difference betwedhe QFR based method atiie vFFR

based method is thain the latter, the boundary conditions are precisatyered into the model,
ensuring personalisation of the model. Incorporating microcirculatory information while
interpreting FFR can be of a great value, since FFR is calculated with the assafmettating

atw® ¢KA& OKILIWGSNRa NBadz Ga &ada3sSadcsSR 0KFO (K
and mFFR (634, <0.05), MVR and vVFFRO@9, <0.05) when MVR was assessed in the full cohort.
However, inthe flow limiting disease subgroup, thiglationship was not significant and
interestingly, it wasreversed between FFR and vFFR (r=0.22, p=04r=a0.34, p=0.13)
respectively Increased hyperemic MVR with increased stenosis severity (lowh&=Bgen
reported previouslyVan De Hoedt al, 2014; Nijjeet al, 2016) however, | was able to show that

only in one relationship analysis. The three other analyses showed that hyperemic MVR increases
with reduced severity (high FFR). This controversial finding might be attributed to the probability
of microvascular dysfunction in the FFR positive group. When groups were compared in the basis
of FFR in section 2.3.6, MVR was significantly higher in theuweegedup 1.280.46 compared to
0.98t0.35in the positive grougp<0.05) This shows that high MVR values were clustered in the
negative group (n=30) compared to the positive group (n=20). A possible explanation to the
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inverse relationship in flow limiting disease could be the high sensitivity of the MVR generated by
the modelto the VFFR, which resulted in redistribution of the MVR values hgmedVvFFR
although the difference between FFR and vFFR was not significant. However, further investigations
are warranted to ascertain theature of therelationship and sensitivity @alysis might be helpful

to identify which parameters are most affected by such differences.

FFRandCFR

CFR provides a ratio that can measure the entire coronary circuldterguse the
microvasculature is accounted for in additiorattyepicardial s¢nosis. Therefore, | tried to assess

its relationshipwith FFRwhich evaluatethe severityof the stenosisieutral to microvasculature

(in concept). When the relationships between CFR, FFR and VFFR were assessed for the full cohort,
results agreed with alier work (Leeet al, 2016) which reporteda very modest positive

correlation (r=0.2Q)similarly to my analysis (r=0.24 for FFR and r=23/FFR Also, a
comparable correlation between FFR and CFR (r=0.34) was reported earlier where a CFD model of
the coronary circulation was used to predict the relationship between FFR and CFRaise438 ¢
(Johnson, Kirkeeide and GoulRD12p ¢ KA a OKI LJi SN & evéiBtéodgerii & & dz
relationship in the subgroup of flelimiting disease only (FFR r=0.37, VFFR r=0.57), indicating that

low FFR is associated with low CFR. However, this modest correlation may add to theG&dR that

alone might not be a suitable index of stenosis severity due to some limiting factors, most
importantly, its dependerecon baseline coronary flow which carry a high probably of variation

due to HR discrepancy, myocardial performance and metabg@fisasch, 2010)n addition, this

modest relationship mighexplain the previously reported discordance between FFR and CFR
relative to identified cubff values. Furthermore, the sub analysis of FFR positive and FFR negative
groups showed that the mean CFR value for each group-0142@s 2.61.34, p<0.0bregpectively,
FANBSa 6AGK GKS OdzNNByid | OOS LIl o ftie FFR@egatigedzi 2 T
group being in the normal range, it is important to note that the standaxdationis relatively

large, which could be attributed to the high Mgt was discusskearlier.
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2.4.4 Coronary physiology changes in response to PCI

The physiological and angiographic outcomes after stent deployment can be of a significant value
to assesprocedural success and prognosis. The importance ofR©@sEFR has been addressed
before, but it was not extensively investigated compared to-pt# FFR. hasbeenreportedin
different studies that higher pof1CI FFR valua® associated witfewercardiac events following

PCI, witha range oestimated cuoff values for better outcomesf 0.880.92. In this chapter, the

mean postPCl FFR wd&@s870.04 Although this valuewas below the prognostic cuaff, the
AYONBIaS Ay CCw ¢ |, whichiehquaty thahiRoiehsgiR8% (p<C.CLW linga® My 0
relationship was observed in the change in BRR,(self evidentlyipwer values incrsed the

most (figure 2.11) Moreover, FFR and coronary absolute flow increased in 100% wéé#ted
vessels. The associated increase in absolute flow was subg@0fifalvith a mean increase of
49.97+£32.61 ml/min (p<0.01yuggesng that myocardialblood supply was almost doubled
immediately after PCI. A similar mean increase in flow (52.8 ml/min, p<0.01) was reported by
(Kanajiet al, 2017)and the same group reportea similar modest relationship between the
change in FFR and absolute flow in a later \{{daknayaet al., 2019) Furthermore HSRandMVR
dropped significantly after stent(s) deploymeniasl. These findings agree with earlier work by
(Muraiet al, 2017)where IMR was significantly reduceatlacoronary absolute flow (measured

by thermodilution) has significantly increased. The study suggested that the change in flow was
strongly correlated with pr®CIl IMR, whichlignswith the significance found on the correlation
matrix in table 2.4 whickhows that FFR and MVR are strong markers in change in absolute flow
(p<0.05 and p<0.Qtespectively. Nijjer et al have demonstrated similar outcomes in JLREJIFY
study signifying that treating significant stenosis (FFR<0.80) was associated wittargignifi
increase in coronary flow (measured by Doppler flow) and significant decrease in HSR and MVR
(Nijjer et al, 2015) Patientsin the later study were stratified according to FFR values, which
resulted in interesting correlations between lower FFR values and higher levels of changes. | was
not able to perfornmsimilar analysis due tysmall sample size (n=17). In the contrary, decrease

in the microvasculaure postPCIl was challenged by other studies which reported that it was
independent from epicardial stenosis or remained constant after correcting forecaltaby

incorporating coronary wedge pressyfearonet al, 2003; hylandet al, 2012) The change in
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HSR and MVR showed weak relationship despite them both being significantly related to the
change in flow. It would be interesting to study the prognostic value offfl0sMVR as it was the
strongest marker to change flow.Conversly, CFR was increased slightly (6%)-BG¢$but this

wasnot statisticaly significam, unlike what was reported by other studies. In the current study,

seven vessels (41%) had decrea€#eRpostPClI (figure 2.19). Matsuda et &r example

reported a decrease in CFR in 28%220 studied lesion; however, the authors reported

significan O2 NNBf I A2y o06Si6SSy k/Cw IyYyR kCCw gKAOK
(Matsudaet al, 2022)

2.4.5 Differences in physiology in the presence and absence of flow limiting disease
The comparison between functionally significant stenoses (FRIR<Wi® non-significant
stenoses (FFR>0)8has shown significant differences in multiple parameters. Coronary absolute
flow wasnumericallyhigher in the negative FFR group, although this wastatisticallysignificant
(55.47+23.3 vs 66.80+27, p=0.13). Thias reported by others using a thermodilution
microcatteter (Rayflow, Francg)aforgieet al, 2020; Fournieet al, 2021; Paradiest al, 2021)
However, unlikethe findingsin this chapter, the authors dhe earlier works reported no
difference in MVR between the groups (p=0.88)ereas irmy subgroup analysis the MVR was
higher in the negative group (p<0.0B&)is important to highlight thidifference inMVRbetween
the groups as this reflected significantly on thechlt® flow (figure 2.13)in Laforgia et al and
Paradies et al works, a@bsessmestwere performedon LADwhereas only 48% ofmy cases
involved theLAD Alternatively, ther metrics such as HSRwlower in the FFRhegative group,
and the mean CFR whsyond the normal cut off value (2.6+1.3). In additibe, FFRhegative
group showed weak to no relationphbetween coronary flow, FFR and other mefrics
Nevertheless, when the same relationships were assessed in flow limiting disease, the correlations
were greater(figure 2.13) My analyses suggest that MVR was the dominant factorcaitrols
coronary flow when the FFR is >Qi8dependentof FFR, HS&d CFR. In the contrary, all metrics
show mild to moderate relationships to flow in flow limiting disedses. worth highlighting that
using dichotomous cudff value of FFR to analyse this wiggead physiological metrics may
undermine some aspects the generated data. This eaff value was mainly proposed on the
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basis of treat or differ to aid decision making. However, FFR should be looked at more broadly
since FFR values may tell us different messages based on different patients and vessets, How
with dichotomising, all values below 0.80 suggest the presence of flow limiting disease. Although
| have performed this analysis based on the dichotomous cut off value, | have also presented a
more comprehensive analysis including all physiologyiesetnd FFRs despite the significance as
shown in figures 2.8. Yet, this dichotomised analysis remains impfotawb main reasons; the

first isto understand physiology based on kb practice andthe second is that wvill be
followed by similaanalyses in the next chapters. Therefore, it is important to put these metrics in

the context of the current method of assessing flow limiting disease.

2.4.5 Limitations

First, the number of studied vessels in the flow limiting disease group was sthadlyevifewer
caseshaving a full set gfre and post PCI pressure wire data (17 vessels). As a result, | was not
able to undertake further analysis basedpon FFR strata and how coronary physiology was
affected in response to pressure drop and differdfiR values including the grey and uncertainty
zones. Second, there was high distribution of increl®éRlin the FFR negative group, which may
ledto unintentional bias, especiattgnsideringhat MVR was a predominant factor in determining
coronary flow. This malgave resulted in reduced flow in the FFR negative group, although
coronary flow remained higher than FFR positive group. Third, this CFD arejisissside
branchesas reported arlier by(Morriset al, 2021) and consequently underestimating flow in

proximal segments.

2.5 Conclusion

In this chapter, | studied thghysiology of coronary artery disease in the presence and the absence
of significant stenosis. The virtuQ modelling system is capable of generating coronary physiology
metrics using invasive pressure data relidilyis highly dependentipon the segmention. The
relationship between FFR and other metrics sugdkat HSR is the most significant predictor of
FFR. In additionthe absence of significant stenosis does not necessarily meehigh flow but

once the FFR is reduced below certain levelw, dian be explained by FFR. Additionally, elective

PCI guided by FFR can guarantee significant increase in coronary flow (80%), significant decrease
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in HSR-74%) and MVR34%) even though prognostic post PCiaftitvas not achieved. Finally,
decrease ilMVR postPCl was the strongest predictor to high levels of coronary absolute flow
restoration.These novel concepts may have a role in more precise assessment of ischaemia and

predicting the likely improvements following revascularisation.
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Chapterthree: Myocardial ischemic burden.

3.1 Introduction

The key role ofaronary arteries is to supply the myocardium with blood and thereby match its
demand.Reducedor absentsupplyincreases the risks of ischemic events. Moreoverldategion

of the lesionin the coronary arteryandthe degree of narrowingleterminesthe myocardium at

a risk. It has been established that stenting proximal LAD and LMS lesions result in symptomat
improvement and high evetitee survival rate¢Huebet al, 1995; Thielest al, 2009; Knuutet

al., 2020) This emphasiseon the importance of lesion®cation to prognosis because it is
prognosis is defined by the myocardium area at risk. This was proposed by the Bypass Angiography
Revascularisation Invegdtion (BARI) triain whichan index basedpon anatomy was proposed

to estimate the myocardium at risfAlderman and Stadius, 1992; Bourastaal, 1995)
Myocardial jeopardy index (MJI) provides a simple method to estimate myocardial area at risk that
only requires invasive coronary angiograrurthermore, BARIMJI hasbeen shown b be
predictive of mortality at one year patients who were treated medically or with B&d was also
reliable at estimating area at risk when validated against @vihamet al, 2001; Morakt al,

2012) However, we have learned fraime FAME trial that ICA might misjudge the severity and
FFR is superior in discriminating ischemia inducing stéfosisoet al, 2010) In addition, higher
residual FFR after interventiogassociated with better outcomg®irothet al, 2017, 2022)
NeverthelessFFR remains vessel specific, and the measured value represents the pressure drop
in a given vessel of a certain size. Therefore, FFR provides understditicenghysiologyvithin

a vessel andcombined with positional informatiorhelps us estimate wilah territory of the
myocardium is endangergiVatkinset al, 2009) But it does not informus about the precise
extent of the myocardiumat risk Each major vessel perfusalifferent segments of the
myocardium andby estimating the flow reduction in all major vessels canhypothetically
estimate the overall myocamihypoperfusiorandthe amount(and severitypf myocardium at

risk. In fact, this is not a completely new idBlaes/FFRnethodwas the first to poposea valug
calculated bya dzY YA y 3 dzLJ ( K NB Sts prognbsfic valinasisBoiva gl ee@tCily &
2018)who stratified the patients into two groups (high and Iogk) basedupon the median and
reported significant negative correlation betwegRFR and MACE rataistwo yeargp<0.001)
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suggesting lower values to be associated with higher rate of eW8ASE s mainlydriven by
revascularisatiomates The FAME investigatonsroposeda similar method d osdcFR) which
works by summing the FFR valassvelto predict thelong-term outcomes(Fournieret al, 2020)

Thar study included patients with nefifow limiting diseas®r poststent FFR valuesnly. The
authors stratified the patients into thregskgroups (low, mid and highL.ower cLosAcFR values

were associated with higher events rafegh risk) and vice versMACE ratesere mainly driven

by revascularisatiosimilar tos\FFR methodl'he message from these studies is that it is possible
to predict future outcomes based merelgon summing FHR the threemajor coronary arteries
However, it could be argudtiat these methods neglethe coronaryvasculature whichcarry
information aboutflow distribution as discussed abovErior to that, the FAME investigator
proposed a score that combine physiology and anatomy, nafoalstjonal SYNTAX score (FSS)
(Namet al, 2011) The FSS method suggested agdhe FFR in flow limiting lesions (FFR <0.80)
to the score of SYNTAX to calculate the FSS. This method predicts MACE at one yeporbased
risk stratification (p<0.01), and is a better predictor of MACE compared with the purely anatomical
SYNTAX score.2 4 SOSNE Al ySIRSOGA YAURYNQWYBE A2y as
assess the coronary system objectiviiythis chapter, | proposerevelmethod named=FRum

that incorporates anatomy and physiology in calculatisagindex valueof myocadial ischemic

burden, validate it and assess the change in response to coronary intervention.

