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ABSTRACT
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DOCTOR OF MEDICINE BY RESEARCH MD (Res)
CORONARY CHRONIC TOTAL OCCLUSIONS AND COLLATERAL CIRCULATION:
PHYSIOLOGICAL IMPACT OF PERCUTANEOUS CORONARY INTERVENTION
SHAH RIZAL MOHD NAZRI
February 2020
Introduction: Coronary chronic total occlusion (CTO) is common and is present in a
quarter of all patients with obstructive coronary artery disease. Coronary physiology
guided-percutaneous coronary intervention (PCI) with fractional flow reserve (FFR)
and instantaneous-wave-free ratio (iFR) improve outcomes. However, in the
presence of a CTO, donor vessel FFR is influenced by the collateralisation to the
CTO territory making the decision-making process for complete revascularisation
challenging. Furthermore, the physiological impact of CTO PCI and the influence of
collateral regression upon donor vessel and CTO vessel resting indices (Distal
coronary pressure/Aortic pressure (Pd/Pa) and iFR) and FFR are unknown making
the indication and / or timing of donor vessel revascularisation and CTO vessel
optimisation challenging.
Methodology:(i) In patients with CTO of the right coronary artery (RCA); resting
Pd/Pa, iFR and FFR were measured in donor vessels pre-CTO PCI, immediately
post and at four months follow-up. (ii) In patients with CTO of the RCA; resting
Pd/Pa, iFR and FFR were measured in the RCA CTO vessel pre-CTO PCI,
immediately post and at 4 months follow-up.
Results:(i) Successful recanalisation of a RCA CTO resulted in a modest yet
significant increase in the predominant donor vessel coronary pressure-derived
indices immediately post CTO PCI in the case of iFR and at four months follow-up for
resting Pd/Pa, iFR and FFR compared to baseline, accompanied by a concomitant
reduction in collateral function. (ii) Successful recanalisation of a RCA CTO resulted
in a significant increase in Pd/Pa, iFR and FFR immediately and at four months
follow-up compared to pre-PCI. However, only FFR increased significantly at four
months follow-up compared to immediately post-PCI.
Conclusions: These results have implications for physiological coronary lesion
assessment in the presence of a CTO, the timing of the assessment and subsequent
revascularisation in this setting. iFR and FFR may be used to document
improvement in the CTO vessel coronary haemodynamics post-CTO PCI and guide
the decision-making process for stent optimisation following CTO PCI.
Key words: chronic total occlusions, percutaneous coronary intervention, collateral
circulation, fractional flow reserve, instantaneous-wave-free ratio, coronary pressure.
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Overview
Coronary chronic total occlusion (CTO) is common with the reported incidence of
26.4 % in patients with obstructive coronary artery disease (CAD). Contemporary
treatment for CTOs has improved with the advancement of medical technologies
enabling a higher success rate of CTO percutaneous coronary intervention (PCI)
treatment. Importantly, multivessel disease is present in up to two-thirds of patients
with a CTO. Therefore, patients with CTOs present as a common management
dilemma to clinicians. There are several challenges that clinicians face in managing
patients with CTOs which include the decision-making process for complete
revascularisation, identifying ischaemia producing lesions and subsequently
choosing the mode of revascularisation either between a percutaneous coronary
intervention (PCI) or coronary artery bypass surgery (CABG).
Coronary physiology with both instantaneous-wave-free ratio (iFR) and fractional flow
ratio (FFR) can help clinicians to identify ischaemia producing coronary lesions,
guide the revascularisation decision-making process and improve the overall
outcome. However, in the presence of a CTO, there are a number of factors that can
affect coronary physiology status which include: 1) collateral donor vessel donation
to a CTO territory; 2) collateral regression following successful CTO PCI; 3) the
influence of collateral regression on coronary physiology indices and 4)
haemodynamic changes in the target CTO vessel following CTO PCI. The data
around this topic is limited. Previous case series and studies suggest that collateral
donor vessel FFR improves following CTO PCI. The question remains whether
collateral regression following CTO PCI influences the donor vessel physiology at
follow-up study and how does this alter the functional significance of the donor vessel
and subsequently the revascularisation strategy undertaken. Furthermore, we have
no data on the immediate and short-term physiological impact of CTO PCI on both
donor vessel and target CTO vessel on resting indices such as iFR.
In this thesis, firstly I will investigate the immediate and short-term physiological
impact of CTO PCI upon collateral donor vessel on both resting (Distal coronary
pressure/aortic

pressure

(Pd/Pa),

instantaneous

wave-free

ratio

(iFR)

and

hyperaemic fractional flow reserve (FFR) physiological indices. Secondly, I will
investigate the immediate and short-term physiological impact of CTO PCI upon

xxv

target CTO vessel on both resting (Pd/Pa, iFR) and hyperaemic FFR physiological
indices. Thirdly, I will also assess the influence of collateral regression on donor and
CTO target vessels coronary pressure-derived measurements following successful
CTO PCI. The over-arching goal of this thesis is to better understand the applicability
and interpretation of coronary physiology in the setting of CTO PCI to help clinicians
manage these patients better.
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Chapter 1 Introduction

Part of this chapter includes the findings reported and published as:
Mohdnazri, S.R., Keeble, T.R. and Sharp, A.S., 2016. Fractional Flow Reserve:
Does a Cut-off Value add Value? Interventional cardiology (London, England), [ejournal] 11 (1), pp.17-26. 10.15420/icr.2016:7:2 [doi].
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Background: Coronary Artery Disease (CAD): Definition, Epidemiology,
Presentation and Prognosis
Cardiovascular disease (CVD), which encompasses coronary artery disease, is the
leading cause of mortality worldwide (GBD 2013 Mortality and Causes of Death
Collaborators, 2015; Roth, et al., 2017). CVD is usually referred to the pathological
process affecting the entire cardiovascular system and not only limited to the heart.
These include coronary artery disease, cerebrovascular disease, other heart
diseases, diseases of arteries, arterioles and capillaries, hypertensive diseases and
other diseases of the circulatory system (Bhatnagar, et al., 2015). CVD presents a
major healthcare challenge worldwide and in the United Kingdom. In the United
Kingdom in the year of 2012, CVD was the second most common cause of death
(28% of all cause death) after cancer (29 % of all cause death). When analysed by
gender, cardiovascular disease was still the most common cause of death in women
(28% of all female deaths) and the second most common cause of death in males
(29% of all male death due to all cardiovascular disease) after cancer (32 % of all
male death) (Bhatnagar, et al., 2015). More recently, although the trends of CVD
mortality in the UK has declined notably for both men and women while hospital
admissions have increased despite no overall change in the prevalence of CVD
(Bhatnagar, et al., 2016). Therefore, CVD has a significant impact on the healthcare
system in providing care for patients with cardiovascular conditions who are now
living longer as a result from medical advancements over the last decades.
Coronary artery disease (CAD), which is sometimes called coronary heart disease
(CHD), is defined as a pathological process characterised by atherosclerotic plaque
accumulation in the epicardial arteries, whether obstructive or non-obstructive
(Knuuti, et al., 2020). The aim of treatment for CAD is to achieve disease stabilisation
or regression of CAD. Furthermore, CAD presents challenges to healthcare providers
in identifying patients at risk of developing a major cardiovascular event.
CAD clinical presentations can be characterised into two broad terms, either acute
coronary syndromes (ACS) or chronic coronary syndromes (CCS) (Knuuti, et al.,
2020)CCS is generally characterised by episodes of reversible myocardial
demand/supply mismatch, related to ischaemia or hypoxia, which are usually
inducible by exercise, emotion or other stress and reproducible—but, which may also
be occurring spontaneously. Such episodes of ischaemia/hypoxia are commonly
associated with transient chest discomfort, which is commonly referred to as angina
pectoris (Task Force Members, et al., 2013). The transition from stable coronary
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artery disease/ stable angina to unstable angina/ acute coronary syndrome (ACS) is
a continuum, without a clear boundary and often overlaps in the clinical presentation
and practice guidelines (Task Force Members, et al., 2013).
The main clinical presentations of CCS include (Knuuti, et al., 2020):
(i) Classical chronic stable angina symptoms, and dyspnoea;
(ii) Patients with new onset heart failure or left ventricular (LV) dysfunction;
(iii) Asymptomatic and symptomatic patients stabilised symptoms <1 year after an
ACS or recent revascularisation;
(iv) Asymptomatic and symptomatic patients > 1year after initial diagnosis or
revascularisation;
(v) Patients with angina and suspected vasospastic or microvascular disease;
(vi) Asymptomatic subjects in whom CAD is detected at screening
ACS is a clinical syndrome characterised by acute chest pain. Based on the
electrocardiogram (ECG), patients with acute coronary syndromes can be further
subdivided into two subgroups which include the following (Authors/Task Force
Members, et al., 2015).:
1) ST-elevation ACS - Patients with acute chest pain and persistent (>20 min) STsegment elevation.
2) Non-ST-elevation ACS (NSTE-ACS)- Patients with acute chest pain but no
persistent ST-segment elevation.
For the purpose of this thesis, the discussion refers to patients with CCS unless
specified otherwise.
The challenge faced by the clinician is to identify patients with coronary artery
disease in order to offer treatment to eliminate their symptoms, improve outcomes
and reduce the risk of developing a major cardiovascular event. In a large
Prospective Observational Longitudinal Registry of Patients With Stable Coronary
Artery Disease (CLARIFY) study (Steg, et al., 2014), of the 32 105 patients included
with stable coronary artery disease, 4056 patients (20.0%) had anginal symptoms
and 5242 (25.8%) had evidence of myocardial ischaemia based on results from noninvasive testing. Interestingly, of 469 cardiovascular (CV) related deaths or
myocardial infarctions, 58.2% occurred in patients without angina or ischaemia,
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12.4% in patients with ischaemia alone, 12.2% in patients with angina alone, and
17.3% in patients with both. The hazard ratios for the primary outcome relative to
patients without angina or ischaemia and adjusted for age, sex, geographic region,
smoking status, hypertension, diabetes mellitus, and dyslipidaemia were 0.90 (95%
CI, 0.68-1.20; P = 0.47) for ischaemia alone, 1.45 (95% CI, 1.08-1.95; P = 0.01) for
angina alone, and 1.75 (95% CI, 1.34-2.29; P < .001) for both. Similar findings were
observed for CV-related death and for fatal or non-fatal myocardial infarction. These
findings suggest that angina symptoms appear to be associated with an increased
risk for adverse CV outcomes. However, most CV events occurred in patients without
angina or ischaemia. Therefore, this subgroup of asymptomatic patients with
coronary artery disease is challenging to manage.

Investigation modalities for suspected coronary artery disease (CAD)
There are various methods of investigations for chest pain for suspected coronary
artery disease as summarised in (Table 1.1). These investigation tests can be
broadly divided into non-invasive and invasive tests.

1.2.1. Non- invasive ischaemia tests
There are currently various methods of non-invasive ischaemia tests that are
available as outlined in (Table 1.1). The use of non-invasive tests in the clinical
setting depends on many factors such as the local availability of the test, expert
interpretation and physician preference.
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Table 1.1 Summary of investigation modalities for chest pain due to suspected
coronary artery disease

NonInvasive
Tests

Invasive
Tests

Types

Advantages

Disadvantages

ECG

Low cost
Widely available

Limited information in
stable disease

Echocardiogram

Low cost
Widely available

Stress echocardiogram
(Figure 1.1)
Myocardial Perfusion
Scan (MPS) (Figure 1.2)
Cardiac MRI

Low cost
Functional assessment
Functional assessment

Operator dependant
Ultrasound (US) window
dependent
Operator dependant
US window dependent
Radiation

Stress MRI

CT Calcium Score

Viability
Functional assessment
Good correlation with
FFR
No radiation
Easy to quantify

CT Coronary Angiography

Anatomy

CT-FFR

Physiology

PET scan
Coronary angiogram
(Figure 1.3)

Blood flow quantification
Microvascular
dysfunction identification
Anatomy
Widely available

Quantitative Coronary
Angiogram (QCA)

Anatomy
Widely available

FFR
Invasive
coronary
physiology

iFR

CFR

IMR
IVUS
Invasive Intracoronary
imaging

OCT

Viability
No radiation

Physiology
Robust outcome data
Resting physiology
Good correlation with
FFR
Equivalent outcome
data to FFR
Quantify blood flow
Epicardial and
microvascular
dysfunction identification
Microvascular
dysfunction identification
Detailed anatomy
Plaque morphology
Detailed anatomy
Plaque morphology

Limited availability
Contraindication
Contrast risk
High Cost
Limited availability
Contraindication
Contrast risk
High cost
Only for screening
purposes
Arrhythmias
Radiation
Contrast risk
Limited availability
Radiation
Contrast risk
Not widely available
Radiation
Radiation
Contrast risk
Poor correlation with
physiology
Poor correlation with
physiology
Needs hyperaemic agent
Vendor specific

Not widely available

Not widely available
Expert interpretation
Not widely available
Expert interpretation
Not widely available
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a)#DSE#at#baseline#

b)#DSE#at##30mcg/kg/min#of#dobutamine#

Figure 1.1 Example of dobutamine stress echo (DSE) in clinical practice:
(a) DSE at baseline.
(b) DSE at 30 mcg/kg/min of Dobutamine which showed a significant inducible
ischaemia in mid to distal anterior wall (white arrows).

Myocardial*Perfusion*Scan*

Figure 1.2 Example of Myocardial perfusion scan in clinical practice:
A myocardial perfusion scan demonstrating moderate ischaemia in a localised area
of the LV apex (white arrows).
Computed tomography coronary angiogram (CTCA) has been available to clinical
practice for over the last 5-10 years. In a study comparing the performance of CTCA
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versus invasive coronary angiogram (ICA), a total of 230 subjects underwent both
CCTA and ICA (59.1% male; mean age: 57 ± 10 years). On a patient-based model,
the sensitivity, specificity, and positive and negative predictive values to detect ≥50%
or ≥70% stenosis were 95%, 83%, 64%, and 99%, respectively, and 94%, 83%,
48%, 99%, respectively. It has a high sensitivity and negative predictive value (NPV)
for excluding significant CAD (Budoff, et al., 2008). However, given the previous
knowledge of anatomical-physiological discordance, and FFR being regarded as the
gold standard due to its wealth of outcome data, expectedly CTCA did not correlate
well with the functional assessment of FFR. The correlation of Quantitative Coronary
Computed Tomography (QCT) and Quantitative Coronary Angiography (QCA) with
FFR measurement was weak (r= −0.32, r= −0.30, respectively). The correlation
between QCT and QCA was significant, but only moderate (r = 0.53; p < 0.0001)
(Meijboom, et al., 2008).
Recently there has been advancement in the field of non-invasive ischaemia testing.
In order to overcome the anatomical limitations of CTCA over the invasive FFR
measurements, computed tomography perfusion (CTP) and computed tomography
fractional flow reserve (CT-FFR) were developed. In a meta-analysis of diagnostic
performance of CTCA/CCTA, CTP, CT-FFR versus invasive FFR (Gonzalez, et al.,
2015), CTA demonstrated a pooled sensitivity of 0.92, specificity 0.43, positive
predictive value (PPV) of 0.56, and negative predictive value (NPV) of 0.87 on an
individual level. CT-FFR and CTP increased the specificity to 0.72% and 0.77%,
respectively (p = 0.004 and p = 0.0009) resulting in higher point estimates for PPV
0.70% and 0.83%, respectively. There was no improvement in the sensitivity. CTFFR and CTP appear to increase the sensitivity of CTCA/CCTA for detecting
functionally significant coronary artery stenosis when compared to invasive FFR.
This is a promising finding as potentially this will lead to reduced reliance on invasive
coronary angiography and therefore it has implications on health economics and
complications associated with invasive angiogram/FFR. However, CT-FFR and CTP
are not widely available clinically. Further research is needed in this area and
outcome-based randomised trials are needed to compare the new CT-FFR and CTP
techniques with the current “gold standard” invasive FFR.
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Invasive Ischaemia Tests
1.3.1. Coronary angiography
Coronary angiogram which is outlined in (Figure 1.3), which is an invasive test, is
traditionally the most widely used test to investigate patients with chest pain for
suspected CAD and it remains the gold standard investigation modality for these
patients. Coronary angiogram gives information about coronary luminal stenosis and
the estimated stenosis percentage by visual assessment. However, the relevance of
CAD in patients with stable CAD on ischaemia and outcomes is not limited to luminal
stenosis and stenosis percentage alone.

a)#Le&#Coronary#system:#LMS,#LAD#and#
LCX#

b)#RCA##

Figure 1.3 Coronary angiogram illustrating coronary arteries
(a) Left coronary system showing left main stem (LMS; red arrow), left anterior
descending artery (LAD,yellow arrow), left circumflex artery (LCX) (green arrow) .
(b) Right coronary artery (RCA): Dominant with 50 % proximal stenosis and 40 %
mid-vessel stenosis (white arrows).

In addition to coronary artery stenosis on coronary angiography, there are other
factors that have to be taken into account when assessing a coronary artery
stenosis. These include (1) invasive functional-significance physiology parameters
(eg fractional flow reserve (FFR), coronary flow reserve (CFR) (Figure 1.4) that
delineate which lesion is severe enough to cause ischaemia, (2) plaque morphology
and characteristics (intracoronary imaging e.g., intravascular imaging (IVUS), optical
coherence tomography (OCT)) that gives information about stability of a lesion, and
(3) viability of the particular segment supplied by a particular coronary artery lesion
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that can be detected by a non-invasive technique (e.g. Cardiac MRI (CMR)).The
overall importance of these tests in addition to coronary angiogram is to predict
outcomes and identify patients who will benefit from coronary revascularisation.

Figure 1.4 Schematic diagram showing coronary physiology measurements
Abbreviation: FFR: Fractional Flow Reserve, IMR: Index of Microvascular
Resistance, CFR: Coronary Flow Reserve.

1.3.2. Invasive coronary physiological indices
Intracoronary pressure-derived and flow-derived wire technology has advanced over
the last 20 years. There are several pressure-derived and flow-derived indices that
have been proposed which include FFR, coronary flow reserve (CFR), index of
microvascular resistance (IMR), hyperaemic stenosis resistance (HSR) index, resting
distal coronary pressure/aortic pressure (Pd/Pa), instantaneous wave-free ratio (iFR),
and basal stenosis resistance index (BSR).
FFR is a pressure-derived hyperaemic index that has been validated extensively and
has robust outcome data to support its use. Consequently, FFR has been used in
clinical practice in identifying physiological significance stenosis and guiding coronary
revascularisation. iFR has recently been proposed as a novel resting pressure–only
index of coronary stenosis severity, which does not require the administration of
adenosine for its calculation. Following the initial proof-of-concept iFR seminal paper
(Sen, et al., 2012), there has been a number of validation iFR studies. iFR has been
compared against FFR and with third-party arbiters. iFR has been shown to have a
good correlation with FFR and has at least similar if not better diagnostic
9

performance to FFR when compared with third party arbiters (Götberg, et al., 2017b).
The two largest clinical trials in coronary physiology evaluating the clinical outcomes
of iFR versus FFR guided PCI involving 4500 patients undergoing PCI have shown
that iFR is non-inferior to FFR when used to guide PCI in intermediate lesions
(Davies, et al., 2017; Götberg, et al., 2017a). Therefore, we have robust diagnostic
and prognostic evidence to support the use of iFR in guiding PCI as an alternative to
FFR. However, longer-term data is still being evaluated from these two trials (Davies,
et al., 2017; Götberg, et al., 2017a).
For the purpose of this thesis, FFR AND iFR will be discussed in detail.

1.3.3. Fractional Flow Reserve (FFR)
FFR is an index of the physiological significance of a coronary stenosis and is
defined as the ratio of maximal blood flow in a stenotic artery to normal maximal flow.
An FFR of >0.80 indicates that a patient can be managed safely with medical therapy
(Tonino, et al., 2010; Pijls, et al., 2010; De Bruyne, et al., 2012; De Bruyne, et al.,
2014). The Percutaneous Coronary Intervention of Functionally Nonsignificant
Stenosis (DEFER) and Fractional Flow Reserve versus Angiography for Multivessel
Evaluation (FAME) studies have demonstrated the benefits of FFR measurement in
stable coronary artery disease by more accurately identifying flow-limiting stenoses
and guide PCI, leading to improved outcomes and reduced costs (Pijls, et al., 2007;
Tonino, et al., 2009; Fearon, et al., 2010; De Bruyne, et al., 2012; De Bruyne, et al.,
2014). FFR is currently regarded as the standard of care for the functional
assessment of lesion severity and has a Level 1A recommendation by the European
Society of Cardiology (ESC) guidelines for its use to identify haemodynamically
relevant coronary lesion(s) in stable patients when evidence of ischaemia is not
available (Neumann, et al., 2019).

1.3.4. Concept and Validation of FFR
The theoretical concept and equation for FFR was first developed and tested in an
animal study (Pijls, et al., 1993). The concept was based on using pressure
measurements as a surrogate for flow measurements across coronary artery
stenosis, where there is a linear correlation between pressure and flow under a
condition whereby the coronary microvascular resistance is minimal and constant.
This theoretical condition is achieved during maximum hyperaemia induced by
pharmacological vasodilatation, and under this condition pressure measurements
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can be used to determine the flow across coronary artery stenosis and to identify an
ischaemia-producing lesion (Pijls, et al., 1993) (Figure 1.5). Since this initial
development, FFR has been validated as an invasive physiological index against
other ischaemia tests like positron emission tomography (PET), DSE, and exercise
stress test (Table 1.2). The initial description of the equation for FFR measurement
(FFR= Pd-Pv/Pa-Pv) was first taking into account the central venous pressure (Pv) ,
however during the outcome-based clinical trials using FFR as a clinical decision
making tool to guide coronary artery revascularisation, a more simplified approach
was used in calculating FFR (FFR =Pd/Pa under maximum hyperaemia), discounting
the central venous pressure (Pv) from the original calculation and making it easier to
measure in clinical settings.

Figure 1.5 Concept of Fractional Flow Reserve
Adapted from Fractional Flow Reserve to Guide Coronary Revascularisation. (Pijls,
2013)

The concept of FFR is illustrated in (Figure 1.5). If epicardial stenosis is not present
(blue lines), the driving pressure Pa determines a normal (100%) maximal
myocardial blood flow. In the case of stenosis responsible for a hyperaemic pressure
gradient of 30 mmHg (red lines), the driving pressure will no longer be 100 mmHg,
but instead will be 70 mmHg (Pd). Because the relationship between driving pressure
and myocardial blood flow is linear during maximal hyperaemia, myocardial blood
flow will only reach 70% of its normal value. This numerical example shows how a
ratio of two pressures (Pd/Pa) corresponds to a ratio of two flows (QSmax/QNmax).
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It also illustrates how important it is to induce maximal hyperaemia. Pv = central
venous pressure (Pijls, 2013).

1.3.5. Concordance of FFR with Non-Invasive Imaging
In a meta-analysis of fractional flow reserve (FFR) versus quantitative coronary
angiography and non-invasive imaging for evaluation of myocardial ischaemia, there
was overall good concordance between FFR with non-invasive imaging. The
summary sensitivity and specificity were 76% (95% CI 69 to 82) and 76% (95% CI 71
to 81), respectively. The concordance rate of FFR against non-invasive imaging was
largely driven by data on nuclear medicine tests. The results of the 15 studies with
scintigraphic data (n= 976 lesions) were similar to the overall analysis (random
effects sensitivity 75%, 95% CI 66 to 82; specificity 77%,95% CI 70 to 83) with
significant between-study heterogeneity (Christou, et al., 2007).
The six studies on FFR against stress dobutamine echocardiography (DSE) (n=273
lesions) suggested very good sensitivity (82%, 95% CI 62 to 92, significant betweenstudy heterogeneity) and modest specificity (74%, 95% CI 66 to 81, no significant
between-study heterogeneity) (Christou, et al., 2007). The conclusion can be drawn
from this is that FFR shows modest concordance with non-invasive imaging tests.
Furthermore, the discordance between these tests is not insignificant and when there
is a discordance, the question remains which test is the most reliable in predicting
the patient outcome. Future study should be looking at the impact on patient
outcomes from these discordances between non-invasive and invasive FFR (i.e.
patients with abnormal non-invasive test and normal FFR).
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Table 1.2 Studies Comparing FFR against Non-Invasive Tests
Study

Year

Number
of
patients
(lesions)

Clinical
Setting

Ischaemia
test

Best cutoff value

Accura
cy (%)

SVD
SVD

EX-ECG
EX-ECG,
MPS,DSE
DSE
MPS,DSE
MPS,DSE
MPS
NA

0.74
0.75

97
93

0.75
0.75
0.75
0.75
0.75

90
76-81
77
87
87

1,2 and 3VD
SVD

MPS

0.69

67

DSE

0.67

90

MPS
MPS
MPS
MPS

0.75
0.75
0.74
0.75

95
95
77
60

MPS
MPS, DSE

0.75
0.78

88
92

MPS
NA

0.76
0.74

74
83

Iv adenosine infusion (140 ug/kg/min)
(Pijls, Van Gelder, et al., 1995)
(Pijls, et al., 1996)

1995
1996

60 (60)
45 (45)

(Jimenez-Navarro, et al., 2001)
2001
21 (21)
(Rieber, et al., 2004)
2004
48 (48)
(Erhard, et al., 2005)
2005
47 (47)
(Hacker, et al., 2005)
2005
50 (50)
Total or average (as applicable)
271 (271)
Intracoronary adenosine bolus ( maximum 40-60 ug)
(Tron, et al., 1995)
1995
62 (70)

SVD
MVD
MVD
SVD
NA

(Bartunek, Van Schuerbeeck
and De Bruyne, 1997)
(Caymaz, et al., 2000)
(Fearon, et al., 2000)
(Chamuleau, et al., 2001)
(Seo, et al., 2002)

1997

37(37)

2000
2000
2001
2002

30(40)
10 (10)
127 (61)
25(25)

(Kruger, et al., 2005)
(Samady, et al., 2006)

2005
2006

42 (42)
48 (48)

(van de Hoef, et al., 2012)
Total or average (as applicable)
Other methods of vasodilatation
(De Bruyne, et al., 1995)
(Intracoronary papaverine or
adenosine)
(Bartunek, et al., 1996)
(Intracoronary papaverine or
adenosine)
(Abe, et al., 2000) (Intravenous
ATP)
(De Bruyne, Pijls, et al., 2001)
(Intravenous or intracoronary
adenosine, or intravenous ATP)
(Yanagisawa, et al., 2002)
(Intracoronary papaverine)
(Ziaee, et al., 2004)
(Intravenous or intracoronary
adenosine)
(Morishima, et al., 2004)
(Intracoronary papaverine)
(Kobori, et al., 2005)
(Intracoronary papaverine)
(Ragosta, et al., 2007)
(Intracoronary adenosine, 30–40
g in the RCA, 80–100 g in
the LCA)
Total or average (as applicable)
Total or average (as applicable)
for all studies

2012

232 (299)
613 (732)

SVD
SVD
MVD
Previous
MI
ISR
Previous
MI
MVD
NA

1995

60 (60)

SVD

EXECG,MPS

0.66

87

1996

75 (75)

SVD

DSE

0.75

81

2000

46 (46)

SVD

MPS

0.75

91

2001

57 (57)

Previous
MI

MPS

0.78

85

2002

165 (194)

MPS

0.75

76

2004

55 (55)

Previous
MI
Ostial

MPS, EXECG, DSE

0.75

88

2004

20 (20)

SVD

MPS

0.75

85

2005

147 (155)

Restenosis

MPS

0.75

70

2007

36 (36)

MVD

MPS

0.75

69

661 (698)
1,545
(1701)

NA
NA

NA
NA

0.74
0.74

81
83

Adapted from (van de Hoef, et al., 2013) Abbreviations: DSE, dobutamine stress
echocardiogram; ISR, in-stent restenosis; LCA, left coronary artery; MI, myocardial
infarction; MPS, myocardial perfusion scintigraphy; MVD, multivessel disease; NA,
not applicable; RCA, right coronary artery; SVD, single vessel disease; VD, vessel
disease; EX-ECG, exercise electrocardiography.
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1.3.6. FFR cut-off values
FFR was initially developed and validated against a series of non-invasive tests as
outlined in the (Table 1.2). There have been several previously proposed FFR cut-off
values, each of which has been validated in selected patient populations. A cut-off of
≤0.75 has been shown to predict a positive non-invasive test with good accuracy. It
has also been shown that, if one performs PCI on a patient with an FFR of ≥0.75,
one is not likely to reduce the rate of death/MI (Table 1.3). A cut-off value of ≤0.80
has also been shown to predict major adverse cardiac events (MACE) outcomes
following PCI in stable disease populations with multi-vessel disease and to further
improve clinical outcomes in patients treated with PCI with optimal medical therapy
(OMT) versus on OMT alone (Table 1.4 & Table 1.5) (Tonino, et al., 2010; Pijls, et
al., 2010; De Bruyne, et al., 2012; De Bruyne, et al., 2014). These cut-offs are clear
and send a simple message to operators – that physiological guidance can help us
make treatment decisions on our patients however, as with any tests, FFR has its
own strengths and limitations. Therefore, a good understanding of the background
and principles underlying FFR is crucial in aiding clinical decision-making process in
daily clinical practice. If cut-offs are to be helpful, we need to know of any potential
downsides of basing our treatment decisions on FFR results.
FFR cut-off value of 0.75 was used in the DEFER study but subsequently the cut-off
value of 0.80 was used in the FAME and FAME 2 studies. The current FFR cut-off
value used in clinical practice is 0.80 and this is largely down to findings from the
FAME and FAME 2 studies (Table 1.4 & Table 1.5).

