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Abstract

X-ray imaging plays a key role in the diagnosis and treatment of coronary heart disease. X-ray
imaging is currently used to provide anatomical information regarding vessel lumen, identi-
fying the stenotic lesions (narrowings of the artery) caused by coronary disease. However,
appearance of a stenosis on X-ray imaging does not accurately predict the extent which it
restricts the flow of blood in the vessel. Other physiological measurements are available in the
catheterisation laboratory to supplement the X-ray imaging, but these do not fully describe
the coronary haemodynamics. This thesis presents a method of using X-ray angiography to
measure the absolute flow of blood in the coronary arteries. A method of calibrating the
differential signal in an X-ray angiogram produced per unit volume of contrast agent is de-
scribed. Using the calibration, a second injection of contrast agent, where all of the blood in
one of the coronary arteries is replaced by contrast agent, allowed the flow of contrast agent,
which was assumed to be the same as the flow of blood, to be calculated. Steps were taken
to reduce the radiation dose delivered by the flow measurement imaging, and to overcome
the motion of the heart within the computer analysis. Testing was performed in phantoms
to validate the technique before a trial in humans. The phantom experiments indicated that
the X-ray flow measurements were accurate and reproducible. The human trial indicated
a moderate correlation between the X-ray flow and reference thermodilution flow measure-
ments, although the lack of a dedicated infusion catheter may have affected the accuracy of
the refernce measurements. The X-ray flow measurements were on average 25% lower than
the reference. The results demonstrate that the X-ray measurement of flow can be integrated
into the clinical routine in the catheterisation laboratory, although further clinical testing is

required.
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Chapter 1

Introduction

Coronary artery disease (CAD) is the leading cause of death worldwide.! It accounted for 28%
of deaths in the UK in 2014, and for and over 20 million in-patient episodes in the National
Health Service (NHS) in 2012-13.2 Myocardial infarction (MI) due to CAD has an event
rate of 120 per 100,000 population in the UK in 2010.% Whilst the incidence and mortality
rate for MI in the UK has been declining, partly due to improved diagnosis and treatment of
CAD and MI, it remains a major cause of death and is a significant health burden.? In the
United States in 2013, the situation was similar, and whilst mortality from coronary heart
disease (CHD) is decreasing, its prevalence is increasing, and expected to further increase in
the future.?

X-ray imaging is used in the diagnosis and treatment of CAD, using dedicated cardiac
X-ray systems which are installed in dedicated rooms known as catheterisation laboratories.
Exposure to the body by ionising radiation is harmful. It is important to ensure that for
patients undergoing X-ray imaging, the benefits of the imaging outweigh the risks involved,
and that the amount of ionising radiation is minimised. Blood vessels are not normally visible
on X-ray images, as the X-ray attenuation properties of blood are very similar to those of the
surrounding soft tissue. To visualise the cardiovascular system a technique called angiography
is used, where a radio-opaque contrast agent is injected into the blood stream, creating a
differential attenuation between the contrast agent and the surrounding tissue, permitting
the passage of the contrast agent through a structure of interest to be observed in the X-ray
image. An example image from a coronary angiogram is shown in Figure 1.1, where the right

coronary artery has been injected with a contrast agent, and two severe constrictions, called



stenoses, in the vessel are revealed, along with diffuse narrowings in the mid-section of the
artery which have been caused by CAD. Currently, X-ray imaging only provides anatomical
information regarding the arterial lumen, and this is not a good predictor of how much the
flow of blood is affected by the disease.® Having a complete assessment of how a stenosis is
affecting the flow of blood down a coronary artery—and how other factors are affecting blood
flow (such as resistance in the heart muscle itself)—allows for more tailored and effective
treatments to be selected improving patient outcomes. For this reason, a range of other
physiological measurements can be performed in the catheterisation laboratory, but to date,
no combination of imaging or measurement provides a complete assessment of the coronary
haemodynamics.

The focus of this research was to develop methods using X-ray angiography to provide
quantitative information on the flow of blood through the coronary arteries; in other words, to
quantify the blood flow along the artery in absolute units. This information would complement
the anatomical information from the existing angiograms, and other physiological measure-
ments that can be obtained in the catheterisation laboratory. It is hoped that this information
ultimately would provide a more complete understanding of an individual’s haemodynamics
status, facilitating more personalised treatment.