3.2 Methods
3.2.1 Study population

Forty patients were recruited for this study, and 33 were included in this analysis. Patients
screening andecruitment was described earligrgge59). FFRneasurementn at least on vessel

pre or post PGind complete ICA for all arteries and branches were the inclusion criteria for this

analysis. Patients who underwent CABG, did not have any coronary physiology measures or had

missing angiograms were excluded (n=7).
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3.22 Angiographic estimate of myocauch at risk

Myocadial Jeopardy Index (BARIDI)

The BARWMJImethod of assessing left venturlar myocardial jeopardyas used in this study. It

was first described by the Bypass Angioplasty Revascularization Investigatiq/\(@Rian and

Stadius, 1992; Bourasst al, 1995) The percentage of LV myocardium jeopardized by
angiogt LIKA O f SaAizya xpmE: RAFYSGSNI adSy2ara gl a
three main coronary arteries and all major branches. Different scores were given to each vessel
ranging from absent, througmon-significant small, medium to large, basepon vessel length

YR AG&a SEGSYld 2F oNIyOKAy3Id / 2NRYFNE | NI SNA S
The vesselkcluded were left anterior descending artery, diagonal and some septal branches, left
circumflex, obtuse marginal branches, temintermedius (when it existed), right coronary artery,
posterolateral and posterior descending arteries. A numerical score reflecting the size of LV
territory supplied by each vessel was based upon the ratio of the length of the terminating artery

to the LV base to apex distance. A numerical LV score for each terminating artery was assigned
based upon extent of LV distribution (Table 3.1). The sum score of all terminal arteries (diseased
and healthy) reflected the coronary distribution of the entire L\dgagdium. The BARI MJI ratio

was then calculated as follows:

Y€ 000 a BE @NNVIQO H&I QEWEH 0 Q1 Qi 0
Yo& 0QWME O IGdDEwdi QRS & 'Q

6 0™ YW® ©
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Table3.1 Terminal arteriesegmen#(kizesand corresponding scores

Segment size Definition Scores

Branches that extend less than one fifth of the distanct

Insignificant from base to apex of the left ventricle

0

A small segment is subtended by a terminal vessel
Small extending less than one third of the distance from bas 1
to apex of the left ventricle

A medium segment is subtended by a terminal vessel
Medium extending approximately one third to two thirds of the 2
distance from base to apex of left ventricle

Large segment is subtended by a terminal vessel
Large extending approximatelynore thantwo thirds ofthe 3
distance from base to apex of left ventricle

3.23 Calculating FFR as an index value for multiple vessels

There are several methods to calculate an index representing a total FFR across the main epicardial
vessels. In this studyree methodswere usedo calculate an index valuetotal FFR, using both
previously published methods and a novel method ina@totg vessel specific weigdtt score

basedupon the BARI Mgrotocol This is described in detail in section (3.2.1).

A) Theé8VFFR FRIENDS method

A method of calculating global FFR was described by Lee et al Wi BR3FRIENDS prospective
study.The proposed method was to sum the FFR values of the three major epicardial, aeskels
provide a metric index of total physiologic atherosclerotic burden, and its clinical relewéhce

two year clinical outcomes. FFR was not measurddrimutiveLCxor RCAtherefore, in those

cases the mean value of the FFR in the two main vessels was multiplied by 3 to gelfdtiite

d vessels, FFR is rarely measured due to the fact that the short length and small diameter (<2.0

mm). This is a prognostic methahd onlyappliedfinal FFR valuetherefore, it includes post

stent values and untreated or heajthrteriesp !  YSRALFY @l fdzS8 2F x H®PTH
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identify patients into groups of low and higkk in the original workcurther details abouthe
s FR method have been published previo(istget al., 2018)

If FFR wre measured irallthree majorvessels:

"‘00Y '00Y "'O00Y "0O0Y

If FFR wre measured in two vessels aadiminutive vessel a6 present:

"0O0Y a Qa& Q0 0Y we VOY Wo

B) Global FFR as described by Fournier et al

The method used by Fournier et al vedisa similar dsign to thes\FFRand was proposed by the
FAME trials investigatorBhe authors suggested a sum of the three FFR values to calculate a single
metric. In case of a missing EfRt a vesseteported as angiagphically ‘'normal’, an FFR value

of (1.0)was gver and if the missing FFRexe postPCl, a value of (0.98as givenThis was based

upon the median value of poftCl FFR in the FAME 1 and FAME 2 Trfespost PCI FFR values
were used to calculate.ogdrFRONly FFR values higher than 0.8 were included in this method,
and thefive-yearrisk evaluationvalues ranged frord 40 to 3.0 where 3.0 was considered as the
maximal achievable value. Patient stratification was basedaipeslC CWw G SNIAfn8B T f 2 5
281 dy T | Y R akchbraifg toxhe @yginal worlEurther details abouthe cLosAfFR
method have been published previou@fpurnieret al,, 2020)

If FFR was measured in three vessels:
"00Y '00Y "O0Y T"O0Y
If FFR wre measured in two vessels omgd a posPCl FFR valuesre missing
"00Y 'O0Y "00Y T80
If FFR wre measured in two vessels and third vesggsangiographically normal:
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"00Y '00Y "00Y P

C) Cumulative FFR: my pospd method

The objective was to create a single index which incorpokatth pressure drop across the vessel
represented by FFR and a vesgmcific weight derived from BARI MJI scoprmocol for
terminal arteries Thisindex isnamedFFRumto differentiate it from earlier indices. This metric

was calculated before and after P&idcomparisorbetweenpost PCI andaselinevas made

FFRvalues in thd=FRummethod

FFR was measured during the procedure for vesselsvisitial stenosis of 380% whenever
possiblePoststent FFR was also measured if possil&ils ofthe VIRTLD procedural protocol
including pressure wire assessmeetre describel earlier in sectio 2.2.2 Inthe case of missing

FFR, | used the previously validated VIRTUheadftware (University of Sheffield) to generate
VFFR, such as those with minimal disease, vascular anatomy precluding safe pressure wire
deployment, and other practical limitans. The method of generating VFFR has been described
insection 2.23 and 2.2.4 (refer to pag&$6-73). If a vessalereso severely diseased that pressure
measurement was not possible or indicated, an FFR value of 0.6 was assigr&tOlfere

present, an FFR value of 0.5 wasigned

Vessehnatomicalveighed score

Each major coronary artewas given a score baseg@on the BARMJI protocol. The total sum of
these scores equal.(, the total myocardial score. The score of a given artery depgoalsits
length and branches, thus, scores vary from one patient to anoltex criteriadr scoring is

described in tabl8.1.
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Calculating~FRum

To calculate FER an FFR either measured, simulated (vFFR), or even estimated should be
available for all coronaries. Subsequently, vessel specific weighted score should be calculated for
each vessel following the BARJI mehod for assigning scores for each terminal artery based on

its number of branches and lengtAlderman and Stadius, 1992please note, only the vessel

score is adapted iotthis method not the stenosis score. Once the two components are available
for each major coronary artery, the score can be calculated by multiplying the FFR by the vessel
specific weighted score for each artery. The sum of these values is then uséduasvifiFa
maximum achievable value of 1.0. This method can be applied for before intervention (with pre

PCI FFR values) and after (with post PCI FFR values).

"00Y & & PO A OOB A ABVEECAOBA O A

Where  “(x1 Left anterior descendingartery
‘(x2 Left circumflex artery

‘(x3 Right coronary artery

"00Y 000 Do6w YO O

The maximum possible value for Ebis 1.0 governed by FFR of 1.0 for all coronaries. However,
the minimum is subjective to the lowest possible FFR. Therefore, a minimum value can not be

statedsimilar towire-based FFR
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Hypothetical normal coronary circulation

LCx anatomical

weighted score

_7_ ) ei22=0.27

RCA FFR 1.0
LAD FFR 1.0

RCA anatomical
weighted score

6/22=10.27

LAD anatomical
weighted score

10/22 =0.45

Sum of anatomical weighted score = 22

FFRcum = (0.27x1.0)+(0.45x1.0)+(0.27x1.0)

FFRcum = 1.0

Hypothetical multivessel disease

LCx FFR 0.94

LCx anatomical
weighted score

6/22 = 0.27

RCAFFR0.78
LAD FFR 0.62

RCA anatomical
weighted score

6/22 = 0.27

LAD anatomical
weighted score

10/22 = 0.45

Sum of anatomical weighted score = 22

FFRcum = (0.27x0.78)+(0.45x0.62)+(0.27x0.94)

FFRcum = 0.76

Figure3.1 The nethodof calculatingrFRum
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In the topdiagram, a normal coronary circulation is demonstrated, with each main artery and its branches
being assigned a score based on its length. Each artery is given a weighted score based on the sum of
main artery and its branches, and also given an FFR &f the.bottom diagram, a similar
demonstration of the circulation but at the present of disease. Thus, hypothetical FFR values were
assigned accordinglizFRuwmis then calculated using the shown equation where each vessel anatomical
weighted score is ntiplied by its FFR and then summed up

Comparing FRR.with previous méhods

In one hand, Interquartile ranges were used to divide the data into three risk groups; low, mid and
high to compare it witlifFournier et al 2020)originally reported risk gups based on IQRs. In the
other hand, the median was used to divide the data into two risk groups (low and high) to compare

it with (Lee et al 2018)originally reported risk groups based on median.

3.2.4Statistical analysis

Data were reported as means, standard deviations and percentages unless stated otheesise.
observer variability was calculated using el a4 O2NNBf I A2y YR t S}
assigning 10 cases for MJI experienced cardiologist. The cgistialas blinded to the MJI scores

that were already produceddistograms were used to display frequency of variables and bar
charts to demonstrate differenceBor each patient, all indices were reported before and after PCI

if applicable A mired sample ttest was used to compare before and after PCI valuesaand

unpaired t test was used to compahe PClandcontrol group® t S| N& 2 y QavasQgedlNS t | {
to assess the linear relationship betwegmiateFR values and other indices valklend f £ Q&
O2STFTFAOASYG 2F O2yO02NRIYyOS 06YSYRbdwedhBFRMO & &
FYR 20KSNJ AYRAOSA YR {LISIENNYIyQa NIyl O2NNBf I

agreementGraphPad Prism (9.4.1) was used for statistical analys
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3.3 Results

Thirty three patients were included in this analySig. patients were excluded for the following
reasons; three were referred for CABG, one patient had missing RCA views on the angiogram
DICOM file and two did not have any FFR measUeédnty three patients underwent single
(n=13) or double (n=10) vessels PCI. Details of the 33 patients are shalla B12. All patients

had at least one FFR measurement pre or post PCl. FFR was measured in 55 w&5Skdagre

26 vesselpostPCl VFFR was generated in 24 vesselsRLg and nine vessels post Bt did

not havewire-based FERFFR was estimated in highkvesselsand CTOs in 2fasesof which

four were categorised a$joststent valusCas there was no intervewin. The sum of included
valueswas 134 FFRincluding measured, virtual and estimated. A breakdown summary of the
included vessels (n=134) is presented in tal#e Bequencyistograns of FFR distributions for
each vessel is demonstrated in figur@. 3ndividualFFRs per vesspér patientsare shown in

figure 3.3.

Table3.2 Basic demographider patients included iRFRum

Patient characteristics N =33 Percentage Mean ¢SD)
Age 65 @8)
Male 25 76
Female 8 24
Smoking status
Current 4 12
smokers
Exsmoker 21 64
Nonsmoker 8 24
Risk factors
Hypertension 21 64
Hyperlipidaemis 11 33
Type 2 Diabetes 5 15

Procedural outcomes
Underwent PCI

Yes (PCI group] 23 70
No (Control 10 30
group)
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Table33{ dzY Yl NB 2F Fff CCw @FfdzS&8 AyOtdRSR Ay GKS Iyl

Baseline (n=33) Post PCI (n=23)

Wire-based FFR N % N %
FFR was measured in three vessel 5 15% 0 0%
FFR was measured in two vessels 14 42% 7 30%
FFRvas measured in one vessel 12 36% 12 52%
FFR was not measured 2 6% 4 17%
Total number of mMFFR 55 56% 26 67%
VFFR

VFFR was generated for three vess 0 0% 0 0%
VFFR was generated for two vesse 5 15% 2 9%
VFFR was generated for one vesse 14 42% 5 21%
VFFR was not generated 14 42% 16 70%
Total number of vFFR 24 24% 9 23%

Estimation of FFR (CTOs and -‘nigk stenoses)

FFR was estimated in three vessel: 0 0% 0 0%
FFR was estimated in two vessels 5 15% 0 0%
FFR was estimated in onessel 10 30% 4 17%
FFR was not estimated 18 55% 19 82%
Total number of estimated values 20 20% 4 10%
FFR per vessel Mean +SD Mean +SD
LAD 0.76 +0.14 0.85 +0.08
LCx 0.81 +0.14 0.87 +0.11
RCA 0.75 +0.18 0.85 +0.14
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Distribution of FFR values in LAD at baseline

Frequency
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Distribution of FFR values in RCA at baseline
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Figure3.2 Frequencyistogramsshowing the distribution of FFR values used in the analysis

A Black coloured bars indicate mFFR and vVFFR
A Red coloured bars indicate estimated FFR of 0.5 for CTO
AA Red and black coloured bars indicate estimated FFR of 0.6
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Individual baseline FFR values per patient

BLAD OLCxORCA
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Figure3.3 Individual baseline FFR values per patient

Values are presented as stacked bars, each bar represent FFR value in a given artery. Blue coloured bars
arefor LAD, orange coloured bdos LCx and grey coloured bars for RCA.

3.3.1. Visual assessment of myocardium at risk: the BARI MJI

MJI wageported in 33 cases, of which 23 underwent PCI and 10 didheotdntrolgroup). The

mean MJI score for the PCI group was f0628 [range 0.17 to 1.0] arfdr the control group
0.22+16 [range 0 to 0.48p<0.01)figure 3.3). The mean MJI score pB&twas 0.25+019 [range

0 to 0.62] asignificant decrease (p<0.Q®)ith achangeof 65£22%. Individual changes and mean
differenceare shown in figure 3.4. A moderate relationship was observed between MJI scores pre

and postPClI (r=0.57, p<0.0ffigure 35). A simmary ofMJI scoress presented in table 3.
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Figure3.4 Histogramsshowing the difference in MJI between the PCI group and control group
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Figure3.5 Changes iMJl inresponse to PCI

(A) individual changes per patient, and (B) the difference between the means pretddl pos
(****p<0.0001)
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Figure3.6 A correlation ploshowingthe percentage of change in MJI in relation to MJI valueB@fe

Table3.4 Breakdowrof MJI scoreper vessels

PCI Control Full cohort
(n=23) (n=10) (n=33)
Mean +SD Mean +SD Mean +SD

Total possible score 27.5 2.1 25.6 +1.9 26.9 2.2
Total stenosis score 18 7.1 5.8 4.2 14.3 8.5
MJlscore 0.65 0.2 0.22 +0.16 0.52 +0.3
Breakdown of MJI scores
LAD possible score 11 +1.6 9 +1.2 10 +1.7
LAD stenosis score 7.73 +3.8 2.8 2.6 6.2 4.2
Percentage ofyocardium 0 0 0
jeopardised by LAD 39.5 +5% 35 +4% 37 +5%
LCx possible score 8.3 2 8.1 2.2 8.2 2
LCx stenosis score 4.5 4.2 0.3 +1 3.2 4.1
Percentage ofyocardium 30 7% 31 £9% 30 £7%
jeopardised by LCx
RCA possible score 7.8 +1.8 7.8 2.1 7.8 +1.8
RCA stenosis score 54 4.2 2.7 4.3 4.6 14
Percentage ofyocardium 0 0 0
jeopardised by RCA 29.5 6% 30 7% 29 +6%
Dominance

Right 65% 80% 70%

Left 26% 20% 24%

Codominance 8% 0% 6%

MJ= myocardial jeopardy index, LAD= left anterior descending artery, LCx= left circumflex, and
RCA-= right coronary artery.
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Inter-observer variability of BARIJI scoring
The mean MJI for the first assessor was 0.61+0.30 and 0.63+0.24 for the Geaw)cindthe
agreement between observers was strong (r= 0.83, ICC= 0.90, p<0.01}AlBfzard and

correlation plots are shown figure 37.