1.3.7. FFR outcome trials (DEFER, FAME and FAME 2)
Below is a summary of the pivotal FFR outcome trials that have been cornerstone for
the use of FFR in clinical practice in guiding coronary revascularisation (Table 1.3,
Table 1.4 & Table 1.5).
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Table 1.3 Summary of 5-year results from the DEFER Study
Year
2007

Number of patients

Participants

End
Point

FFR Cutoff

Adenosine

Mean FFR

Treatment

Event free
survival

PValue

325

Stable angina
patients
scheduled for
PCI
with
single-vessel
disease

Event free
survival

Defer if
FFR
≥0.75

IV (140 g ·
kg−1 · min−1)

Defer (n = 91):
0.87 ± 0.07

PCI/BMS

Defer group
(n=91)
79% EFS

0.52

or

Perform (n =
90):
0.87 ± 0.06

181 with FFR ≥0.75
randomised to PCI or
DEFER;
144 with FFR <0.75
allocated to registry

IC (15 g in
the RCA or
20 g in the
LCA)

Vs

Registry (n =
144):
0.56 ± 0.16

FFRGuided
Deferral

Perform
group
(n=90)
73% EFS

Source: (Pijls, et al., 2007).
Abbreviations: EFS: Event free survival, FFR: Fractional flow reserve, BMS: Bare metal stent, PCI: Percutaneous coronary intervention , IV:
Intravenous, IC: Intracoronary
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Table 1.4 Summary of 1-yr results from the FAME Study
Year

2009

N

1005

Participants

Stable
angina
(or ACS if >5
Days post
event)
Multi-vessel
disease
referred for
PCI

End Points

Death, MI
or repeat
revasculari
sation.

FFR
Cut-off
value

Adenosine

FFR
≤0.80

Central IV
(140 g ·
kg−1 ·
min−1)

Mean FFR

Overall cohort:
0.71 ±0.18
Ischemic
lesions:
0.60±0.14

Treatment

Angio
guided vs.
FFR guided
PCI (DES)

End Points

P-Value

FFR
guided
group

Angioguided
group

Relative
Risk with
FFR
Guidance
(95%CI)

13.2

18.3

0.72
(0.54–
0.96)

0.02

Non-ischemic
lesions:
0.88±0.05

Source: (Tonino, et al., 2009) Abbreviations: ACS: Acute coronary syndrome, FFR: Fractional flow reserve, DES: Drug eluting stent. MI:
Myocardial Infarction, IV: Intravenous, N: number of patients, PCI: Percutaneous coronary intervention
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Table 1.5 Summary of results from the FAME 2 Study
Year

N

Participa
nts

End
Points

FFR
Cutoff
value

Adenosine

Mean FFR

Treatment

Follow up Duration

End Points

PCI +
OMT
group
2012

2014

888
out of
1220
enrolle
d

As
above

Stable
angina
ACS (if >5
Days post
event),

Death,
MI,
repeat
revascul
arisation

FFR
≤0.80

Standard
practice
(IV (140
g · kg−1 ·
min−1) or
IC (50 g)

In lesions with
FFR ≤0.80:
0.64±0.13
(range, 0.19 to
0.80).

Patients
considere
d for PCI

FFR guided
PCI + OMT
group:
0.68±0.10

As above

OMT alone:
0.68±0.15
As above

As
above

As
above

As above

FFR guided
PCI (DES) +
OMT vs OMT
alone

213±128 days (PCI +
OMT)

4.3

P-Value

OMT
only
group

(%)
12.7

<0.001

214±127 days (OMT)
206±119 days
(Registry group)

As above

2 years

8.1%

19.5%

P<0.001

Source: (De Bruyne, et al., 2012; De Bruyne, et al., 2014)
Abbreviations: ACS: Acute coronary syndrome FFR: Fractional flow reserve, IV: Intravenous, IC: Intracoronary, DES: Drug eluting stent. OMT:
Optimal medical therapy, MI: Myocardial Infarction, N: number of patients, PCI: Percutaneous coronary intervention, * Primary end-point of
FAME 2
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1.3.8. Instantanenous wave-free ratio (iFR)
More recently, iFR has been proposed as a novel pressure–only index of coronary
stenosis severity, which does not require the administration of adenosine for its
calculation. The aims were to simplify the technology around FFR measurement,
give FFR-like measurement indices and increase the adoption of pressure wire
guided coronary revascularisation. FFR has been around for ~20 years and currently
is regarded as the gold standard invasive ischaemia test due to its unrivalled
outcomes data, however the adoption of FFR in real-life clinical practice remains low
at around 6% (Kleiman, 2011). There are a few potential reasons for this, which
include cost, cath-lab turnover time and discomfort to the patients during the
adenosine infusion for the FFR measurement.

1.3.9. Concept, Validation and Development of Instantanenous wavefree ratio (iFR)
iFR is a resting pressure–derived index of coronary stenosis severity. iFR is
calculated as a ratio between distal coronary pressure over the aortic pressure
during “diastolic wave free period” under resting conditions. It does not require the
administration of a pharmacological vasodilator (eg adenosine) for its calculation. It
samples a period in diastole called “wave-free period” where the flow is maximum
and the resistance is minimum and constant compared to the whole cardiac cycle
(Figure 1.6).
The cornerstone of FFR measurement is that there is a linear relationship between
pressure and flow under a condition where the vascular resistances are constant and
minimal as theoretically is the case at maximum vasodilation. Therefore, pressure
alone can be used under conditions of maximum vasodilation as a surrogate for flow
across a stenosis. However, even under pharmacological vasodilation the
intracoronary resistance is not always constant but in fact fluctuates in phases
(Figure 1.6). These fluctuations could be attributed to a complex interaction between
myocardial contractions and myocardial coronary blood flow during systole and
diastole as previously described (Figure 1.7) (Davies, et al., 2006).
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Figure 1.6 Illustration of the wave-free period:
(A) Separated wave intensity plot shows how multiple different waves propagating

from the proximal and distal ends of the vessel influence coronary flow. The waves
are quiescent during the wave-free period in diastole. Instantaneous resistance
plotted throughout the cardiac cycle demonstrates that resistance is lowest and most
stable during the wave-free period. Coronary pressure and flow are linearly related
during the wave-free period.
(B) Flow velocity, proximal and distal pressure traces and instantaneous resistance
demonstrate the stability of the wave-free period beat to beat. Flow velocity over the
wave-free period is higher than that over the whole cycle, giving greater
discrimination between stenosis severities than the whole cycle at rest. Adapted from
Advances In Coronary Physiology (Nijjer, et al., 2015).

During the early development and validation of iFR, the investigators sought to find
this diastolic interval, in which the intracoronary resistance at rest is equivalent to
time-averaged resistance during FFR measurements. The ADVISE study hypothesis
was that pressure measurements obtained selectively at this specific interval of the
cardiac cycle would allow a new pressure-derived index of stenosis severity that
does not require pharmacologic vasodilation. In the second part of the study, this
hypothesis was tested in a larger population by comparing iFR and FFR
measurements (Sen, et al., 2012). The ADVISE study and ADVISE registry data
have demonstrated that the classification agreement between iFR and FFR was up
to 94 % and similar to that of repeated FFR measurements in the same sample (Sen,
et al., 2012; Petraco, Escaned, et al., 2013). Furthermore, a hybrid iFR-FFR
decision-making strategy for revascularisation could increase adoption of physiologyguided PCI by more than halving the need for vasodilator administration, whilst
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maintaining high classification agreement with an FFR-only strategy (Petraco, Park,
et al., 2013).

Figure 1.7 Sequence of energy waves in the human coronary artery during the
cardiac cycle.
Arrows represent direction of wave motion rather than direction of blood flow.
(Adapted from Evidence of a dominant backward-propagating "suction" wave
responsible for diastolic coronary filling in humans, attenuated in left ventricular
hypertrophy. (Davies, et al., 2006)
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1.3.10. Use of the iFR or FFR in PCI outcome Trials
1.3.10.1.

DEFINE-FLAIR and IFR SWEDEHEART

Until recently, FFR has been the regarded as the gold standard invasive method of
physiological assessment to determine the need for PCI. More recently, iFR has
been shown to be non-inferior to FFR in two large randomised outcome trials of FFR
versus iFR guided PCI patients with intermediate coronary lesions (Davies, et al.,
2017; Götberg, et al., 2017a). Consequently, both iFR and FFR have a Class 1A
indication for its use to guide coronary revascularisation in clinical practice (Figure
1.8) (Neumann, et al., 2019). However, there is lack of data in physiological
functional assessment of non-CTO lesions in a present of a CTO assessed with
contemporary coronary pressure-derived indices, as the presence of a CTO is
usually an exclusion criterion from these major outcome trials.

a)#LAD##

c)#RCA##

b)#LAD##

d)#RCA###

!
!

Figure 1.8 Example of pressure wire study to the left anterior descending
artery (LAD) and Right coronary artery (RCA) in clinical practice
(a) iFR in LAD = 0.83 (b) FFR in LAD = 0.85 (c) iFR in RCA = 0.99 (d) FFR in RCA =
0.96

1.3.11. Relationship between FFR and resting Pd/Pa
In a retrospective, single centre study investigating the relationship between resting
Pd/Pa and FFR in 528 consecutive patients over a 2-year period demonstrated a
linear correlation between resting Pd/Pa and FFR, with a correlation coefficient of
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0.74. When an FFR of ≤0.80 was defined as positive (as per FAME), a resting Pd/Pa
of ≤0.87 had a positive predictive value (PPV) of 94.6%, whilst a resting Pd/Pa of
≥0.96 had a negative predictive value (NPV) of 93%. When an FFR of ≤0.75 was
defined as positive (as per DEFER), the corresponding values for the resting Pd/Pa
were ≤0.85 (with a PPV of 95%) and ≥0.93 (with a NPV of 95.7%). With such high
positive and negative predictive values, they concluded that pharmacological
vasodilatation and FFR measurement may not be necessary in 66% and 47% of
patients, depending on whether DEFER or FAME criteria, respectively, are used to
define a positive result (Mamas, et al., 2010).

1.3.12. FFR comparison with Cardiac MRI (CMR)
A systematic review and meta-analysis by (Li, M., et al., 2014) has shown that
perfusion CMR ability to detect ischaemic coronary artery disease is high when
compared to FFR as the reference standard. They also demonstrated that CMR
perfusion could increase the post-test probability of CAD >80% in patients with a pretest probability of >37% and can decrease post-test probability of CAD <20% with a
pre-test probability of <72% (Li, M., et al., 2014). More recently, among patients with
stable angina and risk factors for coronary artery disease, perfusion CMR was
associated with a lower incidence of coronary revascularisation than FFR and was
noninferior to FFR with respect to major adverse cardiac events at one year (Nagel,
et al., 2019).

1.3.13. Limitations of FFR
The concept of FFR calculation is based on two assumptions for its calculation to be
valid: 1) there is a direct relation between coronary pressure and flow or flow reserve,
2) coronary resistances remain constant (and minimal) during maximum arteriolar
vasodilation (Pijls, et al., 1993). FFR is not influenced by haemodynamic parameters
(such as blood pressure and pulse rate), by the vessel studied or in patients with
high left ventricular mass index (Pijls, et al., 1996; Chhatriwalla, et al., 2006).
However, FFR has its own limitations. Identification of functionally significant
coronary stenoses by FFR is obscured by the magnitude of hyperaemic coronary
microvascular resistance (van de Hoef, et al., 2014) and is overestimated in a donor
vessel that has visible collaterals to a chronic total occlusion (CTO) vascular territory
(Sachdeva, et al., 2013). Interestingly when iFR, iFR adenosine and FFR were
compared with hyperaemic stenosis resistance index (HSR), (Sen, et al., 2013)
found that the reduction in microvascular resistance during iFR was more consistent
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than

that

achieved

during

adenosine-medicated

FFR.

Furthermore,

the

microvascular resistance reduction during iFR was higher with increasing stenosis
severity whereas the opposite was true for FFR.
Ischaemic Heart Disease and coronary revascularisation
Ischaemic heart disease (IHD) is a clinical manifestation of myocardial ischaemia
and hypoxia in patients with stable coronary artery disease caused by transient
imbalance between blood supply and metabolic demand (Task Force Members, et
al., 2013). Myocardial ischaemia is a result of a complex multifactorial
pathophysiological
inflammation,

mechanism

microvascular

that
coronary

includes

obstructive

dysfunction,

epicardial

endothelial

CAD,

dysfunction,

thrombosis, and angiogenesis (Figure 1.9) (Marzilli, et al., 2012). Obstructive
epicardial CAD is only one of the factors that contribute to myocardial ischaemia,
however in the treatment of IHD much emphasis was given to identify and eliminate
obstructive epicardial CAD over the other potential causes that may have therapeutic
roles in treating patients with IHD. The reason for this is that obstructive epicardial
CAD is the most readily identified during coronary angiogram and other potential
causes are difficult to identify and requires further tests to confirm its present.

Microvascular+coronary+dysfunc(on++

Obstruc(ve+Epicardial+CAD++

Inﬂamma(on++

Myocardial*Ischaemia*

Thrombosis++

Endothelial+dysfunc(on++

Angiogenesis++

Figure 1.9 Myocardial ischaemia is a result of a complex multifactorial
pathophysiological mechanism.
CAD: Coronary Artery Disease.
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1.4.1. Percutaneous Coronary Intervention (PCI)
Coronary angiogram which is a gatekeeper for coronary artery revascularisation has
been the tool in the past to guide PCI (Figure 1.10), however evidence have shown
that coronary angiogram is limited in predicting clinical outcomes in patients with
ischaemic heart disease (Topol and Nissen, 1995). This has led to the development
of intracoronary-based pressure wire technology that can be used in the catheter lab
to identify an ischaemic-producing lesion that is artery and myocardial specific as an
adjunct to non–invasive ischaemia tests (Pijls, et al., 1993; Pijls, Van Gelder, et al.,
1995). Fractional flow reserve (FFR) was developed and has emerged as the
preferred invasive ischaemia test as an addition to other methods of ischaemia
testing. For the last 20 years, FFR is regarded as the “gold standard” invasive
intracoronary ischaemia test in the absence of the true gold standard ischaemia test.
a)#LAD:#mid#vessel#70#%#stenosis##

c)#LAD:#Post#PCI#to#mid#LAD###

b)#LAD:#PCI#to#mid#LAD#lesion#(#stent#deployment)###

Figure 1.10 Example of a case to illustrate coronary angiogram and
percutaneous coronary intervention (PCI)
a) LAD: mid vessel 70 % stenosis (white arrow)
b) LAD: PCI to mid LAD lesion (stent deployment, white arrow)
c) LAD: Post PCI to mid LAD (white arrow)
The uncertainty over whether PCI with optimal medical therapy is superior over
optimal medical therapy in patients with stable coronary artery disease was
addressed by the COURAGE Trial (Table 1.6). Interestingly, PCI did not reduce the
risk of death, myocardial infarction or other major cardiovascular events when added
to medical therapy (Boden, et al., 2007). These findings raised the concern about
PCI as it was once considered as a potential life-saving treatment in stable coronary
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artery disease. Consequently, efforts were made to re-evaluate the prognostic
benefit of PCI in stable coronary artery disease. Further emphasis was given to
address the prognostic benefit of PCI on ischaemic-producing lesion (Tonino, et al.,
2010; De Bruyne, et al., 2012; De Bruyne, et al., 2014). More recently, The ORBITA
trial created a significant debate and controversy around the benefit of PCI in stable
CAD. The ORBITA trial investigators investigated the efficacy of PCI versus placebo
to improve exercise capacity in patients with severe single vessel disease who were
receiving optimal medical therapy. Surprisingly, despite PCI markedly improving
imaging and haemodynamic indices, PCI did not improve exercise time compared to
placebo (Al-Lamee, et al., 2018).
Following on from the COURAGE and ORBITA controversies, in order to address the
key question on the benefit of invasive revascularisation strategy over optimal
medical therapy alone, the ISCHEMIA trial team investigated whether invasive
management strategy improves clinical outcomes when added to medical therapy in
patients with stable ischaemic heart disease and moderate to severe ischaemia
(Maron, et al., 2018). The ISCHEMIA study results were presented at the American
Heart Association meeting in November 2019 and are yet published as an article. In
summary it showed that an initial invasive strategy on top optimal medical therapy
(OMT) offers no benefit beyond OMT alone in preventing a range of major adverse
cardiovascular events (MACE) in patients with stable, moderate-to-severe coronary
artery disease at 3.3 years median follow-up.
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Table 1.6 Summary of Results from the COURAGE Trial
Year

2007

Number of
patients

2287 out of
a total of
35,539
patients
screened

Participant
s

Stable
angina
or
Objective
evidence of
ischaemia
or
Angina with
coronary
stenosis ≥
80 %

Primary
outcome

Death from
any cause
Non fatal MI

Assigned
Groups,
(Number of
patients)
PCI +
OMT

OMT
alone

1149
(Total
randomi
sed)

1138

1077
(PCI
attempt
ed)

Follow
Up
Duration

PCI
Treatment

Primary
outcome
(Number
of
Events)
OMT plus
routine
PCI

Median:
4.6 yrs
(IQR 3.3
to 5.7)

BMS
(n=1046)
(97%)

211

Primary
outcom
e
Number
of
Events)
OMT
plus
bailout
PCI
202

Hazard
Ratio
for PCI
(95 %
CI)

PValue

1.05
(0.87–
1.27)

0.62

DES
(n=31)
(3%)

Adapted from (Boden, et al., 2007) Abbreviations: MI: Myocardial Infarction BMS: Bare metal stent DES: Drug eluting stent. PCI: Percutaneous
Coronary Intervention, OMT: Optimal medical therapy
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Chronic Total Occlusions (CTOs)
CTO (Figure 1.11 and 1.12) is a blocked coronary artery and is defined as the
presence of thrombolysis in myocardial infarction (TIMI) grade 0 flow within the
occluded segment with an estimated occlusion duration of > 3 months (Di Mario, et
al., 2007). The incidence of CTO has been reported ranging from 9 % to 52 %
among patients who have clinical indication for coronary angiography (Kahn, 1993;
Fefer, et al., 2012; Jeroudi, et al., 2014). (Christofferson, et al., 2005) reported that
compared with patients without CTO, those with CTO were recommended for PCI
less frequently (11% vs 36%, p <0.0001), bypass surgery more frequently (40% vs
28%, p < 0.0001), and more frequently for medical therapy (49% vs 35%, p <0.0001)
In a multivariate analysis, CTO was the strongest predictor against the selection of
percutaneous coronary intervention (PCI) as a treatment strategy. The reason for this
is likely due the fact that CTO PCI is technically more challenging, and many
operators and centres do not have teams with the skills that are necessary for CTO
PCI to be successful. Furthermore, another important reason is the complexity of
patients with CTOs as they are more often found to have multi-vessel disease
(Christofferson, et al., 2005).

Coronary'Circula,on''
CTO'–''
Chronic'Total'Occlusion'
eg'RCA'(Right'Coronary'
Artery)'

Aorta'

Donor'artery''
eg'LAD'(Le;'Anterior'
Descending'Artery)'''

Collateral'Circula,on'

Figure 1.11 Schematic diagram model of coronary chronic total occlusion and
coronary circulation.
Illustration of a RCA (Right Coronary Artery) CTO (Chronic Total Occlusion), Donor
artery with stenosis in LAD (Left Anterior Descending Artery) and Collateral
Circulation donating blood supply to the occluded coronary artery segment
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1.5.1. Pathophysiology of Chronic Total Occlusions (CTO)
Post-mortem histopathological-angiographic description of chronic total occlusions
was described over 20 years ago by (Katsuragawa, et al., 1993) who performed ten
autopsy hearts that showed chronic total coronary occlusion on cineangiography
performed three months before death. In all, the estimated duration of occlusion was
less than 1 year. Histological assessment of the occluded segment was composed of
loose or dense fibrous tissue, atheroma, small vascular channels and calcified
tissue. The key finding was different histological composition between vessels where
the proximal end of the occlusions of the tapering type or with a short occluded
segment or both (small lumen recanalised areas diameter 160 to 230 micrometer)
with surrounding loose fibrous tissue penetrated the occluded segment compared to
vessels where the proximal end of the occlusions of the blunt/abrupt type and long
occlusion (there was no recanalisation and loose fibrous tissue was dispersed in the
occluded segment). This finding provides a histopathological explanation as to why
chronic total coronary occlusion of the tapering type or with a short occluded
segment, or both, is possibly favourable for angioplasty, because small lumen
recanalised areas or loose fibrous tissue penetrates the occluded segment and may
form a route for successful angioplasty (Katsuragawa, et al., 1993). The
improvement of CTO histopathological understanding coupled with advances in CTO
PCI technology have promoted the overall safety and effectiveness of CTO PCI
(Sumitsuji, et al., 2011).

1.5.2.

Chronic

Total

Occlusion

(CTO)

Percutaneous

Coronary

Intervention (PCI)
A recent UK registry data on long-term follow-up of elective chronic total coronary
occlusion

angioplasty

has

demonstrated

that

CTO percutaneous

coronary

intervention (PCI) procedural success rate was 70.6 % and successful CTO PCI was
associated with improved long-term survival (George, et al., 2014). Currently,
treatment of CTOs should be considered in the presence of symptoms or objective
evidence of viability/ischaemia in the territory of the occluded artery (Class of
recommendation IIa, Level of evidence B) (Authors/Task Force members, et al.,
2014).
Multi-vessel disease was present in up to 66% of patients with CTO in a large
registry analysis. This has an important implication on clinical decision making for
complete revascularisation in patients with chronic total occlusion. Interestingly, (De

28

Bruyne, Hersbach, et al., 2001) demonstrated that the FFR was (0.97 +/- 0.02;
range, 0.92 to 1.00) in 37 arteries of ten individuals without atherosclerosis and FFR
was significantly lower (0.89 +/- 0.08; range, 0.69 to 1) in 106 non-stenotic arteries in
62 patients with arteriographic stenoses in another coronary artery, with 8% below
the ischemic threshold value of 0.75.

1.5.3. The influence of collateral circulation and the impact of Chronic
Total Occlusion (CTO) revascularisation on pressure-derived
ischaemia testing in donor artery
There is a growing interest on the influence of collateral circulation, flow, amount of
myocardium supplied by donor artery to a CTO and the impact of CTO
revascularisation on donor vessel FFR pressure–derived values (Werner, et al.,
2006; Sachdeva, et al., 2013; Ladwiniec, et al., 2015). The theory surrounding the
occurrence of coronary steal in man which was first described by (Gould, 1989), and
it was further examined by Werner et al which demonstrated that coronary steal in
man with CTOs is mainly due to a haemodynamically significant donor artery lesion,
but can also occur due to an impaired vasodilatory reserve of the microcirculation in
the absence of a donor artery lesion (Werner, et al., 2006).

1.5.3.1.

Pre-clinical data: In vitro study

An in vitro study by (Peelukhana, Back and Banerjee, 2009); FFR, pressure drop
coefficient (CDP), and lesion flow coefficient (LFC) changed in the presence of
functional downstream collaterals. CDP decreased, whereas FFR and LFC increased
as the collateral flow increased, for the same severity of stenosis. Therefore, this
study suggested that the presence of functional collaterals could lead to possible
inaccurate measurements of FFR.

1.5.3.2.