The methods developed in this thesis combine changes to the acquisition protocols on an
X-ray system, and the computer analysis of the signals provoked in the X-ray image by the
contrast agent, with the aim of analysing the change in mass of contrast agent within the image
sequence over time. As the mass of contrast agent can be related to its volume, measuring
the change in mass permits the flow within a coronary artery to be calculated. A number
of key challenges were overcome to translate such signal changes into measurements of blood
flow. During coronary angiography the heart moves, and there is potentially other patient
motion principally from respiratory motion. These movements alter the signal intensity in the
image, and it is important that these alterations are not of sufficient magnitude to adversely
affect too many cases. Secondly, the automated processing and control systems on a current
cardiac X-ray system would cause the relationship between signal intensity and volume of
contrast to change during an angiogram confounding the analysis. X-ray systems do not have
calibrated values relating to a physical property for the pixel intensities in their images (such

as Hounsfield Units on a computed tomography system which permit analysis such as urinary



Figure 1.1: Example image from an angiogram of the right coronary artery. The contrast
agent has filled the vessel lumen, and the uneven diameter is due to coronary artery disease.
Two focal lesions are identified by yellow arrows, and there is diffuse disease between these
lesions.

stone composition® or electron density for radiotherapy planning”). Furthermore, the two
dimensional projection nature of the images means that the same volume of contrast agent
in a blood vessel can provoke a different degree of change in signal intensity in an image
depending upon the other objects in the beam as well as the location and orientation of the
objects and vessel. A calibration relating pixel intensity change to mass of contrast agent
on a per-patient basis was therefore developed. The technique must be straight forward to
implement in the clinical environment, and minimise the risk of harm to the patient, for
example by keeping the use of ionising radiation to a minimum. The computer analysis of the
image sequences must be automated in so far as possible, so it can be ultimately integrated

into a patient’s procedure.

1.1 Aims

The aim of this research was to develop a quantitative X-ray imaging technique to measure
the flow of blood in the coronary arteries of the human heart that can be easily implemented

in clinical practice during invasive angiography, and to assess the accuracy and precision of



the flow measurements.

1.2 Overview of thesis

Following a review of X-ray coronary imaging and the other physiological measurements in the
catheterisation laboratory, three studies are described which developed enabling techniques
leading to an absolute flow measurement, viz. a means of acquiring the quantitative images
at a lower X-ray dose than standard imaging, a means of analysing contrast agent flow in
the moving heart by removing signals from the background anatomy, and combining these to
measure relative flow between two angiograms. The relative flow method was then expanded
to measure absolute flow in a coronary artery, with the new method then being tested first in

phantoms, and then in humans. The thesis chapters are summarised below.

Chapter 2, Background briefly explores how the flow of blood is regulated in the normal
heart, and how coronary artery disease affects this. An overview of the principles of X-
ray angiography describes the issues of using a projection X-ray imaging system for the
measurement of blood flow. A review of the physiological measurements available within
the catheterisation laboratory, along with previous attempts at flow quantification with

X-ray imaging, and their limitations, is provided.

Chapter 3, Reduction of radiation dose in coronary angiography describes an exper-
iment designed to produce an means of producing angiograms at a lower X-ray dose to
the patient. The lower radiation dose mode was designed to reduce the additional ra-
diation patients would receive from the additional quantitative image sequences would

be exposed to without compromising the quality of the images.

Chapter 4, Cardiac digital subtraction angiography investigates the use of a image
subtraction technique aimed at removing the background anatomy from coronary an-
giograms. Removing the background anatomy from the image leaves just contrast agent,
facilitating the analysis of the signals arising from the contrast agent. The cardiac mo-
tion and other patient motion can defeat such schemes due to misregistration artefacts,

and the efficacy of algorithms aimed at minimising such artefacts was tested.

Chapter 5, Relative flow measurement using X-ray angiography describes work that



measures a relative flow—the change in flow following intervention by stenting—in a
small patient study. The ability to measure relative flow between two angiograms was

a stepping stone to absolute flow quantification.

Chapter 6, Absolute measurements of flow using X-ray imaging: Theory extends the
relative flow method, describing the theory underpinning an absolute measurement of
blood flow using angiography, using a method that can be employed into clinical prac-

tice.

Chapter 7, In vitro measurements of flow from X-ray angiography details testing of
accuracy and precision of the absolute measure of blood flow using X-ray angiography

in a series of phantom experiments.

Chapter 8, In vivo measurements of flow describes the additional procedural and an-
alytical steps required to implement the absolute flow measurements in humans, and
describes a preliminary study comparing the X-ray based flow measurements to reference

flow measurements in humans.