0.4

0.2+

°
0.0 — T T

-0.24

Difference in MJI scores
(between assessors)

-0.4- .

1.0+ e o
0.8

0.6

o

2"d assessor

0.4

0.2+

0.0 — 7T r T . T T T r° 1
0.0 0.2 0.4 0.6 0.8 1.0
1st assessor

Figure3.7 BARI MJI agreement plots.

(A)BlandAltman plot demonstrating agreement and differences in scoring\BAREtween two
assessors. The upper and lower limits of agreemeishargn with the interrupted lineQd(34to 0.31),
ando. 0 t S NE2Y Q& -cbeiMaNFBrfabiliigk®8g, pDDMI A Yy i S NI
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3.3.2. Calculating a single FFR value for multiple vesseSERbgindex.

TheFFRumwas successfully calculated for all the patients (n=33). The Ridanvat baseline

was 0.7&0.1 [range 0.51 to 0.93The distribution of alues at baseline is shavin figure3.8. The
meanFFRumin the PCI groupre-PClwas0.72+0.1and in thecontrol (non-PClgroup0.84+0.07.
PostPCIFFRumwas0.83+0.08p<0.01 Pre and post PCI valuegere closely correlated (r=0.83).

The mean percentage of change in response to PCl was 16.6+10%. A strong negative relationship
was found between the change kfrRumand prePCI values (¥Z0, p<0.01). Individual changes
andthe correlation between changand pre PCI are demonstrated in figur®. 3There was no
significant differencdetween the posPCl values and those of the control gr¢pp0.78). The
differences betweemll groups are demonstrated in figurelB. | have conducted a preliminary
analyss of vessels contribution to the myocardium at risk (table 3.5). In single vessel intervention,
the LCx was associated with the highest increaB€fgum(0.14+0.01) compared to 0.G8.4 for
interventions on LAD and on RCA alike. Two vessel PCI resulted in the greatest irfeFéase in
(0.24£0.02), and this was in LCx and RCA. The relative increases in response to single and double

vessel interventions were 0.09+£0.04 and 0.14+0@&&pectively.

Distribution of FFR)y
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Figure3.8 Distribution of FRiRvvalues at baselin@ increments of 0.03
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Figure3.9 Changes irFRumin response to PCI

(A) Individual changes per patient, and fBorrelation plot demonstrating the percentage of
change ifFFRuwmin relation toFFRumvalues prePClI (r=0.70, p<0.01)Dotted lines showing
no change in the control patients.

Differences in FFRcyy based on revascularisation state
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Figure3.10 Histogramshowing the=FRumVvalues for eacgroup

Histogramsshowing the difference betwe®ne PCFFRumand control grouf-FRum Pre PGFFRumand
post PCFFRuwm and (C) Post PEFRumand control grouf-FRum
***n<0.001, ****p<0.0001.
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Table3.5 Contribution of individual vessel revascularisatideRgum

Relative increase ifFRum

Revascularisation n %

Mean SD
One vessel only interventio 13 57% 0.09 +0.04
LAD 9 70% 0.08 +0.04
LCx 2 15% 0.14 +0.01
RCA 2 15% 0.08 +0.04
Two vessels intervention 10 43% 0.14 +0.06
LAD and RCA 5 50% 0.12 +0.03
LAD and LCx 3 30% 0.10 +0.03
RCAandLCx 2 20% 0.24 +0.02
Total 23 0.11 +0.05

3.3.3 Validation dfFFRum

3.33.1 Accuracy of the calculation

First, | compared FER/with BARMJI to estimate the myocardium at risk in baseline and post
PCI. There was a significant and strong negative correlation between the two meth0d8(r=
p<0.01) at baseline and with peRCI only values @361, p<0.01). Second, | compared fmal
single FFR, which includes pP§ll and control valugsimilar to what was reported by Fourier et

al and Lee et al. This was applicable in all cases (n=3FFBrand in 25 case bsAcFR. Figv
scoresdemonstratedmoderate tostrong and statistically significant correlation wgfFR and
cLosAcFR scores (r=0.73, p<0.01 and r=0.57, p<0.01) respectively. Correlation plots are

demonstrated irfigure 311.
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Coronary angiography based indices

>

(Baseline)
sariMJI
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FFRcum FFRcum
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Figure3.11 Correlation plots demonstrating the relation betw&&iidumvalues and the other methads

(A) Correlation between baseline values (n=3BFBumand BARMJI (r=0.73, p<0.01), (B)
Correlation between po$tClvaluegn=23) of FFRumand BARMJI (r=0.61, p<0.01), (C)
Correlation betweeRFRuyvandafFFRralues (n=33)r=0.73, p<0.01) and (Qrrelation
betweenFFRumands/FFRralues (n=25y=0.73, p<0.01)
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3.3.3.2 Agreement in classifying tqihlysiological ischemirden after invasive coronary
angiogramtPCIl: A comparison with established values.

| used ranges to divide tipatients(n=33) into three groups; low.78), mid (>0.78 t&).91) and

high (>0.91FFRumand compared it with Fournier et@riginally reportedertiles of cLosAcFR

low (#2.80), mid (>2.80 toKH8&) and high (>2.88) (figure 2)1Eight cases were exclub&om

the analysibecuse they did not meet the eligibility criterfar cLosAcFR. The agreement between
FFRumandclosAfFR (N=25) & G S&GSR dzaAy3 YSYyRI fwas@écep@ReS FTA O
(W=0.74, p=0.06). There wasnoderate positive fationship between the classifications of the

two methods(r=0.57, p<0.01). Individuahluesand classification is shown in tablé.3.

Distribution and quartiles of FFRcum
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Figure3.12 Distribution ofFFRuwand cLosAFR values.

Bars arecoloured according to their classifications; Red represents low values, yellow represents mid
values and green represents high values.
*Green and yellow represents intertwine of both classes at this bar.
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Table3.6 Comparing the agreemehetweenFFRuvandcLosalcFR

P;t:'zgts FFRuw  Classificatior cLosFR Classificatior
1 PostPCI 0.82 Mid 2.72 Low
2 PostPCI 0.92 High 2.84 Mid
3 PostPCl 0.80 Mid 2.72 Low
4 PostPCI 0.85 Mid 2.67 Low
5 PostPCI 0.76 Low 2.83 Mid
6 PostPCI 0.76 Low 2.64 Low
7 Control 0.92 High 2.89 High
8 Control 0.93 High 2.9 High
9 PostPCl 0.92 High 2.78 Low
10 Control 0.91 High 2.9 High
11 PostPCI 0.89 Mid 2.89 High
12 PostPCI 0.94 High 2.81 Mid
13 Control 0.81 Mid 2.92 High
14 Control 0.81 Mid 2.8 Mid
15 Control 0.76 Low 2.62 Low
16 PostPCI 0.91 Mid 2.73 Low
17 PostPCI 0.75 Low 2.4 Low
18 PostPCI 0.88 Mid 2.64 Low
19 PostPCI 0.93 High 2.81 Mid
20 Control 0.93 High 2.91 High
21 PostPCI 0.73 Low 2.43 Low
22 PostPCl 0.95 High 2.85 Mid
23 PostPCI 0.88 Mid 2.8 Mid
24 PostPCI 0.91 Mid 2.55 Low
25 PostPCI 0.87 Mid 2.6 Low
Classification n % n %

Low 5 20% 12 48%
Mid 11 44% 7 28%
High 9 36% 6 24%
Agreement P-value
| 2NNBtFaGAz2y o6{| r=0.55 <0.01
/| 2y 02 NRIYyOS 6Y W=0.74 0.06
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The same analysis was performed againstiRER (h=33) method to assess agreement. Groups
were divided into high and logcoresaccording to the original median reported by Lee et al (2.72);
for the FFRum the median was (0.85) (figurel3). Values therefore were classified as high when
#2.72 andi.85, or low when less thandbe The agreement betwedf-RumandsFFR wagood
(w=0.74, p<0.05) and the relationship between the classifications of the methods was moderate

(r=0.45, p<0.01)ndividual values and classificatame shown in table J.
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Figure3.13 Distribution oFFRynandsFFR values

The red dotted lineepresentthe median in both methods
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Table3.7 Comparing the agreement betwerrruvandsFFR

Patients (N=33) FFRum Classification 3#FFR Classificatior
1 PostPCI 0.82 Low 2.58 Low
2 PostPCI 0.92 High 2.75 High
3 PostPCI 0.80 Low 2.67 Low
4 PostPCl 0.85 High 2.56 Low
5 Control 0.83 Low 2.65 Low
6 PostPCI 0.76 Low 2.745 High
7 PostPCI 0.76 Low 2.23 Low
9 Control 0.92 High 2.76 High
10 Control 0.93 High 2.81 High
11 PostPCI 0.84 Low 2.82 High
12 PostPCI 0.92 High 2.78 High
13 Control 0.91 High 2.74 High
14 PostPCI 0.86 High 2.715 High
15 PostPCI 0.89 High 2.68 Low
16 PostPCI 0.94 High 2.81 High
17 Control 0.81 Low 2.73 High
18 Control 0.81 Low 2.8 High
19 Control 0.76 Low 2.62 Low
20 PostPCl 0.91 High 2.73 High
21 Control 0.75 Low 2.28 Low
22 PostPCI 0.75 Low 2.595 Low
23 PostPCI 0.75 Low 2.35 Low
24 PostPCI 0.63 Low 2.09 Low
25 PostPCI 0.88 High 2.64 Low
26 PostPCI 0.93 High 2.81 High
27 Control 0.93 High 2.8 High
28 PostPCI 0.73 Low 2.685 Low
29 PostPCI 0.95 High 2.85 High
30 PostPCI 0.88 High 2.65 Low
31 PostPCI 0.91 High 2.805 High
32 Control 0.80 Low 2.39 Low
33 PostPCI 0.78 Low 2.13 Low
Classification N % n %

Low 16 49% 17 51%

High 17 51% 16 49%
Agreement P-value

I 2NNBtFGA2Yy oL r=0.46 <0.01
| 2y O2NRIyOS o0YS W=10.72 <0.05
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3.4 Discussion

3.4.1 Summary of the results

In this chapter, | have described and validated a novel ikdddufy) of determining myocardium

at risk by quantifying the totéedchemidourden prior and after coronary interventiomhich may

in future be used for itdiagnostic and prognostic valteeassess the value of different treatment
strategies In my method, anaimical complexity is accounted for as well as physiological severity
to provide a patient specific value. | have demonstratedfRR&um(0.72t0.1) was able to predict
myocardium at risk in different disease severity when it was compared to myocargaidyo
index before intervention. ThEFRuwm increasedin this cohort by a meath7% after coronary
intervention from 0.72t0.1to 0.83t0.08). Acceptable agreementasdemonstrated witrexisting

risk stratification methodsnamely s\FFR andsLosAcFR, in 33 and 25 patients respectively.

Summary of the main findings is shown in figure 3.14.
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Chapter 3

Myocardial

ischemic burden PCl

non-PCl

0% FFRcum <

FFRcum FFRcum

(non-pCl) E S (Pre-PCl)
FFRCUM m FFRCcumM
(non-PCl) (Post-PCl)

Cumulative FFR is a feasible method and can be calcualted before and after the procedure
Significant difference between PCl and Control groups in FFRcyy scores
PCl improves myocardial ischemic burden to similar levels of non-flow limiting disease

Figure3.14 Schematic summary of the findings from chapter three

3.4.2Method development

The FFRuwm consists of two components which are physiology and anatomy. Generaly it

functional method to provide a single FFR value with respect to anatbmjunctional SYNTAX

scorewas the first to include functional assessment with anatdvtoreover, thity-two percent

of patients were moved to lowsk classification after applying FFR meadorteir initial SYNAX

scoresThusjt is apparenthat adding physiology to anatomical assessment inform us more about

CAD. Howevetthe SYNTAXcore was desiged to assesshe complexity of coronary artery

disease, and was applied retrospectively in the SYNTAX study, where a relationship was found
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between this measure and long term outconadier coronary interventiorfMohr et al, 2013)

Yet, it does not account for visuatlgn-significantstenosis, which mais it incomplete to some
extent. Following from that, two functional methods were proposeskerFR angl/FFR), in which

a simple sum of the three FFR values for the major vessettevasd These methods overcome
the limitation of FSS by including plojogicallynon-significantlesions.However, these two
methods do not account for anatomy awdre designedo be used after left heart catheterisation
(xPCl) to asseprognosisThey were not intendedior pre-PCl assessment of myocardium in any
form. The other component ofFFRuwmis personalising the FFR values relative to the coronary
specific anatomical weighted score based on BARCLriteria ofdentifying anatomical score for
each terminal arteryin this systempnidividual vessel scasarecalculated for each major terminal
artery based on the length, calibre and brand#dderman and Stadius, 1992n estimate of the
total LV supply is calculated as the sum of these scores. Therefore, by assigning each vessel score
(as percentage) to the FFR, a relafractional value is obtained and the sum of these three values
result inFFRum The nclusion of avessel weighted score is tmeain difference between my

method and the other methodsyhich treatFFR as an independent value.