Clinical data:

In a recent study, (Ladwiniec, et al., 2015) showed that recanalisation of a CTO
results in a modest increase in the FFR of the predominant collateral donor vessel
associated with a reduction in coronary flow. Expectedly, they found a larger
increase in FFR was associated with greater coronary stenosis severity in the donor
artery.
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In a case series by (Sachdeva, et al., 2013), they included patients with chronic total
occlusion and intermediate stenosis (30-70 %) in the donor artery (n= 14 out of 50
consecutive successful CTO revascularisation). Out of nine patients who had
ischemic donor vessel FFR pre-PCI, six reverted to non-ischemic FFR post-CTO PCI
(FFR pre-PCI 0.76 +/- 0.04 and 0.86 +/- 0.03 post-PCI). Five patients had normal
FFR in the donor artery pre- and post-CTO PCI. This small study showed that in
patients with a CTO and an intermediate donor artery stenosis, the frequency of
ischaemia in the donor artery territory is relatively high and often normalised by
successful CTO recanalisation. This observational data suggests recanalising the
CTO first whenever possible as a preferred therapeutic strategy to avoid the need for
PCI to the donor artery or multi-vessel bypass surgery (Sachdeva, et al., 2013).
A few case reports have demonstrated that FFR in the donor artery with moderate
stenosis normalised post revascularisation of the chronically occluded artery (Table
1.7) (Melikian, et al., 2009; Iqbal, et al., 2010; Sachdeva and Uretsky, 2011; Matsuo
and Kawase, 2013; Tigen, Durmus and Sari, 2014). There are no case reports, case
series or registries demonstrating the effect of CTO and collateral circulation upon
iFR physiological measurements in donor arteries.
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Table 1.7 Summary of case reports on donor vessel pressure wire assessment pre
and post CTO revascularisation

R
e
n
t
r
o
p

Treat
ment
of the
CTO
artery

Pd/Pa
prePCI
in
donor
artery

FFR
pre-PCI
in
donor
artery

Pd/Pa
post
PCI in
donor
artery

FFR
post
PCI in
donor
artery

Ca
se

Age

Sex

CTO
artery

Donor
artery

Donor
artery
(% )

Melikian
(2009)

1

77

M

RCA

LAD

mod

2

PCI

-

0.75

-

0.84

Iqbal
(2010)

2

56

M

RCA

LAD

mod

2

PCI

-

-

0.82

M

RCA &
LCX

LAD

30-40
%

3

PCI to
LCX &
RCA

0.85

0.72
0.71
(distal)
0.78
(mid)

0.98

0.83

mod

2

-

0.81

-

-

0.72

-

0.93
0.72
(post
CABG
)

Authour

Sachdeva
(2011)

3

55

Matsuo
(2013)

4

44

M

RCA

LADproxim
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Figure 1.12 A case example of a patient with a right coronary artery (RCA) chronic
total occlusion (CTO) and moderate disease in the proximal to mid vessel (LAD).
A patient underwent a successful RCA CTO PCI and a comprehensive intracoronary
physiology assessment in the LAD (donor vessel with moderate disease) pre- and postRCA CTO PCI.
A) Coronary angiogram 1: i) RCA CTO: antegrade flow (yellow arrow) ii) RCA CTO:
Antegrade and retrograde flow (yellow arrow)
B) Coronary angiogram 2: i) Donor artery: LAD proximal-mid vessel disease (yellow
arrows) ii) Donor artery: LAD proximal-mid vessel disease (yellow arrows)
C) Coronary angiogram 3: i) Retrograde Filling from the LCA (yellow arrow) and
Collateral Circulation (orange arrow) ii) Retrograde Filling from the LCA (yellow
arrow)and Collateral Circulation (orange arrow)
D) LAD physiology pre RCA CTO PCI i) LAD IFR ii) LAD FFR
E) Collateral function pre RCA CTO PCI i) IFR collateral ii) FFR collateral
F) LAD physiology post RCA CTO balloon predilatation i)RCA CTO balloon predilatation
(yellow arrow) ii) LAD IFR post RCA CTO balloon predilatation
G) RCA CTO PCI Final Result i) RCA CTO before PCI (yellow arrow) ii) RCA CTO
predilatation baloon (yellow arrow) iii) RCA CTO PCI: Stenting DES 3.0 X 48 mm
(yellow arrow) iv) Final Result : RCA post CTO PCI (yellow arrow)
H) LAD physiology post RCA CTO PCI i) LAD IFR ii) LAD FFR

1.5.4. Collateral circulation in CTOs
The most readily available method to assess collaterals in CTOs is by coronary
angiogram, collaterals are graded according to the angiographic appearance and the
extent of the collaterals into the occluded artery (Rentrop, et al., 1988; Werner, Ferrari, et
al., 2003; Werner, 2014) (Figure 1.12 (C)). The understanding of collateral circulation
physiology in CTOs has been enhanced with the advent of pressure and flow sensors
and improvement in CTOs PCI techniques over the last two decades. Studies on
collateral circulation physiology in humans have been undertaken in both angioplasty
model (balloon-occlusion collateral recruitment) and in CTOs by passing the pressure/
flow sensors distal to the chronically occluded artery without restoring the antegrade
flow. The importance of collaterals is to maintain myocardial function (Helfant, Vokonas
and Gorlin, 1971; Koerselman, et al., 2003) and contractility of the occluded epicardial
vascular territory.
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The index Qc/QN is called the pressure-derived collateral fractional flow reserve
(FFRcoll) or pressure-derived collateral flow index (CFIp), whereby recruitable collateral
blood flow (Qc) can be quantitatively expressed as a fraction of normal maximal
myocardial perfusion (QN): Qc/QN= (Pw-Pv)/(Pa-Pv) (Pijls, et al., 1993; Pijls, Bech, et
al., 1995; Zimarino, et al., 2014). During stable maximal hyperaemia, FFRcoll is similar to
fractional collateral flow reserve as previously described (Pijls, et al., 1993; Pijls, Bech, et
al., 1995). A CFI of < 0.25 suggests low collateralisation and >0.25 suggests high grade,
well-developed collateralisation (Zimarino, et al., 2014). FFR collateral during balloon
occlusion has been validated with myocardial perfusion imaging in conscious humans, it
has been found to be highly correlated with the extent and severity of the defect at
myocardial perfusion of the territory of the occluded artery and superior to Pw and Pw/Pa
ratio (Matsuo, et al., 2002).
1.5.5. Cardiac Magnetic Resonance (CMR) in Chronic Total Occlusions
CTOs PCI:
In CTO PCI, CMR at rest and with stress perfusion can also be used to assess the
functional relevance of a chronic total occlusion and the functional capacitance of the
collateral circulation of the occluded segment. Perfusion defects, new or progressive
regional wall motion abnormality in the occluded segment, can be used as a marker of
functional capacity of collateral circulation to the occluded segment. CMR with adenosine
perfusion has been demonstrated to be useful in clinical decision making to recanalise
CTOs and follow-up (Heyne, et al., 2007).

Aims of this thesis
1. To investigate the immediate physiological impact of CTO PCI on donor vessel
assessed with coronary pressure-derived measurements (resting Pd/Pa, iFR and
FFR).
2. To investigate the influence of collateral regression on donor vessel coronary
pressure-derived measurements (resting Pd/Pa, iFR and FFR) at follow-up following
CTO PCI.
3. To investigate the correlation between iFR and FFR and the classification agreement
4. To investigate the percentage of functional reclassification in donor vessel following
CTO PCI.
5. To investigate the impact of CTO PCI on immediate collateral function regression and
at follow-up.
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6. To investigate the immediate and short-term anatomical and physiological gain after
coronary chronic total occlusions percutaneous coronary intervention in the RCA
CTO vessel.
7. To investigate the correlation between changes in coronary pressure-derived
measurements (resting Pd/Pa, iFR and FFR) in donor and CTO vessels pre- and
post-CTO PCI, collateral circulation indices (FFRcoll) and baseline ischaemia on
Cardiac MRI (CMR) in the CTO territory.
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Chapter 2 Methods and materials
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Study Design and protocol
2.1.1. THE IMPACT-CTO Study overview
2.1.1.1.

Introduction

There are three major coronary arteries (left, right and circumflex) supplying blood to the
heart muscle. These major epicardial arteries supply the oxygenated blood to the heart
muscle and they form a network of blood vessel connections called “the collateral
circulation” which plays a fundamental role in preserving heart function.
Stable coronary artery disease, resulting from cholesterol deposition in the lining of the
coronary artery causes coronary artery stenosis and reduces the blood supply to the
myocardium. The common clinical manifestation of stable coronary artery disease is
angina, which often described as chest pain or heaviness that is brought on by exercise
and relived by rest.

The treatment of stable coronary artery disease involves medical

therapy with or without intervention i.e PCI or CABG. Coronary artery disease is often
diagnosed and quantified by using invasive coronary angiography. The decision-making
process in treating coronary artery disease can be challenging at times. It’s
recommended that revascularisation decision is based on patients’ symptoms, coronary
anatomy on angiography and presence of ischaemia on ischaemia testing. The most
established invasive ischaemia test is pressure wire-based technique such as FFR or
iFR. This is termed pressure wire assessment. However, pressure wire assessment is
not validated in the presence of a CTO. For instance, if the RCA has a chronic total
occlusion, measurement of pressure / flow in the left artery can be misleading as the left
artery is having to work harder supplying blood and oxygen to both the right and left
territories through extra connections (collaterals) that the heart develops.
The purpose of IMPACT CTO is to better understand pressure wire readings from both
blocked and narrowed arteries, to better guide treatment for our patients, as to whether
they might be best treated with medications, stents or potentially bypass surgery.
This was a prospective analytical study. We aimed to recruit 42 patients over an 18month period, within the Essex Cardiothoracic Centre (CTC). Patients eligible were those
in whom their right coronary artery is blocked, and we were going to attempt PCI.
Patients underwent standard PCI to CTO artery procedure with stents, in addition, they
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also had pressure assessments made in both the right and left coronary arteries before
and after the PCI to CTO artery, and at a 4 month follow up invasive assessment.

2.1.1.2.

Rationale for the IMPACT-CTO study

The interpretation of coronary pressure-derived (resting Pd/Pa, iFR and FFR)
measurements in the donor artery that provides collateral circulation to a CTO vascular
territory in clinical practice can be challenging especially if the measurements fall within
the so called FFR “grey zone”. This has a clinical implication in the decision-making
process in this cohort of patients in guiding complete revascularisation in patients with
CTO and multi-vessel disease.
FFR values in donor arteries with moderate stenosis that provide collateral circulation to
CTO vascular territory have been reported to be overestimated and reverted to nonischaemic zone post CTO PCI (Sachdeva, et al., 2013), therefore making FFR values in
this cohort unreliable pre-CTO revascularisation and complicates the decision-making
process to achieve complete revascularisation. The influence of visible collateral
circulation from a donor artery to a CTO vascular territory and successful CTO PCI on
iFR measurements is unknown.
I sought to investigate the physiological impact of chronic total occlusion (CTO) PCI
revascularisation on coronary pressure-derived measurements in both donor vessel and
CTO vessel. I also aimed to investigate the correlation between pressure-derived
measurements in this population and the influence of collateral regression on donor and
CTO target vessels coronary pressure-derived measurements following successful CTO
PCI.
2.1.2. Ethical Approval
The IMPACT-CTO study received the ethical approval from the East of EnglandCambridge South Research Ethics Committee (NRES reference: 15/EE/0269). The
Research Ethics Committee (REC), and Basildon and Thurrock University Hospital NHS
Trust approved the protocol, informed consent form, participant information sheet and
the study (NRES reference: 15/EE/0269). A summary of the research protocol has been
published on the Health Research Authority website.
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2.1.3. Clinical study registration
The IMPACT-CTO study has been registered with the ClinicalTrials.gov web based
clinical studies database. The unique identifier NCT is NCT02643940. This is in
accordance with the International Committee of Medical Journal Editors initiative prior
entry of clinical trials in a public registry as a condition for publication.

2.1.4. Study Objectives
2.1.4.1.

Primary objective:

8. To investigate the physiological impact of CTO PCI on donor vessel assessed with
coronary pressure-derived indices (resting Pd/Pa, iFR and FFR).

2.1.4.2.

Secondary objective:

1. To investigate the influence of collateral regression post-CTO PCI on both donor and
CTO vessel assessed with coronary pressure-derived indices (resting Pd/Pa, iFR and
FFR).
2. To investigate the physiological gain after coronary chronic total occlusions
percutaneous coronary intervention in the RCA CTO vessel assessed with coronary
pressure-derived indices (resting Pd/Pa, iFR and FFR).

2.1.4.3.

Study hypotheses

I hypothesised, in patients with predominant donor artery that has collateral circulation to
a CTO territory and successful CTO PCI revascularisation:
1) FFR / iFR measurements in a donor artery with intermediate stenosis improve
post successful revascularisation of a CTO.
2) Changes in iFR values pre- and post-CTO revascularisation would be less than
that of the changes seen with FFR due to the fact that coronary steal may not be
present without the administration of pharmacological vasodilator during iFR
measurement.
3) Changes in coronary pressure-derived measurements (resting Pd/Pa, iFR and
FFR) in donor artery pre- and post-CTO PCI are lower in patients with lower index
of collateral circulation function (FFRcoll).
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4) Collateral function regresses immediately post-CTO PCI and further regress over
time
5) FFR / iFR measurements in a donor artery improves as collaterals regress over
time at follow-up
6) Coronary pressure-derived measurements (resting Pd/Pa, iFR and FFR) improve
significantly in the CTO vessel and changes in iFR is comparable to that of FFR.
2.1.5. Study setting and design
2.1.5.1.

Study review diagram/ flow chart

Patients were suitable for enrolment when they were scheduled for PCI to RCA CTOs in
the presence of collateral circulation from contralateral donor artery.
This was a single centre prospective analytical study. The study flow chart is outlined in
(Figure 2.1).
2.1.1. Study population
2.1.1.1.

Study Participants and Recruitment

Patients who were scheduled for PCI to RCA chronic total occlusions (CTO) at the Essex
Cardiothoracic Centre with visible collateral circulation from contralateral donor coronary
artery were considered for the study. Patients were screened in the pre-assessment
clinic. If they were considered eligible for the study, they were approached, and a full
explanation was given.
2.1.1.2.

Informed Consent

Consent to enter the study was sought from each participant only after a full explanation
was given to them at the pre-assessment clinic. A participant information sheet
(Appendix 1.1) was given to each participant and a sufficient time was allowed for
consideration. Typically, there was an approximately a two-week period between the preassessment clinic appointment and the actual procedure date. Signed participant
consent was obtained (Appendix 1.2) on the day of the procedure after a full
explanation was given. The right of the participant to refuse to participate without giving
reasons was respected. After the participant had entered the study the clinician remains
free to give alternative treatment to that specified in the protocol at any stage if he/she
feels it was in the participant’s best interest, but the reasons for doing so was recorded.
In these cases, the participants remained within the study for the purposes of data
analysis. All participants were free to withdraw at any time from the protocol treatment
without giving reasons and without prejudicing further treatment.

42

Patient due to undergo CTO PCI
to RCA with collateral circulation
from contralateral donor artery:
Pre-admission Clinic

IMPACT-CTO

Screened, Full explanation
Invitation letter /PIS

Admission
Informed Consent

1) Baseline measurements in the donor
arteries

2) RCA CTO recanalisation

3) Measurements of collateral pressure
indices post RCA CTO recanalisation

Unsuccessful PCI
to RCA CTO

4) PCI to RCA CTO

Admission:
Coronary physiology
measurements pre and post
RCA CTO PCI

5) Measurements post RCA CTO PCI:
simultaneous measurements in donor
arteries

6) Measurements post RCA CTO PCI
with balloon inflation in the RCA CTO
artery at the site of occlusion:
simultaneous measurements in the
predominant donor and RCA CTO
arteries

**7) Measurements post PCI in the
donor artery if FFR is ≤0.80 post RCA
CTO PCI

Pre-discharge event reporting

Standard care

Follow-up staged procedure
(angiogram, measurement of collateral
pressure indices, pressure wire study,

Standard care/
Research activity
Exit
Research activity

IMPACT-CTO Study Research Summary Diagram

Figure 2.1 IMPACT-CTO Study Flow Chart
**PCI to donor artery (LAD) if FFR is ≤0.80 post CTO PCI is not mandated in this study.
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2.1.1.3.

Sample size/ Power calculation

The primary outcome measure is the change in the coronary pressure-derived
measurement. By using the results published by (Ladwiniec, et al., 2015), the standard
deviation is set at 0.04 and the Minimal Clinically Important Difference is defined as the
effect size of 0.5. For a paired t-test at the 5% significance level for a power of 80% the
minimum number of evaluable patient volunteers required was 34. The success rate of
CTO PCI is expected to be 80%, therefore the minimum number of patient volunteers
that needed to be recruited were 42 volunteers.
2.1.1.4.

Inclusion Criteria

1. Age >18 years of age
2. Stable angina / ischaemic symptoms
3. Evidence of viability and / or ischaemia in the chronic total occlusion (CTO) territory
4. Participant is willing and able to give informed consent for participation in the study
5. Presence of a chronic total occlusion (CTO) in RCA:
a) Duration of the occlusion > 3 months
b) Thrombolysis in Myocardial Infarction (TIMI) coronary flow grade 0
c) Spontaneously visible collaterals, Rentrop classification grade 1 or 2 or 3 from
contralateral donor artery
6. Eligible for PCI to a chronic total occlusion (CTO).
2.1.1.5.

Exclusion Criteria

1. Previous CABG with any patent grafts
2. Left main stenosis of > 40 %
3. > 1 occluded vessel
4. Haemodynamic instability at the time of intervention (heart rate <40 beats per minute,
systolic blood pressure <90 mmHg), intra-aortic balloon pump)
5. Significant contraindication to adenosine administration (e.g. heart block, severe
asthma)
6. Contraindications to PCI
7. Severe hepatic or lung disease (chronic pulmonary obstructive disease)
8. Pregnancy
9. ACS within 48 hours of procedure
10. Severe valvular heart disease
11. Severe cardiomyopathy / infiltrative heart disease
12. eGFR < 40 mL/min/1.73m2
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2.1.1.6.

Withdrawal criteria

Patients were able to withdraw from the study at any time at their request. In addition, the
Investigator could discontinue a participant from the study at any time if the Investigator
considered it was necessary for any reason including:
•

Ineligibility (either arising during the study or retrospectively having been overlooked
at screening)

•

Significant protocol deviation

•

Significant non-compliance with treatment regimen or study requirements

•

Withdrawal of consent

In these cases, the participants remain within the study for the purposes of data
analysis. The reason for withdrawal would be recorded in the care report form (CRF).
2.1.1.7.

Pre-registration Evaluation

Patients characteristics, medications and data on non-invasive tests performed as part of
the standard clinical practice at the Essex Cardiothoracic Centre prior CTO PCI
procedure (biochemistry, haematology, lipid profile, ECG, transthoracic echo and cardiac
MRI) were assessed and collected as part of this study.

2.1.2. Study protocol
Following enrolment in the study patients underwent the following:
Coronary physiology measurements and RCA CTO PCI (see appendix 1.4 for
detailed step-by-step explanation)
Following the correct positioning of both the guiding catheter and the pressure wire at the
tip of the guiding catheter. The study consisted of the following steps.
1) Step one: Baseline coronary pressure wire measurements in the donor arteries:
It is standard clinical practice to wire the donor artery with a workhorse wire to maintain
guide catheter position. With moderate lesions in donor artery, it is standard practice to
gain pressure wire measurements before and after CTO PCI. The pressure wire was
advanced to at least three reference vessel diameters beyond the stenosis or to the
distal segment of the donor artery in cases with no angiographic apparent stenosis or
diffusely diseased donor artery.
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resting Pd/Pa, IFR, and FFR in the donor artery pre-CTO PCI were measured according
to standardised technique (see Appendix 1.4).
2) Step two: RCA CTO recanalisation (Local standard care practice):
RCA CTO recanalisation was performed in accordance to the typical standard practice at
the Essex Cardiothoracic Centre. Once the occluded segment had been recanalised, an
over-the-wire microcatheter was advanced distal to the occlusion. The guidewire was
exchanged with a pressure wire and this pressure was positioned distal to the occluded
segment to measure the collateral pressure indices.
3) Step three: Measurements of collateral pressure indices post-RCA CTO
recanalisation:
By using the 5 French femoral venous access, a 5 French Multipurpose catheter was
advanced to the right atrium (RA) for central venous pressure recoding (pressure in the
right atrium).
The following measurements of the collateral pressure indices were measured after
successful recanalisation of the occluded segment without restoring the antegrade flow:
a) resting Pwcoll, Pw/Pacoll, iFRcoll and FFRcoll in the recanalised RCA CTO artery
b) PRA (RA pressure) for Pv (central venous pressure) measurement, where during
maximum hyperaemia, FFR collateral = Qc/QN= (Pw-Pv)/(Pa-Pv) as previously
described (Pijls, et al., 1993; Pijls, Bech, et al., 1995).
4) Step four: PCI to RCA CTO (Local standard care practice)
PCI to RCA CTO was performed to the typical standard practice at the Essex
Cardiothoracic Centre. PCI was performed using drug eluting stents (DES) (Ultimaster
DES, Terumo Corp, Japan) with a low threshold for post-stenting optimisation. CTO PCI
procedural technique, devices used and CTO characteristics, stents type, and size
implanted were assessed and documented on the e-CRF.
5) Step five: Measurements post RCA CTO PCI (After achieving TIMI flow grade 3 with
<30% angiographic residual stenosis): simultaneous measurements in donor arteries and
RCA
The following measurements were measured:
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resting Pd/Pa, iFR, and FFR in the donor arteries
resting Pd/Pa, iFR, and FFR in the revascularised RCA CTO artery

6) Step six: Measurements post RCA CTO PCI with balloon inflation (post dilatation) in
the revascularised RCA CTO artery at the site of occlusion and stable physiology in the
predominant donor artery: simultaneous measurements in the predominant donor artery
and revascularised RCA CTO artery.
During balloon dilatation the following measurements were measured simultaneously in
both RCA CTO artery and the predominant donor artery after balloon inflation in the RCA
CTO artery at the site of occlusion and when the physiology in the predominant donor
artery is stable. The pressure wire was positioned distal to the occluded segment. The
following measurements were taken:
resting Pd/Pa, iFR and FFR in the predominant donor artery;
resting Pw, Pw/Pacoll, iFRcoll and FFRcoll in the revasularised RCA CTO artery;
PRA (RA pressure) for Pv (central venous pressure) recording, where during maximum
hyperaemia, FFR collateral = Qc/QN= (Pw-Pv)/(Pa-Pv) as previously described (Pijls, et
al., 1993; Pijls, Bech, et al., 1995).
7) Step seven: Measurements post PCI in the donor artery if FFR was ≤0.80 post CTO
PCI
PCI to the donor artery if FFR is ≤0.80 post CTO PCI was not mandated in this study. It
was at the discretion of the operator whether to intervene or not and either in the same
setting or in a staged fashion. When PCI was performed to the donor artery, the following
measurements post PCI to the donor artery were performed:
resting Pd/Pa, iFR and FFR in the donor artery

2.1.3. Follow Up
2.1.3.1.

Subsequent Staged Procedure Following The Index Study

Procedure
Patients were followed up at four months for staged coronary angiogram, pressure wire
assessment +/- PCI following the index study procedure was followed-up for data
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collection of the angiographic findings, pressure wire assessment and stenting
procedures. In these patients, If the CTO or donor vessels were patent, the following
measurements were taken:
1)

Step 5 above in Section 2.1.2 was repeated:
The following measurements were measured:
resting Pd/Pa, iFR, and FFR in the donor arteries
resting Pd/Pa, iFR, and FFR in the revascularised RCA CTO artery

2) Collateral function/pressure indices (Werner, Emig, et al., 2003) was measured first
as described in section 2.1.2 above (measurement step 6 (if the CTO artery was
patent) or (step 3 if the CTO artery was found to be occluded):
Measurements of collateral function/ pressure indices at staged procedure post RCA
CTO PCI with balloon inflation in the revascularised RCA CTO artery at the site of
previous occlusion until stable physiology or post CTO recanalisation if the CTO
artery was found to be occluded: measurements in the revascularised RCA CTO
artery. Pressure wire was positioned distal to the occluded segment and efforts was
made to position the pressure wire in the same location as before during the index
procedure.
resting Pw, Pa, Pw/Pacoll, iFRcoll and FFRcoll in the revascularised RCA CTO
artery during balloon occlusion or post CTO recanalisation were measured.

2.1.4. Cardiac catheterisation, equipments and data collection
Based on the study protocol, data were collected including detailed demographics,
baseline and procedural characteristics.
2.1.4.1.

Cardiac catheterisation and CTO PCI

Cardiac catheterisation was performed according to standard clinical practice and PCI to
RCA CTO was performed with standard interventional techniques. Dual arterial access
was used as per standard practice in CTO PCI. Femoral venous access was obtained for
central administration of adenosine and measurement of central venous pressure (Pv)
using a 5-F Pigtail catheter. CTO recanalisation strategy was at the operator’s discretion,
following the hybrid algorithm (Brilakis, et al., 2012). A procedure was considered
successful when achieving TIMI flow grade 3 with <30% angiographic residual stenosis
in the CTO vessel. All patients had third-generation drug-eluting stents (Ultimaster DES,
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Terumo Corp, Japan) and were discharged on dual antiplatelet therapy with a duration of
at least one year.

2.1.5. Coronary catheters
CTO PCI and physiological assessment was performed according to the standard
practice at the Essex CTC. All aortic recordings were made via guiding catheters used
during the procedure, typically for the left coronary system with a 6F/7F- EBU 3.5 or 3.0
and 6-8F Amplatz/JR 4 guide for the RCA. This was at the discretion of the CTO
operators.
2.1.6. Angiographic assessment
2.1.6.1.

Donor vessel characteristics

The characteristics, lesion lengths and degree of stenosis were graded by visual
estimation and quantitative coronary angiography (QCA) using quantitative coronary
angiography software (Philips Allura, The Netherlands). At least two different projections
differing >30° were recorded for each assessed lesion. The guide catheter filled with
contrast medium was used as a calibrating device. QCA analysis was performed to
measure the minimum lumen diameter, per cent diameter stenosis, lesion length, and
reference lumen diameter.
2.1.6.2.

CTO characteristics

The characteristics of the CTO were assessed using the Thrombolysis in Myocardial
Infarction (TIMI) coronary flow grading system and the Multicentre CTO Registry of
Japan (J-CTO) grading system (Morino, et al., 2011). At least two different projections
differing >30° were recorded for each assessed lesion. QCA analysis was performed to
further characterise the CTO characteristics such as length, vessel size in the CTO
vessel.

2.1.6.2.1.

Thrombolysis in Myocardial Infarction (TIMI) coronary

flow grading system
The TIMI coronary flow grading system was first introduced to define the angiographic
coronary perfusion scale in the context of evaluating the different types of thrombolytic
agents in the treatment of acute myocardial infarction (Anon.1985) . Since then, the TIMI
coronary flow grading system has become a standard angiographic tool in assessing
coronary perfusion. The TIMI grading system is outlined in (Table 2.1) below. The
importance of the TIMI coronary flow grading system in angiographic assessment of a
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CTO is because a CTO is defined as a 100% stenosis with TIMI grade 0 flow for more
than three months (Galassi, et al., 2019). The characteristic of the CTO lesion was
assessed using the TIMI grade flow to fulfil the inclusion criteria.

Table 2.1 Thrombolysis in Myocardial Infarction (TIMI) coronary flow grading
system
TIMI flow grade
TIMI 0 – no perfusion

Description
No antegrade flow beyond the point of
obstruction.

TIMI 1 - penetration without

Contrast material passes beyond the area of

perfusion

obstruction but fails to opacify the entire
coronary bed distal to the obstruction for the
duration

of

the

cineangiographic

filming

sequence.
TIMI 2 - partial perfusion

Contrast material passes across the obstruction
and opacifies the coronary artery distal to the
obstruction. However, the rate of entry of
contrast material into the vessel distal to the
obstruction or its rate of clearance from the
distal bed (or both) is perceptibly slower than its
flow into or clearance from comparable areas
not perfused by the previously occluded vessel
(e.g., opposite coronary artery or the coronary
bed proximal to the obstruction).

TIMI 3 – complete perfusion

Antegrade flow into the bed distal to the
obstruction occurs as promptly as antegrade
flow into the bed proximal to the obstruction, and
clearance of contrast material from the involved
bed is as rapid as clearance from an uninvolved
bed in the same vessel or the opposite
artery.
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2.1.6.2.2.

The J-CTO (Multicentre CTO Registry of Japan) score

The J-CTO scoring system (Morino, et al., 2011) is a widely adopted and validated
anatomical CTO grading in predicting successful guidewire crossing through CTO lesions
within 30 minutes.

The J-CTO scoring system is outlined in (Table 2.2). The

characteristics of the CTO were assessed using the J-CTO grading system.
Table 2.2 J-CTO score
J-CTO score

Definitions
Point
Tapered
0
Blunt
1
Calcification
Absence
0
Presence
1
Bending
Absence
0
Presence
1
Occlusion Length
< 20 mm
0
≥ 20 mm
1
Retry Lesion
No
0
Yes
1
Source: (Morino, et al., 2011) J-CTO: (Multicenter CTO Registry in Japan) score as a
difficulty grading and time assessment tool

2.1.6.3.

Variables
Entry Shape

Angiographic collateral assessment

At least 2 different projections differing >30° were recorded for assessment of collateral
circulation. The donor artery dominancy and collateral contribution to the occluded artery
segment were assessed angiographically by the two experienced CTO operators using
the Rentrop grading classification and collateral connections grading system as
previously described (Rentrop, et al., 1988; Werner, Ferrari, et al., 2003). The
predominant collateral donor artery was defined as the artery making the largest
collateral contribution to the occluded artery segment. The minor collateral donor artery
was the artery contributing the least number of collaterals to the occluded artery
segment.
The characteristics of collateral circulation was assessed as follows:
•

Collateral size was assessed as previously described(Werner and Figulla, 2002),
where the size of collaterals was graded as discontinuous (size 0), continuous
connection just visible (size 1, 0.1 to 0.3 mm), continuous of small side-branch size
(size 2, 0.4 to 0.5 mm), and large (size 3, > 0.5 mm) as previously described.

•

Rentrop grading classification as outlined in (Table 2.2) (Rentrop, et al., 1988),
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•

Collateral connections grading as as outlined in (Table 2.3) (Werner, Ferrari, et al.,
2003; Werner, 2014),

•

Type of collateral (epicardial, septal, branch-branch or both),

Table 2.3 . Rentrop and Collateral connection grading
Rentrop classification
0
1

no filling of collateral vessels
filling of collateral vessels without any epicardial filling of
the target artery

2

partial epicardial filling by collateral vessels of the target
artery

3

complete epicardial filling by collateral vessels of the
target artery

Collateral connection
grade
CC0

no continuous connection

CC1

threadlike continuous connection

CC2

side branch–like connection (≥0.4mm)

CC3

>1mm diameter of direct connection (not included in the
original description)

Source: (Rentrop, et al., 1988; Werner, Ferrari, et al., 2003; Werner, 2014),
CC: Collateral connection
2.1.6.4.