Chapter 9, Summary, Discussion & Conclusions are presented and future work are dis-

cussed.



Chapter 2

Background

This chapter provides a brief overview of the factors affecting the flow of blood in the coronary
arteries, and coronary heart disease. The principles of X-ray imaging and angiography of the
heart are described, and the role of X-ray imaging in CAD is explored. An account of the
invasive physiological measurements available within the catheterisation laboratory, and their
limitations, is then presented. This is followed by an appraisal of the quantitative methods of
describing coronary blood flow from angiography that have been previously developed. Finally
these findings are used to make the case for the measurement of absolute blood flow within

the catheterisation laboratory that can be successfully implemented in the clinical routine.

2.1 Coronary blood flow in the human heart

2.1.1 Coronary anatomy

The coronary arteries supply the heart muscle, the myocardium, with oxygenated blood.
There are two arteries—the left coronary artery (LCA) and the right coronary artery (RCA),
which originate from the aortic root. The arteries and their location are shown in Figure 2.1.
These epicardial vessels are between 500 pm to 5 mm in diameter. Branching from the
coronary arteries the pre-arterioles have a diameter of between 500-100 pm. Further distal
are the arterioles, which have a diameter of less than 100 pm.

The left coronary artery branches after a short left main stem into the (left) circumflex
artery (Cx) and left anterior descending (coronary) artery (LAD). The coronary arteries sup-

ply different regions of myocardium, with the LCA supplying the anterior and anteriolateral
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Figure 2.1: Anatomy of the heart demonstrating the coronary arteries and veins, showing
the a) anterior and b) posterior view. Created by Blausen Medical Communications, released
under CC-BY license.®

regions (broadly corresponding to the left atrium and left ventricle) and the RCA supplying
the posterior and inferior territories (broadly corresponding to the right atrium and right

ventricle).

2.1.2 Control of coronary blood flow

The myocardium has the capacity to extract considerable amounts of oxygen from the blood
(60%—80%), and therefore any increase in demand on the heart, which will result in an in-
creased demand for oxygen by the myocardium, must be met with in an increase in coronary
blood flow.? At perfusion pressures of between 40 and 150 mm Hg, the control of blood flow to
the myocardium is governed by an autoregulation system. Under normal conditions the blood
flow to the myocardium is regulated in line with the oxygen demand of the myocardium. '’
Curve A on Figure 2.2 shows how the flow of blood is maintained at a relatively constant
level over the normal physiological range of aortic pressures. In the absence of disease, the
epicardial arteries have very low resistance to blood flow, and therefore there is a negligible
pressure drop along their length. The flow of blood is controlled by the interplay of two
mechanisms in the prearterioles and arterioles. There is a measurable pressure drop across
the pre-arterioles, and they function to maintain the pressure at the entrance of the arterioles
within a narrow range. Overall, the resistance to blood flow is dominated by the arterioles.

This is achieved via constriction in response to increased sheer wall stress. ! The smaller arte-

rioles respond to changes in oxygen demand, dilating in response to the release of metabolites
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Figure 2.2: Autoregulation of blood flow in the coronary arteries. At rest, blood flow is kept
reasonably constant over a large range of aortic pressures (A). An increase in oxygen demand
in the myocardium will result in a raised level of flow (B). At maximal flow (hyperaemia,
dotted line) flow is dependent upon the aortic pressure. Epicardial stenoses reduce flow (C &
D).

in the myocardium during oxygen consumption.

An increased oxygen demand in the myocardium will initially result in a dilation of the
smaller arterioles (2545 pm) due to the release of metabolites such as adenosine.'? The
metabolites and myogenic actions also increase flow in the larger arterioles (50-80 pm in
diameter). This increases myocardial blood flow and causes a reduction in the pressure at
the inlet of the smaller arterioles. The prearterioloes and smaller arteries react to the drop
in shear stress caused by the reduction in pressure, via endothelial-dependent dilation. The
net effect is an overall drop in resistance and an increase in coronary blood flow (curve B,
Figure 2.2).