Ideally, FFRum requires IFR measurement in all major vessels, but this is not praciais
challenging for routine practicbecause FFR is only indicated in intermediate lesions and FFR is
costly and invasive. Thus, an alternative vVFFR can be used to replace any missing FFR.
VIRTUheant, which was used to produce VFFR in this ywak demonstrated excellent diagnostic
accuracy (>90%pmpared withwire-based FFRseesection2.3.2. The only remaining obstacles

to calculateFFRumare CTOs and higisk stenosign whichpassinga pressure wire might impose

a risk.By this meansan estimatiorusing VFFR is reasonatieroduce this index value atinical
routine casesDifferent FFR values for CTO (also known as,JflRRve beenreported in the
literature, with values ranged from 0.45 to 0.8@imarinoet al, 2006; Sehdevaet al, 2014; Lee

et al, 2017) In thisstudy,| therefore usedan FFR of 0.50 for cases with CTO. Similarly, an FFR of
0.60 was used for lesiorie which passing the FFR wire was not safe, andavhich using
VIRTUheant was notsuccessfulor technical reasonsicluding very extremely narrowed lesions

or severe left main stem lesions which can not be segmented using the software. Moreover,

extremely narrowed lesions will result in failure of processing in some cases.
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Variabilitypetween FFRmassessors

The mathematical principles behind cumulative FFR, is not complicated and can be performed
using simple equations. However, the components of the technique may carry some levels of
operator subjectivity, particularly, in modellingFR and vessel weighted scoring. ldeally, this
method should be calculated with pressuvee derived FFR, however, this is rarely available in

all three major vessels unless for research purpo&dditionally, the BARIJI vessel scoring
method is subjetive, and requires a detailed visualising of the coronary angiogram and
appropriate levels of understanding of the coronary anatomy. The BARI criteria to define and score
anatomy is not recent, in fact it has been published and used for almost threeededdubse
challenges, that may impose some levels of variability are not limited to taevPRr&®hod and

similar limitations have been proposed before with other operdependent methods. To
YAYAYAAS &adzOK NRa|l 27F I aarshe takeNBcding intsihserded £ A (& =
variability in bothcomponentsseparately to avoid cumulative error in calculation. This was
performed in this work, as shown in sections 2.3.2 and 3.3.1, for both vFFR modelling and BARI
scoring respectivelynter-obsever variability analysis is encouraged at the validation stage of this
technique. Automated methods can be later introduced, including anatomical scoring because it
follows a simple concept which is based on the length of arteries and branches fronsefte ba
apex. In concept, if the myocardium length and the distance that a given artery covers measured
manually, a ratio or a score can be automatically generated. This preliminary proposal can reduce

the variability in anatomical vessel scoring, but itygago be developed and investigated.

Advantages of FFRcum

FFRum can be used to estimate overall disease severity, incorporating a more sophisticated
measure of myocardium at risk than is currently used (or not used) following a simple
mathematical calculation. Moreover, this system can be used ahead of the LHGde anawitial
SadAYlLrGAz2zy 2F (GKS RA&ASIFaSQad o0dANRSYy FyR LI Iy |
calculated posPCI since the technique allows the calculation with FFR negative and positive
vessels unlike other methods. Therefore, theutaton may be deployed in cases with visually

non-significant disease, which is an advance.
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3.43 Myocardium at risk assessedfiyRum

| have used the BARIWJI in this chapter which follows a similar concept to estimate myocardium

at risk and to validatmy method Grahamet al, 2001) The BARWJI has been validated against
CMR and found to be a reliable estimate of myocardial at risk in STEMI g@rtiniBérezet al,

2007; Morakt al, 2012) A further analysis of the MJI suggested that it has an inverse relationship
with FFR, meaning that the higher the percentage of jeopardised myocardium, the lower the FFR
values (r=0.40, p<0.01jLeoneet al, 2013) In this chapter, haveshown that preePQ MJI was
significantly higher thathe post PCI group (p<0.01), and higher than the control group (p<0.01)
suggestinghat lesions in the PCl groip2 vy Q (i  FwyidtignhallKsig@ifisant diseabet alarger

area at riskas wellbased on thdindings ofprevious works. The relationship between BMRIl

and FFRum was significant and inversely oslated whichaligns with Leone et alwork
Nonetheless, the correlation was stronger in my method compared to individual FFR values only
(r=0.73 vs r=0.40). This is understandable because MJI estimates the area at risk by dividing the
sum of branches distal to the index lesion by the total LV score. Thus, providing a single FFR value
will only apply toone vessel orlesion whereas MJI accousrfor all vesels andlesions with

narrowing >50% diametereven if not functionally significant.

FFRum was significantlylower in the PCI group (0.#R.1) compared tahe ntrol group
(0.84+0.07)which is perhaps not surprising, but veésolower thanpost PCVaues(0.83+£0.08).
Thesefindings suggesthat PCreduces, butertainlydoes not normalisethe myocardium at risk
This is an unpalatable finding, but accords with common interventional practice, in which residual
FFR, even after a single vessel PGiptisalways measured, and seldom achieves normality.
Interestingly, the change FFRumpost PCI was inversely correlated vatFRumpre PCI (.70,
p<0.01),implyingthat more severe cases (lower values) benefit from intervention the most in
terms of reducing the area at risk.smilar finding was found in chapter two, where lower FFR
values had the largest increase (p<0.01}hepreliminary analysis of vesdaigntribution to the
myocardium at risk (table3), the findings suggested thah single vesseahtervention PCI td_Cx
resulted in the highest increase in EqR In doublevessel intervention, PCI to LCx and RCA,
resulted in thegreatestincrease irfFRcum In our study, only large calibre or dominant LCx were

treated, which may explain this findindpwever, he sample size of the analysis was modegh
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13 single and l@ouble vessel interventiondn addition about 73% of the cases involved an
intervention on the LAD either alone (n=9) or with another artery (n=8). Yet, this sgem

interesting area to explore in future work to better estimatgcomes

3.44 Comparindg-FRumwith similar methods

ThecLoedcFR methods used for prognosend iscalculated at the end of the procedure. Thus, it
only includewessels withvire-based FFRO0.80(a non-sigrificant stenosis) or pofRC(FFR which

is usually >0.80 Therefore,the lowest achievable value is always (2.40/%)ditionally,the
cLoeAtFRMethodassumes a value of 1.0 if theteryist Yy 3A 2 ANI LIKA OF f £ & Wy 2 NI |
0.90 if postPCl FFR was missinghilst FFRuwm includes all values from severe to very mild,
including CT®and missing FFRs (by using vFiFRJje case of CTO, an FFR value of 0.50 was
given(n=3) and anextremely severe stenosis left untreatedsgiven a value of 0.60=4). It is

clear that boh methods (cumulative and global) have some levels of assumptions in their
calculation which is understandable as measuring FFRepicatdial vesselster intervention is

not alwaydeasible NonethelesszLosAcFR tends to overestimate the calculatily assuming an

FFR of 1.0 for angiographically normal arteries. Theoretitt@dhe should not be a significant
pressure drop acrosshealthy coronary artery and the F$Hould bel.0. However, these indices
arelikely to be used ipatientswith CADso an assumeBFR 01.0 is unlikely to be corredhthe
FFRum method, vessels with missing FFR #rabe whichcannot be segmented (C3pstial
location, calcificationor severe LMS disease) those whichfailed at the simulation process

(extremely marrowed) were given estimated values as well.

ThesFFRmethod, on the other hand, which is also calculated at the end of the PCI, includes all
measured vesselwhether functiondly significantor not. That will of course provide a wider range

of valuesthan the gLoedcFRMethod and as a result, lowexFFR valuesiay be producedThe
3svFFR methodssumes thealculationto beinvalid in case of a missing F&®&®neasuring FFR in

all major arteries isbligatory However FFR was not measureddiminutiveRCAor LCxin which
casethe mean ofthe FFR valueis the other two vessels is multiplied byee and used as the

total value. In terms of obtaining FFR in all vessels, this is indeed ideal, and the ultimate objective
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in all methods that ainto calculate similar value, but thsrarelypossible in a routine practice,
thereby limiting the method to research onily very few casesrhe authors used this method as
a dichotomous index whichany value below?2.72 hasa higher risk of 2/ears MACE and a high
total physiologidurden.That means all FFR values that are included in the calculatigiFet
should be at least 0.90.91 to obtain a value >2.72, and therefore, low risk-pé@s MACE. It
can be understood from the work lefe et athat s3\FFR method ianother evidence of the value
of poststent FFR of >0.96 showing favourableoutcomes(Pijlset al, 2002; Dilettet al, 2021,
Pirothet al, 2022)

A primary difference between my method and the previous method®iapplicability prior to

the procedure. With FllBguan estimation of the myocardium at risk because of the diseased
arteries can be, and encouraged to be calculated. This is useful to be usejnostc
angiography settingbecause/FFRean beapplied toall vesselswithouta pressure wireAn early
assessment of myocardium at risk may be of use in planning the management, and in quantifying

the change post procedure.

In generalall of the methods are in agreement about summing three FFRsviduthe major
arteries to produce a single prognostidexvalue However, what distiguishes=FRuwmis that it
incorporatesthe distribution of the lesionsCoronary arteries vary in their sizes (length and
diameter) and number of branchebasedupon patient size,dominance, race and gender.
FurthermoresA TS GFNAI GA2y A& y20 2yfé fAYAGSR (2 RA-
bed as wellFor example, an FFR of 0.75 in an RCA of a right dominant system does not represent
equal flow reluctioncompared withe normal sizeé LCx with FFR of 0.75 in the same patient. The
flow is indeed significantly reduc@dboth but FFR remains a pressuagio-based tool and the
measured value is percentage rather than an absolute flow reduction. dresréiferelative size

and extentshould be considered when trying to assess a global flow reduction and its effect on
the myocardium. In my method, anatomigalssel specific score is given for each major artery and

the FFR values are cumulatively addedether relative to vessels distributiofhe vessel
weighted scoremethod is adapted from thevell describedBARIMJI angiographic definitions

protocol (Alderman and Stadius, 1992)
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3.45 Method validation

To validate the reliahiy of FFRumvalues in matching different severity degrees, correlation of
the numericvalues were performed to ensure the consistency between my method and previous
methods. FirstFFRumand BARMJI showed significantly strong negative correlationagebne

and in postPCl only cases (073 and r=0.61). This suggests that the higher BfeRkuwvalue,

the less the myocardium is jeopardiséidcould be arguedhat BARMJI scoring method was
partially used to calculate my methodnd therefore, valug are expected to correlate.
Neverthelessthe BARMJI scores neglect diameter stenosis less than 50%, and this can be seen
in the seven cases shown in (figurél® with a total BARWJI score of zerdn contrast,m my
method, | only use the vessel igybted score not the stenosis scofide former is a score that is
used to describe the size, length and branches of the artergtitallatter is for the myocardium
beyond the lesion. Thus, FfoRadoptsthe vessel scoring method but not the calculatibespite

this major difference in calculation methods, the two indices were closely correlatehdSec
functional methodsd oedcFRand 3\ FFR) valieewere compared witkFRum Moderate to strong

and statisttallysignificant correfdons were observed withLosAcFR (r=0.57, P<01) andaFFR
(r=0.71, p<0.01Clearlymy values correlated better wi-FRand this can be attributed tthe
cLosACFR protocol of requiring any missing FFR that appear angimgitpnormal to be counted

as 1.0 which might overestimate the FFR values when | compare it with virtually generated FFR.
Another factor is that there werfewer variables included in the analydi®cause the eligible
cases werdewer in gLopAtFR (n=25compared te\FFR (n=3300f note, as thesyFFR method
requires all vessels to be measured and does not propose an estimation method for missing values,
| used VFFR to replace missing angiographically normal arteries or missisigqogalues. It is

worth nothing that all methods seem to correlate better in higher values (less functionally
diseased), and vary considerably around @.B5 inthe FFRumscale (figure 31Cand D) Most
importantly, | validated the ability of my method to classify patients into risk groups. | used
previouslyreported values from the osAtFR andFFR original work generated corresponding
values using my data set to assess the agreement betweemdligods. The authors of the
cLoBAcFR method usetértiles to divide the patients into three groups, indicating that higher

values are associated with better outcomes at five ydgoerformed a similar analysis iy
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dataset! & Ay 3 Y Sy RI bffcéhdorddhée StheTajréenény Wias acceptable (W=0.74,
p=0.06). It is clear from tableG3that the discordance wamainly observed in lower values,
becausealmost half olcLosAdcFR values were considered in the low group compared to 20% in
FFRum Of cours, ranges quotedn cLosAcFR are more reliable due to the large population that
was used(>2000 patienty yet | was able talemonstrate aclose to statistical significance
agreement and showed a signific&t!S I NY' I y Q& O2 NNBf I (i Ase,YusedhhE n dp p =
original method to report risk group ®FFR method where values higher than or equal to the
medianhadbetter outcomes. The agreement was acceptable and statistically significant (W=0.72,
p<0.05), and the classes of risk were moderatefyetaied (r=0.46, p<0.01Yhere was more
cases (n=33) in this comparison compared to the earlier (n=25). Baaethese findings, it can

be concludedhat FFRumcan classify patients into risk groups at comparable ratpsetaously

validated methods.

3.46 Limitations
First, this is @& hypothesisgenerating work with a modest sample size (n=33). These are
preliminary findingssothe reported median and IQRBauld be updated with a larger dataset.
Second,this method negledd demographic characteristics and clinical risk predictors (i.e.
hyperlipidaemia and diabetes). However, none of ttiesimilar methods (BARII| cLosAcFR
ands/FFR) were able to add®this limitatioreither. Third, because of the time limitation, | was
not able to perform quantifiable perfusion analysis to elaborate more on the diagnostic value of
FFRum This can be achieved with the already collected perfusion scans for somestdidiie
participants. The acquired data can be used to generate quantitative perfusion maps following the
16 segments AHA model and a percentage of reduced perfusion can be produced. Furthermore,
by comparing these values with the already producedrFfRe first step to appropriately
validate this scoring method could be establisfts is a key area for future work if this method
should be fully validated and potentially applied at larger dataset. Féiymcarries a level of
subjective meagses, particularly in the weighted scostep, and training for BARMJI scoring
protocol is essential, and intefass variability should always be considered if this method to be
used in research.
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3.5 Conclusion

Calalating FFRuwm before and after coronary revascularisation is feasible and carries important
information about myocardium at risk arsthemidourden. This novel method might be useful in
reclassifying risk stratification in middle or lower values comparedrrently available methods

of single FFR for multiple vessElstther work is needed to validate this metkngbility to predict
reduced myocardial perfusioit may be useful in predicting a patient's response to treatment
(see Chaptexfour and fve)
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Chapterfour: Living with CCS

4.1 Introduction

Episodes of rgina typically are triggered by exertion, and therefore people who suffer from
angina perfornfewer activities, orconduct themwith caution. PChas been shown tonprove
angina symptomandphysical activitas assessed lexercisdime. The ACME triglor example
reported a significant increase in exercise time (2.1 vs 0.5) minutes afsCORCT alone (p<0.01)
(Parisiet al,, 1992) It hasbeenwidelyaccepted by cardiologsthat PCI results in considerable
improvement in exercise time. However, the Objective Bamged Blinded Investigation with
optimal malical Therapy of Angioplastystable angina (ORBITA) trighich wasthe firsttruly
blinded placebacontrolled randomised studyf PCI (+OMT) vs OMEported otherwise (At
Lameeet al, 2018) The findings of ORBITere that, despitesuccessfullffreated coronary
stenoses,exercise tine and angina did not improve significantly in comparison to placebo

interventioncombined with OMT

The ORBITA triadasthe first to apply true blinding ipatients undergoing PCI. Although blinding
was shown to be effective and safe in invasivesangical settingbefore (Bhattet al, 2014) The