Quantitative coronary angiography (QCA)

QCA is an angiographic tool to quantify the degree of coronary stenosis on coronary
angiography. The QCA technique was described in section 2.1.6.1 above.
2.1.7. Cardiac magnetic resonance imaging (CMR)
2.1.7.1.

Cardiac MRI protocol

Baseline perfusion CMR examinations were undertaken on subset of patients in the
IMPACT-CTO trial in a 1.5-T scanner (Siemens MAGNETOM Aera, Erlangen, Germany).
Standard cine steady-state-free-processing images were collected in three long access
views and multiple short axis slices. Perfusion data was acquired after a 3-4minute
adenosine infusion (140mcg-210mcg/kg/min) and subsequent gadolinium-based contrast
agent injection (0.1mmol/kg at 6ml/s). Three slices (basal, mid ventricular, and apical)
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were then obtained during the first pass using a TurboFLASH T1 weighted gradient echo
sequence. Rest perfusion images were acquired after a period of 10minutes and a
second bolus of gadolinium contrast agent (0.1mmol/kg at 6ml/s) was administered for
the delayed enhancement imaging (assessed at an additional 7-minute interval).
2.1.7.2.

Cardiac MRI image analysis

The stress CMR data was analysed by two experienced readers (SG and JND) blinded
to the left coronary anatomy and background history. The myocardium was divided using
a 16-segment model (American Heart Association 17-segment model minus the apical
cap). For the main analysis, the LAD was allocated segments 1, 2, 7, 8, 13, and 14. The
RCA was assigned segments 3, 4, 9, 10, and 15 (all patients were RCA dominant) and
the left circumflex artery was assigned segments 5, 6, 11, 12 and 16. Visual assessment
of LAD ischaemia was determined by consensus agreement by the imaging consultants.
Inducible perfusion defects were defined as delayed entry of contrast (persisting for more
than 5 heart beats) in the absence of scar. The cine sequences and delayed
enhancement images were assessed simultaneously in order to evaluate for regional
wall motion abnormalities and infarcted myocardium. A Siemens Syngo.via workstation
was used for all analysis.
In summary, pre- procedure non-invasive functional assessment / Cardiac MRI (CMR)
was assessed as described previously (Hussain, et al., 2012), the following Cardiac MRI
data was assessed:
1) Image quality (assessed on a grade of 1 to 4 – poor to excellent).
2) Presence of scar tissue and transmurality (1 = 1-25%; 2 = 25-50%; 3 = 51-75%; 4 = >
75%) based on the AHA/ACC 17 segment model.
3) Perfusion analysis at stress and rest scored as significant, insignificant or no defect
based on the AHA/ACC 16 segment model.
2.1.8. Haemodynamic assessment
2.1.8.1.

Integrated Haemodynamic system

The cardiac catheterisation laboratory at the Essex CTC has an integrated catheter
laboratory haemodynamic system. Continuous ECG and pressure measurements were
performed throughout the procedure
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2.1.8.2.

Volcano S5/S5i haemodynamic system and core console

settings
The volcano S5i system (integrated) and the volcano S5 system (mobile tower) (Figure
2.2) and its control consoles (Figure 2.3) process information from the Verrata™
coronary pressure guidewire (Philips Volcano Corporation, San Diego, California, USA)
connected via a patient interface module (PIM) (Figure 2.4). This system was used to
measure the coronary pressure resting (Pd/Pa and iFR) and hyperaemic (FFR and
collateral FFR) indices. Using the standard Volcano S5/S5i haemodynamic console. A
screenshot recording of the physiological measurement was used to document the
methodology used. Each patient had the ECG attached to two consoles. The FFR
averaging mode was standardised according to the mode of administration. Intravenous
(IV) vasodilator (IV adenosine) was set to using a 3-beat moving Pd/Pa average. iFR
settings was fully automated, as performed by the console.

Figure 2.2 Volcano mobile (s5) intracoronary pressure and intravascular imaging
system.
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Adapted from the Volcano s5 manual version 3.2

Figure 2.3 Volcano control console.
Adapted from the Volcano s5i manual version 3.2

Figure 2.4 Patient interface module (PIM)
Adapted from the Volcano s5i manual version 3.2.

2.1.8.3.

Aortic and right atrial pressure measurement

Throughout the procedure, aortic pressure (Pa) and right atrial pressure (PRA) were
measured continuously using the fluid-filled guide catheters attached to the
haemodynamic system. Typically, there are a few standard steps that are necessary in
order to measure the invasive haemodynamic as follows:
-

All the tubing, manifold system and guide catheters were flushed, kept clear of
any bubbles that might interfere with the pressure recordings.

-

The transducer system was adjusted according to the patient size and location on
the cathlab table with the transducer aligned to the same level of the heart (aortic
level).
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-

The transducer and the console were simultaneously zeroed at the level of the
heart.

2.1.8.4.

Mobile haemodynamic system

2.1.8.5.

Coronary pressure guidewire

The Verrata™ coronary pressure guidewire (Philips Volcano Corporation, San Diego,
California, USA) (Figure 2.2) was used to measure the intracoronary pressure for both
resting (Pd/Pa and iFR) and hyperaemic indices (FFR). It has a pressure sensor placed 3
cm proximal to the tip of a steerable 0.014”(0.36 mm) guide wire.

Figure 2.5 Verrata™ coronary guide wire.
Adapted from the Verrata™ pressure guide wire manual (Philips Volcano Corporation,
San Diego, California,USA)

2.1.8.6.

Measurement of invasive haemodynamics and coronary

pressure
Throughout the procedure, aortic pressure (Pa) and right atrial pressure (PRA) or central
venous pressure (Pv) were measured continuously using the fluid-filled guide catheters
attached to the haemodynamic system. Typically, there are a few standard steps that are
necessary in order to measure the invasive haemodynamic as follows:
-

All the tubing, manifold system and guide catheters were flushed, kept clear of
any bubbles that might interfere with the pressure recordings.

-

The transducer system was adjusted according to the patient size and location on
the cathlab table with the transducer aligned to the same level of the heart (aortic
level).
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-

The transducer and the console were simultaneously zeroed at the level of the
heart.

The PRA was measured by using a 5F multipurpose catheter positioned in the right atrium
throughout the procedure. The mean PRA was recorded for incorporation into
haemodynamic calculations. The coronary pressure guide wire (Verrata) was used to
measure the distal coronary pressure (Pd).
Three hundred (300) mcg intra-coronary (IC) nitro-glycerine followed by saline flush was
administered through the guide catheter prior to every physiological measurement. After
normalisation at the tip of the guide catheter, the pressure wire was advanced, so the
pressure sensor was positioned at least 3 reference vessel diameters beyond the
stenosis or in the distal segment of the vessel in cases with no angiographic apparent
stenosis or a diffusely diseased vessel. Baseline resting Pd/Pa was recorded for 5
seconds. iFR measurement was fully automated. FFR was calculated as (Pd - Pv) / (Pa Pv) under maximum steady state hyperaemia. Once FFR measurements were
completed, the pressure guide wire was pulled back to the guide catheter and assessed
for drift of the Pd/Pa recording. In the presence of drift (> ±0.02), measurements were
repeated; otherwise, the operator proceeded to CTO PCI.
During the CTO PCI the collateral blood flow index (FFRcoll) was measured in order to
investigate the impact of collateral circulation regression on coronary physiology indices.
Once a guidewire was successfully placed at the distal true lumen of the RCA CTO and
without restoring the antegrade flow, an over-the-wire microcatheter was advanced distal
to the occlusion. The guidewire was exchanged with a pressure wire positioned distal to
the occluded segment in a relatively disease-free area to measure the pressure-derived
fractional collateral blood flow index. The collateral FFR (FFRcoll) was calculated using
the following equation FFRcoll = Qc/QN = (Pw-Pv)/(Pa-Pv) during maximum hyperaemia
(Pijls, et al., 1993; Pijls, Bech, et al., 1995), (Pw = wedge pressure / pressure distal to
occlusion. Pv = central venous pressure and Pa = aortic pressure). Following the
measurements, the occlusion was dilated and treated by stent implantation. After
successful revascularisation of the RCA, measurements in the donor vessels were
repeated as performed pre-RCA CTO PCI.
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2.1.8.7.

Antiplatelets and anticoagulation

All patients were on dual antiplatelet therapy with aspirin and clopidogrel pre-procedure.
For all CTO PCI procedures, 70-100 units/kg of heparin were given at the beginning of
the procedure, with further boluses of heparin given throughout the procedure to
maintain an activated clotting time of > 250 seconds.
2.1.8.8.

Pharmacological vasodilatation and induction of hyperaemia

Microcirculatory vasodilatation and maximum hyperaemia were achieved by using a
central administration of Intravenous adenosine. Adenosine was administered via a
femoral vein at a dose of 140 mcg/kg/min as an intravenous infusion until a steady-state
hyperaemia was achieved for a minimal duration of 1 minute. A 5F multipurpose catheter
was also used to measure PRA. ECG, heart rate, aortic pressure, and distal coronary
pressure were recorded continuously and digitally stored throughout all the phases of the
study. Patients’ symptoms (namely an angina-like sensation, dyspnoea, or flushing),
development of complete atrioventricular block, or any other complication were recorded.

2.1.8.9.

Sedation

Patient was offered sedation and analgesia as required, and as normally offered by the
laboratory in which the assessment was being made. PCI was performed in accordance
with the typical practice in the local centre.
2.1.9. Description of tools and methods
2.1.9.1.

Overview

The definition and methods used to calculate physiological indices are summarised in
(Table 2.4).

2.1.9.1.

Haemodynamic calculations

2.1.9.2.

Resting distal coronary pressure/aortic pressure (Pd/Pa)

The resting distal coronary-to-aortic pressure (Pd/Pa) is a whole cycle ratio that gives a
trans-stenotic gradient value across a coronary stenosis. The range is between 0 to 1.0.
A Pd/Pa value of 0.92 was found to have an overall 81.5% accuracy corresponding to
FFR cut point of ≤0.80 (Jeremias, et al., 2014). Resting Pd/Pa was recorded for 5
seconds in the interrogated both donor vessels (LAD and LCX) and RCA CTO vessel at
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pre-CTO PCI, post-CTO PCI and at follow-up. For Pre-CTO PCI RCA measurement,
resting wedge-to-aortic pressure (Pw/Pa) was measured instead.

Table 2.4 Definition of Physiological Indices
Pw/Pa

Calculated using the ratio of distal coronary wedge pressure to
proximal aortic pressure at rest over the entire cycle

iFR coll

Measured as a ratio of distal-to-proximal pressure ratio during the
resting wave free period

FFRcoll

Calculated as FFRcoll = (Pw-Pv)/(Pa-Pv) during maximum steady
state hyperaemia (Pijls, et al., 1993; Werner, et al., 2006).

Pd/Pa

Calculated using the ratio of distal coronary pressure to proximal
aortic pressure at rest over the entire cycle(Petraco, Park, et al.,
2013)

iFR

Measured as a ratio of distal-to-proximal pressure ratio during the
resting wave free period(Petraco, Park, et al., 2013)

FFR

A ratio of maximal myocardial blood flow distal to a stenotic vessel
to the maximal flow in the absence of the stenosis. Calculated as
(Pd - Pv) / (Pa - Pv) under maximum steady state hyperaemia
(Pijls, et al., 1993)

2.1.9.3.

iFR

iFR calculation is outlined in (Table 2.4). iFR setting and measurement were fully
automated, as performed by the console. Continuous ECG recording was required by the
iFR calculation algorithm software embedded onto a haemodynamic console and
determine the appropriate diastolic intervals for iFR measurements as described
previously (Gotberg, et al., 2015).

2.1.9.4.

Fractional flow reserve (FFR)

FFR calculation is outlined in (Table 2.4). The initial description of the equation for FFR
measurement (FFR= Pd-Pv/Pa-Pv) was first taking into account the central venous
pressure (Pv) or right atrial pressure (PRA) (Pijls, et al., 1993; Pijls, Van Gelder, et al.,
1995). For the purpose of this thesis, FFR is calculated as:
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FFR = Pd-Pv
Pa-Pv
Pd, Pa and Pv were measured in mmHg at stable state hyperaemia. An FFR of ≤0.80 is
considered physiologically significant (Tonino, et al., 2009).
2.1.9.5.

Invasive coronary collateral pressure indices

Pw/Pa and iFRcoll are both resting collateral pressure indices as outlined in (Table 1.4).
Collateral fractional flow reserve (FFRcoll) pressure-derived collateral fractional flow
reserve (FFRcoll) or pressure-derived collateral flow index (CFIp), whereby recruitable
collateral blood flow (Qc) can be quantitatively expressed as a fraction of normal maximal
myocardial perfusion (QN): Qc/QN= (Pw-Pv)/(Pa-Pv) (Pijls, et al., 1993; Pijls, Bech, et
al., 1995; Zimarino, et al., 2014). During stable maximal hyperaemia, FFRcoll is similar to
fractional collateral flow reserve as previously described (Pijls, et al., 1993; Pijls, Bech, et
al., 1995). A CFIp or FFRcoll of < 0.25 suggests low collateralisation and >0.25 suggests
high grade, well-developed collateralisation (Zimarino, et al., 2014). FFR collateral during
balloon occlusion has been validated with myocardial perfusion imaging in conscious
humans, it has been found to be highly correlated with the extent and severity of the
defect at myocardial perfusion of the territory of the occluded artery and superior to Pw
and Pw/Pa ratio (Matsuo, et al., 2002).
2.1.10. Study outcome measures
For the purpose of this thesis, the outcome measures include:
Primary Endpoint/outcome measure:
1. Changes in coronary pressure-derived measurements (resting Pd/Pa, iFR and FFR)
in donor vessels pre, post RCA CTO PCI and at follow-up.
Secondary Endpoints/outcome measures:
1. Changes in coronary pressure-derived measurements (resting Pd/Pa, iFR and FFR)
in CTO vessel (RCA) pre, post RCA CTO PCI and at follow-up.
2. Correlation between changes in coronary pressure-derived measurements (resting
Pd/Pa, iFR and FFR) in donor and CTO vessels pre- and post-CTO PCI, collateral
function index (FFRcoll) and baseline ischaemia on Cardiac MRI in the CTO territory.
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Safety Reporting
2.2.1. Definition of Serious Adverse Events
A serious adverse event is any untoward medical occurrence that:
•

results in death

•

is life-threatening

•

requires inpatient hospitalisation or prolongation of existing hospitalisation

•

results in persistent or significant disability/incapacity

Other ‘important medical events’ was also considered serious if they jeopardised the
participant or required an intervention to prevent one of the above consequences.
NOTE: The term "life-threatening" in the definition of "serious" refers to an event in which
the participant was at risk of death at the time of the event; it does not refer to an event,
which hypothetically might have caused death if it were more severe.
2.2.2. Reporting Procedures for Serious Adverse Events
A serious adverse event (SAE) occurring to a participant would be reported to the Chief
Investigator and the sponsor (Basildon and Thurrock University Hospital (BTUH)). The
Chief Investigator would report the serious adverse event (SAE) to the REC that gave a
favourable opinion of the study where in the opinion of the Chief Investigator the event
was ‘related’ (resulted from administration of any of the research procedures) and
‘unexpected’ in relation to those procedures. Reports of related and unexpected SAEs
should be submitted within 15 days of the Chief Investigator becoming aware of the
event, using the HRA report of serious adverse event form.

Statistics Analysis
For the description stage of the presentation of the results all the measured variables
were summarised in a variety of ways to allow the main features of the data to be
revealed. For continuous measurements the summary statistics would include means,
medians, standard deviations, interquartile ranges, and ranges. Categorical variables
were summarised using counts and percentages.
For the statistical inference stage, a statistical significance level of 0.05 was used. The
primary analysis was the pre- post- comparison of the pressure-derived measurements
(resting Pd/Pa, iFR and FFR), and this was achieved using a permutation paired t-test,
and 95% confidence limits for the mean difference was obtained using a bootstrap.
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Secondary analyses involved the evaluation of the relationships between measurements,
and this was examined either using Pearson’s product-moment correlation coefficient
and/or a linear regression model, depending on the nature of the relationship being
explored. The relationships between measurements were examined using scatter
diagrams.
Regulatory Considerations
2.4.1. Guidelines for Good Clinical Practice
The Investigator ensured that this study was conducted in accordance with the
recommendations for physicians involved in research on human subjects adopted by the
18th World Medical Assembly, Helsinki 1964 and later revisions, in accordance with
relevant regulations and with Good Clinical Practice.
2.4.2. Risks of procedure
Standard CTO PCI and pressure wire assessment techniques were used in the evaluation
and treatment of coronary artery stenoses. All operators are highly skilled in these
techniques and in handling the standard clinical complications of PCI. The reported CTO
PCI procedural related major adverse event has been reported to be around 1-5% with a
lower complication rate seen in specialist CTO PCI centres. (Di Mario, et al., 2007;
George, et al., 2014). The average duration of CTO PCI cases is about 2 hours.
There is a very low risk (less than 1 in 1000) that the wire used to make the pressure–
derived measurements will cause any damage to blood vessels. The risk of death, heart
attack or stroke is the same as a routine angiogram. We expected an additional 20 minutes
procedural time in addition to the standard care for CTO PCI. Therefore, there was an
additional small radiation screening time and minimal additional contrast used for coronary
angiography. The risk of using adenosine is very low, but in some patients it may cause a
short-lived chest discomfort, which usually disappears within 3-5 seconds of stopping the
drug. Other side effects include lowering of blood pressure and slowing of the heart rate,
which are again acute. Patients were continually monitored throughout the investigation.
The patients had percutaneous coronary Intervention (PCI) with recanalisation of chronic
total occlusions (CTOs) on clinical grounds alone; Consultant Cardiologists at the Essex
Cardiothoracic Centre (CTC) acted as Radiation Practitioners under the Ionising Radiation
Medical Exposure Regulations (IR(ME)R 2000).
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The local Diagnostic Reference Level (LDRL) at the Essex CTC is 224 Gy.cm2 for the CTO
PCI procedure. The resulting Effective Dose is around 23 mSv (using a conversion factor
from the National Radiological Protection Board (NRPB) report W4 of 0.1 mSv/Gy.cm2).
This LDRL was calculated for standard patients of 70±10 kg. The additional radiation
exposure in this study came from the positioning physiological measurement catheters.
Typically, this required a few minutes of fluoroscopic screening. The additional patient
Effective Dose from the study was approximately 0.25 mSv. This dose estimate was based
on annual equipment quality assurance data.
This additional dose for participants in the study was equivalent to around 5 weeks of
natural background radiation. This would result in an additional lifetime risk of fatal cancer of
around 1 in 80,000. This risk is minor and comparable to the annual risk of death by
homicide of 1 in 100,000 and five times less than the annual risk of death on the roads of 1
in 17,000.

63

Chapter 3 The Impact of Chronic Total Occlusion
(CTO) Percutaneous Coronary Intervention (PCI) Upon
Donor

Vessel
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and
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for

Physiology-Guided PCI in Patients With CTO

This chapter includes the findings reported and published as:
Mohdnazri, S.R., Karamasis, G.V., Al-Janabi, F., Cook, C.M., Hampton-Till, J., Zhang,
J., Al-Lamee, R., Dungu, J.N., Gedela, S., Tang, K.H., Kelly, P.A., Davies, J.E., Davies,
J.R. and Keeble, T.R., 2018. The impact of coronary chronic total occlusion
percutaneous coronary intervention upon donor vessel fractional flow reserve and
instantaneous wave-free ratio: Implications for physiology-guided PCI in patients with
CTO. Catheterization and cardiovascular interventions: official journal of the Society for
Cardiac Angiography & Interventions, [e-journal]92(3),pp.E139-E148. 10.1002/ccd.27587
[doi].
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Introduction
Approximately one in four patients with obstructive coronary artery disease undergoing
coronary angiography have at least one chronic total occlusion (CTO) (Tsai, et al., 2017).
In the presence of angiographically intermediate lesions in non-CTO arteries, decisions
regarding revascularisation strategy are challenging. Coronary physiology assessment
helps identify ischaemia and guide revascularisation decision-making. Fractional flow
reserve (FFR) is the current gold standard for the functional assessment of lesion
severity in stable patients with single or multi-vessel disease (Patel, M. R., et al., 2012;
Authors/Task Force members, et al., 2014). The instantaneous wave-free ratio (iFR) is a
resting pressure derived index that has been proposed as an alternative for the
assessment of coronary stenosis severity (Sen, et al., 2012). Its clinical outcomes in
guiding PCI were non-inferior to FFR in two recent large randomised control trials
(Davies, et al., 2017; Götberg, et al., 2017a).
To aid decision making, pressure-derived estimations of coronary flow such as
adenosine fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) have
been devised and tested in patients with coronary disease (Echavarria-Pinto, et al.,
2017). However, in the presence of a CTO, the accuracy of FFR has been challenged,
and the validity of iFR remains uncertain. Recanalisation of a CTO reduces the
myocardial mass perfused by a collateral donor vessel and a number of previously
published cases and case series have reported a significant improvement in FFR
measured in the donor artery (Melikian, et al., 2009; Iqbal, et al., 2010; Kurisu, et al.,
2011; Sachdeva and Uretsky, 2011; Matsuo and Kawase, 2013; Sachdeva, et al., 2013;
Tigen, Durmus and Sari, 2014). A recent study of patients with both left and right
coronary CTOs demonstrated a modest but significant increase in FFR in the donor
coronary artery collateralising the CTO territory (Ladwiniec, et al., 2015), suggesting that
physiological assessments of lesions in the presence of a CTO should be deferred until
the CTO vessel has been treated. Physiologically, this finding is unsurprising given the
reduction in myocardium supplied by the donor vessel, once the collateral vessels have
regressed following CTO recanalisation. Despite this study, uncertainties remain. Firstly,
how long after successful CTO treatment one must wait before a stable and accurate
pressure wire assessment of the non-CTO donor arteries can be made remains
unknown. Studies have shown that full collateral regression does not occur immediately
following successful CTO revascularisation raising the possibility that pressure wire
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measurements should be deferred to beyond the index CTO procedure. Secondly, the
validity of iFR in the setting of CTO is unknown.
The aims of this study were to serially assess the physiological impact of RCA CTO PCI
and the influence of collateral regression upon donor vessel coronary physiology indices
(resting Pd/Pa, iFR and FFR) pre, immediately post-CTO PCI and at four months followup. I selected RCA CTOs, as this is the most common CTO found (Tsai, et al., 2017) and
functional assessment of LAD disease in the presence of an RCA CTO has increased
clinical significance, as it can be the determinant between percutaneous and surgical
revascularisation. I hypothesised that donor vessel coronary physiology indices will
improve following successful CTO PCI and at follow-up.

Methods
3.2.1. Study patients
40 consecutive patients scheduled for RCA CTO PCI with symptomatic stable angina
were recruited at our institution from October 2015 to November 2016. All patients had
an RCA total occlusion with duration ≥3 months, evidence of viability and / or ischaemia
in the CTO territory as shown by non-invasive cardiac imaging. 92% of patients had
perfusion cardiac magnetic resonance imaging (CMR) performed prior to the CTO PCI.
All patients had spontaneously visible collaterals from a contralateral donor artery.
Patients with previous CABG, > 1 CTO and significant LMS disease were excluded. The
study was approved by the local ethics committee (NRES REC: 15/EE/0269) and all
patients provided written informed consent prior to the procedure.

3.2.2. CTO PCI
PCI to RCA CTO was performed as outlined in chapter 2.0.

3.2.3. Study protocol and coronary physiology measurements
Physiological measurements were performed as outlined in Chapter 2.0. (Section 2.1.2)
above.
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3.2.4. CTO characteristics, angiographic assessment of collateral donor
arteries and angiographic assessment of collateral circulation
The angiographic assessment is outlined in Chapter 2.0.
3.2.5. Statistical analysis
Continuous variables are presented as mean ± standard deviation. Categorical variables
are expressed as frequency and proportion. The paired t-test was used for the primary
analysis to compare pre- and post-CTO PCI and pre and follow up physiological
measurements. Scatter plots and Pearson’s correlation coefficients or Spearman’s
correlation coefficients were used to assess the relationship between two variables as
appropriate. Sensitivity, specificity and area under the curve were defined from the
operator receiver characteristic curve. The diagnostic accuracy of iFR was defined as the
proportion of correctly classified lesion against FFR. The level of statistical significance
was set at p = 0.05 with two tails. Statistical analysis was carried out using SPSS 20
software (SPSS Inc., Chicago, Illinois).

Results
Out of the 40 consecutive patients recruited, 34 patients underwent successful RCA CTO
PCI. 28 patients completed measurements pre, immediately post and at 4 (±1.2) months
follow-up after the index procedure. Baseline demographics, angiographic and
procedural details are outlined in (Table 3.1). Overall, the mean age was 62 ± 10 years
and 88% of the patients were male. Average LVEF was 51% and area of ischaemia
measured by CMR was 13.6 +/- 5%. LAD was the predominant donor in 88% of the
cases with a mean maximum stenosis of 41 +/- 12.6%.