At the point of maximal blood flow in the coronary arteries (hyperaemia), the resistance
to flow in the prearterioles and arterioles is minimised, and in a normal heart the supply of
blood will be sufficient to meet demand. In this case the flow of blood is dictated by the
aortic pressure (dotted line, Figure 2.2). The maximal flow is reduced by either CAD causing
a flow limiting stenosis, or increased microvascular resistance.'® Curves D and C in figure
2.2 represent increasing epicardial stenosis, with the more severe stenosis producing a greater
reduction in maximal flow. If there is a sufficient reduction in flow, this will lead to ischaemia

in the myocardium.
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2.1.3 Coronary artery disease

CAD develops due to the growth of atherosclerotic lesions (plaque) in one or more of the
coronary arteries. As the plaque lesions increase in size, the arterial lumen is progressively
reduced, which if severe enough, will restrict the blood flow within the artery, particularly
during periods of high demand on the heart, for example during exercise. Multiple consecutive
stenoses in an artery, or diffuse disease along a considerable length of artery, can be flow-
limiting with lower levels of luminal loss. CAD leads to CHD (although the two terms are
often used interchangeably), and can result in heart failure or myocardial ischaemia. The
symptoms include angina pectoris—chest discomfort associated with myocardial ischaemia. 4

An acute presentation of CAD, acute coronary syndrome (ACS), is caused by the rupture
or fissuring of a atherosclorotic plaque, leading to thrombus developing around the rupture
site, severely limiting blood flow to the myocardium in the affected vessel. ACS can be
categorised as unstable angina (angina which is not triggered by a specific event, such as
exercise) and MI. MI is further divided into two categories based upon the changes in the
electrocardiogram (ECG), namely non-ST-elevation myocardial infarction (NSTEMI) and ST-
elevation myocardial infarction (STEMI). % In recent years in the UK there has been a decline
in mortality due to acute MI, in part due to reduced incidence and in part due to improved
treatment. Despite this, MI remains a major cause of death, with mortality rates of 39.2 and

17.7 per 100 000 population for men and women respectively in the UK in 2010.3

2.2 X-ray imaging in coronary heart disease

Cardiac X-ray systems are installed in specialist X-ray rooms called catheterisation labora-
tories, and have a number of key differences to other types of X-ray system. Cardiac X-ray
systems employ one or two imaging chains, i.e. have either one or two pairs of X-ray tube and
image detector (referred to as monoplane and biplane systems respectively). A photograph
of a monoplane catheterisation laboratory is shown in Figure 2.3. The X-ray tube and image
receptor are attached to opposite ends of a C-arm, which can be rotated in both the lateral
and cranio-caudal directions, allowing the X-ray beam to be rotated in two directions inde-
pendently around the patient, who lies supine on a couch. This arrangement permits imaging

to be performed from a wide range of angles to suit the current task, and the X-ray beam
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Figure 2.3: Cardiac catheterisation laboratory (Allura FD10, Philips Healthcare, The Nether-
lands) showing the floor mounted C-arm assembly with the X-ray detector at the top and
X-ray tube assembly at the bottom, the patient couch and remote viewing monitors.

angulation is frequently changed during a procedure. The X-ray tube and generator have
a high output (typically around 70 kW), and a dedicated solid-state cardiac X-ray detector
which has a relatively small area (around a 25 cm diagonal size), suited to the imaging of the
heart. This small detector size is advantageous when positioning the X-ray detector close to
the patient.

Two modes of imaging are available, fluoroscopy and digital cine acquisition. Fluoroscopy
uses a lower radiation dose and is used to position the patient and radiation beam, and to
visualise interventional devices inside the patient such as catheters, wires, and stents. As
a result of the lower radiation dose used in fluoroscopy (normally around a tenth of the
acquisition dose rates),'® fluoroscopy provides a lower quality image than the acquisition
mode. Fluoroscopy images are generally not recorded. Digital acquisition provides a higher
quality image, and is typically reserved for angiography with the images being stored as a
record of the procedure. Both imaging modes employ pulsed acquisition, i.e. the X-ray beam
is rapidly switched off and on, with the number of pulses per second either being controlled
by the user or programmed into the settings of the X-ray system. The term pulses, frames or
images to refer to individual X-ray exposures, are used interchangeably. Typically in cardiac

imaging frame rates of 15 to 30 frames per second (fps) are used.
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2.2.1 Angiography

Angiography—the process of visualising the arterial system—was first performed by Egas
Moniz in the 1920s, who described the acquisition of cerebral angiograms via the injection
of a contrast agent into the common carotid artery.!” The development of catheterisation
allowed both physiological measurements, such as intra-arterial pressure, and the injection of
contrast agent directly within the artery of interest (so called selective angiography). The
catheterisation of the human heart was first performed by Werner Forssmann (on himself)
in 1929. Forssmann later demonstrated that the chambers of the heart could be visualised
using injections of contrast into the chamber via a catheter in animal experiments.!'® The use
of catheters to inject directly into the artery of interest greatly increases the concentration
of contrast agent in the artery, compared to an injection at a more remote location (either
further upstream in the arterial system or into the venous system), where the contrast will
mix into the blood, becoming diluted at the site of interest. The amount of contrast required
is therefore reduced, the timing of the imaging with respect to the injection simplified, and
the quality of the images produced is greatly increased.