PCI effect on mortality rates in CCS patients, with and without adjacent physiological tools has
been heaily investigated in the past two decades, howether true effectsizeof PCI, or simply

the magnitude of the difference between the two compared aimexercise and angineas not

tested before ORBITAhe trial has shown that placebo controlled studies on PCI are safe and
feasible. However, it is also worth mentioning that the follow up time was relatively short (six
weeks), buthis might beattributed to the difficulty of blinding the patients for Iger period if

they had truly ischemic stenos@hefindings of ORBITA weraleedsurprisingwhich resulted

in conflicingresponses tahe trial outcomesThebelief that revascularisatioresults in significant
improvement in both symptoms and exerctapacityarosefrom previous trials, and from the
pathophysiological principles of CAD which states that coronary stenosis results in flow
impairment, thereby, reducing blood supply to myocardium resulting in angina and physical
limitations However, he current guidelines are stiih favour oftreating patients with stable

ischemic diseasaith PCIto improve anginaif angiographically or physiologicaihdicated
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despite the outcomesof ORBITA Moreover, angina relief is a pringipoutcome in the
management of CC&ndachieving that with optimexd medicationsor a long period or the rest

of life might bechallenging and impractical reatlife settings.In addition, it is still not clear
whether these findings apply to MVD ortribhe absence of a meaningful change in exercise test
duration,asshownin ORBITAnspired thedesignof thiscomponent of VIRTB, but in freeliving
conditionsIn this chapterphysical activitis assessed througiomplementarynethods, withthe
objective of evaluating the change in response tqQ iRGl more systematic and personalised way

than is common in everyday practice

Wearable devices habeenavailable fod5years, and are becomimged to objectively measure
daily activities such as gteount and time spent in different state of activities (sedentary, light
and vigorous)However activity monitoring has been mainly directed towards rehabilitation in
CAD patientgarticularly evaluatinchome-basedehabilitation Howeverthis technolgy hasot
beenused forthe assessment dactivityafter revascularisatiom comparison to baselin®eidet

al., 2006; Houleet al, 2011; Frederigt al, 2015) Exercise testing, usually in the form abmal
exercising on a treadmdl bicycle, has long been emgtad both to diagnose ischaenfdMcNeer

et al, 1978; Belardinelkt al, 2003)and, to a lesser extent, assess the succesgharwise of
revascularisatioriBengtsoret al, 1990; Rosanio et all998) The problem with these forms of
assessment is theartificialnature compared with what the patient is used to in everyday life. In
contrast, the, sixminute walk test, which is 'aubmaximal’ test, more relevant to the patient's
experience, and which is weldlidatedas aclinical tool to measure activity and fitional
capacity, was usdd this work It has been previouslyilisedin cardiovascular disease before and
after interventionto assess the respong&remeauwset al, 2011; Beatty et al, 2012; Stewaret

al., 2018)

The aim of this chapter is to evaluate and assess physical activity in CCS patients before and after
coronary revascularisationsing contemporarymethods, whichare relevant to the patient's

experience
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4.2 Methods
4.2.1 Study population

Patient screening and recruitment was described earlier (section 218.byief, mtientshad a

CC&nd were on the waiting list fé€ Awith a view to PCITheymust have internet connection at

home, a sufficient period of monitoring at basel{p®ne montl), and after LHEPCI(>three

months)in order to be included in this analysis. Patients who underwent CABG shortly after their

LHC werexcluded It is importar to note that the selection criteria for this study was based on

the ability of the participants to be mobilised due to the nature of the study wghresphysical

activity monitoring. Thus, patients who had severe mobility limitations where exadudad the

initial selection phase. Additionally, access to internet was preferable, however, this did not
AYyFEdzSyO0S GKS aStSOiA2y ONRGSNRAIF a GKAA AYyTF?2

contact or visit. However, only three partiaips did not have wii access at home.

4.2 2 Activity monitoring
4.2 2.1Fitbin Charge 4

A commercially available FithiCharge 4 wristvorn fitnesstracker (Healthy Metrics Research
Inc. @lifornia USWwas used for this study to monitor physicaldtiinfree-livingconditions. The
watch uses Fitbit @erating System (O@nd Fitbit cloud storage to transfer and export data.
Activity and sleep data can be tracked and exported, as well as heart rate tiAledayivities
including steps, distancend'active zoneminutes can also be acquired on daily badieCharge
4 contains several sensoirscluding accelerometerayibration motor sensor anahoptical heart
rate sensorA nicro-electromechanical system (MEM®&Jaxialaccelerometers usedor motion
tracking and specifically step counting. The mechanism of thisirbgénsor is to translate
mechanical movement into electrical signalsnteasure dynamic acceleratiGhibarbar and Teay,
2017) Photoplethysmography (PBGa nonrinvasive and simple optical sensisrusedo detect
HR. PPG as aphotodetector and light source to measure volumetric changesdial and ulnar

arteries(Figured.1).
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Figure4.1 Basic explanation of HR detection technique inJi@itarge 4 watch.

A) Fitbit charge 4 watdind user screen, with a magnifieBG sensatevice B) The principle of heart rate
detectionviaPPG

4.22.2 Datacollection

The watch provides simultaneous data synchronisatiothéoFitbit official website through a
Bluetooth pairing with a networ&onnected smartphone. l& patients mobile phone was
outdated, a smartphone was supplj@d ensure data synchronisation. Each patient had a unique
Fitbit account, and a unique password to ensure data safety and confiden8#iity. measures

of data anonymisation were taken, each participant had a unique code consisted from letters and

numbers, with no identifiable or personal information on the account to ensure data protection

142



and safety as all data were uploaded directly to Fitbit welfSiéythe research team had access
to account details. Raw activity data were exported periodicaillger monthly or weekly

according to theaumber of participants being monitored at the same time.

Data collection staetd one day after giving the patients their watches. Watches were given on the
day of recruitment and were kept with the patidot up to sixmonthsatfter their LHGPCI The
period from recruitmentto procedure was considered the baseline actipkyiod Thistime
depencded upon the hospitalwaiting list(which was prolonged during tHéOVIDpandemic of
202022), aiming for at least onemonth of activity data beforéhe procedure day. Oncthe
procedure was done, both group$ patients(PCland control) were asked to continue wearing
the watchedor up to sixmonths Patients were not asked or encouraged to do any extra activity.
Instead, all notifications and remindeosundertake activityvere disabled to avoidias resulting
from motivational notificationsThe intensity classifications are defined and codedhenFitbit
device.These are based on the metabolic equivalent task (MET) calculations. The definition of
each category is presented in table .4Tlhe main exporteddata, measuredper day, werehe
number of stepsfairly activéeminutes andvery activéminutes.Thesum of the last two metrics
was used t@generate moderate to vigorouphysical activity minuteshich havepreviouslybeen

used to assess changes in intensity efforts associated with intervention. Daily heart raterdata
only able to beviewed in the database as averaged data ppintsch wereplotted graphcally

and used for analysis.

Table4.1 Definitions of activities intensity

Intensity category Definition of thresholdccording to Fitbisystem

Sedentary Activities registering1 MET.

Lightly active Activities registering betweent@ 3 METs

Fairly active Activities registering between 3 and 6 METSs

Very active ActivitiesNB 3 A & 6 8BNS of gteatsr than @qual to 145 steps

per minute in at least Hhinute bouts.

Moderate to vigorous Activities registeringg 0 ai® at lg@ast 1@minute bouts (a
physical activity combination of the fairly active and very active categories)

These definitions aneproduced fron{Semanilet al, 2020) Extracted with permission from John Wiley
and Sons via copyright clearance (5476531089345
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4.2 2.3 Quality assurance amdearing time

Patients were instructed how to recharge their watches by demonstration. Each watch was linked
totheLJr G A Sy (0 Qa &f ¥at aNaildldié, 2 B @nsuhdGalaxy1Q whichwas giverto the
patientfor the period of the study. Common troubleshooting methwere explained to patients,
ortheNB &SI NOK FStt2¢ g2dd R OAaAl (KSvaliddafviaS y G Q &
explained tothe patientasone in which the watch wasonstanty wornwhile sleeping, while

awake, or a cumulative wear time that exceeded 10 hours. Daily data were checked for quality
assurancethe Fitbitt heartrate algorithmbeingthe first option to check number of hours or gaps
during the day. A valid day also reqdiedl exported daily metrics to be erfivsee andaday with

any missing metric was excluded (figd/3.

No Has the patient taken

Yes—
the watch off?
v
(Has the patient worn
- Yes the watch while
awake only?
NO
( Has the cumulative
- Yes wear time exceeded
L 10 hours?
NO
4
Were there any
technical errors in Yes »
one or more exported
metrics?
NO
'l' v
Valid day Invalid day

Figure4.2 Flowchart demonstrating the method of Fitbits weare and data quality assurance.
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4.2.3 SixMinute Walk tes{(6MWT)

4.2.3.1Procedure protocol

The test was performed according tthe standardised protocol and guidelines of American
Thoracic Societ{fEnright, 2003; Hollandt al, 2014) The test was conducteh a quiet,flat,
obstaclefree corridor at SheffieldNorthern GeneralHospital. Before the test, study participants
were instructed to rest for 15 minutesiuring which baseline assessmeobmprising rygen
saturation, heart rateand blood pressuravere measuredTest instructions were @gmn to the
participant as follows; to walk as far as possible, back and forthaR®mcourse for 6 minutes.
Participants were also instructed to walk around the catesach end of the cours&eeping
them always towards their rightheresearch fellow demonstrateone lap. Participants were
made aware that theyauld stop for rest if necessary, and continue to walk as soon as they fe
able to. If no further walkg could be done, the test wsterminated andthe reasons recorded
along with the distance walked To avoid influence on walking speed, patients walked
unaccompanied and were askeat to talk unless thee wasa problem or a question. Participants
were asked to inform the research team if thexperiencedchest pain or dizziss. A final
reminderwas giverthat the objectivewasto walk as far as possible and to avoid running or
jogging.During the test, a standard encouragemeratscalled out every minutealso givingan
indication of the time remaining (i.&eep up the goodiork; you only have two minutes |&ftIf

a participant stopped during the test, the stop watch was kept running and a chair was brought if
needed.The esearch fellow adviskthe participant to resume walking if theyitfbetter. When

the sixminutes vere over, participargwere asked to stop and stay where thegre. A trundle
wheel was used to measure the distance walked in the lastlhegobtal distance walked, HR, BP
were recorded while sitting on a chair. A resting period of 15 minutes follth@r@pmpletion of

the testwasprovided

4.2.3.2Safety during the walk test
All walk tests were conducted aclinical area under the supervision of two research fellows. A
portable oxygen cylinder, a suitable face mask and cardiac arrest twelieyall located in the

next ward. Any clinical concern regarding participant safety ezdultest termination.
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4.2.3.3Scoring

The6MWTwalked distancearf meters) was reported for each test. This was performed at baseline
and at follow upEach partipant performed the 6MWT twice at every visit, both walk distances
weredocumened, and the second walkas reported for analysis. This practice was conducted to
eliminate the training effect as was reported ear{\&tu., 2003) The dsolute increase in walked
distance was reported and the percentage of change was calcuksdddionally the reported

cut off value of 25m was used to differentiaignimal dinically important difference (MCIEr

CAD patient§Gremeawset al, 2011) Symptoms or clinical events were recorded as well.

4.2.4 Change in physiology
The change in three months physical activity was calculated as an averaged change of the three

months following the procedure.
Change in FFR was calculated as

If no intervention, a value of 0% was given

Yy . \
If one vessel:———aoap Tt Tt If two vessels: op T

Change in FlcBuwwas calculated as: op TUTT

4.25 Statistical analysis

Data were reported as means, standard deviations and percentadess stated otherwise.
Histograms were used to display frequency of variables and bar charts to demonstrate differences.
Unpaired t test were used to comparehe metrics of thePCl and control groups, and pairt

tests were used to compare the change in all measured metncgdividual patientsafter
LH@&PCIOneway ANOVA was used to assess statistical difference between control, single vessel
and two vessel interventions S NBE 2y Qa O2NNKf I (A 2y relatodshipdza S R
between disease severity aptysical activitgnd trends in changes at follow.ugraphPad Prism

(9.4.1) was used for statistical analysis
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4.3 Results

4.3.1Physical activity assessment in CCS patients using fitness tracker.

ttGASYGaQ OKFN}YOGSNRAGAOA

Forty patients who were planned to undergo electiveB{ were recruited in this studyirty

two patientswere includedn this analysisEght patients were excluded for the following reaspns

two underwent CABGhree did not have WAFi at home to set up the devgeand threedid not

have enough data after theprocedurefor usefulanalysisAll 32 patients underwent LHC, of

which 21 had PCI in one (% or two (=9 vesselsThe patients without revascularisation (n=11)

comprised the 'control' group, because they received all the assessments, and an invasive

procedure, including pressure wire measurements in all relevant vessels, but without stent

implantation.t | (i A Pafadteristics are shown in tables.

Table4.2 Baseline characteristics and procedural outcomes.