3.3.1. Physiological Indices pre and immediately post CTO PCI
The mean Pd/Pa, iFR and FFR values and their change immediately post-CTO PCI are
illustrated in (Figure 3.1). FFR in the predominant donor vessel did not change
significantly immediately post-CTO PCI (0.76 ± 0.12 vs. 0.75 ± 0.13, p=0.267) (Table
3.2). There was no statistically significant change in resting Pd/Pa (0.89 ± 0.07 vs. 0.90 ±
0.07, p=0.109), while iFR increased from 0.86 ± 0.10 to 0.88 ± 0.10 (p=0.012). In the
minor donor vessel, there were no significant changes in resting Pd/Pa, iFR and FFR
(0.98 ± 0.04 vs. 0.99 ± 0.03, p=0.534, 0.97 ± 0.06 vs. 0.98 ± 0.04, p=0.152, 0.89 ± 0.07
vs 0.89 ± 0.07, p=0.183, respectively) (Table 3.2).
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Table 3.1 Baseline demographics, angiographic and procedural details
Demographic (n=34)

n (%) or mean ± SD

Male

30 (88.2)

Age (years)

61.8 ± 10.5

Previous MI

21 (61.8)

Previous PCI

14 (41.2)

Hypertension

22 (64.7)

Hypercholesterolaemia

24 (70.6)

Diabetes mellitus

9 (26.5)

Current smoker

7 (20.6)

Angina Duration (months)
Estimated duration of CTO (weeks)
Angina CCS Class (1/2/3/4)
LVEF on CMR (%)

39.9 ± 65.6
221.4 ± 397.3
4(11.8) / 12(35.3) / 17(50.0) / 1(2.9)
51.3 ± 19.6

RVEF on CMR (%)

51.8 ± 23.4

Ischaemia in RCA territory on CMR (%)

13.7 ± 5.0

Angiographic Characteristics
CTO Vessel (RCA)
CTO length (mm)
J-CTO Score (0/1/2/3/4)
Predominant donor vessel (LAD / LCx)

34 (100)
34.59 ± 25.70
7(20.6) / 5(14.7) / 8(23.5) / 10(29.4)
/ 4(11.8)
30 (88) / 4 (12)

Predominant donor vessel stenosis on QCA (%)

41.4 ± 12.6

Minor donor vessel stenosis on QCA (%)

35.1 ± 13.7

Overall Rentrop Classification grading
Pre-CTO-PCI (0/1/2/3)
Post-CTO-PCI (0/1/2/3)
Overall Collateral Connection Classification
grading
Pre-CTO-PCI (0/1/2/3)
Post-CTO-PCI (0/1/2/3)

0(0.0) / 0(0.0) / 2(5.9) / 32(94.1)
3(8.8) / 25(73.5) / 6(17.6) / 0(0.0)

0 (0.0) / 3(8.8) / 22(64.7) / 9(26.5)
23(67.6) / 10(29.4) / 0(0) / 1(2.9)

Procedural details
No of stents in RCA CTO (1/2/3/4/5)
Length of stented segment (mm)

8/7/9/8/2
71.41 ± 30.17

Technique of recanalization
Antegrade Lumen-Lumen

19 (56)

Antegrade Dissection Re-entry

4 (12)

Retrograde Lumen-Lumen

2 (6)

Retrograde Dissection Re-entry

9 (26)

Procedural time (mins)
Radiation (cGycm/2)

197.3 ± 52.5
29132.7 ± 34974.4

MI: myocardial infarction; PCI: percutaneous coronary intervention; CTO: chronic total
occlusion; CCS: canadian cardiovascular society; LVEF: left ventricular ejection fraction;
CMR: cardiac magnetic resonance imaging; RVEF: right ventricular ejection fraction;
RCA: right coronary artery; LAD: left anterior descending artery; LCx: left circumflex
artery; QCA: quantitative coronary angiography.
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0.89 ± 0.07 vs 0.90 ± 0.07
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Figure 3.1 Change in Predominant and Minor Donor Vessel Pre- and Post-CTO PCI.
(A) Change in predominant donor vessel pressure-derived indices pre- and post-CTO PCI for individual stenoses. (B) Change in minor donor
vessel pressure-derived indices pre- and post-CTO PCI for individual stenoses. FFR = fractional flow reserve; iFR = instantaneous wave-free
ratio; PCI = percutaneous coronary intervention; Pd/Pa = Resting distal coronary pressure / aortic pressure.
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Table 3.2 Haemodynamics and coronary pressure assessment pre- and postRCA CTO PCI
Pre-CTO PCI

Post-CTO PCI

4.82 ± 3.31

5.00 ± 3.56

0.121
(-0.695 to 0.937)

0.764

Mean BP (mmHg)

86.50 ± 11.54

86.82 ± 14.68

0.545
(-5.124 to 6.215)

0.846

Heart Rate (beats/min)

65.38 ± 11.32

64.46 ± 13.33

-0.727
(-4.042 to 2.588)

0.658

Resting Pd/Pa

0.89 ± 0.07

0.90 ± 0.07

0.012
(-0.003 to 0.027)

0.109

iFR

0.86 ± 0.10

0.88 ±0.10

0.024
(0.006 to 0.043)

0.012

FFR

0.76 ±0.12

0.75 ± 0.13

-0.013
(-0.035 to 0.010)

0.267

Resting Pd/Pa

0.98 ± 0.04

0.99 ± 0.03

0.003
(-0.007 to 0.013)

0.534

iFR

0.97 ± 0.06

0.98 ± 0.04

0.010
(-0.004 to 0.025)

0.152

FFR

0.89 ± 0.07

0.89 ± 0.07

-0.008
(-0.021 to 0.004)

0.183

CVP (mmHg)

Difference
(95% CI)

p Value

Predominant Donor Vessel

Minor Donor Vessel

CI = confidence interval; CVP = central venous pressure; BP = blood pressure;
Pd/Pa = distal coronary pressure / aortic pressure; iFR = instantaneous wave free
ratio; FFR = fractional flow reserve.

3.3.2. Physiological Indices at follow up
28 out of 34 patients completed follow-up measurements at 4 (± 1.2) months postindex procedure. All 28 patients had patent stents in the CTO vessel with TIMI 3 flow.
At follow-up, the mean FFR in the previously predominant collateral donor vessel
was 0.79, significantly increased compared to pre-CTO recanalisation (0.76, p =
0.047). Similarly resting Pd/Pa increased from 0.89 to 0.92 (p = 0.006) and iFR from
0.86 to 0.90 (p = 0.003) (Figure 3.2(A)). The was no significant change in minor
donor vessel Pd/Pa, iFR and FFR at follow-up compared to pre-CTO PCI (0.98 vs
0.98, p=0.816, 0.97 vs. 0.97, p = 0.523, 0.89 vs. 0.90, p=0.399, respectively) (Figure
3.2(B)). The overall temporal changes for Pd/Pa, iFR and FFR for predominant and
minor donor vessels are outlined in (Figure 3.3).
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p=0.006
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p=0.003

0.76 ± 0.12 vs. 0.79 ± 0.11
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p=0.047
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Figure 3.2 Change in Predominant and Minor Donor Vessel Pre-CTO PCI and at Follow-up.
(A) Change in predominant donor vessel pressure-derived indices pre-CTO PCI and at follow-up for individual stenoses. (B) Change in minor
donor vessel pressure-derived indices pre-CTO PCI and at follow-up for individual stenoses. Abbreviations as in Figure 3.1.
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Figure 3.3 Mean Change in Donor Vessel Pressure-Derived Indices Pre and
Post-CTO PCI and at Follow-up.
(A) Predominant donor vessel. (B) Minor donor vessel NS = non-significant; other
abbreviation as in Figure 3.1.

3.3.3. FFR/iFR Agreement and Functional Lesion Classification in The
Predominant Donor Vessel
FFR/iFR classification agreement at different time points and iFR sensitivity,
specificity, positive and negative predicting values and overall diagnostic accuracy in
predicting an FFR<0.80 using a cut off of 0.89 are shown in (Figures 3.4 and 3.5).
Immediately post CTO PCI, the treatment threshold was crossed from an FFR ≤0.8
to >0.8 in 2 patients, (5.9%); from an FFR of >0.8 to ≤0.8 in 2 patients, (5.9%) and
the treatment threshold was crossed from an iFR ≤0.89 to >0.89 in 7 patients,
(20.6%), crossed from an iFR of >0.89 to ≤0.89 in 2 patients, (5.9%). At four months
follow-up, compared to baseline, the treatment threshold was crossed from an FFR
≤0.8 to >0.8 in 5 patients, (17.9%), from an FFR of >0.8 to ≤0.8 in 1 patient, (3.6 %)
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and the treatment threshold was crossed from an iFR ≤0.89 to >0.89 in 7 patients,
(25%), crossed from an iFR of >0.89 to ≤0.89 in 3 patients, (10.7%).
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Pre-PCI iFR
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0.8

r = 0.90,
p <0.0001

0.6

0.6

0.8
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1.0

0.4
0.4
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0.8

r = 0.84,
p <0.0001

0.6

0.4
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1.0

0.6

D

Post-PCI
1.0

Post-PCI iFR
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Pre-PCI FFR

B

0.8

0.89 cut-off * Diagnostic Sensitivity Specificity
accuracy

PPV

NPV

iFR Pre-PCI

89.6

81.8

93.3

85.7
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iFR Post-PCI

82.1

56.0

97.6

93.3

78.9
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85.7

71.4
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0.8

r = 0.86,
p <0.0001

0.6

0.4
0.4

0.6

0.8

Post-PCI FFR

1.0

Values are in %; PPV, positive predictive value; NPV, negative
predictive value; * for predicting FFR of ≤0.80;

Figure 3.4 FFR/iFR correlation and classification agreement
(A) Pre-CTO-PCI, (B) Immediately post-CTO-PCI and (C) At Follow-up (D)
Diagnostic Performance of iFR against FFR. Red dotted and blue dashed lines
indicate the 0.80 FFR and the 0.89 iFR threshold values respectively.
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ROC Curves for iFR vs. FFR
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Figure 3.5 Receiver Operating Curves (ROC) and Bland- Altman plots
(A&D) Pre-CTO-PCI, (B&E) Immediately Post-CTO-PCI and (C&F) At Follow-up
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3.3.4. Regression of collateral vessels
During the index procedure, I measured FFR collateral in 31 out of 34 patients. Mean
FFR collateral was 0.31 ± 0.10 prior to CTO PCI and did not change significantly
immediately after the procedure (0.34 ± 0.10, p = 0.078) (Figure 3.6(A)). At four
months follow-up, complete angiographic collateral regression was observed in 23
patients out of 28 patients. The mean FFR collateral measured during balloon
occlusion in RCA was 0.18 ± 0.07, demonstrating a significant decrease compared to
the index procedure (p < 0.0001), suggestive of significant collateral regression
(Figure 3.6(C)).

0.8

0.31 (± 0.10) vs. 0.34 (± 0.11)
p = 0.078
Δ 0.028 (-0.003 to 0.060)
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Overall p value < 0.0001
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Figure 3.6 Collateral Fractional Flow Reserve (FFRcoll) Pre, Post-CTO PCI and at
Follow-up.
(A) Mean and individual changes pre- and post-PCI. (B) Individual changes pre,
post-PCI and at follow-up (n=25). (C) Temporal changes in collateral FFR (n=25).
FFRcoll = Collateral Fractional Flow Reserve; other abbreviation as in Figure 1 and 3.

3.3.5. Correlations of changes in physiological indices
There was no relationship demonstrated between the changes in the physiological
indices (Pd/Pa, iFR and FFR) pre- and post-CTO PCI with the severity of donor
vessel stenosis measured by QCA, pre-PCI CTO FFR collateral, change in FFRcoll or
percentage ischaemia in RCA territory measured by CMR (Table 3.5). At follow-up,
there was a statistically significant correlation between the changes in Pd/Pa and iFR
with donor vessel stenosis measured by QCA, and between the change in FFR with
the change in overall CC grading and the predominant CC grading compared to
baseline (Figure 3.7 and Table 3.6).
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Table 3.3 Relationships with change in predominant donor vessel pressurederived indices pre and immediately post-RCA CTO PCI

Diameter
Stenosis on
QCA (%)

FFRcoll

Change in
FFRcoll

Percent of
Ischaemia
in RCA
territory
on CMR

Correlation
Coefficient

-0.04

0.09

-0.11

0.02

p Value

0.80

0.63

0.56

0.94

Correlation
Coefficient

0.19

-0.05

-0.03

0.11

p Value

0.28

0.79

0.90

0.56

Correlation
Coefficient

-0.17

0.27

0.05

-0.10

p Value

0.33

0.14

0.80

0.61

Δ Pd/Pa

Δ iFR

Δ FFR

FFRcoll = collateral fractional flow reserve; other abbreviations as in Table 3.1 and
3.2.
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Table 3.4 Relationships with change in predominant donor vessel pressure-derived indices pre-RCA CTO PCI and at follow-up.
DS on
QCA (%)

FFR
coll

Δ in FFR
coll

% of Ischaemia
in RCA
territory on
CMR

Δ in
Rentrop

Δ in CC

Δ in PDV
Rentrop

Δ in PDV CC

Δ in PDV
collateral size

Δ Pd/Pa

r

0.40

-0.06

-0.11

-0.13

-0.10

-0.24

0.00

-0.21

-0.27

p Value

0.04

0.78

0.58

0.53

0.62

0.21

0.99

0.28

0.16

r

0.48

-0.29

0.15

0.05

-0.24

-0.30

-0.11

-0.25

-0.28

p Value

0.01

0.14

0.45

0.81

0.22

0.13

0.58

0.20

0.15

r

0.16

-0.01

-0.04

-0.02

-0.20

-0.50

-0.11

-0.46

-0.45

p Value

0.43

0.95

0.83

0.94

0.31

0.10

0.60

0.02

0.02

Δ iFR

Δ FFR

Δ = change; r = correlation coefficient; DS = diameter stenosis; PDV= predominant donor vessel; CC = collateral connection; other abbreviations

as in Table 3.1 and 3.2.
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Figure 3.7 Relationships With Change in Predominant Donor Vessel Pressure-Derived Indices at four Months Follow-up and Pre-CTO
PCI.
(A) Angiographic diameter stenosis (DS) % on QCA. (B) Change in overall Rentrop classification grading and change in FFR. (C) Change in
overall collateral classification (CC) grading and change in FFR. (D) Change in predominant donor vessel (PDV) Rentrop classification grading
and change in FFR. (E) Change in PDV CC grading and change in FFR. (F) Change in PDV CC size grading and change in FFR.
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Discussion
In this study, I evaluated the impact of RCA CTO PCI on collateral donor vessel
resting and hyperaemic coronary pressure-derived indices. This is the first study to
report follow up measurements at four months after the index CTO procedure, and
real-time iFR readings pre, post and four months following CTO revascularisation.
Our main findings were as follows:
1. Percutaneous revascularisation of an RCA CTO led to significant increase in
predominant donor vessel physiological indices (Pd/Pa, iFR and FFR),
2. The time point at which iFR and FFR detected changes in donor vessel
physiology differed, with the improvement in predominant donor vessel
physiology detectable immediately after CTO PCI with iFR. In contrast, FFR
measurements did not change immediately post-CTO PCI, but a significant
change in FFR was observed at follow-up procedure,
3. The collateral function index remained unchanged immediately post-PCI, but
decreased significantly at follow-up.
4. At four months in the predominant donor, 18% of the cases for FFR and 25% for
iFR were reclassified from ischemic to non-ischemic, changing interventional
strategy from PCI to defer.
In the presence of a CTO, the coronary artery providing the main collateral vessel
supplies blood not only to its myocardial territory, but also to the territory of the
chronically occluded artery. As FFR is dependent on the amount of tissue to be
perfused (Leone, et al., 2013), theoretically a non-ischaemic FFR for a given lesion
and myocardial territory can become ischaemic if the perfused territory increases in
the presence of a CTO in another vessel. A number of case reports and case series
have described a significant increase in FFR in the collateral donor vessel after
recanalisation of a CTO (Melikian, et al., 2009; Iqbal, et al., 2010; Kurisu, et al., 2011;
Sachdeva and Uretsky, 2011; Matsuo and Kawase, 2013; Sachdeva, et al., 2013;
Tigen, Durmus and Sari, 2014), but selective reporting and publication bias might
have exaggerated the extent or even presence of this phenomenon. Recently,
Ladwiniec et al measured coronary pressure and flow velocity in the non-CTO
vessels pre and immediately post-successful PCI in 34 RCA, LAD and Cx CTOs
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(Ladwiniec, et al., 2015). They found an increase in FFR in the predominant donor
vessel by 0.028 accompanied by a reduction in baseline and hyperaemic blood flow.
The authors concluded that the observed reduction in donor vessel coronary flow is
related to a reduction in collateral donation and perfused myocardial mass. Our study
supports these findings as it shows a consistent but modest increase in all pressurederived indices with a concomitant reduction in collateral function at follow-up.
However, it conveys new aspects with the use of real-time iFR and repeat
measurements at four months follow-up.
A novel finding in this study demonstrates that the change in donor vessel
physiology, particularly in FFR, does not occur immediately, but does so over a more
prolonged time course. In the case of FFR, contrary to the results of (Ladwiniec, et
al., 2015), I did not find any difference in the predominant donor vessel FFR
measurements immediately post-PCI. However, at four months follow-up I observed
a similar modest increase in FFR by 0.03. The process of collateral regression could
potentially explain the difference between the timing of FFR change. Although, early
clinical studies on collateral function in CTO have suggested rapid regression after
successful CTO PCI (Petronio, et al., 1998; Werner, et al., 2000; Werner, Emig, et
al., 2003; Zimarino, et al., 2006), more recent work has shown that collateral function
remains relatively unchanged immediately (Lee, J. H., et al., 2017) and for at least 24
hours post-PCI (Perera, et al., 2007). Furthermore, animal models suggest that the
collateral circulation does not diminish for several weeks after recanalisation (Khouri,
Gregg and McGranahan, 1971; Fujita, et al., 1990). However, as anatomic remodelling of well-developed collaterals requires sufficient time (Helisch and Schaper,
2003), a rapid decrease in functional capacity seems unlikely. A recent study that
defined the anatomy of angiographic visible collaterals identified 45 different patterns
of coronary connections (McEntegart, et al., 2016). In the case of the RCA CTO,
19.3% had bridging collaterals and 14.5% epicardial collaterals from the LAD
(McEntegart, et al., 2016). Furthermore, compared to septal collaterals, bridging and
epicardial collaterals are generally larger and are much less likely to regress
immediately on re-establishment of antegrade RCA flow and at follow-up due to its
larger diameter (Werner, Emig, et al., 2003). The high degree of anatomical variance
could potentially explain the different patterns in functional regression. In our study,
which included only RCA CTOs, FFR collateral remained unchanged immediately
after successful PCI, showing that the collaterals maintained their functional capacity.
At 4 months, FFRcoll decreased significantly indicating collateral regression. The
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reduction in collateral flow only at follow -up and not immediately post PCI would
explain the change of FFR at the same time points.
In contrast to FFR, resting indices showed bigger changes immediately post-PCI.
Resting Pd/Pa showed a numerical but not statistically significant increase of 0.01
(final increase at 4 months follow-up of 0.03). iFR significantly increased by 0.02 with
a further increase by 0.02 at follow-up (final increase at four months follow-up of
0.04). Without measurements of coronary flow and microvascular resistance, the
explanation of this difference can only be speculative, but again the physiology of
collateral regression probably plays a major role. In our study, angiographic
visualisation post PCI showed an immediate reduction in collaterals (Table 3.1). Only
when adenosine was used for FFRcoll, was the maintained functional capacity of
collaterals revealed. Potentially collaterals were recruited by the vasodilatory effect of
adenosine (Stoller and Seiler, 2014) in the case of FFR, but not during the
measurements of the resting index iFR. The difference with FFR probably depicts the
different physiological principles between resting and hyperaemic indices and the
fact that they may represent different aspects of myocardial ischaemia (Hwang, et
al., 2017). These results are interesting, but they require further investigation.
In this study the increase for both indices from baseline to follow up was statistically
significant, but modest: 0.03 for FFR and 0.04 for iFR. Similarly, (Ladwiniec, et al.,
2015) reported an increase of 0.028 for FFR pre and immediately post PCI. Although
the clinical relevance of such changes could be challenged, when measurements are
close to ischemic cut-off points, such changes are crucial and can change the
indication for treatment. Indeed, in our cohort at 4-month follow up, FFR values in the
predominant donor vessel changed from positive for ischaemia to negative in 18% of
the cases compared with baseline. In the case of iFR the change occurred in 25% of
the cases.
Using ischemic cut off values of 0.80 and 0.89, the diagnostic accuracy of iFR
predicting FFR was 89.6% at baseline and 85.7% at follow up. The percentage of
functionally significant stenoses was lower in the iFR than in the FFR group at
baseline and post-PCI but similar at follow-up (31.3% vs. 34.3%, 22.4% vs. 38.8%,
and 25% vs. 25% of vessels studied, at pre-PCI, immediate post-PCI and at followup, respectively). This is similar to what has been observed previously (EchavarriaPinto, et al., 2017). In the cases where there is discordance between the two indices,
one can only speculate as to which method correctly identifies the ischaemia. By
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comparing the two indices to a gold standard such as cardiac MRI in this subset of
CTO patients, one may be able to prove which is more accurate.
I did not find statistically significant relationships between the change in any of the
three different indices (resting Pd/Pa, iFR and FFR) in the predominant donor vessel
pre- and post-CTO PCI with donor vessel disease severity, FFR collateral or
percentage of ischaemia in RCA territory. My sample size was probably too small to
detect any significant relationship between these indices and a larger sample size
including LAD CTOs may potentially be able to reveal associations. Furthermore,
overall disease severity in the major donor vessel was low as the mean maximum
stenosis was 41 ± 12%. Finally, the mean percentage of ischaemia as measured with
CMR was 14%. It is possible a higher ischaemic burden would have provided a
significant correlation.
Although the severity of disease in the predominant donor vessel was moderate,
FFR and iFR were around the ischemic threshold even at follow up. However, it is
important to note that the LAD was the predominant donor vessel in 88% of the
cases, 56% of the predominant donor vessels had diffuse disease and the pressure
wire was placed at the distal segment of the vessel as per protocol. It is recognised
that in the LAD even mild stenosis can lead to ischemic physiological indices,
especially in the presence of long or diffuse disease (Biasco, et al., 2015).

Clinical implications
CTO is a common finding in patients with coronary artery disease and with
contemporary PCI techniques can be readily treated with a high degree of success
and low complication rates (Patel, V. G., et al., 2013). Functional assessment of coexisting lesions in non-CTO vessels is of great importance as it can be the
determinant between subsequent percutaneous or surgical revascularisation. My
study shows that in predominant collateral donor vessels there is an increase in
pressure derived physiological indices if measured in a staged fashion post-CTO
PCI. Although this increase is modest it can be important when a binary cut-point is
used to guide revascularisation. At the four-month follow-up of our cohort, 18% of
FFR cases in the predominant donor vessel crossed the treatment threshold of 0.80
when compared with pre-CTO PCI, thereby changing the classification of the lesion
from haemodynamically significant to haemodynamically insignificant. In the case of
iFR the percentage was 25% (using an ischaemic cut off of 0.89). These results
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should be taken into account when physicians are using invasive physiological
measurements in the presence of a CTO.

Study limitations
This study is not without limitations. It is a single centre study, involving a small
number of patients. The study is limited to RCA CTOs, for clinical reasons as
mentioned earlier and in order to provide a more consistent and uniform cohort.
However, the myocardial mass supplied by the LAD is much greater, so the
physiological changes in donor and collateral vessels supplying an LAD CTO might
be bigger. The mean follow-up in our study was medium-term at four months so
these collaterals may further regress and influence the coronary pressure-derived
measurements if they were measured at a later stage. Nevertheless, medium-term
follow-up limits the possibilities for significant disease progression in the donor
vessels. Finally, the exact location of the pressure wire sensor is critical to make
serial comparisons of the coronary physiological measurements and despite special
care taken to measure at identical points during the post-PCI and follow-up studies,
inaccuracy may have occurred during these measurements. However, as the
observation of improvement is in all three (resting Pd/Pa, iFR and FFR) indices with
concomitant reduction of collateral function, the observed changes can be
considered genuine.

Conclusion
Successful recanalisation of an RCA CTO results in a modest yet significant increase
in predominant donor vessel coronary pressure-derived indices (resting Pd/Pa, iFR
and FFR) at 4-month follow-up with a concomitant reduction in collateral function. In
the case of iFR a significant increase happens immediately post CTO PCI. These
results have implications for physiological coronary lesion assessment in the
presence of a CTO, the timing of the assessment and subsequent revascularisation
in this setting. Interventional cardiologists need to be mindful when making
revascularisation decisions in a donor artery in the presence of a CTO, particularly if
the FFR and / or iFR are close to the ischemic cut points.
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Chapter

4 Physiological Gain After Coronary

Chronic Total Occlusions Percutaneous Coronary
Intervention: Assessment using Fractional Flow
Reserve and Instantaneous Wave-Free Ratio
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Introduction
Coronary chronic total occlusion (CTO) is defined as 100% stenosis with
Thrombolysis In Myocardial Infarction (TIMI) grade 0 flow for more than three months
(Galassi, et al., 2019). CTO is relatively common and is presents in approximately 1
in 4 patients with obstructive coronary artery disease on coronary angiography(Tsai,
et al., 2017). CTO percutaneous coronary intervention (PCI) is indicated in patients
with symptoms and /or ischaemia with viability in the CTO territory (Galassi, et al.,
2019). PCI in the treatment of coronary chronic total occlusions (CTOs) aims at
improving the myocardial perfusion pressure in the ischaemic CTO segment. This in
turns has benefits at different levels such as reduction in myocardial ischaemia
(Safley, et al., 2011), improving anginal symptoms, functional status and quality of
life (Galassi, et al., 2019). Furthermore, CTO PCI may also lower the incidence of
ventricular arrhythmias, improves the left ventricular function and improve the risk of
cardiac mortality and major adverse cardiovascular event (MACE) (Azzalini, et al.,
2015; Jang, et al., 2015).
Until recently, coronary angiography has been the main tool to assess the success of
a PCI procedure, however coronary angiography is limited by its inability to detect
functional improvement and is inferior to IVUS/OCT with regards to the anatomical
assessment such as stent sizing and stent apposition which translates into better
clinical outcomes following intracoronary imaging (IVUS/OCT) guided-PCI (Ahn, et
al., 2014; Kuku, et al., 2018; Jiang, et al., 2019). One of the methods to document
success of a PCI procedure is by measuring the pre- and post-PCI coronary
pressure as an estimate of coronary flow improvement by using coronary pressure
wire to detect the improvement in the coronary haemodynamic induced by PCI.
However, in the setting of chronic total occlusions, the pressure wire measurement is
not easy to perform pre-CTO PCI as it would require a delivery of pressure wire
through a microcatheter to cross the CTO segment and measure the collateral
pressure indices (Werner, Emig, et al., 2003). Hence physiological assessment preand post-CTO PCI is not currently routinely adopted in the clinical practice.
The benefit of PCI for symptom relief in symptomatic medically treated patients with
severe stable coronary artery disease has been subjected to a great debate recently
in light of the result from the ORBITA study where there was no increase in exercise
time in the PCI group when compared to the placebo procedure group (Al-Lamee, et
al., 2018). Assessment of coronary stenosis with pressure wire measurement is
recommended to determine the need for myocardial revascularisation in stable
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coronary artery disease (Neumann, et al., 2019). In addition, FFR and instantaneous
wave-free ratio (iFR) have been shown previously to be able to detect
haemodynamic improvement following PCI to non-CTO lesions (Nijjer, et al., 2013).
Pre and post-PCI fractional flow reserve (FFR) measurements have also been shown
to be able to inform the operator on the procedural success, guide the need for
further optimisation and to guide outcome following PCI (Johnson, et al., 2014; Lee,
J. M., et al., 2018; Fournier, et al., 2019). However in chronic total occlusions,
invasive coronary pressure wire assessment is difficult to perform pre-PCI and may
not be reliable immediately post-CTO PCI due to a number of factors affecting the
hyperaemic FFR measurements including collateral circulation, microvascular
dysfunction and vasodilatory response to adenosine (Werner, et al., 2001; Werner, et
al., 2004; Ladwiniec, et al., 2016), therefore there is a paucity of data on
physiological functional gain following successful CTO PCI. A residual gradient after
angiographically appeared successful PCI can be caused by a number of reasons
such as inadequate stent deployment, diffuse disease or other lesions along the
course of the artery unmasked after the initial PCI (Tonino and Johnson, 2016).
Contrary to the well-defined cut off values for FFR and iFR in guiding pre-PCI
physiological assessment, there is no clearly defined optimal Post-PCI FFR or iFR
cut off values with a wide range of FFR values have been identified. Furthermore,
there is no data on the ability of iFR to measure the coronary haemodynamic
improvement post-CTO PCI and there is no data on the short- term physiological
assessment post successful CTO PCI.
Previous study looking at pre- and post-CTO PCI FFR value used predilatation
balloon to facilitate passage for pressure wire delivery to beyond CTO segment
which inevitably restore flow in the CTO segment and raised question regarding the
reliability of pre-PCI physiological measurement, which may not truly reflect the CTO
physiological state (Sachdeva, et al., 2014).
The aim of this study was to investigate the immediate and the short-term
physiological gain post-CTO PCI assessed with both resting indices (Pd/Pa, iFR) and
hyperaemic FFR. In order to investigate the impact of right coronary artery (RCA)
chronic total occlusion (CTO) PCI upon CTO vessel physiological indices, I
prospectively measured Pd/Pa, iFR and FFR and in RCA CTO vessels pre-CTO PCI,
immediately post and at four months follow-up.
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Methods
4.2.1. Study patients
I included a total of 34 consecutive patients who were recruited and had successful
CTO PCI from the IMPACT-CTO study as described in Chapter 3.0.
4.2.2. CTO PCI
PCI to RCA CTO was performed as described in chapter 2.0.
4.2.3. Study protocol and coronary physiology measurements
Physiological measurements were performed as outlined in Chapter 2.0. (Section
2.1.2). A series of physiological measurements were performed pre-PCI, immediately
post-PCI and at four months follow-up.

4.2.3.1.

Calculation of the physiological indices.