The first selective coronary angiogram was performed accidentally in 1958 by Mason Sones.
Sones had been intending to inject the contrast agent into the aortic root, as it was believed
that a direct injection of contrast into a coronary artery could be fatal. However, just prior
to the contrast injection and unnoticed by Sones, the catheter had become engaged with
the patient’s right coronary artery resulting in the injection of contrast directly into the
RCA. The ensuing asystole was corrected by asking the patient to cough.!® Encouraged,
Sones and colleagues proceeded to demonstrate the improved quality and relative safety of
selective coronary angiography.?’ The angiographic technique was refined in the following

1 and

years, notably with safer access to the femoral artery using the Seldinger technique,?
improved catheter designs by Judkins and Amplatz.'?

Today, coronary angiograms are performed with selective catheterisation of the left or right
coronary artery, with access from either the radial or femoral artery. Images are acquired at
high frame rates (typically 15-30 frames per second), with the X-ray acquisition starting just
prior to the commencement of the contrast injection. Imaging continues while the artery fills

with contrast agent, and is normally terminated around two heart beats after the vessels are

filled with contrast completely. As a result, the total duration of a typical coronary angiogram
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(c) (d)

Figure 2.4: Images from a posterio-anterior caudal angiogram of the left coronary artery
showing the transit of contrast agent through the vessel: a) immediately before contrast
injection, b) the contrast agent has reach the mid artery segments, c¢) the entire arterial
lumen is filled, and d) demonstrates venous outflow. Arrows on ¢ show the location of two
stenotic lesions in the circumflex artery.

is between six and 10 seconds. Longer sequences are sometimes acquired to visualise the
contrast as it transits the myocardium and into the venous system. Imaging the moving heart
requires not only a high frame rate, but also short X-ray pulse durations, typically between
three and 12 ms to avoid motion blurring of the small arteries. Example images from an
angiogram of a left coronary artery can be seen in Figure 2.4. The presence of CAD can be
detected via the luminal loss caused by the atherosclerotic plaque. Two severe stenotic lesions
can be seen in the circumflex artery in 2.4c. It is standard practice to take views of an artery

from a number of projections, depending on the artery and segment of interest.??
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2.2.2 Percutaneous coronary intervention

In addition to the diagnosis of CAD using angiography, X-ray imaging can also be used to
treat the disease, in a process referred to as percutaneous coronary intervention (PCI). Low
radiation dose X-ray imaging (fluoroscopy) permits the visualisation of interventional devices
as they are manipulated within the coronary arteries. Angioplasty—the process of restoring
the vessel lumen of a stenotic lesion—was first described by Dotter & Judkins in 1964,23
but Gruntzig’s invention in 1977 of a balloon which could be passed over a guide wire and
expanded within an artery was a considerable advance.?* The technique was prone to early
onset restenosis. The development of the stent—an expandable semi rigid support structure
commonly made of metal—reduced restenosis rates.?® The first human use of a stent was in
1986 and since then, refined materials and stent coatings (including drug eluting stents), have
improved outcomes, further reducing in-stent restenosis. 26

During PCI, once a series of angiograms has been acquired and a suspect lesion or lesions
identified, a guide wire is introduced via the guide catheter and advanced down the vessel to
be treated so that it crosses the lesion, leaving its tip in a distal segment of the artery. The
guide wire has a radio-opaque end to allow it to be clearly seen under fluoroscopy. Figure 2.5a
shows the guide wire in position for the treatment of the stenoses shown in Figure 2.4. Often a
balloon is introduced over the wire to the site of stenosis and angioplasty is performed before
stenting. Figure 2.5b shows the balloon dilation on the proximal lesion. The two radio-opaque
markers denoting the ends of the balloon can be clearly seen in the image, and these are visible
even when the balloon is deflated, allowing it to be positioned accurately in the artery using
fluoroscopy. Sometimes, however, this pre-stenting dilation is omitted and direct stenting is
performed (i.e. without pre-ballooning). Stents are introduced over the guide wire, and as in
the case with the balloon, radio-opaque markers on the extremities of the stent allow a stent
to be accurately positioned at the lesion site prior to deployment. The placement of stents
to both lesions in the example case is shown in Figure 2.6. Angiography is then performed
to confirm the restoration of vessel lumen and to check that the stent is well apposed to the
vessel wall (Figure 2.7).