Patient characteristics N=32 Percentage Mean ¢SD)
Age 65 @8)
Male 24 75
Female 8 25
Smokingstatus
Current smokers 3 9
Exsmoker 20 63
Nonsmoker 9 28
Risk factors
Hypertension 22 69
Hyperlipidaemia 11 34
Type 2 Diabetes 5 16
Antianginal medications
Beta blockers 22 69
Long acting nitrates 15 47
Calciunchannel blockers 15 a7
Ranolazine 3 9
Procedural outcomes
Underwent PCI
Yes (PCI group) 21 66
No (Control group) 11 34
Single vessel intervention 12 57
Double vessel intervention 9 43
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4.3.2Assessment of physical activitypatients planned to undergo LHECI

The mean daily step count for the full cohort at baseline 8124279 stepqrange 3057 to

20921 stepg and the mean daily minutes afoderately vigorous physical activitias 40£35
minutes[range3 to 145] (figure4.3). Physical activity at the third month did not significantly differ
from the baseline, with a mean daily step count of 83235 [range 3329 to 229&2epd and a

mean daily minutes of MVPA of 44.69 [range 4.9 to hrtuted. The difference was not
statistically significant when the two time points were compared, (p=0.33 and p=0.21) but they
were closely correlated (r=0.88 and r=0.88) for step count and minutes of MVPA respectively.
Additionally, antanginal medications remained the same forexitept for one in the control

group. Summary of the medications is shown in table 4.3

Daily step count at baseline for the full cohort
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Figure4.3 Full cohort frequency distribution demonstrating physical activity metrics at baseline

(A) Frequency of mealaily step count in increments of 1500 steps and (B) the mean minutes of MVPA
are presented in increments of 10 minutes.
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Table4.3 Summary of arianginal medications before and after procedure

PCI Control
N=21 Percentage N=11 Percentage
Anti-anginal medications
Betablockers Pre 15 71% 7 64%
Post 15 71% 6 55%
Long acting nitrates Pre 10 48% 5 45%
Post 10 48% 5 45%
Calciumchannel blockers Pre 11 52% 4 36%
Post 11 52% 4 36%
Ranolazine Pre 3 4% 0 0%
Post 3 4% 0 0%

There was no significant difference in the mean daily step edbaselinebetweenthe PCI group
(8694413 andthe control group(7216+4030 (p=0.36). The difference remainstitistically
nonsignificantbetween the groupsip to three months (p=0.27, p=0.25 and p=0.21) at first,
second and third mon#)respectivelyMonthly change$ollowingthe procedurewere assessed

in both groups For thePCI groupthe meandaily step count was less than what was measured in
the three monthsaveragedaseline by 204 steps (p=0.58) and pleeformedminutes of MVPA
were less by 0.5 minutes (p=0.88)the first month However, in the second montpatients
gained an extra 638 stepsand 6 minutes of MVPA dayon average(p=0.13 and p=0.10)
respectivelyAt three months, patients gaineah extra545 stepsand 6.8 minutes of MVPA a day

on average (p=0.30 and p=0.08) respectivBlmilarly, the analys was done for the control
group. Ater one month, daily step count was less by 321 steps and time spent in MVPA was
reduced by8 minutes (pf.52and p#.23) respectivelyAfter two months, patients walked extra
279 steps a day in average and minuteB9PA remained reduced compared to baseline by 4.5
minutes (p®.56and pH.38. At the third month, walked distance was similar to baselitk an

extra 16 steps, and the minutes of MVPA were reduced by 1.9 minut@®7{@nd po.77).
Monthly differencesare demonstrated in figure 4ifor both groups, an@ summaryis shown in
tables 4.4 and 45. Trends of daily steps and MVPA following the procedure are shown in figure

4.5.
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Daily step count before and after LHCPCI
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Figure4.4 Physical activitynetricsbefore and aftet HGPCI
In (A) mean values for daily step count for each group are placed at the same time point. Similarly, for (B)
but in minutes of MVPA. Black bars repretiePCI group andhite barsthe control group The red
dotted line is a representation thie time of the procedure.
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Table4.4 Summary oflaily step counftor both groups up to three monthefore andafter LHEPCI

. PCI (r21) Control (=11

Dailystep count Mean +SD Mean +SD p-value
Pre procedure
Three months 8012 13575 6094 12976 0.21
Two months 8816 +4451 6192 +2607 0.13
One month 8566 +4858 5590 13087 0.07
Post procedure
Onemonth 8399 4104 6879 +3309 0.27
Two months 9288 +4561 7496 3495 0.25
Three months 9245 14646 7233 12370 0.21
Change in step count
Change at first month 3 +25% 1 +29% 0.91
Change at second month 12 +27% 11 +35% 0.90
Change at third month 11 +30% 8 +29%  0.77
Overall changafter three months 9 +23% 7 +30% 0.83

PCl=percutaneous coronary intervention

Table4.5 Summary of daily time spent in moderate to vigorous physical activity in both groups up to three
months before and after LHC+PCI

. PCI (n=21) Control (n=11)

Minutes of MVPA Mean +SD Mean +SD p-value
Pre procedure
Three months 42 +30 22 124 0.12
Twomonths 45 136 20 18 0.08
One month 42 +37 28 +38 0.30
Post procedure
Onemonth 46 +35 24 +20 0.08
Two months 53 +39 28 124 0.08
Three months 54 +40 29 +21 0.11
Change in minutes of MVPA
Change at first month 4 +31% 1 +34% 0.81
Change asecond month 27 +43% -4 +33% 0.06
Change at third month 28 +42% 34 52% 0.72
Overall change after three months 20 +31% 10 +33% 0.46

PCl=percutaneous coronary intervention, MVPA= moderate to vigorous physical activity.
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Trends in daily step count before and after LHCxPCI
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Figured4.5 Trends in daily physical activity reported as monthly means prior and after the procedure

The red dotted line illustrated the procedure (the starting and ending point for eaeh fhasPCl group
trendis shown with black line and the control group with black dotted line.
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4.33 Relationship between disease severity and physical activity

Number of treated vesselsub group analysis

The mean daily step count for patients who underwent PCI to one ves$2) (mas 88563673

steps at baseline, 8315£3210 steps at one month, 9295+s3825 steps at two months and
yyHopoyco aidSLlA Fd GKNBS Y2yiKad ¢KS RAFTFSNBY
PCI and baseline did not significantly di{fer0.05). The mean change in daily step after three
months following the intervention was 2+20F@r patients who had stents in two vessels (n=9),
the daily step count was 8491+5482 steps at baseline, 873415275 steps at one month, 9394+5646
steps at two maths and 980715729 steps at three monthike difference between the first two
months and baseline wason-significant(p>0.05), the number of daily steps was significantly
higher in the third montltompared to the baseling=0.03)and the mean change wag+24%

Same analysis was done for minutes of MVP#e mean daily performed minutes of MVPA for
singlevessel PCI patients wa8+28 minutesat baseline, 8t24 minutesat one month, 3+30
minutesat two months and 531 minutesat three monthsThere vas no statistically significant
difference between baseline and the other three months following the interventio&.mean
change inminutes of MVPAfter three months following the intervention was 21+29%. Daily
minutes of MVPA for patients with twe@s®ls PCl was4446 minutes at baseline,1449 minutes

at one month, 8+52 minutes at two months an80+54 minutes atthree months Similarly, no
significant difference in performed MVPA was obser¥ée. mean change in minutes of MVPA
after three months following the intervention wa8+3%4a Comparison between baseline and
following months for each metric and group are presentddjure 46. There was no significant
difference observed iall studied PA metric baseline, three months and percentage of change

between patientsvith singlevessel and twavessel interventios(Table4.6 and 47).
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Table4.6 Summary breakdown dily step courndubgroup analysis based on number of treated vessels.

Control Single vessel PCI Two vessel PCI
Daily step count N=11 N=12 N=9 p-value
Mean iSD Mean +SD Mean +*SD
Pre-procedure
Three months 6094 12976 8987 +3583 6721  +3420 0.21
Two months 6192 +2607 8741 +3218 8945 16357 0.33
One month 5590 +3087 8837 +4211 8205 +5860 0.20
Post procedure
Onemonth 6879 +3309 8315 +3210 8734 5275 0.54
Two months 7496 +3495 9295 +3825 9394 15646 0.52
Three months 7233 2370 8823 +3863 9807 5729 0.40
Change in step coupbst procedure
Change at first month 1 +29% -4 +18% 11 +32% 0.44
Change at second month 11 +35% 8 +25% 17 +30% 0.77
Change at third month 8 +29% 3 +28% 23 +29%  0.28
Overall change after three £30% 2 £90% 17 124%  0.40
months

Table4.7 Summary breakdown of daily step count subgroup analysis based on number of treated vessels.

Control Single vessel PClI Two vessel PC
Daily minutes of MVPA* N=11 N=12 N=9 p-value
Mean iSD Mean iSD Mean +SD
Pre-procedure
Three months 22.2 124 51.6 132 30.4 123 0.11
Two months 19.7 +18 43.6 +27 46.8 51 0.11
One month 28 +38 46.5 +30 36.2 47 0.48
Post procedure
Onemonth 25 +20 49.5 124 41.2 +49 0.19
Two months 28 124 57.5 130 45.6 +53 0.17
Three months 31 21 55.5 +31 50.6 +53 0.26
Change in minutes of MVpAst procedure
Change at first month 1 +34% 9 +31% -3 +34%  0.69
Change at second month -4 +33% 29 +43% 24 +33% 0.16
Change at third month 34 526 24 +42% 33 +52% 0.13
Overall change afterthree ;3105 21 £30% 18  +34%  0.74
months

MVPA= moderate to vigorous physical activity

154



Daily step count after LHC:PCI
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Figure4.6 Differences in physical activity in response to PCI bpsadhe number of treated vessels.

In (A) theaveraged three months prior tioe procedure lfaseling daily step courdire compared with
each subsequent month in patients wathglevesseltwo vessehterventionand controlLikewise in (B)
but comparing minutes of MVPA with basellB&ch group isompared to the other groups at all time
points in both (A) and (B) figurédl comparisonsvere statisticallypon-significant (p>0.05) except the
labelled one* p<0.05.
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Relationship betwee@AD severity and the change in physical actattygroup analyses

1) Change iFFR andveragedhange in physical activityp to three months
Twentyeight patients were included in this analysis, of whom 17 had PCI and 11 dicheot
averaged change in FFR was compared to the average change of thendimtés period post
procedure. For the contr@roup(n=11) there was no change in FFR and therefore a val@@ of
was givenThe ¥hang&€in FFR failed to show a meaningful relationship with the change in PA
metrics. The correlation between daily stepusband the change in FFR was weakO(i6),
p=0.58), and diminished for minutes of MVPAQ(BL, r=0.98)The same analysis was conducted
for the PCI group only. The change in daily step count remained independent from the change in
FFR, but there was tter correlation (r=0.28, p=0.27). Similarly, the relationship remained weak
between tre change in FFR and minuted/PA(r=0.13, p=0.62)Correlation plts areshownin
figure 47.

2) FFRumandthree months change in physical activity
Twentypatients were included in this analysis, and one patient was excluded due to missing RCA
views and therefore inability to calculate ElmRRMoreover, prePCFFRumshowed nacorrelation
with daily step countr£0.01 p=0.99) and weak correlation with tispent in MVPA (r=0.33,
p=0.16)at baseline This was not changed when p&t| FR&Rnvalues were compared with third
Y2y GKQa F A0/ R06§) Asd (re0NE, p=0.18) for step count and minutes of MVPA
respectivelyThe change in FERdid not exphin the change in other PA metrics suggesting weak
correlations with the change in both daily step count (04,0p=084) and minutes of MVPA (=
0.01, p=071). Correlation plots are shown in figuré4.
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Change in daily step count vs change in FFR Change in daily minutes of MVPA vs change in FFR
(Full cohort) (Full cohort)
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Figure4.7 Relationshifpetweenthe change ifFFRand thechange in physical activity

The overall change representshveragedpercentageof the change in ththree monthgost LHEPCI
are plotted againsthe change in FFR(&) daly step count and (B) minutes of MMB¥the full cohort
Similar analysis was done but only including PCI patiéntkily step count and (D) minutes of MVPA
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Pre-PCI FFR¢ypm Vs Daily step count at baseline
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Figure4.8 Relationship between Rggbefore or after PCI and associated change in physical activity.

The overall change represented as percentage after three months are plotted agafGt Brgmin (A)
daily step count and (B) minutes of MVPA. Same valutsarplotted against posRCl FRRwin (C)
daily step count and (D) minutes of MVPA. The changedov@RBr intervention is plotted against the
overall change in (E) daily step count and (F) minutes of MVPA.
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4.3 4 Sixminute walk testassessment functional capacity and the change following
electivePCI

Out of the fortypatientsrecruited for the study, 8patients had at least one sminute walk test

of which  had 6MWT before LHECI and three months after. Two patients had baseline
assessment only andix had three months assessment only. Only patients with complete
assessmentbefore and afterwere included inthis analysis Baseline characteristics for the
included patients aras follows; 22 (81%) were male, 17 (63%) had hypertemsgin(30%) had
hyperlipidaemia andhree (11%) had 2DMThe mean walked distance at baseline tfa full
cohort (n=3) was 4585 m [range 299 to 636jand 82+69m [range 3l0to 664]at three nonths

(figure4.9). The mean differenogas 2539 m and the overall change wés7%.

Walked distance during 6MWT at baseline for
both groups
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Figure4.9 Full cohort frequency distribution of-sinute walked distance for each patient

Frequency ofvalked distance (in meters) are shown in (A) baseline and (B) after three.months
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Effect of PQipon functional capacity

Nineteen patients underwent PCI in aranore vessel following their baseline 6BMWT assessment
(PCI group), and seven did not (control group). There wsistigticalsignificant difference in the
walked distance betweehoth groups,474t91 m and 41159 m, p=0.10for PCI and control
respectively The difference remainestatisticallynon-significant at threanonths between the

PCI groug496+90m) andthe control group(447+56n), p=0.19Wheneach group waanalysed
separately a statisticaly significant increasen walked distance vgaobservedp<0.05)in both
groups at threemonth follow up figure4.10. The mean change in walked distance for the PCI
group was 59% and 9+7% for the control grodpmild nonsignificantnegative correlation was
observed between the walked distance and the percentage of chan@e3{#=p=0.12) in the PCI
group, and anild, nonsignificantnegative correlation was observed in the control grouf®(62,
p=0.23) A full cohort analysis ggested a statistically significanbderate negative correlation
between distance walked and percentage of changed.43, p=0.03) Correlation plots are
demonstrated in figurd.11. Minimal clinically important difference after PCI was observ&tPin

of the patients (9/19)No difference was observed when patients were stratified according to the
number of treated vesselSMWD simmary breakdown based dhis stratificationis shown in

table4.8.

Table4.8 Summary of the differences between singssel and doubteessel PCI

Control Single vessel PC Doublevessel PC
N=7 N=9 N=10

value

Mean +SD Mean +SD Mean +SD
Baseline walked distance 411 +59 502 +101 450 +80 0.11
Follow up walkedistance 447 56 519 +82 476 +97 0.23
Difference 35.3 +26.5 17 +41 26 +48 0.67
Percentage of change 9 7% 4 9% 6 +10% 0.54

(n) % (n) % (n) %
Minimal clinical important
57% 4 44% 5 56%

difference
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Six-minute walked distance at baseline and after three months
post procedure
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Figure4.10 Comparson ofthe sixminute walkedlistance followingg HG&PCI in PCI and control groups

Thehistogramsdemonstrate theon-significant difference in the sixinute walk distance (meters) at
baseline (p=0.10) and after #& months (p=0.19) between the PCI and control groups. The change in

response to LHECI is shown in top two pairwise comparisons for the control {p=a0d PCI (p=05)
groups.
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Correlation between walked distance and percentage of change
(full cohort)
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Figure4.11 Relationship between baseline-siute walked distance and the change after PCI

The change in walked distance after three morgpsrted as percentage plotted against the baseline
walked distance for (A) full cohdrt-0.43.p<0.05) (B) PCI group=-0.37,p=0.12), and (C) control
groupr=52,p=0.23).
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Relationship between 6MWT and &R

The total number of patientwho underwent PClvith complete 6MWT at baseline and at follow

up in addition to FRRnwas 14 patients. The 6MWD at baseline was compared witR @& Ry

and showeda weak correlation (r=0.12, p=0.67). Similarly, the correlation was weak when

investigated for follow up 6MWD and pd3C| FRRn(r=0.14, p=0.62). Finally, no correlatioasw

observed between the change in the walked distance and the change.inbe®R calculated as

percentage (r<0.03, p=0.9Q)Correlation plots are shown in figute?2.
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Figure4.12 Correlation plots denmstrating the relationship between kbizand 6MWD

Correlation between 6MWD (m) and EbwRt (A)baselingr=0.12, p=0.67and at(B)follow up(r=0.14,
p=0.62)and the percentage of change between the two vdite8.03, p=0.90)
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Relationship between 6MWT and other PA metrics: a subgroup analysis

Twenty three patients had complete dataset with 6MWT performed at baseline and after three
months, in addition tohree months PA monitoring. The 6MWD and daily step count at baseline
was moderately correlated (r=0.67, p<0.01), and similarly with daily minutes of MVPA (r=0.48,
p=0.02). At follow up, the correlation between 6MWD and daily step count did not chan§é&,(r=0.
p<0.01), but was higher than baseline for the minutes of MVPA (r=0.58, p<0.01). Correlation plots

are shown in figure 431
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Figure4.13 The relationship between 6MWT and other daily PA metrics.