The definition and methods used to calculate physiological indices are summarised
in Chapter 2.0 (Table 2.4).
For the purpose of assessing the functional gain from CTO PCI, different
measurements were paired as follows:
Pair 1 (Pd/Pa): Pd/Pa and Pw/Pa
Pair 2 (iFR): iFR and iFR coll
Pair 3 (FFR): FFR and FFRcoll

4.2.4. Angiographic assessment of CTO and collateral circulation
The angiographic assessment is outlined in Chapter 2.0.

4.2.5. Statistical analysis
Continuous variables are presented as mean ± standard deviation. Categorical
variables are expressed as frequency and proportion. ANOVA of variance test was
used for the analysis to compare the physiological measurements. Scatter plots and
Pearson’s correlation coefficients or Spearman’s correlation coefficients were used to
assess the relationship between variables as appropriate. Sensitivity, specificity and
area under the curve were defined from the operator receiver characteristic curve.
The level of statistical significance was set at p=0.05 with two tails. Statistical
analysis was carried out using SPSS 20 software (SPSS Inc., Chicago, Illinois).
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Results
4.3.1. Patient characteristics
Thirty-four out of forty patients had successful PCI to RCA CTO were included in this
analysis (61.76 ± 10.53 years old, 88% male). Twenty-nine out of thirty-four patients
completed their follow-up studies at 4 months were included in this analysis. 97.1 %
of the patients had angina CCS Class 2 or more. The baseline LVEF and Ischaemia
in the RCA territory on CMR were 51.26 ± 19.61 % and 13.65 ± 5.00 % respectively.
All patient had RCA CTO, with the mean length of the CTO segment 34.59 ± 25.70
mm. Patient demographic are shown in (Chapter 3 Table 3.1).
4.3.2. Coronary haemodynamic parameters
I was able to measure the collateral pressure indices in 31 out of 34 patients. In 3
patients we were not able to deliver the pressure wire through the microcatheter into
a distal to the CTO segment. The pre-PCI physiological indices (Pw/Pa, iFRcoll

,

FFRcoll ) frequency histogram distribution is shown in (Figure 4.1). The mean values
of coronary haemodynamic parameters and changes at pre-PCI, post-PCI and
follow-up for both resting and hyperaemic indices are outlined in (Table 4.1 and
Figure 4.2).
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Figure 4.1 Distribution of Pw/Pa, iFRcoll and FFRcoll Pre-PCI with superimposed
normal distribution.
The black dotted line indicates the mean value
4.3.3. Pre-PCI physiological evaluation
Pre-PCI, mean Pw/Pa was 0.51 ± 0.11; mean iFRcoll was 0.43 ± 0.14; and FFRcoll
was 0.31 ± 0.10 (Table 4.1 and Figure 4.1).
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Table 4.1 Haemodynamic and coronary pressure assessment pre, post-CTOPCI and at Follow-up
Pre-CTOPCI

Post-CTOPCI

At Followup

Difference
(95% CI) a

p
Value a

Pd/Pa

0.51 ± 0.11

0.97 ± 0.05

0.99 ± 0.03

0.482
(0.436 to 0.528)

<0.0001

iFR

0.43 ± 0.14

0.96 ± 0.06

0.99 ± 0.03

0.557
(0.498 to 0.616)

<0.0001

FFR

0.31 ±0.10

0.83 ± 0.10

0.89 ± 0.07

0.577
(0.520 to 0.634)

<0.0001

RCA CTO
Vessel

CI: confidence interval; CVP: central venous pressure; BP: blood pressure; iFR:
instantaneous wave free ratio; FFR: fractional flow reserve; a Comparison made
between follow-up and pre-CTO-PCI.
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FFRcoll & FFR

0.51 ± 0.11 vs. 0.97 ± 0.05
Δ 0.47 (0.428 to 0.510)
p<0.0001

0.43 ± 0.14 vs. 0.96 ± 0.06
Δ 0.53 (0.480 to 0.589)
p<0.0001

0.31 ± 0.10 vs. 0.83 ± 0.10
Δ 0.52 (0.477 to 0.570)
p<0.0001
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4.3.4. iFR collateral can be lower or similar to hyperaemic collateral
index (FFR collateral)
For the pre-PCI iFRcoll, there were 2 stenoses (6.5%) in which the iFRcoll were
numerically lower than FFRcoll (iFRcoll 0.35 ± 0.16, FFRcoll 0.42 ± 0.23) and 2 stenoses
(6.5%), which were similar to FFRcoll (iFRcoll 0.33 ± 0.06, FFRcoll 0.33 ± 0.06). There
were 26 stenoses (83.9%) with numerically lower iFRcoll than pre-PCI Pw/Pa (iFRcoll
0.41 ± 0.12, Pw/Pa 0.51 ± 0.10). For the pre-PCI Pw/Pa, there was no stenosis with
numerically lower than FFRcoll. There were 4 stenoses (12.9%) whereby the pre-PCI
Pw/Pa was lower than iFRcoll . For the pre-PCI FFRcoll, all stenoses (100%) were
numerically lower than pre-PCI Pw/Pa and 27 stenoses (87.1%) were numerically
lower than iFRcoll.
4.3.5. Post-PCI physiological evaluation
PCI to RCA CTO was successful in 34 cases out of 40 patients recruited. The
success of PCI to RCA CTO was assessed angiographically with TIMI 3 flow in the
CTO vessel and < 30 % residual stenosis in the CTO vessel by the CTO operator.
Immediately post-PCI, the mean of all three indices increased significantly after CTO
PCI (Pd/Pa 0.51 ± 0.11 to 0.97 ± 0.05, Δ 0.47 (0.428 to 0.510) p<0.0001; iFR 0.43 ±
0.14 to 0.96 ± 0.06, Δ 0.53 (0.480 to 0.589) p<0.0001; FFR 0.31 ± 0.10 to FFR 0.83
± 0.10, Δ 0.52 (0.477 to 0.570) p<0.0001) (Table 4.1, Figure 4.2 and 4.3). At followup, compared to pre-PCI, the mean of all three indices increased significantly after
CTO PCI (Pd/Pa 0.51 ± 0.11 to 0.99 ± 0.03, Δ 0.48 (0.436 to 0.528) p<0.0001; iFR
0.43 ± 0.14 to 0.99 ± 0.03, Δ 0.56 (0.498 to 0.616) p<0.0001; FFR 0.31 ± 0.10 to
FFR 0.89 ± 0.10, Δ 0.58 (0.520 to 0.634) p<0.0001) (Table 4.1, Figure 4.2 and 4.3).
4.3.6. Change in Pd/Pa, iFR and FFR pre- and post-PCI
Immediately post-PCI, compared to pre-PCI, the mean change difference between
Pd/Pa, iFR and FFR (Pd/Pa Δ 0.47 (0.428 to 0.510) vs. IFR Δ 0.53 (0.480 to 0.589)
vs. FFR Δ 0.52 (0.477 to 0.570)) was not statistically significant (ANOVA p = 0.11),
iFR had the biggest mean change followed by FFR and Pd/Pa (Figure 4.4(A)).
Immediately post-PCI, compared to pre-PCI, the magnitude of change induced by
PCI expressed as the delta of mean percentage change, was statistically difference
between FFR and Pd/Pa (204.8±136.8% vs 104.5±53.2%; p<0.01) but there was no
significant difference between iFR and FFR (156.3±108.6 vs 204.8±136.8%; p=0.27,
and iFR and Pd/Pa (156.3±108.6 vs 104.5±53.2%; p=0.21). The overall different
between Pd/Pa, iFR and FFR was significant (ANOVA p = 0.003) (Figure 4.5(A)).
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Temporal changes in coronary pressure indices
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4.3.7. Change in Pd/Pa, iFR and FFR at follow-up
4.3.7.1.

At follow-up compared to pre-PCI:

At follow-up, compared to pre-PCI, there was statistically significant difference in the
mean change between FFR and Pd/Pa (Δ 0.58 (0.520 to 0.634) vs. Δ 0.48 (0.436 to
0.528); p=0.02) but there was no significant difference between iFR and Pd/Pa (Δ
0.56 (0.498 to 0.616) vs. Δ 0.48 (0.436 to 0.528); p=0.11) and iFR and FFR (Δ 0.56
(0.498 to 0.616) vs. Δ 0.58 (0.520 to 0.634); p>0.99). The overall difference between
Pd/Pa, iFR and FFR was significant (ANOVA p = 0.02) (Figure 4.4(B)).
At follow-up, compared to pre-PCI, the magnitude of change induced by PCI
expressed as the delta of mean percentage change, was statistically different
between FFR and Pd/Pa (226±148% vs 108.3±60.3%; p=0.001) but there was no
significant different between iFR and FFR (165.7±126.1% vs 226±148%; p=0.17, and
iFR and Pd/Pa (165.7±126.1% vs 108.3±60.3%; p=0.21). The overall different
between Pd/Pa, iFR and FFR was significant (ANOVA p = 0.002) (Figure 4.5(B)).

4.3.7.2.

At follow-up compared to post-PCI:

At follow-up, compared to immediately post-PCI, only FFR changed significantly from
0.83 ± 0.10 to 0.89 ± 0.07 (Δ 0.06±0.8 (0.0383 to 0.105) p=0.037) with no significant
changes seen with Pd/Pa or iFR (p>0.999 for both) (Figure 4.3). Furthermore, there
was statistically significant difference in the mean change between FFR and Pd/Pa
(Δ 0.06±0.8 (0.0383 to 0.105) vs. Δ 0.02±0.04 (0.002 to 0.037); p=0.01) and FFR and
iFR (Δ 0.06±0.8 (0.0383 to 0.105) vs. Δ 0.03±0.06 (0.003 to 0.050); p=0.04) but there
was no significant difference between iFR and Pd/Pa (Δ 0.03±0.06 (0.003 to 0.050)
vs. Δ 0.02±0.04 (0.002 to 0.037); p>0.99). The overall difference between Pd/Pa, iFR
and FFR was significant (ANOVA p = 0.01) (Figure 4.4(C)).
The magnitude of change induced by PCI expressed as the delta of mean
percentage change, was statistically difference between FFR and Pd/Pa (9.73±12%
vs 2.22±4.99%; p=0.007) and FFR and iFR ((9.73±12% vs 3.16±7.08; p=0.02). There
was no significant difference between iFR and Pd/Pa (3.16±7.08 vs 2.22±4.99%;
p>0.99). The overall difference between Pd/Pa, iFR and FFR was significant
(ANOVA p = 0.004) (Figure 4.5(C)).
4.3.8. Stenoses remaining ischaemic after intervention
The percentages of patients who remained below the treatment threshold values for
iFR(≤ 0.89) and FFR (≤ 0.80) were 14% (n=4) and 34%(n=10) respectively
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immediately post-PCI, and at follow-up they were 3% and 7% respectively.
Furthermore, by using a threshold value of ≤ 0.93 for Pd/Pa, the percentages of
patients who remained below the threshold value of ≤ 0.93 for Pd/Pa were 17% (n=5)
and 3%(n=1) immediately post-PCI and at follow-up respectively. At follow-up 45%
(n=13) of the patients had an FFR of ≤ 0.88: their mean FFR was (0.83 ± 0.06), and
the Pd/Pa and iFR were 0.97 ± 0.03 and 0.96 ± 0.03 respectively with ANOVA p
value < 0.0001 for overall difference and there were significant differences between
FFR and Pd/Pa, and FFR and iFR (p value < 0.0001 for both). All FFR values (100%)
were numerically lower than Pd/Pa and iFR at both post-PCI and follow-up. The iFR
and FFR post-CTO PCI and at follow-up according to different cut-off points are
outlined in (Figure 4.6).

A

≤ 0.89

13.8%

86.2%

3.4%

> 0.89

96.6%

iFR post-PCI

iFR at follow-up

B

6.9%

≤ 0.80
> 0.80

34.5%
65.5%
93.1%

Post-PCI FFR

FFR at follow-up

C

≤ 0.88
> 0.88

37.9%

62.1%

Post-PCI FFR

55.2%

44.8%

FFR at follow-up

Figure 4.6 iFR and FFR post-CTO PCI and at follow up according to different
cut-off points.
(A) iFR (B) FFR (C) FFR

97

4.3.9. Regression of collateral vessels
I have presented this result in Chapter 3 (3.3.4) above.

4.3.10. CTO, collateral circulation characteristics and impact on
physiological improvement
The relationships between the change in pressure-derived indices at follow-up and
pre-RCA CTO PCI and the clinical, angiographic and haemodynamics parameters
are summarised in (Table 4.2). There was no significant correlation between the
mean Δ Pd/Pa, Δ iFR and Δ FFR at follow up compared to pre-PCI and the length of
the stented segment, the occlusion length, and with regards to intraluminal vs
subluminal method of CTO recanalisation (p value n.s for all). I found that the change
in iFR was correlated with angina duration and Δ Diastolic blood pressure (r = 0.4121, p = 0.0293 and r= -0.3797, p = 0.0463 respectively). Apart from the
aforementioned iFR correlation with angina duration and Δ Diastolic blood pressure, I
did not find any significant relationship between the changes in Pd/Pa, iFR and FFR
with the clinical, angiographic and haemodynamic parameters as outlined in (Table
4.2).
4.3.11. Haemodynamic changes induced by PCI.
Haemodynamic parameters changes at pre-PCI, post-PCI and follow-up during both
resting and hyperaemic conditions are outlined in (Table 4.3 and Figure 4.7). There
were significant differences in diastolic blood pressure and heart rate measured
between resting and hyperaemic conditions (p = 0.009 and p = 0.0015 respectively).
The haemodynamic changes observed at rest and during adenosine-mediated
hyperaemia, before, after CTO PCI and at follow-up are summarised in (Table 4.3
and Figure 4.7). There was no significant difference in CVP, SBP, DBP, Mean BP
and heart rate at pre-PCI, post-PCI and at follow-up measured at resting state (p
value > 0.5 for all). There was also no significant difference in CVP, SBP, DBP, Mean
BP and heart rate at pre-PCI, post-PCI and at follow-up measured during
hyperaemia state (p value > 0.5 for all).
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Figure 4.7 Changes in haemodynamics parameters pre, post-PCI and at followup.
ns: not significant ; †: significant

4.3.12. Angina Improvement
The percentages of the CCS class at baseline and follow-up are illustrated in (Figure
4.8(A) & 4.8(B)). A significant proportion of patient had improvement in their anginal
symptoms according to the CCS class grading (p<0.0001). The Canadian
Cardiovascular Society (CCS) grading median and interquartile range (IQR) at
baseline and follow-up were 3 (2-3) and 1(0-1) respectively (Figure 4.8(C)).
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Figure 4.8 Angina Canadian Cardiovascular Class (CCS) class
At (A) Baseline (B) at follow-up (C) Baseline and follow-up comparison.
The Angina CCS class improvement from baseline (blue box and dots) to follow-up
(red box and dots). The dot within the box represents the median value with error
bar. The box indicates Interquartile range.
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Table 4.2 Relationships with change in pressure-derived indices at follow-up and pre-RCA CTO PCI: clinical, angiographic and
haemodynamics parameters

Length of
stented
segment

Diameter
of largest
stent

Δ
Distal
vessel
size

Δ
Rentrop

Δ CC
grading

Δ CVP

Δ SBP

Δ DBP

Δ Mean
BP

Δ HR

0.2301

-0.2276

-0.0221

-0.0484

0.134

-0.0150

-0.1166

-0.0401

-0.3686

-0.2845

-0.0757

0.6869

0.2581

0.2442

0.9111

0.8067

0.4966

0.9398

0.5546

0.8393

0.0536

0.1504

0.7017

-0.4121

0.3263

0.2474

-0.2312

-0.0200

-0.1268

0.283

0.0684

-0.2013

-0.1693

-0.3797

-0.3735

-0.2351

* 0.0293

0.0902

0.223

0.2366

0.9197

0.5203

0.1445

0.7295

0.3044

0.3891

* 0.0463

0.055

0.2285

r

-0.2377

-0.153

-0.1134

-0.1574

0.1126

0.1081

0.0172

-0.0297

0.1791

0.13

-0.0314

-0.11

p
Value

0.2232

0.4369

0.5813

0.4238

0.5682

0.5841

0.9307

0.8806

0.3617

0.5097

0.7671

0.5772

Angina
duration

CTO
durati
on

r

-0.3707

0.0797

p
Value

0.0521

r
p
Value

% of
Ischae
mia in
RCA
territory
on CMR

Δ
Pd/Pa

Δ iFR

Δ FFR
-0.059
0.7671

CC: collateral connection; CVP: central venous pressure; SBP: systolic blood pressure; DBP: diastolic blood pressure; BP: blood pressure; HR:
heart rate; r = correlation coefficient
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Table 4.3 Haemodynamic changes observed at rest and during adenosine-mediated hyperaemia, before, after CTO PCI and at followup
Haemodynamic
parameters

Resting
Pre-PCI

Post-PCI

Hyperaemia
At follow-up

p value

Pre-PCI

Post-PCI

At follow-up

p value

Overall p
value
ANOVA

CVP

4.8 ± 3.6

4.2 ± 3.8

5.1 ± 3.6

0.5816

4.5 ± 3.8

3.6 ± 3.9

4.4 ± 3.1

0.6033

0.7034

SBP

122.0 ± 21.3

118.5 ± 18.9

120.4 ± 18.8

0.7732

111.6 ± 18.4

111.6 ± 22.3

112.3 ± 20.7

0.9878

0.1187

DBP

66.8 ± 12.8

65.7 ± 12.3

65.5 ± 12.1

0.8968

59.9 ± 12.2

58.6 ± 10.2

58.0 ± 14.9

0.8405

** 0.009

Mean BP

88.9 ± 15.0

86.6 ± 13.9

88.2 ± 13.3

0.8044

81.2 ± 14.3

80.8 ± 15.0

83.4 ± 14.0

0.7608

0.0946

HR

61.9 ± 13.0

64.3 ± 11.3

65.0 ± 9.6

0.5817

73.9 ± 15.2

71.2 ± 18.1

72.2 ± 14.5

0.7909

** 0.0015

Values are in mean ± SD; ANOVA is analysis of variance; other abbreviations as described previously
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4.3.1. Stent patency and anatomical gain following CTO PCI
Thirty-four out of forty patients had successful PCI to RCA CTO with TIMI 3 flow
immediately post-CTO PCI. All the twenty-nine out of thirty-four patients who
completed the follow-up at 4 months had patent stents in the RCA with TIMI 3 flow at
follow-up. Distal vessel size increased significantly from 1.64 ± 0.55 mm to 2.01±
0.53 mm and to 2.51 ± 0.43 mm at pre-PCI, post-PCI and at follow-up respectively (p
< 0.0001) with the mean delta change at follow-up - post-PCI was bigger than the
mean delta change at post-PCI - pre-PCI (0.48 (0.2030 to 0.7652) compared to
(0.3694+ (0.1017 to 0.6371) respectively (Figure 4.9).

Distal vessel size
p<0.0001
p=0.0109

p=0.0006

Vessel size, mm

4
3
2
1
0

Pre-PCI

Post-PCI

Follow-up

Figure 4.9 Change in RCA distal vessel size pre, post-PCI and at follow-up.
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Discussion
The main findings of this study are as follows:
1. All patients had ischaemic pre-PCI collateral pressure indices values by using
all the three indices (Resting Pd/Pa, iFRcoll and FFRcoll) irrespective of the
extent of collateralisation to the CTO segment.
2. Successful recanalisation of an RCA CTO resulted in a significant increase in
Pd/Pa, iFR and FFR immediately and at follow-up compared to pre-PCI.
However, only FFR increased significantly at follow-up compared to
immediately post-PCI.
3. Immediately post-CTO PCI, the mean change and the percentage mean
change in iFR was similar compared to FFR.
4. At 4 months follow-up following successful CTO PCI to RCA CTO compared
to post-CTO PCI, the mean change and the percentage mean change in FFR
was significantly greater than iFR and Pd/Pa.
5. The percentages of patients who remained below the treatment threshold
values for iFR(≤ 0.89) and FFR (≤ 0.80) were 14% and 34% respectively
immediately post-PCI, and at follow-up they were 3% and 7% respectively.

4.4.1. Ischaemia is present in the myocardium distal to the CTO
segment
The presence of Ischaemia in the CTO territory is highly prevalent in patients with
CTO even in the presence of angiographically well-developed collateral arteries from
non-invasive studies (Bucciarelli-Ducci, et al., 2016; Stuijfzand, et al., 2017), which is
useful in guiding patient selection for CTO PCI. By using the contemporary pressure
wire technology, I have demonstrated that ischaemia is present in the myocardium
subtended by the CTO segment irrespective of the coronary collateralisation to the
CTO segment similar to previous findings (Sachdeva, et al., 2014). I also
demonstrated that both Resting Pd/pa and iFRcoll, and hyperaemic FFRcoll pre–CTO
PCI were in the ischaemic zone. Furthermore, the mean FFRcoll was 0.31 ± 0.10
which is lower than previously reported by Sachdeva et al (0.45 ± 0.15) (Sachdeva,
et al., 2014). The difference is likely due to the difference in the methodology used
between my study compared to (Sachdeva, et al., 2014). In my study once the
occluded segment is recanalised with a wire, we used a microcatheter to deliver the
pressure wire distal to the occlusion to assess the distal perfusion without restoring
the antegrade flow. In contrast to my study, (Sachdeva, et al., 2014) used
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predilatation 1.5 mm angioplasty balloon and restored the antegrade flow while still
preserving a very severe stenosis prior to FFRcoll measurement. The restoration of
the antegrade flow altered the distal perfusion status of the CTO segment hence a
higher FFR was observed in (Sachdeva, et al., 2014).
4.4.2. Coronary pressure-derived indices use in CTO PCI and its
challenges
To date this is the first study to report the use of resting pressure indices (iFR and
resting Pd/Pa) use to evaluate the physiological gain from CTO PCI and detect
residual ischaemia immediately post-CTO PCI and at four months follow-up. I have
demonstrated that both resting indices iFR and Pd/Pa were able to detect
physiological improvement following CTO PCI with both Pd/Pa and iFR improved
significantly immediately and at 4 months follow-up following successful CTO PCI
when compared to baseline pre-PCI values. Successful recanalisation of an RCA
CTO resulted in a significant increase in all indices (Resting Pd/Pa, iFR and FFR)
immediately and at follow-up compared to pre-PCI. My findings on the improvement
of all indices (Resting Pd/Pa, iFR and FFR) immediately post-CTO PCI was also
seen in non-CTO lesions, although expectedly our mean changes pre- and post-PCI
were higher compared to non-CTO lesions (Nijjer, et al., 2013). In addition, my
findings on the improvement of Resting Pd/Pa and FFR immediately post-CTO PCI
was also seen previously in CTO lesions, although our mean changes pre and postPCI were higher compared to a previous study (Sachdeva, et al., 2014). However,
only FFR increased significantly at follow-up compared to immediately post-PCI (p =
0.037).
CTO PCI is indicated in patients with symptoms and /or ischaemia with viability in the
CTO territory (Galassi, et al., 2019). Invasive coronary pressure wire technique (FFR
and IFR) have been widely accepted as the standard of care in assessing non-CTO
coronary lesions for ischaemia detection and guiding PCI due to the wealth of its
outcome data (Neumann, et al., 2019), however there is limited data on the utility of
invasive coronary pressure or coronary flow-based indices in patient selection and
assessing the physiological gain following successful CTO PCI (Sachdeva, et al.,
2014). There are a number of technical and physiological challenges for the use of
pressure wire in the peri-procedural CTO PCI. Firstly, it can be challenging to deliver
the pressure wire beyond the occluded segment, and it would require the use of a
microcatheter to deliver the pressure/flow wire. Secondly, the duration of CTO PCI is
often significantly longer than the standard non-CTO PCI, therefore an additional
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pressure wire testing would add to an already long procedure with additional contrast
and radiation dose (Brilakis, et al., 2015). Thirdly, the impact of coronary collaterals,
coronary haemodynamics and abnormal microvascular conditions may influence
physiological assessment immediately after CTO PCI (Ladwiniec, et al., 2016).
Hence physiological assessment is not widely adopted in CTO PCI peri-procedural
assessment.
Furthermore, there is lack of data in physiological functional gain of CTO PCI
assessed with these contemporary coronary pressure-derived indices. Compared to
FFR, iFR could potentially shorten the procedural time and allow pullback
assessment of the following PCI to detect any residual disease that is amenable for
further optimisation (Kikuta, et al., 2018). The presence of residual ischaemia is often
underestimated on coronary angiography (Arnold, et al., 2013) and incomplete
revascularisation may affect the overall short and long-term outcome following PCI
(Malkin, et al., 2013). Therefore, post-PCI physiological assessment is a reliable tool
to detect any suboptimal PCI result that needs to be further optimised in order to
improve outcome.
4.4.3. Symptomatic improvement, Ischaemia reduction and prognostic
implications for relative increase and final post-CTO PCI FFR/iFR
values
I have demonstrated that a significant proportion of patients had improvement in their
anginal symptoms according to the CCS class grading (p<0.0001). The Canadian
Cardiovascular Society (CCS) grading median and interquartile range (IQR) at
baseline and follow-up were 3 (2-3) and 1(0-1) respectively. Although our sample
size is small, the symptomatic improvement following CTO PCI was also observed in
a large EUROCTO trial evaluating symptomatic improvement of CTO PCI (Werner,
et al., 2018). Furthermore, a number of studies have shown that FFR post-PCI in
non-CTO lesions has prognostic implications on MACE (Pijls, et al., 2002; Rimac, et
al., 2017; Piroth, et al., 2017; Li, S., et al., 2017; Fournier, et al., 2019), and more
recently the relative percentage increase of FFR (>15 % increase) post-PCI to non
CTO lesions was identified to have similar prognostic implications with post-PCI FFR
and adding the relative increase of FFR to post-PCI FFR would enable better
discrimination of high-risk patients after PCI (Lee, J. M., et al., 2018). I have
demonstrated that immediately post-CTO PCI and at follow-up, compared to pre-PCI
the percentage mean changes in our study were significantly bigger than the one in
non-CTO lesions where FFR with >15 % increase was identified to have prognostic
implications. The percentage mean changes were 104.5±53.2%, 156.3±108.6 and
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204.8±136.8% for resting Pd/Pa, iFR and FFR respectively with the overall different
between Pd/Pa, iFR and FFR was significant (ANOVA p = 0.003) (Figure 4.5(A)).
In my study, there was no significant difference in the percentage mean change in
iFR compared to FFR which was also observed in the non-CTO lesions (Nijjer, et al.,
2013). At 4 months follow-up following successful CTO PCI to RCA CTO, the mean
change and the percentage mean change in FFR was significantly greater compared
to iFR and Pd/Pa compared to post-CTO PCI. The mechanistic reason behind the
difference between FFR and resting indices (resting Pd/Pa and iFR) at follow-up
compared to post-PCI is beyond the scope of this study and would require
simultaneous coronary flow measurements to elucidate the mechanism behind the
bigger change in FFR that was not seen with the resting indices albeit the
percentage change in FFR was relatively small at 9.73±12%, compared to
2.22±4.99% and 3.16±7.08, resting Pd/Pa and iFR respectively.
I have demonstrated that the percentages of patients who remained below the
treatment threshold values for iFR (≤ 0.89) and FFR (≤ 0.80) were 14% (n=4) and
34% (n=10) respectively immediately post-PCI, and at follow-up they were 3% and
7% respectively. Additionally, at follow-up 45% (n=13) of the patients had an FFR of
≤ 0.88. This information is valuable in risk stratification of patients at higher risk of
developing MACE following PCI and informs the operator the needs to further
optimise the PCI results. Previous studies have shown good correlation between
post-PCI FFR and IVUS (Hanekamp, et al., 1999; Fearon, et al., 2001). Therefore, if
the final FFR or IFR is abnormal, further efforts should be made to identify the cause
with additional tools such as IVUS or OCT and follow by further PCI optimisation.
4.4.4. Randomised controlled trials (RCTs) in CTO PCI
Over the last five years, there have been four main randomised controlled trials
(RCTs) in CTO PCI to evaluate the MACE outcome driven benefit of CTO PCI. The
EXPLORE trial sought to evaluate whether patients with STEMI and concurrent CTO
in a non-infarct-related artery would benefit from additional PCI of CTO shortly after
PCI, they found no overall benefit for CTO PCI in terms of LVEF and LVEDV
although in the subgroup analysis revealed that patients with LAD CTO randomised
to CTO PCI had significantly higher LVEF compared to no-CTO PCI strategy
(Henriques, et al., 2016). These findings warrant further exploration. The EUROCTO
trial sought to compare the benefit of PCI vs. optimal medical therapy (OMT) on
health status in patients with at least one CTO. They found CTO PCI leads to
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improvement in health status in patients with angina and a CTO as compared to
OMT alone. At 12 months, patients randomly assigned to CTO PCI (86% success)
had more improvement in the angina frequency (P =0.003) and quality of life (P
=0.007) dimensions of the Seattle Angina Questionnaire with no difference in the
incidence of major adverse cardiovascular and cerebrovascular events(Werner, et
al., 2018).
The DECISION-CTO trial is the largest RCT performed to date with 834 patients
randomly assigned to the CTO-PCI (n=417) or no CTO-PCI (n=398). During a
median follow-up of 4.0 years, the incidence of the composite of death, myocardial
infarction, stroke, and target vessel revascularization was similar between the 2
study groups.