The decision as to whether or not to stent a suspect lesion is important—stenting carries
an inherent risk of complication, such as vessel rupture, dissection, sub-acute thrombosis and

branch occlusion.?” As a result, if intervention is performed unnecessarily, it can make the
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Figure 2.5: Images taken during angioplasty, with arrows showing a the guide wire in situ
in the circumflex artery, and b) balloon inflation being performed to the proximal stenotic
lesion. The large horizontal tube in both frames is the guide catheter in the descending aorta.

5B

(d)

Figure 2.6: Images showing the stent placement: a) shows the deployment of the distal stent
with the balloon indicated with an arrow, followed by b) an angiogram to confirm good
deployment. Image c) shows the placement of the proximal stent using angiography with the
radio-opaque markers indicated with arrows, and d) the stent deployment, again with the
balloon position indicated by an arrow.
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(b)

Figure 2.7: Post intervention angiograms, showing the angiographic result a) after the stenting
to the Cx and b) following further stenting in the obtuse marginal artery (site indicated by
an arrow).

outcome for a patient worse than if no intervention were performed.

2.2.3 The role of X-ray imaging in the clinical setting

The methods employed in the diagnosis of CAD are varied according to a patient’s underlying
risk of having the disease. Risk factors for CAD include family history,?® sex, smoking, dia-
betes, hyperlipidaemia, hypertension and age.??3% A wide range of imaging and non-imaging
tests (such as biomarker assessment and exercise stress tests) are available to inform diagno-
sis. In cases with recent onset of chest pain, imaging options include stress echocardiography,
magnetic resonance imaging (MRI) for wall motion analysis, and cardiac-computed tomog-
raphy (CT).3! These patients are likely to have a lower risk of CAD, and are therefore less
likely to require PCI, and hence the preference for non-invasive testing. X-ray imaging plays
an important role in the diagnosis and treatment of CAD in the high-risk and acute patient
groups. More invasive treatments aim to provide revascularisation, i.e. the restoration of
blood flow to the myocardium.3%33 In cases of stable angina, whose symptoms are not suffi-
ciently controlled by medical therapy, invasive angiography should be offered.®? In unstable
angina and NSTEMI, urgent invasive coronary angiography with follow on PCI, if appropri-
ate, should be offered.?* In acute coronary syndrome, specifically ST-elevation myocardial
infarction, primary PCI is recommended where it can be delivered in a timely manner.? In
the UK during 2016, there were 119 centres offering PCI, with a further 57 offering invasive
angiography with 260,808 angiograms and 100,483 PCIs performed. The number of PCIs
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rose quickly between 1995 and 2005, and whilst the rate of increase had reduced, it was still
increasing; the rate of increase was 2.3% in 2016. The rate of PCI in the UK, at the time of
writing, is approximately 1,500 per million population.36

In these patients with ACS, and in particular STEMI, the requirement for rapid restoration
of myocardial blood supply precludes the use of many of the alternative imaging techniques,
such as cardiac magnetic resonance imaging (CMR) or CT. Primary PCI has reduced mortality
compared to fibrinolysis in STEMI patients, and outcomes are better when the time between
first medical contact and treatment is minimised. There is also recent evidence supporting
the use of primary PCI, even if it is delayed,®” indicating that X-ray imaging will continue
to have an important role in the treatment of STEMI. Even for patients with stable angina,
PCI can lead to a reduction in symptoms compared to medical therapy, even if mortality is
not reduced.3®

Whilst mortality from MI is falling, an ageing population and improved health care out-

39,40 resulting in more com-

comes, is increasing the number of patients with multi-morbidity,
plex patient management. The strategy employed during intervention has an effect on patient
outcome (for example with complete revascularisation resulting in better outcomes than treat-

ing the infarct related lesion only in STEMI*!), and therefore, being able to refine treatment

for patients based on their individual needs will further improve patient care.