(A) Corelation between 6MWD and daily step count at basétr@ 67, p<0.01)XB) 6MWD and minutes

of MVPA at baseling=0.48, p=0.02)C) 6MWD and daily step count at follow(ns®.67, p<0.01)and
(D) 6BMWD and minutes of MVPA at follow(r®.58, p<0.01)
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4.4 Discussion

In this chapterthe physical activit and functional capacity of patients whgere planned to
undergorevascularisatiowere assessekefore and after the procedurén summary, the findings
were as followsFirst, the findingsuggestedo statistically significant difference in daily step
count(8699 vs 7216minutes of MVPM7 vs 32and sixminute walled distance(474m vs 411m)
at baseline between patients whimderwentPCl and those whdid not. However, the PCI group
had numerically highewalues, albeit nosignificant,in all measuredcomponents. Second, the
difference inthese metrics (step count; 9244 vs 7238VPA minutes; 54 \&9, and walked
distance; 4961 vs 447mYyemainedstatisticallynon-significanty differentbetween thePCIl and
control groupaup to three months after the procedur&€hird, there was a significant increase in
walked distance aftggrocedure in PCI and control groupsit this was nobbserved in othedaily
physical activitynetrics.Fourth,the change irwire-based FFRnd FFRumwere associated with
weak andnhon-significantcorrelatiors with change in PA. Finally, patiemtso received stents in
two vesselfiad higher overall change in daily step count (17% vs 2%) and per&ighéghbetter

in BMWT at follow up60 vs 4%¢han one vessel interventiortSBummary of the main findings is

shown in figure 4.14.
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Chapter 4

Control Physical activity PCI
L
8 | +7% Step count & Step count +9%
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2 : .
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0 = Steps = = Steps =

= MVPA = MVPA =

= 6MWD = = e6MWD =

No difference between the groups in all forms of physical activity
Improvement was only observed in the 6MWD for both groups

Figure4.14 Schematic summary of the findings from chapter four

4.4.1Physical activitgnonitoringin CC$atients

To the best ofny knowledge, this is the first study to evaluated objectively measure daily
activities with wearable technolodgllowing LHEPCIfor a prolonged periodn this work,24
patientswere monitored fothree months or more prior to their procedubeit a maximum of 90

days were included in the monitoriqmeriod (2.&0.75 months) This provides botkxtensive,

reliable and representative baseline information about the pa@ent I O (i A Bageling dafaS @St a

should be treated carefully ithese settingsespeciallyconcerning analysis of thresponse to
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intervention Inadequate baseline datamay result in an inaccurate or misrepresentative
evaluationof the change ifhe baselinemonitoringperiodwere too briefMoreover, bllowing the
procedure,despite including only three monthsjost patents were monitored for up to six
months (6.6t1 months) which also highligktthe feasibility ofPAmonitoringin CAD patients
Generally, patients were compliant with the instructions given ane their Fitbitt for most of
the time. A major issue wadata hygien& whichisparticularlynecessary ithistype ofwork This
term includes aspects suchamsecking wearing time aradtefactfree dayslt wastime consuming
to ensure data hygiendut it ensure that only dayswith error free >10 hours of wearing time
are included in the analysas described in the quality assurance secti@digure 4.2for more
details It is clearthat using commercially available fitness trackach as &itbit for monitoring
is feasibe and an objective way of quantifyinghysical activityfor prolonged period.
Furthermore usingactivity tracker was well received by the patients, and some patients have

stated that they will buy their own trackers ortbey end their participation ithe study

Device selection

In this study, | used the well validated fitness trackers (¥)tbithe Fitbit trackers have been
proven to be feasible for monitoring in multiple studies and in different condifiorenson et al.,

2015; Vetrovsky edl., 2020; St Fleur et al., 2020ne of the main reasons to elect this tracker
was its battery life, which can last for one week with one charge only. This provides more reliable
data collection due to the increased wedane and also more conveniencer fthe study
participants. Another reason is its simplicity, the trackers are designed adpawisthat only

shows time unless the user intentionally reach for the advanced settings. Due to this simple design,
these trackers are limited on the collectiagd downloading vital signs tirseries data (i.e. HR),

but only allow a view of HR intervals over the course of 24 hipuasidition it fails to measure

blood pressure, or detect arrhythmias, although these might not be very relevant for this study.
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4.4.2Quantifiable differences between PCI and control groups

The mean daily step count was numerically higher in the PCI group compared tosdontie
averaged period since recruitment until the proced(899 vs 7216 stepshut this 20%
difference was notstatisticaly significantThe PCI group mean daily step colaytbeyond the
suggestediaily step counthreshold(7500 stepsyvhich isassociated witlheduced cardiovascular
events(Houleet al, 2013; Leet al, 2019) The difference remainegon-significantat the end of
the analysis perio(P245vs 7233 stepsat three months) but the difference between the groups
increagdevery month, starting from a difference of 1483 stgp<0.36) at baselin® 2011 steps
(p=0.21)after three monthsSeetable 44 for moredetails It may be therefore, that the different
may have becomsignificantwith the passage of more tim8imilar tothe above, the difference
in daily minutes omoderate to vigorous physicattivitieswas not significanbetween groups
either at baseline (47 vs 32 minutes) or after three months (2Bwsinutes) Nonetheless, the
gap between the grouptended toincrea® over the monthsfrom 15 minutes between the
groupsat baselingo 25 minutes at three monthsAlthough the differencavas notsignificant, a
trend can be seen towards increased activity in thegRtip in both metrics. Furthermorkght
activities such as walking might be leassformedby PC] whereagatients may benéf more in
high-intensity activities, hence the close to significaneljoein time spent inMVPApost PCI.
Both groupsachieved asimilar 6MWD at baseline (p=0.10) and follow up (p=0ab@)no
significant difference was observed between the gréMsctional capacitiesalthoughboth
groupsachieved a greatedistance onaverage at follow up(+22 vs 85m) for PCI and control
group respectivelyTherefore, whst interventionmay result in some improvemeint functional
capacity,this may be nonsignificant(Chenet al, 2018; Stewaret al, 2018) In addition,the
increasein walked distancén both groups may be explained by th&earning effectwhich has
beenobservedn several disease stat€d/uet al, 2003; Belleet al, 2012) It can be argued that
cardiac rehabilitatiomay have influencetthe outcomes of physal activityanalysidollowing the
procedure, since it can be routinely prescribed following cardiac catheterisation procedures.
However,cardiac rehabilitation is mainly performed following acute cases (STEMI and NSTEMI).
Yet, it can be recommended eithby the cardiologist or the general practitioner for chronic

patients similar to the studied cohort in VIRF.UThough, due to COVID pandemic, cardiac
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rehabilitation appointment either took longer than the study involvement period or did not take
a place at all. Therefore, it is safe to assume that the 6MWT and physical activity performance

werenot influencedpostprocedure for this particular sample of patients.

4.4.3The changé physical activityollowingcoronaryrevascularisation
Until recently, tihas beerwidely acceptedhat PCI results imnimprovement inphysical activity
levels iINCCS patienfgis assessday exercise time or domains in questionnaifféariset al, 1992;
Weintraubet al, 2008) Converselydaily monitoring of physical activily this workfailed to
demonstrae anysignificam increase in activity levels up to three months following Wa¢ther
in daily step coundr in time spent in high intensity activities. This is an interesting finding, despite
invasive intervention andemonstrablyimproved (albeit hyperaemicgoronary blood supply to
the myocardium.The absence of a meaningful chamgiéwing PChgreeswith the ORBITA trial
findings(AlLameeegt al, 2018) In ORBITA, participants were blinded to thescpdure,andno
differencewas reported ineither (treadmill)exercise time (p=0.20), nduke treadmill score
(p=0.10) at sixveek follow upDespite the difference in the assessment sdr@tweenour study
and ORBITA, a similar messegemergingThiswas alsmbserved in the control group, \ighn
maintainedsimilar levels of activities despite the fact thiadse patients became awarinat the
narrowings in theiarteriesare not signifiant and were assessed with galdindardechnologies
It is worthhighlighting that these findings address PA in particalad are independent from
angina symptoms. Thereby, tmen-significantincrease in PA does not particularly constitute
failure to improve, because if similar activities can be achievedRgstvithout triggering an
angina episode, themmainreason for undertaking the procedunassucceededFurther analysis
about the relationship between PROMs and PA will be discusexinext chapter-urthermore,
angina medications did not change for the PCI and control groups except for one patient in the
latter group. Therefore, these findings in this chapter can be regarded as independent from any
medication changes and the PAsults are not influenced by the change in -amigjinal
medicationsFor the 6MWT, aignificantly increageost procedure was observed in the PCI group
(+5%, p=0.046)and control group (+9%, p=0.3et no meaningful difference in the walked
distance betwen the groups was observed at baseline or at follow up (p*@%n patients
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were stratified into three groupsf control, one vessel and two vessel interventions, all groups
walked similar distances (p>0.5) and had similar lefelsangg+9% vs +4%w#6%, p=0.54The
divergentfindingsin daily monitoring and 6MWT mapossibly beexplaired by the effect ofa
‘controlled environmentactivity test (i.e. 6MWTather than steps at honeAlso, it might be the
casethat patients believe that they should perform better because they hadan intervention

or are not at high risk if they were told they wat need an interventionBlinding the patient$o
outcomes, as donan ORBITAmay have overcomthis uncertainy. Another justification is the
learning (training) effect as mentioned the previous sectignby the time the 6MWT was
completed at follow up, a total of four tests were conducted which made patients more familiar
with test allowing them to perform bett. In previous work, it has been reported that even in
healthy volunteerssignificant levels of increased walked distaweee reportedbetween same

visit BMWT (p<0.001) arat baseline véwo-month follow uptests (p<0.05§Wu., 2003)

4.4.4The relationship between disease severity phgsical activity
In this chapter, the number of treated vessar{trol vssingle vs double) was used as a method
of dratifying the patients in addition to FAHRFRumand the change in FFBn theone handthe
physical activity idaily living did not differ significantly between the growpsetherin regards
to daily extra steps after interventioor intime spent in MVPA. However, itgerhapsworth
noting thatwhen compared with averaged three months pre procedure (baséfiaejumber of
daily steps remained exactly the same three mopitts pocedurein the control (/%9 andone
vessel299 groups whereasit increased by 131@3%)in thetwo vessel group (p=0.03)his was
the only significant improvement in daily activity metiicall of theanaly®sin this study.The
single vessel groupsnt more time in minutes of MVPA compared to the control group (p<0.05)
in each month post PCI, but this was not observed between one vs two vessel intervention nor in
control vs two vessel interventioAlternatively, theGMWD did not significantly diffdoetween
the groups at baseliney at follow up, with simildy minimalchange 9% vs4% vs 6%) farontrol,
single and double vessel interventipmespectively. Although the difference in the walked
distances between the group&as not significathy different at baseline (p=0.11) and at follow up
(p=0.23) the single vessel group walkad extra 52m at baseline comparé¢a the two vessel
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groupandan extra91lm compared to the control grouBoth FFR and F&Rifailed to explain any
trends in the activity measure€orrelations were weak or diminished except for the change in
FFRor the PCI groupnd the change in daily step count. Although the finding was not statistically
significant, a trend towards largenanges in daily step coummt associationvith small changes in

FFR (r6.28, p=027) was observed. However, conclusion cannot be drawet it might be an
interesting area to explor@erhaps an FFR of > or <0.80, as one might expect (being a hyperaemic
measurement), has more relevance to maximal effort, such as that seen on a treadmill, than to
daily living, such as the number of steps undertaken or a distance walked (rather than run). In a
society in which maximum exercise is a rarity, pertthpsinterentionist's concept of the
physiological threshold does not accord with real life. This hypothesis may accord with @RBITA, i
which the results of exercise testing did not show increase in time as a response to PCI more than

the placebo procedure

4.4 5Limitations

The main limitationof this studyis that the targeted populatiomas of limited sizeThis is

particularly important because thenagnitude of the parameters measured ved greatly

between individuals. For example, two patients efrailar agewho both needed stents in two

vesselshad a baseline daily step count@d79and 20921 steps a dayespectivelylt is also

possible that the group were in some way unrepresentative of the group of patients with CCS as a

whole. As in the GRTA study, it could also be possible that the frequency and quality of

physicianly input by the research fellow to both groups, and throughout, may have eroded any

measurable differences either between groups, or over titklitionally, the selection teria

g1 & NBAUNROGSR AY LINAYOALX S RdzS (2 (GKS ySSR

daily physical activity. However, this could be understandable as the total recruited patients for

the study was modest. Yet, a more generalised shdyding participants with mobility aids may

be needed to understand the change in all types of CCS pateither weakness was that the

control group were not truly 'blinded’ to their procedure. Althowgly underwent a procedure

which was 90% sirail to the PCI patients (premedication, the same datigation laboratory,

arterial catheter insertion, angiography, pressure wire insertion, adenosine administration,
171



aftercare), they were aware whether or not they had received a dttawever, if thihiad been

an important influence, one would have expected the PCI group (or perhaps both groups) to show
evidence of posprocedural improvement, which they did néis regards general applicability of

the methods, somelder patients donot haveaninternet connection at homeand thesecould

not be includedwhich may have biased the samerthermore some participantsvere not
familiar with the technologyused. This problemhowever,was solved bymultiple visits for
troubleshooting whichis ckarly not practical for large scale studiddditionally, eme 6MWB

were cancelled due teestrictions during th€ OVIEL9 pandemic, which coincided with this work

4.5 Conclusion

Daily physical activity for patients who suffer fré@Svith flow-limiting diseasgaccording to the
standard definition of FFR<0.&pes not appear to significantly improve after receiving or

more stents. This was also observed in patients who underwent fomitHaut PCI. Moreover,

no difference was observed when bailhoups were compared iretms of changeover three
months. Additionally, disease severity does not seem to have an explanatory role in understanding
the levels of change after treatment. Finally, anlsubgroup opatients who had stents in two
vessels stwed significant and gradual improvement towards the third mdaginther analysis to
explore the relationship between physical activity, angina and quality aftéfenterventionwill

be conducted in chapter five.
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Chapterfive: Patientreported outcomes measures (PROMSECS
patients