Both CTO-PCI and no CTO-PCI strategy were associated with

significant improvements but without between-group differences in disease-specific
health status that was sustained through 36 months(Lee, S. W., et al., 2019). The
DECISION-CTO trial however has been subjected many criticisms with regards to
the following issues; 1) its non-inferiority study design, 2) it was underpowered as the
study was terminated early due to slow recruitment (64% post hoc power), 3) 1 in 5
patients randomly assigned to no CTO PCI crossed over CTO PCI within 3 days of
randomisation which hampered the ability to evaluate differences between the 2
groups, 4) in contrast to the EUROCTO trial which enrolled patients after treating the
non-CTO lesions, up to 2/3 of the patients had multivessel disease at the time of
enrollment, and many underwent PCI to non-CTO lesions in both groups, however
it’s not clear whether these patients remained symptomatic after PCI to non CTO
lesions and the concomitant PCI to non-CTO lesion diluted the true impact of CTO
PCI.
The IMPACTOR-CTO trial randomly assigned patients with isolated CTO of the right
coronary artery (RCA) to either PCI (n=32) or OMT (n=33) (Obedinskiy, et al., 2018).
They sought to investigate the to investigate the impact on inducible ischaemia
burden (MIB) of PCI versus OMT (≥ 2 antianginal agents) on functional status and
QoL in patients with isolated RCA CTO. They found that CTO PCI significantly
reduced the MIB (p < 0.01) whereas no significant changes were observed in the
OMT group (p = 0.83). Similarly, there was significant improvement in the six-minute
walk distance (p < 0.01) and each item of the Short Form-36 Health Survey
compared to baseline in the PCI group, but no improvement was observed in the
OMT group. None of these four RCTs use invasive coronary physiology for
ischaemia detection and reduction post CTO PCI as a mean to quantify procedural
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success and more importantly assess the impact of residual ischaemia in patient
outcomes. Therefore, invasive coronary physiology post CTO PCI that can be rapidly
perform following PCI may play an important role in stent optimisation and residual
ischaemia detection.
4.4.5. Rationale for measuring post-CTO PCI physiological
measurements
The value of pre-PCI pressure wire assessment in guiding PCI in non-CTO lesions is
well established with robust clinical outcome data to support its use (Pijls, et al.,
2007; De Bruyne, et al., 2012; De Bruyne, et al., 2014; Davies, et al., 2017; Götberg,
et al., 2017a). The FFR Post Stent Registry (Pijls, et al., 2002) evaluated MACE
outcome following bare metal stent (BMS) PCI in 750 patients showed a graded
relationship between post-PCI FFR and MACE (the lower the post-PCI FFR, the
higher the MACE). Following this, a number of studies have attempted to identify the
optimal post-PCI FFR cut off value to predict MACE, however it appears that the
post-PCI FFR cut off value has a wide range from 0.86 to 0.92 depending on the
population studied (Agarwal, et al., 2016; Piroth, et al., 2017; Li, S., et al., 2017).
Furthermore, Post-PCI FFR and stent length were independent MACE predictors
(Pijls, et al., 2002). More recently, a number of studies have shown that in non-CTO
lesions, trans-stenotic FFR measurements pre and post-PCI and post-PCI FFR
improvement are associated with improve outcome, reduce MACE, symptomatic
improvement and more importantly there is a significant link between post-PCI FFR
value with the prognostic benefit and mortality (Johnson, et al., 2014; Piroth, et al.,
2017; Rimac, et al., 2017; Fournier, et al., 2019). (Agarwal, et al., 2016) showed that
post-PCI FFR was found to be ≤ 0.81 in 21% of the lesions despite angiographically
satisfactory results. Twenty per cent of the lesions underwent a subsequent
intervention, which led to significant improvement in the final FFR and decreased
persistently ischaemic lesions from 21% to 9% (Agarwal, et al., 2016). However,
there is very limited data on the utility and value of coronary physiology to assess for
ischaemia in the area subtended by the CTO vessel and the PCI results post CTO
PCI making the role of pressure derived indices (FFR/iFR) in the peri-procedural
CTO PCI remains unclear. Hence the use of physiology guided PCI has not been
extended to the CTO lesions as part of its peri-procedural tool.
Interestingly, the recent data from the Blinded Physiological Assessment of Residual
Ischemia after Successful Angiographic PCI study (DEFINE-PCI) (Jeremias, et al.,
2019) has informed the community on the utility of iFR on the post-PCI assessment.
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The DEFINE-PCI study showed that a quarter of the patients had residual ischaemia
post-PCI in non-CTO lesions using the iFR cut-off ≤ 0.89. Majority of this residual
ischaemia was due to a focal disease (81.6%) rather than diffuse disease (18.4%).
These residual focal gradient ischaemia were located in–stent in (38%), proximal to
the stent (31.5%) and distal to the stent (30.1%) of the segments respectively. If all
residual focal lesions could be treated with additional PCI, the rate of residual
significant ischaemia could be significantly reduced from 24% to 5%. This result
further emphasises the important role of post-PCI physiological assessment in order
to optimise PCI result, however the MACE outcome data from the DEFINE-PCI is
currently awaited. Despite angiographically successful CTO PCI, the concomitant
effects of CTO PCI such as altered haemodynamics, submaximal vasodilatory
response, impaired microcirculatory function, methods of recanalisation and
microembolism may present challenges for the use of pressure wire immediately
post CTO PCI. Nonetheless, FFR has been shown to be able to detect transtenotic
pressure gradient before and after CTO PCI and qualitatively measure the
incremental benefit of CTO PCI (Sachdeva, et al., 2014). FFR value post-PCI in nonCTO lesions has also been shown to detect residual ischaemia and predict major
adverse clinical events (MACE) (Johnson, et al., 2014). Thus, making pressure wire
evaluation post-PCI a powerful tool to help clinicians to optimise PCI results
alongside the use of IVUS and OCT to assess adequate stent apposition, stent
deployment and size.
In non-CTO lesions, IVUS has been the preferred modality for post-stenting
anatomical assessment and has been shown to improve clinical outcome compared
to angiography alone in guiding PCI, (Zhang, Y., et al., 2012; Klersy, et al., 2013;
Ahn, et al., 2014; Zhang, Y. J., et al., 2015; Zhang, J., et al., 2018)More recently
OCT also has been shown to have better outcome when it is used to guide PCI
(Maehara, et al., 2015; Ali, et al., 2016; Otake, et al., 2018; Jiang, et al., 2019). The
use of IVUS in CTO PCI has been on the increasing trend steadily over time from
about 2.9% to 38% of CTO procedures according to the European, American and
Japanese CTO registries (Galassi, et al., 2011; Galassi, et al., 2015; Karacsonyi, et
al., 2016; Suzuki, et al., 2017).

There are a number of studies, which have

demonstrated

between

good

correlation

post-PCI

coronary

imaging

and

FFR(Hanekamp, et al., 1999; Fearon, et al., 2001; Nascimento, et al., 2014), which
would support the use pressure-derived indices as a reliable tool to assess post-PCI
results. More importantly the data from SYNTAX 2 study has shown that physiology
driven revascularisation combined IVUS guided PCI optimisation to have better
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outcome compared to a predefined PCI cohort from the original SYNTAX 1
study(Escaned, et al., 2017). Although IVUS and OCT remain the standard tool for
post-PCI anatomical assessment (stent apposition, stent deployment), post-PCI
physiology can assess the flow improvement and detect the extent of residual
ischaemia following PCI that requires further optimisation. Future studies should
assess the optimal post-CTO PCI FFR/iFR cut-off values to risk stratify long-term
outcomes following CTO-PCI.
4.4.6. Potential value and application of iFR to assess post-CTO PCI
improvement
(Grüntzig, Senning and Siegenthaler, 1979) were the first to demonstrate the
translesional resting pressure gradient improvement following balloon angioplasty in
the ever first series of successful percutaneous transluminal balloon coronary
angioplasty performed in human. Since then, there a number of studies have shown
the link between the post-PCI FFR values and clinical outcomes (Johnson, et al.,
2014). iFR has a number of potential advantages over FFR and the key advantage of
iFR over FFR is that iFR does not require adenosine for its calculation and potentially
requires less time for its use compared to FFR (Davies, et al., 2017), therefore
potentially simplifying the post-PCI assessment in an already complex and lengthy
CTO procedure. Additionally, one of the principles of FFR measurement is that it
requires a maximum hyperaemic response in order to calculate FFR, however this is
challenging and unpredictable after CTO PCI due to a number of factors including
coronary collateral regression, coronary steal phenomena, microvascular resistance
and thrombus embolization that may alter the hyperaemic response to adenosine
(Werner, Emig, et al., 2003; Werner, et al., 2006; Ladwiniec, et al., 2016).
Furthermore, iFR pullback can precisely identify focal disease and diffuse disease in
dealing with tandem lesions that will enable operator to optimise post-PCI result
compared to angiography alone (Kikuta, et al., 2018). iFR is also theoretically less
affected by haemodynamic interdependance crosstalk between tandem lesions
encountered with FFR (Modi, et al., 2018). Therefore, iFR could potentially simplify
post-PCI assessment in CTO lesions and inform operator of the acute CTO PCI
result and the need to further stent optimisation.
Limitations
There are a number of limitations from this study. Firstly, this is a single centre study
with a relatively small sample size. Secondly, this study is limited to RCA CTO as I
wanted to make our data set as uniform as possible in order to evaluate the genuine
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impact of CTO PCI measured by pressure-derived physiological indices. However,
as FFR is affected by the mass subtended by the coronary lesions and in non-CTO
lesion, LAD lesion has been identified as a predictor for suboptimal post-PCI FFR
(Kimura, et al., 2016; Agarwal, et al., 2017). Therefore, our mean post-CTO PCI
Pd/pa, iFR and FFR values may have been lowered if I included the LAD CTO.
Thirdly, I only measured the coronary pressure indices but did not measure the
coronary flow and therefore I was not able to evaluate the impact of microvascular
function, resistance and coronary flow reserve on our findings. Fourthly, the use of
intracoronary imaging was neither mandated nor part of the study protocol, therefore
I did not collect the intravascular imaging data and unable do a detailed anatomical
and physiological analyses. Finally, the pressure wire was positioned distal to the
occluded segment in a relatively disease-free area to measure the physiological
indices. I mandated similar pressure wire position for every measurement at different
time points to eliminate inaccuracy, however a small difference in pressure wire
location may have occurred but this is unlikely to have caused any big difference in
the measurements.
Conclusion
Successful recanalisation of a RCA CTO resulted in a significant increase in Pd/Pa,
iFR and FFR immediately and at follow-up compared to pre-PCI. However, only FFR
increased significantly at follow-up compared to immediately post-PCI. iFR and FFR
may be used to document improvement in coronary haemodynamics post-CTO PCI
and guide decision-making process for stent optimisation following CTO PCI. Given
the growing body of evidence supporting the use of post-PCI physiology, functional
improvement should be the end-goal of CTO PCI. Future randomised controlled
study evaluating post-CTO PCI optimal functional result on clinical outcomes should
be considered to validate the clinical value of post-CTO PCI physiology optimisation.
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Chapter 5 Synthesis
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Summary of findings
This thesis has assessed the use of coronary physiology in coronary chronic total
occlusions with particular focus on CTO PCI. Coronary physiology has been
associated with improved outcomes in guiding PCI. Previously, the hyperaemic
coronary pressure index, FFR has been the mainstay index used in the cathlab to
guide revascularisation due to wealth of data to support its use, however, over the
last seven years, a resting index called iFR has been shown to have similar
diagnostic performance to FFR. Although FFR and iFR are fundamentally different in
theoretical concept, iFR-guided PCI has also been shown to have similar outcomes
to FFR-guided PCI leading to the incorporation of iFR in the ESC and AHA
guidelines (Patel, M. R., et al., 2017; Neumann, et al., 2019). However, iFR has not
been evaluated in both donor vessel and CTO vessel before and after CTO PCI. I
have explored the physiology of both resting (Pd/Pa, iFR) and hyperaemic indices
(FFR) in donor vessels and CTO vessel before and after CTO PCI and at 4 months
follow-up.
From the IMPACT-CTO study data set, the main aims of this thesis were divided in
two parts. Firstly, we aimed to investigate the physiological impact of CTO PCI on
donor artery assessed with coronary pressure-derived measurements (resting Pd/Pa,
iFR and FFR) and the influence of collateral circulation and regression post-CTO PCI
on donor vessel physiology. Secondly, we aimed to investigate the immediate and
short-term physiological gain after coronary chronic total occlusions percutaneous
coronary intervention in the RCA CTO vessel.
In

the

first

study

(Chapter

3),

I

have

demonstrated

that

percutaneous

revascularisation of an RCA CTO led to a modest improvement in predominant donor
vessel physiological indices (Pd/Pa, iFR and FFR). The time point at which iFR and
FFR detected changes in donor vessel physiology differed, with the improvement in
predominant donor vessel physiology detectable immediately after CTO PCI with
iFR. In contrast, FFR measurements did not change immediately post-CTO PCI but a
significant change in FFR was observed at follow-up procedure. The collateral
function index remained unchanged immediately post-PCI but decreased significantly
at follow-up.
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In the second study (Chapter 4), I have demonstrated that all patients had ischaemic
pre-PCI collateral pressure indices values by using all three indices (Resting Pd/Pa,
iFRcoll and FFRcoll) irrespective of the extent of collateralisation to the CTO
segment. Successful recanalisation of an RCA CTO resulted in a significant increase
in Pd/Pa, iFR and FFR immediately and at follow-up compared to pre-PCI. However,
only FFR increased significantly at follow-up compared to immediately post-PCI.
Immediately post-CTO PCI, the mean change and the percentage mean change in
iFR was similar compared to FFR. At 4 months follow-up following successful CTO
PCI to RCA CTO compared to post-CTO PCI, the mean change and the percentage
mean change in FFR was significantly bigger than iFR and Pd/Pa. The percentages
of patients who remained below the treatment threshold values for iFR (≤ 0.89) and
FFR (≤ 0.80) were 14% and 34% respectively immediately post-PCI, and at follow-up
they were 3% and 7% respectively.
Ischaemia guided revascularisation is applicable to coronary chronic
total occlusions
Since its introduction more than 20 years ago (Pijls, et al., 1993), coronary pressure
wire with FFR has become a powerful tool in the cathlab in guiding physicians in the
coronary revascularisation decision-making process. By using the binary FFR cut-off
of ≤ 0.80 and IFR of ≤ 0.89 to define ischaemia that has been derived from landmark
coronary physiology guided PCI randomised controlled trials (RCTs), I have
demonstrated that ischaemia is highly prevalent in the myocardial territory subtended
by the CTO segment with the mean FFRcoll of 0.31 ± 0.10 and iFRcoll of 0.43 ± 0.14
which are considerably lower than the mean FFR values of 0.60 ± 0.14 and 0.64 ±
0.13 in FAME (Tonino, et al., 2009) and FAME 2 study (De Bruyne, et al., 2012), and
iFR of 0.91 ± 0.09 and 0.69 ± 0.22 in the DEFINE-FLAIR (Davies, et al., 2017) and
DEFINE-PCI (Jeremias, et al., 2019) studies respectively. It is important to
understand that ischaemia as measured by these coronary physiological indices i.e.
FFR or iFR is a continuum from severely ischemic to normal coronary perfusion, and
these cut-off values serve to guide physicians in making decisions to revascularise or
to leave on optimal medical therapy. The concept of graded physiology/ischaemia
severity being related to clinical outcomes was further explored by a meta-analysis
on a FFR outcome-based study by(Johnson, et al., 2014). The study showed that
FFR is a continuous and independent relationship with subsequent outcomes,
modulated by medical therapy versus revascularisation. Lesions with lower FFR
values receive larger absolute benefits from revascularisation with the optimal FFR
threshold for a composite of death, MI and revascularisation occurred at 0.67, rising
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to 0.76 after adjustment for percent diameter stenosis (Johnson, et al., 2014). Given
the high prevalence of ischaemia in patients with CTOs (Stuijfzand, et al., 2017), it is
tempting to link the benefit of CTO PCI on clinical outcomes as a result of ischaemia
reduction. However, the results from the two recent RCTs comparing CTO PCI
versus optimal medical therapy did not show MACE outcome benefit of CTO PCI
versus OMT alone (Werner, et al., 2018; Lee, S. W., et al., 2019).

Physiological impact of CTO PCI on donor vessel and the influence of
collateral circulation: Implications for physiology guided PCI in patients
with CTOs
In chapter 3, I examined the underlying principle of coronary physiology
measurements with coronary pressure indices (Pd/Pa,iFR and FFR) which are
influenced by the amount of myocardium subtended by the lesion interrogated and
collateralisation to a CTO territory. I have demonstrated the physiological impact of
CTO PCI on donor vessel physiology assessed with both resting (Pd/Pa, iFR) and
hyperaemic (FFR) coronary pressure indices immediately post-CTO PCI and at four
months follow-up. Successful recanalisation of a RCA CTO led to improvement in
predominant donor vessel physiology immediately post CTO PCI in the case of iFR
and at four months follow-up for resting Pd/Pa, iFR and FFR. In contrast to iFR, FFR
measurements did not change immediately post-CTO PCI but a significant change in
FFR was observed at follow-up procedure. At four months, functional significance
lesion classification changed in 25 % for iFR and 18 % with FFR to defer donor
vessel revascularisation.
This is relevant especially in in the management of patients with CTOs and multivessel disease where physiology guided evaluation of donor vessel is employed
before the decision with regards to revascularisation. If this strategy is employed, any
value near to the cut-off values for FFR (0.75 to 0.80) and iFR (0.85 to 0.89) in the
collateral donor vessel, would be subjected to an expected change after successful
CTO PCI and after allowing sufficient time for the collateral circulation to regress
following CTO PCI, physicians should consider to re-evaluate collateral donor vessel
physiology at a later follow-up stage following successful CTO PCI to determine the
need for PCI as unnecessary intervention can be harmful if not indicated.
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Coronary collaterals remain recruitable immediately post CTO PCI and
regress over time following CTO PCI.
Coronary collaterals are important to maintain perfusion to the myocardium
subtended by the CTO segment, preserve left ventricular function and improve
prognosis (Werner, 2014). Contrary to previous study by (Werner, et al., 2000;
Werner, Emig, et al., 2003), where the inclusion criteria for CTO duration is > one
month which is less that the currently accepted standard definition of CTO which is ≥
3 months, the latter is used in my study. I have demonstrated that collateral FFR did
not change acutely post CTO PCI but was found to be significantly regressed at four
months follow-up. In relation to the findings in donor vessel in particular the temporal
changes in FFR which did not change acutely after CTO PCI but increased
significantly at follow-up, these findings suggest that the hyperaemic flow velocity in
the donor vessel remained high immediately post PCI as the collaterals remained
functional. The hyperaemic flow however reduced significantly at follow-up as the
collaterals regressed over time, giving rise to significantly higher FFR in predominant
donor vessel at follow-up. On the other hand, resting flow velocity reduced
immediately after CTO PCI, and further reduced at follow-up, giving rise to a
significant increase in iFR, immediately post-PCI and at follow-up compared to prePCI measurements. However, our study sample was too small to detect a significant
correlation between the changes in coronary pressure in donor vessel and the
FFRcoll, therefore future larger studies and not limited to RCA CTO should assess
this further.
Physiological gain after coronary chronic total occlusions
percutaneous coronary intervention
In chapter 4, I examined the impact of CTO PCI upon CTO vessel coronary
physiological indices by serially measuring Pd/Pa, iFR and FFR pre-CTO PCI,
immediately post and after four months. I have demonstrated that the physiological
impact of successful recanalisation of a RCA CTO led to improvement in the CTO
vessel physiology immediately post CTO PCI and at four months follow-up for Pd/Pa,
iFR and FFR compared to pre-PCI. At four months follow-up only FFR increased
significantly compared to post-PCI value. Furthermore, I have demonstrated that
immediately post-CTO PCI and at four months follow-up, compared to pre-PCI the
percentage mean changes in our study were significantly bigger than the one in nonCTO lesions where FFR with >15 % increase was identified to have prognostic
implications. In my study, the percentage mean changes were 104.5±53.2%,
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156.3±108.6% and 204.8±136.8% for resting Pd/Pa, iFR and FFR respectively with
the overall different between Pd/Pa, iFR and FFR being significant (p = 0.003).
The temporal changes of the physiological indices were as follows: Pd/Pa and iFR
increased significantly immediately post CTO PCI but with no further significant
improvement when compared to post-PCI value. On the other hand, FFR increased
significantly immediately post-CTO PCI but also increased significantly at follow-up
when compared to post-PCI value, which is a similar finding in the predominant
donor vessel FFR increase at follow-up compared to post-CTO PCI. In addition,
there was no significant difference between iFR and FFR improvement in the
absolute mean and percentages immediate post-CTO PCI and at follow-up
compared to pre-PCI which was also observed in non-CTO lesions (Nijjer, et al.,
2013). The exact mechanism behind the differences seen between resting indices
and FFR are beyond the scope of this study and warrant further investigations. It
would require a simultaneous coronary flow measurement and microvascular status
assessment in order to provide a definitive mechanistic explanation behind the
differences between the iFR and FFR temporal trends. Furthermore, I have
demonstrated that residual ischaemia is present in a proportion of patients postsuccessful CTO PCI by using the conventional threshold values for iFR (≤ 0.89) and
FFR (≤ 0.80) with further improvement found at 4 months follow-up. The percentages
of patients who remained below the treatment threshold values for iFR (≤ 0.89) and
FFR (≤ 0.80) were 14% (n=4) and 34% (n=10) respectively immediately post-PCI,
and at follow-up they were 3% and 7% respectively. This observation is valuable
information in risk stratification of patients at higher risk of developing MACE and to
inform the operator of the expected improvement one might expect immediately after
CTO PCI and at 4 months follow-up. This is because if coronary physiology were to
be used to guide PCI optimisation, it is best done in a staged fashion at follow-up
rather than immediately post-CTO PCI for coronary physiological state, collaterals
and microvascular status to stabilise following CTO PCI.
In addition, I have also demonstrated that the majority of the patients at baseline (53
%) were highly symptomatic with CCS class ≥ 3 and CTO PCI resulting in a
significant improvement in CCS class at follow up with a majority of patients (90%)
had CCS class 1 or 0 (p<0.0001). Although our sample size is small, the
symptomatic improvement following CTO PCI was also observed in a large EUROCTO trial evaluating symptomatic improvement of CTO PCI (Werner, et al., 2018)
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which supports the current indication for CTO PCI which is for symptomatic relief or
large area of ischaemia in the CTO territory (Neumann, et al., 2019).

The benefit of ischaemia reduction in CTO PCI as a marker for PCI
success, risk stratification and long-term prognostic benefit
Ischaemia is related to worse outcomes and lesions with lower FFR values receive
larger absolute benefits from revascularisation with the optimal FFR threshold for a
composite of death, MI and revascularisation occurred at 0.67 (Johnson, et al.,
2014). I have demonstrated in chapter 4 that the area subtended by the RCA CTO
artery is severely ischaemic by measuring the collateral pressure indices with Pw/Pa,
iFRcoll and FFRcoll. I have also demonstrated that successful PCI to RCA CTO
resulted in a significant increase in Pd/Pa, iFR and FFR immediately and at follow-up
compared to pre-PCI. However, only FFR increased significantly at follow-up
compared to immediately post-PCI. Interestingly, the temporal changes trends of iFR
and FFR between follow-up and immediately post-CTO PCI are both similar in the
CTO and predominant donor vessels, in which FFR increased significantly but iFR
remained statistically unchanged at follow-up compared to immediately post-CTO
PCI.
FFR post-PCI in non-CTO lesions has prognostic implications on MACE (Pijls, et al.,
2002; Rimac, et al., 2017; Piroth, et al., 2017; Li, S., et al., 2017; Fournier, et al.,
2019), and more recently the relative percentage increase of FFR (>15 % increase)
post-PCI to non-CTO lesions was identified to have similar prognostic implications
with post-PCI FFR and adding the relative increase of FFR to post-PCI FFR would
enable better discrimination of high-risk patients after PCI (Lee, J. M., et al., 2018). In
chapter 4 I have quantified the percentage improvement of physiological indices post
CTO-PCI and I have demonstrated that immediately post-CTO PCI and at follow-up,
compared to pre-PCI the percentage mean changes in our study were significantly
bigger than the one in non-CTO lesions where FFR with >15 % increase was
identified to have prognostic implications. The percentage mean changes were
104.5±53.2%, 156.3±108.6% and 204.8±136.8% for resting Pd/Pa, iFR and FFR
respectively with the overall difference between Pd/Pa, iFR and FFR being significant
(ANOVA p = 0.003). There was no statistically significant difference in the
percentage mean change in iFR compared to FFR which is a similar finding in the
non-CTO lesions (Nijjer, et al., 2013). Furthermore, only FFR increased significantly
at follow-up compared to immediately post-PCI (p = 0.037). In chapter 4, I have also
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demonstrated that the percentages of patients who remained below the treatment
threshold values for iFR (≤ 0.89) and FFR (≤ 0.80) were 14% (n=4) and 34% (n=10)
respectively immediately post-PCI, and at follow-up 3% and 7% respectively.
Additionally, at follow-up 45% (n=13) of the patients had an FFR of ≤0.88. This
information is valuable in risk stratification of patients at higher risk of developing
MACE following PCI and informs the operator of the need to further optimise the PCI
results. Importantly, there have been two randomised controlled trials evaluating
CTO PCI versus optimal medical therapy thus far showing improvement in the
angina frequency (P =0.003) and quality of life (P =0.007) dimensions of the Seattle
Angina Questionnaire with no difference in the incidence of major adverse
cardiovascular and cerebrovascular events (Werner, et al., 2018; Lee, S. W., et al.,
2019).
The rationale and utility of coronary physiology in the management of
patients with CTOs and CTO PCI
Coronary physiology is superior to coronary angiography alone in guiding PCI
(Tonino, et al., 2009). In the setting of CTOs, coronary physiology can be useful in
several aspects of patients’ management. Firstly, patients with CTOs can often have
multivessel disease and in order to aid the decision-making process for coronary
revascularisation, coronary physiology with iFR or FFR can guide in identifying
ischaemic donor vessel lesions and hence guide physicians in making decisions
between percutaneous versus surgical revascularisation. If CTO PCI strategy is
employed in the presence of multivessel disease, I have demonstrated that in the
predominant donor vessel, iFR and FFR increased significantly at follow-up
compared to pre-PCI value. iFR also increased significantly immediately post-PCI.
Therefore, this is relevant in patients in whom the donor vessel FFR falls between
0.75-0.80 and iFR between 0.85-0.89 at baseline as following successful CTO PCI
these lesions may cross the thresholds for treatment for FFR (≤0.80) and iFR (≤0.89)
potentially avoiding unnecessary PCI or CABG that carry its own risks. Secondly,
although IVUS and OCT remains the standard tool for post-PCI anatomical
assessment (stent apposition, stent deployment), post-PCI physiology can assess
the flow improvement and detect the extent of residual ischaemia following PCI that
requires further optimisation. More recently iFR has been shown to be able to detect
residual ischaemia post-PCI in non-CTO lesion and guide further optimisation
(Jeremias, et al., 2019). However, there is limited data on the utility and value of
coronary physiology to assess for ischaemia in the CTO vessel and the CTO PCI
resulting in the role of coronary physiology in the periprocedural CTO PCI to remain
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unclear. In chapter 4, I have demonstrated that by using coronary pressure wire, it is
feasible to assess for ischaemia in the area subtended by the CTO segment, assess
coronary haemodynamic improvement acutely post-PCI and at four months follow-up
to guide physicians in optimisation of the PCI procedure.
The role of iFR in CTO PCI
IFR is a relatively new resting coronary pressure index. iFR has emerged as an
alternative to FFR in identifying ischaemia that has equivalent clinical outcomes
when it is used to guide PCI compared to FFR. However, the role of iFR in donor
vessel and CTO vessel assessment pre- and post-CTO PCI is unclear and has not
been evaluated previously. In chapter 3 and Section 1.3 above, I evaluated the
temporal changes of iFR in donor vessel pre, post-CTO PCI and at follow-up. I have
demonstrated that in the predominant donor vessel, the temporal changes pattern in
iFR is different from FFR, in which iFR improved immediately post-CTO PCI with no
further significant changes seen between follow-up and post-CTO PCI. In contrast,
FFR did not change immediately post-CTO PCI but increased significantly at followup compared to post-PCI. Therefore, if iFR guided PCI strategy is employed in
donor vessel post CTO PCI, the expected trend in iFR could inform the clinicians in
their donor vessel revascularisation clinical decision-making process.
Furthermore, in chapter 4, I evaluated the temporal trend of iFR in the CTO vessel
pre, post-PCI and at 4 months follow-up and compared that to Pd/Pa and FFR. I
have demonstrated that iFR increased significantly immediately post-PCI and at
follow-up compared to pre-PCI and this was similar to Pd/Pa and FFR. However only
FFR increased significantly at follow-up compared to immediately post-PCI. In
addition, the percentages of patients who remained below the treatment threshold
values for iFR is less compared to FFR both immediately post-PCI (14% vs. 34%)
and at follow-up (3% vs. 7%). iFR was comparable to FFR and could potentially
simplify post-PCI assessment in CTO PCI and inform the operator of the acute CTO
PCI results and the need for further optimisation. Furthermore, the DEFINE-PCI
study showed that 24% of the patient had residual ischaemia post-PCI in non-CTO
lesion and in 81.6% the residual ischaemia was due to focal lesion that could be
treated with additional PCI (Jeremias, et al., 2019). Therefore, iFR pullback could be
used in identifying the reason for residual ischaemia post CTO PCI that is amenable
to further PCI as generally CTO lesions are treated with longer stents which may
lead to a higher pressure drop across the stent.