2.2.4 Contrast agents for coronary angiography

For cardiac angiography, current contrast agents utilise iodine as a radio-opaque agent, pro-
ducing a negative contrast (i.e. areas of the image with a lower signal intensity due to the
increased X-ray attenuation of the contrast agent). In addition to providing high radiographic
contrast, contrast agents should have minimal affect on the blood flow, have low incidence
of side effects, low toxicity and high bio-compatibility (readily soluble, appropriate pH, iso-
osmolar with blood and readily excreted).

Todine in solution, such as sodium iodide, was used as an early X-ray imaging agent, but is
toxic to humans. Current contrast agents ensure that the iodine remains covalently bound to a
non-toxic molecule whilst within the body. Early versions of these contrast agents were ionic,
and therefore more likely to interact with biological molecules.*? In clinical practice, these

have now been superseded by non-ionic compounds. The properties of the compounds used for
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contrast agents varies. An example of a current non-ionic contrast agent, iohexol (trade name
Omnipaque), is shown in Figure 2.8a. Iohexol has three iodine atoms attached to a single
benzine ring. As a comparison, iodixanol (trade name Visipaque) has a structure with two
linked iodinated rings (see Figure 2.8b), increasing the amount of iodine per molecule and thus
reducing the osmolarity of the contrast agent, although this comes at the expense of an increase
in viscosity. The physical properties of iohexol and iodixanol at concentrations recommended
for coronary angiography are compared in Table 2.1. For reference the osmolarity of blood
is 290 mOsmoles per kg water (so it can be seen that iodixanol is isomolar with blood).*3
The viscosity of blood depends upon haematocrit level, temperature and shear rate, and a
viscosity in the range of 3.5 to 6 cP would be expected. 4

Reactions and side effects from contrast agents include hypersensitivity reactions, con-
trast induced acute kidney injury, cardiovascular adverse reactions (arrhythmia, hypoten-
sion, shock and cardiac arrest), extravasation leading to tissue necrosis and/or compartment
syndrome, and severe cutaneous reactions. Patients with certain other conditions including
hyperparathyroidism, sickle cell disease and patients with phyrochromocytoma can have re-
actions relating to their disease. Many of the adverse reactions are relatively minor (such as
nausea, headache, and dizziness) although a number are life threatening or fatal. The risks of
serious complications are relatively low, with the number of reported deaths between 6.6 per
million and 1 in 10,000.45 There is some variation in the rates of adverse reaction depending
on the specific agent used. For example, with iodixanol, adverse reactions occur in around
20% of patients.4® Todinated contrast agents are excreted via glomerular filtration, except in
people with impaired kidney function, where faecal excretion also plays a minor role. The
contrast agent is excreted unchanged.

The risk of injury to the kidneys, one of the more serious side effects, can be reduced
by keeping the volume of contrast used during a case to a minimum. This is particularly
important in children and in patients with impaired renal function, where the increased and
prolonged exposure of the kidney to the contrast increases the risk of injury.*® In adults,
between 3 and 10 ml of contrast is typically injected per coronary angiogram, with the total

patient dose not expected to exceed 200 ml.*6
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Figure 2.8: Chemical structures of two common contrast agents, iohexol and iodixanol (trade
names Onmipaque and Visipaque respectively).

Contrast agent Osmolarity Viscosity (cP)
(concentration in mg I/ml) (mOsmol/kg water) | 20°C | 37°C
Tohexol (300) 672 118 |63
Iohexol (350) 844 20.4 10.4
TIodixanol (270) 290 12.7 6.3
TIodixanol (320) 290 26.6 11.8
Blood 290 3.5-6

Table 2.1: Physical properties of two common contrast agents, iohexol and iodixanol, with
comparative figures for blood at body temperature.
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2.2.5 Fundamentals of X-ray imaging

The X-ray attenuation by an object is classically described by the Lambert-Beer law. If N
and Ny are the number of X-ray photons per unit area with and without the object in the
beam respectively, and a mono-energetic X-ray beam is assumed, and only primary radiation

considered, then:
N = Nge # (2.1)

where p is the linear attenuation coefficient of the material of which the object is comprised,
and t is the thickness of material. The linear attenuation coefficient of a given material will
vary with the material’s composition and density, and in the case of a contrast agent, the
attenuation it provides is highly influenced by the concentration of iodine. The density of a

material can be accounted for by rewriting equation 2.1 as

N = Ny exp (-‘;x> (2.2)

where p is the material’s density and z the mass thickness, i.e. mass per unit area. u/p is
referred to as the mass attenuation coefficient.