5.1 Introduction

CCSsassociated wittiMACEateswhichare substantially lower comparadth ACSIn a meta
analysis that included 5457 patients, it was shown that CCS patients havealesefall-cause
mortality, recurrent Ml and revascularisatiafter deferralcomparedwith ACSatients on the
basis ofan FFRguidedrevascularisatiostrategy(Liouet al, 2019) Therdore one of the main
reasons to undertake PCIGC patientsis to reliveangina symptomand, subsequentlymprove
quality of life rather than prevent adverse eveniifferent measures are being used to assess
symptoms, quality dife and health state in generand these can be either patient reportedd.
the Seattle Angina Questionnaire) or physician reported).(Canadian Cardiovascular Society

classification system for angina)

In this work, three patient reported outcomeseasures (PROMs) were used, namely EuroQoL
(EQ5D), ShorForm12 (SFL2) and Seattle Angina Questionnaire (SARE ECbDisone of the
most usedhealth status instruments) research,and has been translated into more than 170
languageslt consists ofive dimensions that all together can be scored and health status can be
identified. These domains areahility, selfcare usual activitypain and discomfortandanxiety

and depressionThe main objectivéhat EQ5Dwas been built to fulfivasto valueand describe

the healthrelated quality of life by developing a generic measurer(i@avlin and Brooks, 2017)
TheSF36was first introduced ithe early 1990s to be used in clinical practice, general population
surveys and researctBrazieret al, 1992) However, a shter version was later developed
consisting of 12 questions with an objective of reproducing similar outcomes of the 36 questions
instrument with less questions, and therefore shorter completion tifweo specific summaries
can be producedby completingthese questionswhich arephysical component summa(CS)
scoreand mental component summafMCS)score(Ware, Kosinski and Keller, 1998)e post
infarction care study reportedstrongcorrelation between the SE2 andSF36 in CAD patients,
(r=0.96, p<@O1) for both PCS and MCG&d was responsive to chanfuller-Nordhorn, Roll

and Willich, 2004)TheSAQ is considered the most commonly ugeestionnairein cardiology
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research A unique and important characteristic of tRROMs its disease specificity for CAD.
Moreover,SAQ is a seffdministered instrument that consists of 19 questions to quantify retevan
domains to chest pain chest tightness and shortness of hr&& domains include physical
limitation, angina frequencgyangina stability, treatment satisfaction and quality of life, all in
relation to anginarhis instrument can quantify relevant treatment objectives in CAD which makes
it an appropriate endpoint for clinical investigations. The earliest study showedatorre
0SGsSSy (GKS FTAGS RAYSyaizya IyR GKS LI GASyGQa
subtle clinical changes as seen in angioplasty and outpatiesfsectivel\{(Spertuset al, 1995)
Furthermore, a UK version of SAQ was introduced, and tested among differeniNGRis Hast
England to assess validity, reliability and responsiveness. B&b BQd SE2 were used to
validate SAQ, and the findings suggested moderated to strong correfatibniomaingGarratt,

Hutchinson and Russell, 2001)

All threequestionnairehiave beerused in landmark C@#ls. Forinstancethe FAME2 trial used
EQ5D and demonstrated significanimprovement in quality of life in the FgRided PCI group
compared with standard card’he RITA2 trial used SB6, and showeda higherPCS score
improvement in the PCI grogompared with thanedical therapygroup. Other trials have used
both generic and disease specifietrics. he COURAGE trialan examplén whichboth SF36
and SAQuere utilised Similar to the previous triglgreater improvement iboth symptoms and
physical limitationvere reported irthe PCI groupompared with the medical therapy gradfhe
ORBITAial, which was of a different desigio(ble blinded, as well asndomisedandplacebo
controlled), used SAQ and E&D, andwas the firsto assess the placekbeffect ofa procedure
(PClor sham) ORBITAowever,did not reportan improvement in the PCI group compared with
the placebo grougAlLameeet al, 2018) Althoughfreedom fromangina wagnore commonn
the PCI group compared to the placegyoup(one in five at follow uppther domains in SAQ and
EQ5D were nosignificantly different between the groupsth respect tothe change from pre
randomisationto six weeksfter the procedurgp>0.05) The lessontearnedfrom ORBITAre
importantfor the inteventional cardiology communityhe first is that improvement in response
to PCI is not as great as expectrud infactit was notstatisticallysignificanly differentbetween

the PCI and placebo groupfespitethe reported improvement in coronary phgkgy metrics
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The second wade re-evaluaton of our understanding abouthe relief ofangina symptoms
becuse angina appears to be more complran simple relief of physical symptomis this
chapter, | aim to investigate the changeyeneric and disease specIROMs in response RCI

and to evaluate health statnd angina symptomaith disease severiipm CCS patients

5.2 Methods
5.2.1 Study population

Patient screening and recruitmiewas described earlier (see section 2.2 brief, patients had
a CCand were on the waiting list for coronary angiography with a view td°Bt#nts who had

CABG were excludeds didhose who did not completedlajuestionnaira.

5.2.1Patient reported outcome measur§BROMPB

Each patient completed a combination of generic and disease specific questiodnaingsa
home visit intended for recruitment (baseline). After three months of haweiy procedure
repeat questionnaires werempletedduring a hospital vistb the firstfollow up Patients were
alsoinvited for another visit six months pestocedure to complete a second follow up and end

study participation. However, only the first follow up questionnaires were used im#ysia due

to time limitation Furthermore, the second follow up questionnaires will be used in future analysis

looking at longeterm (six months) changes following HRCIAt each time pointhe EuroQaok
(EQ5D5L) and the Optuma (Medical Outcomes ShHo Form SHA2v2®) generic health

guestionnaires wereompleted Additionally, the Seattle Angina Questionnaire (SAQ) [United

Kingdom version], provided B»Outcomes Instruments, LLC veasnpletedto measure disease

specific patient reported outcomes. Aliree questionnaires address quality of life, physical

limitation and mental health based upon different perspectives and scoring methods. Each domain

utilised the recommended scoring method provided by EuroQoL, Optum and Outcomes

Instruments. Licences weeobtained specifically for this studyppendix3).
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5.2.2Measurement of general health status

EQ5D

Patients were asked to report their general quality of life by describing their loeattte specific

day ofcompleting thequestionnairejn five domains (mobility, usuattivity, seHcare, pain or

discomfort and anxiety or depression) and five legkkeverity (no problems, slight, moderate,

severe and unable or extreme). An additional visual analogue scale (VAS) was also provided as a
YdzYSNRA OFf NBLNBaSyillGdAzy 27F Llaiekedtheivasthedlth y OA S
you can imagingb 100labelled'the best health you can imagin&ee Appendix AB).

Scoring E@D

Two main scores were generated fr&@®5D. The first was the VAS score which consstine
patientgeneral view of how they feel. The second wasEhglandindex value which was
generated basedpon patient§2esponse to each domaf{bevliret al, 2018) The scoring method

is basedupon a 20parameter model which weighs each answer to each dimension differently.
The maximum achievable value is 1.0 and the minimuéh285dependingupon statusprofiles

that were built based on responseshe model described by Dewihal weighs the pain as the
highest influencing factor on the index valolowed by the mental stateéSet values for each

response is shown in table 5.1

Table5.1 EQ5D England index value model of domains and responses

No problems  Slight  Moderate Severe Unable
Mobility 0 0.058 0.076 0.207 0.274
Selfcare 0 0.050 0.080 0.164 0.203
Usual activity 0 0.050 0.063 0.162 0.184
Pain and discomfort 0 0.063 0.084 0.276 0.335
Anxiety and depressior 0 0.078 0.104 0.285 0.289

176



SF12

Patients were asked to report their views on health based upon their current status and the last
four weeks in general. The shdotm, 12 items, instrument was used to measure functional status

in terms ofphysical and mental components. A set of 12 doastdistributed among eight health
domainstargeting physical abilities and expectations, pain, vitality, dacietioning emotions,
mental and general healtfSee Appendix 3.BBy answering these question a calculation of

physical and mental summasgorescan be completed

SF12 Scoring

Patient responses were entered into dedicasaftware (PRO CoRE 2.0 Smart Measure®ent
System), SF12v2® Health SurveyPhysical component summary score (PCS) and mental
component summary score (MCS) are generated based on the responses. Higher scores indicate

better health status.

5.2.3Measurement of disease specific health status

SAQ

Participants were asked to commed diseasaspecific questionnaire. The questionnaire consists
of 19 questions, aiming to quantiphysical limitation, angina status and quality of IX#é the
guestions are designed to be directly related to anginhe form of chest pain, chest tigiess
and shortness of breatturing the last four weekSee Appendix 3.3 UK version was liceed

and used for this stud{Garratt, Hutchinson and Russell, 20@yutcomes Instruments, LLC,

supplied the scoringstructions

SAQ Scoring

Each domain was scored according to the official Outcomes Instruments, LLC scoring instructions.
A princi@l equation was used for all domajthe main difference being the number of possible
responsesEachdomain is scored separately, on a scal@-400, where higher scores indicate

better health status.

177



For domains with five possitd@swersthe following equation was used:

o a en o o s s o0 QOIEEQE N E PiQ
OCeawQ@aadaawiwe | QAT -

For domains witlsixpossibleanswersthe following equation was used:

o a men o o s s o0 QOIEEQL N E PiQ
OCeawQ@aadaawiwe | QAT 5

5.2.4 Change in physiology

Change in FFR was calculated as:

If no intervention, a value of 0% was given

oy .
If one vessel:——ap T TT

If two vessels: Gp T TT

Change in FlcBuwas calculated as:

5.2.4 Statisticadnalysis
Data were reported as means, standard deviations and percentages unlessastetedse.
Histograms were used to display frequency of variables and bar charts to demonstrate differences.
Unpaired t test were used to comparéhe summary scores of tHeCl and control groups, and
paired t tests were used to compare the change @achdomain summary scor@ individual
patientsafter LHEPCIOneway ANOVA was used to assess statistical difference between control,
single vessel and two vesseterventions.t S NE2y Qa O2NNBtF A2y 41 &
relationship between disease\gerity andPROMSs, and the relationship between the change in
reported physical limitation and measured physical acti@aphPad Prism (9.4.1) was used for
statistical analysis.
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5.3Results

5.3.1 Patient characteristics

Forty patients who were planneéd undergo elective LHBCI were recruited in this studgd all

completed baseline questionnaires at baselBigpatientsdid nothavethree months follow up
guestionnairedor the following reasongwo undewent CABGthree were unable to meet for

follow up assessmerand one patient did not undergo LEHRTI at the time of the analysill

remaining34 patients underwent LHC, of whi@B had PCI in one (43) or two (n<0) vessels.

The patients without revascularisation (n=11) comprised the 'corgroup, because they

received all the assessments, and an invasive procedure, including pressure wire measurements

in all relevant vessels, but without stent implantation: G A Sy 1 a Q OKF N} OGSNA a (A
5.2.

Tableb.2 Baseline characteristics

Patient characteristics 34 Percentage '21%&[;1)
Age 65 (£8)
Male 28 829%

Female 6 18%

Smoking status
Current smoker 3 9%
Exsmoker 20 62%
Norrsmoker 10 29%
Risk factors
Hypertension 22 64%
Hyperlipidaemia 11 32%
Type 2 Diabetes 4 12%

Procedural outcomes
Underwent PCI*

Yes (PCl group, 23 68%
No (Control 11 320
group)
Single vessel intervention 13 57%
Double vessel intervention 10 43%

PCl=percutaneous coronary intervention
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5.3.2 PROMS for patients undergoing £

Three questionnaires were assessed separ#&telyhe full cohort Starting withgeneral health
guestionnaires, the mean E&D UKndexvaluewas 0.7%0.18[range0.07to 1.0l and the EQ/AS
was 72+14 [range 40 to 108pth at baselineAfter three months, these values increased to
0.83£0.17 9%, p=0.10) and 75x20 3%, p=0.49) for E®D UKindex value and EAS
respectivelyFigure 5.1)Similarly, this was done for the-8E in whichthe physical component
increasedminimallyfollowing the proceduré42.3+10 vs 448+12,5%,p=0.03) but no difference
was observed in the mental compone@®.3t10 vs 5@+9, +2%, p=0.51)(Figure 5.2)With
regards to angina, SAQ scores for the full cohort were as follows; physical lirdiati@in(67+21
VS 78+19+16%p<0.M1), QoL domaind(+25 vs 70+23+70% p<0.M01) and angina frequency
domain (8+25 vs 89+15+40% p<0.0M1) (Figure 5.3)The numbe of patients who reported to
be angina free watsvo (6%) at baseline and 19 (56&t¥ollow up

EQ-5D visual analogue scale at baseline for EQ-5D visual analogue scale at three-month
both groups follow up for both groups
10 10
> 8 _ 8
5 6 =
A3 B g
e =
“z alnl M=, - alM.
oo - ol M m- A
35 40 45 50 55 60 65 70 75 80 85 90 95 100 35 40 45 50 55 60 65 70 75 80 85 90 95 100
VAS VAS
OControl mPCI OControl mPCI
EQ-5D UK index value at baseline for both groups EQ-5D UK index value at three month follow up

16 for both groups
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EQ-5D index value EQ-5D index value
OControl WPCI OControl MPCI

Figureb.1 Full cohort frequency distribution demonstratingdBascores at baseline and at thraenth follow up

PCI (Black) and Control (WhiEeN.P dzlrd@n&y scores using VAS tool are shown at baseline (A) and at
follow up (B). Likewise but using-EI®UKindexvalue at baseline (C) and at follow up (D)
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Physical component (SF-12) at baseline for both Physical component (SF-12) at three-month follow

groups up for both groups
12 12
10 10
g8 g8
AgS B & °
g ; I E ; I H
2 2
Al 1.l IHisiefS.. 2 - -
15 20 25 30 35 40 45 50 55 60 65 70 75 15 20 25 30 35 40 45 50 55 60 65 70 75
PCS score PCS score
OControl WPCI OControl MPCI
Mental component (SF-12) at baseline for both Mental component (SF-12) at three-month follow
groups up for both groups
12 12
10 10
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3 6 3 6
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2 2 al'L
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15 20 25 30 35 40 45 50 55 60 65 70 75 15 20 25 30 35 40 45 S50 55 60 65 70 75
MCS score MCS score
OControl MPCI OControl WPCI

Figure5.2 Full cohort frequency distribution demonstratingl3Summary scores at baseline and at thremth
follow up

t/ L o0.flFO10 I yR /hysigaliod@Bpbnent suirhaiySdore at N alirieldAPand. at follow
up (B). Mental component is demonstrated in (C) at baseline and in (D) at follow up
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Figureb.3 Full cohort frequency distribution demonstrat8iyQhree domains summascores at baseline and at
threeemonth follow up

Frequency of physical limitation scores are shown in (A) at baseline and (B) at follow up. In the second row,
quality of life scoreare stacked at baseline (C) and at follow up (D), and finally, angina frequency is shown
at baseline (E) and at follow up (F). Black bars represents PCI group and white bars represent control

group
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