121

Conclusions
Successful recanalisation of a RCA CTO leads to improvement in the predominant
donor vessel and CTO vessel coronary physiology measured with resting Pd/Pa, iFR
and FFR.
In the predominant donor vessel, the temporal trend differs between indices with the
improvement of coronary haemodynamic detected immediately post CTO PCI in the
case of iFR and at four months follow-up for resting Pd/Pa, iFR and FFR. At four
months, functional significance lesion classification changed in 25 % for iFR and 18
% with FFR to defer donor vessel revascularisation. In addition, collateral FFR did
not regress immediately post-CTO PCI but reduced significantly at four months
follow-up. These results have implications for physiological coronary lesion
assessment in the presence of a CTO, the timing of the assessment and subsequent
revascularisation in this setting. Interventional cardiologists need to be mindful when
making revascularisation decisions in a donor vessel in the presence of a CTO,
particularly if the FFR and / or iFR are close to the ischemic cut points.
In the CTO vessel, the temporal trend also differs between indices with the
improvement of coronary haemodynamic with Pd/Pa, iFR and FFR increased
immediately and at four months follow-up compared to pre-PCI. However, only FFR
increased significantly at follow-up compared to immediately post-PCI. Residual
ischaemia is present in a minority of patients detected by both iFR and FFR
immediately post-CTO PCI and to a lesser degree at four months follow-up. iFR and
FFR may be used to document improvement in coronary haemodynamics post-CTO
PCI and guide decision-making process for stent optimisation following CTO PCI.
Given the growing body of evidence supporting the use of post-PCI physiology,
functional improvement should be the end-goal of CTO PCI. Future randomised
controlled studies evaluating post-CTO PCI optimal functional results on clinical
outcomes should be considered to validate the clinical value of post-CTO PCI
physiology optimisation.

Future Directions
The coronary physiology haemodynamics studies (IMPACT-CTO) presented in
Chapter 3 and Chapter 4 investigating both donor and CTO vessels were performed
using coronary pressure derived indices at different time intervals which were pre122

CTO PCI, immediately post-CTO PCI and at four months follow-up. Future studies
should

incorporate

coronary

flow

measurement

with

microvascular

status

assessment in order to better understand and examine the potential mechanism
between the differences between iFR and FFR temporal trends. In addition, our
follow-up was short-term at four months; therefore, it is not known whether these
coronary physiological indices will further change, and collaterals will further regress
with longer-term follow-up.
My study had a small sample size, limited to RCA CTO and not powered to evaluate
for MACE outcomes. We were not able to assess the impact of coronary
physiological indices with iFR and FFR at baseline, post-PCI, follow-up and
transtenotic gradient on clinical outcomes. Therefore, future studies with larger
sample size, longer follow-up duration and clinical outcomes will provide valuable
information to guide the management of patients with CTOs and provide optimal
thresholds for post-CTO PCI iFR and FFR in both CTO and donor vessels.
The role of coronary physiology in combination with intravascular coronary imaging in
CTO PCI peri-procedural tools remain unclear. The two main RCTs in CTO PCI, the
EURO-CTO and DECISION-CTO trials did not utilise or investigate either coronary
physiology or intravascular coronary imaging as a subgroup of CTO PCI patients that
may have better MACE outcomes and symptomatic improvement. Therefore, the role
of coronary physiology in combination with intravascular coronary imaging in guiding
CTO PCI optimisation should be assessed in future studies as these two techniques
complement each other and would provide a valuable tool to identify patients at risk
of future MACE after angiographically successful CTO PCI in addition to
symptomatic relief from PCI.
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Appendix
Appendix 1.1 Participant Information Sheet

Essex Cardiothoracic Centre
Basildon & Thurrock University Hospital
Nethermayne
Basildon
Essex SS16 5NL
Tel: 01268 524900
www.basildonandthurrock.nhs.uk

Participant Information Sheet
The IMPACT-CTO STUDY
The impact of stenting chronically blocked arteries on pressure measurements
and the influence of extra connections (collateral circulation)
Chief Investigator: Dr Thomas Keeble
Version 1.3

Ref: 15/EE/0269

08.02.2016

You are being invited to take part in a research study. Before you decide, it is
important for you to understand why the research is being done and what it will
involve. Please take time to read the following information carefully and discuss it
with others if you wish. Please ask us if there is anything that is not clear or if you
would like more information. Thank you for reading this.
What is the purpose of the study?
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Humans are generally born with 3 major coronary arteries (left, right and circumflex)
supplying blood to the heart. During life arteries can become narrowed or blocked.
We now have sophisticated techniques using wires and stents to unblock, or hold
open narrowed arteries. You have a blocked artery which we are going to open with
stents.
The decision to stent a narrowed artery is not straight forward, and can involve the
need to assess the narrowing using a wire that can measure pressure to ensure that
a stent will improve the flow. This is termed pressure wire assessment. Unfortunately
pressure wire assessment is not well understood in the presence of a blocked artery.
For instance if the right artery is blocked, measurement of pressure / flow in the left
artery can be misleading as the left artery is having to work harder supplying blood
and oxygen to both the right and left territories through extra connections (collaterals)
that the heart develops.
The purpose of IMPACT-CTO is to better understand pressure wire readings from
both blocked and narrowed arteries, to better guide treatment for our patients, as to
whether they might be best treated with medications, stents or potentially bypass
surgery.
Why have I been invited?
You have been chosen because you are scheduled to have stenting procedure to
unblock the artery and you are not severely asthmatic. You may also have a
narrowing in your other heart artery that is donating blood to the blocked artery.
However it is uncertain whether this narrowing needs to be treated, as they may not
be the cause of your symptoms. As a normal part of this procedure, a small tube will
be inserted into the main artery in the groin or wrist. This means that at the time of
your procedure, we can use this tube to pass our wires into your heart arteries and
safely take measurements in your heart’s blood vessels.

These pressure

measurements will significantly increase doctors understanding on treatment of your
condition. You will have pressure wire measurements in the left artery and the right
artery before and after stenting the blocked right artery.
Do I have to take part?
No. Your decision whether to participate in this study is entirely voluntary. You have
the right to refuse as well as to withdraw your participation at any time (even if you
agree today) without giving a reason. However, due to the nature of the study that
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will involve a one-off procedure if you wish to withdraw during the procedure you may
also do so. If you decide not to participate or to withdraw, it will not affect the quality
of your care or treatment, nor the relationship you have with your doctor and nursing
team.
What will happen to me if I take part?
Standard of care:
The coronary angiogram and stenting procedure will occur as routinely performed.
For your stenting procedure we will enter both arteries at the top of your leg or the
artery at the top of your leg and the wrist with a small tube, local anaesthetic will be
used and this should not cause any discomfort. During the procedure the doctor will
perform the stenting of the chronically blocked right heart artery procedure that you
have been scheduled for. The current average procedure time for stenting of the
chronically blocked heart artery at the Essex Cardiothoracic Centre is about 2 hours.
IMPACT-CTO research activities:
In addition to the stenting procedure to the blocked right heart artery, as part of the
IMPACT-CTO study, the doctor will also perform a series of pressure wire
measurements in your arteries with a special pressure wire before and after stenting
the blocked artery. This pressure measurement is a routine investigation that is
performed commonly in patients with your condition. In some cases, you may indeed
require the pressure wire measurement in the donor artery before and after stenting
the blocked artery as part of your standard clinical care. The pressure wire will be
passed into the heart arteries via the tubes that are already in placed in the wrist/ leg.
We will also enter the vein at the top of the leg in order to measure the pressure in
the upper chamber of your heart and deliver the drug called adenosine that will
enable us to do these pressure measurements.
In some cases as part of your standard clinical care, following the procedure to
unblock your heart artery your doctor may scheduled you to come back for a routine
recheck coronary angiogram, pressure wire measurements or indeed further stenting
procedure if required. If this is a case for you, we will collect information about the
findings of this procedure. In order to assess the influence of the extra connections
(collaterals) between your right and left heart arteries territories that the heart
develops, during your follow-up procedure arranged by your treating doctor, we will
also measure the pressure in the previously blocked right heart artery with temporary
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blocking the artery with a balloon or after successfully placement of pressure wire
distal to the blockage if your artery was found to be blocked.
What will happen during pressure measurements?
During the measurements a drug to open up the small vessels will need to be
infused. This will require a small tube to be placed at the top of the leg next to the
first tube. A small tube called catheter will then be inserted through a smaller tube
that is placed at the top of your leg and this catheter will be directed up to one of the
upper chambers of your heart. The purpose of this catheter is to measure the
pressure inside the upper chamber of your heart and also to deliver the drug to allow
the pressure measurements in your heart arteries to be measured. In total the
process will approximately add 20 minutes to the procedure. The measurements will
not prolong your recovery from the procedure. At the end of the procedure the wires
and tubes will be removed.
What are the possible side effects, risks and disadvantages of taking part?
We do not expect you to experience any significant side effects as a result of
participating in this study. During the measurements we will be administering
medications to open up the small blood vessels in the heart. These are routinely
used every day in the cardiac catheter laboratory and will be used in the clinical
stages of your procedure. The risk of using such drugs are very low, but, in some
patients it may cause a short lived chest discomfort which usually disappears within
3-5 seconds of stopping the drug. Other side effects include lowering of blood
pressure and slowing of the heart rate which are again short-lived. You will be
continually monitored throughout the investigation.

In order to administer the

adenosine we will place a second tube at the top of the leg using local anaesthetic,
which should not cause any discomfort. The measurements would have been
necessary as part of the normal clinical process so will not extend the length of the
procedure or increase the risk of the procedure.
There is a very low risk (less than 1 in 1000) that the wire used to make the
measurements will cause any damage to your blood vessels. The risk of death, heart
attack or stroke is the same as your routine angiogram. This risk is minimised as the
measurements are performed by an experienced senior Consultant Cardiologist. We
will place the wires under x-ray guidance. This additional dose for participants in the
study is equivalent to around 5 weeks of natural background radiation. This would
be result in an additional lifetime risk of fatal cancer of around 1 in 80,000. This risk
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is minor; comparable to the annual risk of death by homicide of 1 in 100,000 and five
times less than the annual risk of death on the roads of 1 in 17,000. Pregnant
patients and under 18s are not included in this study.
We do not expect any serious complications that can arise from the measurement of
the extra connections (collaterals) pressure/function in the previously blocked right
heart artery with temporary blocking the artery with a balloon or after successful
placement of pressure wire distal to the blockage if your artery was found to be
blocked at your scheduled follow-up procedure. This extra connections (collaterals)
pressure /function follow-up measurements have been performed previously without
any reported major issues. You will be closely monitored during and after the
procedure for any problems.
What are the possible benefits of taking part?
You will not directly benefit from this study, but the information we gain will give a
much better understanding of the impact of unblocking the artery with stenting on
pressure measurements in the donor artery and the correlation between these
pressure measurements indices that are currently used in clinical practice. We also
will gain a better understanding on the reasons behind the inaccuracy of pressure
measurements in patients with blocked artery and narrowing of the donor artery.
What if something goes wrong?
Basildon and Thurrock University Hospital holds indemnity policies which apply to this
study. If you experience serious and enduring harm or injury as a result of taking part
in this study, you may be eligible to claim compensation without having to prove that
Basildon and Thurrock University Hospital is at fault. This does not affect your legal
rights to seek compensation.
If you are harmed due to someone’s negligence, then you may have grounds for a
legal action. Regardless of this, if you wish to complain, or have any concerns about
any aspect of the way you have been treated during the course of this study then you
should immediately inform the Investigator (Dr Thomas Keeble 01268 524900). The
normal National Health Service complaint complaints mechanisms are also available to
you. If you are still not satisfied with the response, you may contact the Research and
Development Office and the Patient Advise and Liaison Service (PALS) on Tel: 01268
394440, email: pals@btuh.nhs.uk at Basildon and Thurrock University Hospital.
Will my taking part in this study be kept confidential?
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If you agree to take part, data collected about you will be entered onto a computer.
However, all data entered will be in an anonymous format and any information
obtained from this investigation that can be identified will remain confidential.
Relevant sections of your medical notes & data collected during the study may be
looked at by individuals from Basildon and Thurrock University Hospital, from
regulatory authorities, where it is relevant to you taking part in this research. We will
ask for your permission for these individuals to have access to your records. Your
GP will be informed that you are participating in this study.
What will happen to the results of the research study?
Scientific data from this study may be presented at meetings and published so that
the information can be used to help others, but your participation in the study will not
be made known and will be kept strictly confidential. If you wish, we will give you a
summary of the results.
Who is sponsoring the study?
The study will be sponsored by Basildon and Thurrock University Hospital.
Who is funding the research?
The study will be funded by an educational grant from Volcano Corporation to the
Essex Cardiothoracic Centre, Basildon and Thurrock University Hospital.
Who has reviewed the study?
This study has been reviewed and given a favourable ethical opinion by the East of
England - Cambridge South Research Ethics Committee.
If you have any further questions please do not hesitate to contact:
Dr Thomas Keeble
Tel: 01268 524900
Email: thomas.keeble@btuh.nhs.uk
Dr Shah MohdNazri
Tel: 01268 524900
Email: shah.mohdnazri@btuh.nhs.uk
Thank you for taking the time to consider participating in this study
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Appendix 1.2 Informed consent form

Informed Consent Form

The IMPACT-CTO Study
Chief Investigator; Dr Thomas Keeble
Please
initial
boxes

1.

I have read the Patient Information Sheet (Version 1.3 Dated
08.02.2016) for the above study. I have had the opportunity to
discuss the study and have had all my questions answered
satisfactorily.

2.

I understand that I am free to withdraw from the study at any
time without giving a reason and without affecting my present or
future medical care.

3.

I understand that relevant sections of any of my medical notes
and data collected during the study may be looked at by
responsible individuals from the Essex Cardiothoracic Centre,
Basildon & Thurrock University Hospital and from regulatory
authorities for monitoring and audit purposes. I give permission
for these individuals to access my records.

4.

I agree for researchers to access my medical records and
diagnostic test results for the purpose of this study.

5.

I agree to take part in this research study.

6.

I agree to my GP being informed about my participation in this
research study

Participant
Name .................................…..……….
Date…………………
Researcher
Name ...................................………….

Signature ……………………..…………

Signature ……….…………..…..………

Date………………….
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Appendix 1.3 GP Letter

Essex Cardiothoracic Centre
Basildon & Thurrock University Hospital
Nethermayne
Basildon
Essex SS16 5NL
Tel: 01268 524900
www.basildonandthurrock.nhs.uk

[Insert Date]
Dear [Insert Name]
Re:

[Patient details - Name: DOB: Address:]

The above named patient has consented to participate in the following research study;
The IMPACT-CTO STUDY:
The physiological impact of coronary chronic total occlusion (CTO)
percutaneous coronary intervention (PCI) on coronary pressure-derived
measurements, its correlation in the donor vessel and the influence of
collateral circulation.
The study does not affect your patient’s standard care and does not require any
additional visits or treatments unless clinically indicated. If your patient is scheduled
for a staged procedure at the discretion of the treating cardiologist for standard care
follow-up coronary angiography, pressure wire assessment, collateral
pressure/function measurement and stenting procedure, these information will be
collected as part of the study.
This is a prospective analytical study, which takes additional pressure readings of the
blocked artery and a donor artery pre and post chronic total occlusions (CTO)
percutaneous coronary intervention (PCI). From these readings we aim to better
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understand pressure wire readings from both blocked and narrowed arteries, to
better guide treatment for future patients; as to whether they might be best treated
with medications, stents or potentially bypass surgery.
If you require further information please feel free to contact me at the above address.
Yours Sincerely

Dr Thomas Keeble
Consultant Cardiologist
Email: thomas.keeble@btuh.nhs.uk
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Appendix 1.4 Study protocol for coronary pressure- derived (resting
Pd/Pa, iFR and FFR) assessment and RCA CTO PCI
A) Setup:
1. The guide wire was flushed with enough saline to fill the dispenser hoop early
during pressure wire set-up.
2. The ECG and BP cables were connected from the s5 to the haemosystem (not
applicable on s5i).
3. The patient information was entered on imaging system.
4. FFR was selected on the bottom right hand corner of the screen. The Settings
tab was selected on the bottom of the screen and the ECG Trace box was set
ON.
5. The Pressure tab was selected on the s5 or s5i with the MAP reading at 3 beats.
6. Once the ECG trace is on and the MAP reading was at 3 beats, the HOME tab
was selected on the bottom of the screen to go to the “LIVE” screen. ECG signal
was switched on the top of the HOME screen.
7. The guide wire was plugged into the Volcano pimette and it was allowed to zero.
-

It took 10 to 15 seconds for the wire to “zero”.

-

Once wire has zeroed, the machine will display a message at the bottom of
the screen that states, “Wire Zeroed, ready to insert.”

-

The wire was then taken out of the dispenser hoop.

8. 300 mcg IC Nitro-glycerine was administered through the guide catheter, per
standard lab procedures.
9. The guide wire was shaped (if needed), inserted and transducer was advanced to
the end of the guide catheter.
-

The catheter was flushed with saline.

-

The guide catheter was ensured to be coaxial with vessel and AO pressure
was not damped.

-

If the AO pressure trace appeared damped, the guide catheter would be
disengaged to ensure an optimum AO pressure trace.

-

The wire introducer was removed.

-

Tuohy was tighten manually, even if the Tuohy had a haemostatic valve.

10. After 10 seconds, the pressure was NORMALISED on the sS5 /S5i .
-

Pd/Pa was equalled to 1.00.

-

If Pd/Pa did not equal 1.00, after 10 seconds and then the pressure was
NORMALISED again.
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-

If the Pd/Pa ratio still dId not equal 1.00, then the height of the AO transducer
was rechecked to make sure it was midline to the patient and the pressure
was NORMALISED again.

-

If Pd/Pa ratio still was not equalled to 1.00, then a new wire was used and the
Volcano study team member was informed to obtain instructions on returning
the guide wire to Volcano.

-

RECORD button was pressed on the Volcano system to acquire 5-10 beats of
normalisation.

11. The wire and pressure sensor were positioned to at least 3 reference vessel
diameters beyond the stenosis or to the distal segment of the vessel in cases
with no angiographic apparent stenosis or diffusedly disease vessel.
-

The guide catheter was flushed with saline (to prevent pressure damping).

-

The wire introducer was removed.

-

Tuohy was closed manually, even if it was a Tuohy with a haemostatic valve.

-

Transducer back was turned on to pressure and make sure Pa pressure was

not damped.
B) Step one: Baseline coronary pressure wire measurements in the donor
arteries:
1. FFR was selected on the bottom left hand corner of the screen.
2. A 3 beat Pd/Pa average window was used to calculate FFR.
3. The RECORD button was pressed on the Volcano system to make a baseline
resting Pd/Pa assessment of the stenosis (without adenosine) for 5 seconds
4. Switched to iFR mode.
5. The RECORD button was pressed on the Volcano system to make an iFR
measurement.
6. FFR with IV adenosine administration:
7. FFR was selected on the bottom left hand corner of the screen.
8. A 3 beat Pd/Pa average window was used to calculate FFR.
-

The RECORD button was pressed on the Volcano system

-

Continued recording and FFR assessment made at the same location using
hyperaemia for up to 3 minutes in duration or until stable hyperemia as
determined by the physician using adenosine infusion administered via a 5 F
Multipurpose catheter through a central venous access (femoral vein) at
140 mcg/kg/min.
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-

FFR was calculated as : RECORD PRA (RA pressure) for Pv (central venous
pressure) measurement, RECORD Pd and RECORD Pa where during
maximum hyperaemia, FFR = (Pd-Pv)/(Pa-Pv)

-

To ensure a clean tracing was recorded, the recording was uninterrupted
for the entire duration, no injection of contrast, or saline, or disruption to
the aortic pressure transducer was made during this recording phase.

-

Without interruption of adenosine infusion and without opening the Tuohy
haemostatic valve, a manual pullback manoeuvre was performed under
fluoroscopic guidance at an estimated velocity of 0.5mm/sec until the guide wire
sensor had reached the tip of the guide catheter. Once the guide wire was into
the guide catheter, we waited for 20 seconds to check for normalisation. We
made sure the recording was uninterrupted for the entire duration of the
pullback manoeuvre.

9. Once FFR measurements were complete, the guide wire was pull back to the
guide catheter and assess for drift of the Pd/Pa recording. If this remained at 1.00
± 0.02, we continued to the next step. If the Pd/Pa did not equal 1.00 ± 0.02, the
normalisation process was repeated until it equalled 1.00, and the appropriate
steps above was repeated to obtain a drift-free comparison. At least 5-10 beats
of normalisation was recorded.
Once this was complete the values of resting pd/pa, iFR, and FFR was entered
into the CRF
C) Step two: RCA CTO recanalisation (as per local standard care practice) as
described in section above.
D) Step three: Measurements of the collateral pressure indices post RCA CTO
recanalisation:
1. The following measurements of the collateral indices were measured after
successful recanalisation of the occluded segment without restoring the
antegrade flow.
-

resting Pwcoll, Pw/Pacoll, iFRcoll and FFRcoll in the recanalised RCA CTO
vessel

-

PRA (RA pressure) for Pv (central venous pressure) measurement, where during
maximum hyperaemia, FFR collateral = Qc/QN= (Pw-Pv)/(Pa-Pv)

E) Step four: PCI to RCA CTO (as per local standard care practice) as described
in section above
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F) Step five: Measurements post RCA CTO PCI (After achieving TIMI flow grade
3 with <30% angiographic residual stenosis): (simultaneous measurements in
donor arteries)
1. Each patient had the ECG attached to two consoles.
2. For assessment of the donor arteries: all the steps outlined in section A(9-12)
and B above were repeated.
3. The following were measured:
resting Pd/Pa, iFR, and FFR in the donor arteries
resting Pd/Pa, iFR, and FFR in the revascularised RCA CTO artery

G) Step six: Measurements post RCA CTO PCI with balloon inflation in the
revascularised RCA CTO artery at the site of occlusion and stable physiology
in the predominant donor artery: simultaneous measurements in the
predominant donor artery and revascularised RCA CTO artery
1. For both coronary pressure wires in the predominant donor artery and
revascularised CTO artery, all the steps outlined in section A (9-12) were
repeated.
2. In order to mimic the occluded artery status, resting pd/pa, iFR and FFR were
measured simultaneously in donor artery and revascularised CTO artery , with
balloon inflation in the CTO artery at the site of occlusion and stable physiology in
the predominant donor artery.
3. For assessment of the predominant donor artery: all the steps outlined in section
B above were repeated, resting Pd/Pa, iFR and FFR were recorded in the
predominant donor artery.
4. For assessment of the revascularised CTO artery: all the steps outlined in section
B above were repeated, resting Pw, Pw/Pacoll, iFRcoll and FFRcoll were
recorded.
5. PRA (RA pressure) for Pv (central venous pressure) was recorded, where during
maximum hyperaemia, FFR collateral = Qc/QN= (Pw-Pv)/(Pa-Pv)
H) **Step seven: Measurements post PCI in the donor artery if FFR in donor
artery is ≤0.80 post RCA CTO PCI:
1. **PCI to donor artery if FFR is ≤0.80 post CTO PCI was not mandated in this
study. It was at the discretion of the operator whether to intervene or not and
either in the same setting or in a staged fashion. When PCI was performed to the
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donor artery, the following measurements were performed post PCI to donor
artery:
resting Pd/Pa, iFR and FFR in the donor artery
2. For assessment of the donor artery: all the steps outlined in section A (if
necessary) and B above were repeated.
I) At the end of the case:
1. For each coronary pressure- derived (resting pd/pa, iFR and FFR)
measurements were entered on the on the Case Report Form
2. At the conclusion of the case, the case was archived to the local electronic
imaging system (MEDCON) by selecting the Patient Tab, then the ARCHIVE
button.
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Appendix 1.5 Schedule of study Procedures
Visits

Activity
Screening
Eligibility assessment

✓

Demographics

✓

Medical history

✓

Preassessment

Medication history

✓

Clinical evaluation

✓

Informed consent

✓

Recording
diagnostic
tests

ECG

✓

Laboratory tests

✓

Transthoracic
echocardiogram (TTE)
Non invasive functional
tests:
(Dobutamine Stress
Echo (DSE),
Myocardial Perfusion
Scan
(methoxyisobutylisonitril
e-MIBI),
CMR
Diagnostic coronary
angiogram
characteristics

Coronary physiology
measurements pre- and
post-CTO PCI X 5
Insertion of central
Procedure
venous catheter
RCA CTO PCI
Staged procedure
(coronary angiogram,
measurement of
collateral pressure
indices, pressure wire
study, PCI)
Pre-discharge adverse event reporting

Procedure

✓

✓

✓

✓

✓
✓

✓

✓
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