Consider a pixel within an image, which has area Ay. Before contrast agent is injected into
the field, an exposure is taken, and the pixel value has a value of .S,,. If G is the relationship
between the number of X-ray photons and the pixel signal intensity, and N/} the number of

photons incident upon the pixel, then
Sm = GN| (2.3)

Contrast medium is injected into field of view, with m. g of iodine accumulating above
the pixel. A second identical exposure is taken. Assuming that the injection of contrast has a
negligible effect on the mass of other material in the beam, and given that z = m./Ap, from

2.2, then the signal level in the contrast image, S, is given by

S. = GN{, exp <—MmC/A0) (2.4)
P
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In other words, there is a reduction in the pixel intensity depending upon the mass of
iodine in the beam, and attenuation coefficient of iodine. Note that for this relationship to
hold, complete replacement of blood is not necessary; if a vessel is only filled partially with
contrast then the mass of contrast projected onto a given area will be commensurately less

than if there were complete replacement of blood with contrast.

2.2.5.1 Planar projection imaging

The projection nature of an X-ray imaging system results in the same object producing
different signals within an image, depending upon its orientation and position within the X-
ray beam. Consider an object containing a uniform concentration of contrast agent within the
body being imaged with a planar X-ray system. This is depicted in Figure 2.9a. The beam
attenuation of the object will create an area of lower signal intensity (shadow) in the recorded
image, and from equation 2.1 it can be seen that the differential signal between the object and
the surrounding area is given by the linear attenuation of the contrast agent and the beam’s
path length in traversing the object. Altering the orientation of the object (Figure 2.9b)
increases the beam’s path length through the object, thereby increasing beam attenuation in
the shadow region. The differential signal will be higher, but smaller, in the image (yet the
sum of the differential signal values will be the same in both cases). Now consider the scenario
where the object is moved in the vertical direction, as shown in Figure 2.9¢c. In this case the
shadow is as intense as in (b) as the projected path lengths are (almost) the same, but the
projected shadow will be larger in area than (b).

In addition to the object’s orientation and location, the photon fluence on the detector for
a given X-ray exposure is also affected by a number of other factors. Photon fluence reduces
proportional to the square of the distance between the X-ray source and image receptor, and

of course, to the X-ray beam intensity output from the X-ray tube.

2.2.5.2 X-ray attenuation and photon energy

The mass attenuation coefficient for a material depends upon its chemical composition, and
is function of photon energy. Figure 2.10 shows the linear attenuation of both iodine based
contrast agent (at concentrations of 370 mg I/ml and 150 mg I/ml) and soft tissue (comprised

as per the International Commission on Radiation Units and Measurements report 44).47 All



22

(a) (b) (c)
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Figure 2.9: The same object will project a different attenuation profile depending upon its
orientation (a vs b) or location (b vs c).

attenuation data for the graph were obtained from published tables of X-ray attenuation,®

with the iodine attenuation scaled according to the required concentrations. The concentra-
tions of contrast agent shown in figure 2.10 are the upper and lower concentrations currently
used in clinical practice for angiography, with coronary angiography in adults typically using
contrast agents with concentrations of 270-370 mg I/ml. It can be seen that for soft tissue, at-
tenuation increases considerably at lower photon energies. For low photon energies (<20 keV)
there is little chance of a photon penetrating more than a few millimetres of soft tissue, and as
such is unlikely to contribute to the resultant image, but only to contribute to the radiation
dose to the patient. Conversely, higher energy photons are more likely to penetrate a given
thickness of soft tissue than lower energy photons, and this gives rise to the effect known as
beam hardening.

X-ray tubes have a polyenergetic output, and the profile of the X-ray spectrum is depen-
dent upon the potential difference between the anode and cathode within the X-ray tube, and
the filtration in the tube exit port. The the spectrum is further modified by metal beam filters
before it reaches the patient. Typically tube voltages in the range of 50-120 kV are used.
Figure 2.11 shows a range of X-ray spectra commonly used in cardiac angiography, calculated

from published tables of tube output spectra and material linear attenuation coefficients.*®
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Figure 2.10: Linear attenuation of iodine based contrast agent at two concentrations and soft
tissue as a function of photon energy.

All X-ray beams are filtered by the tube exit window, and in medical applications except
mammography, further filtration of at least 2-3 mm of Al is also applied, and 2.5 mm of Al
has been applied to each of the spectra in figure 2.11a. Additional beam filtration (metal
filters used in the tube collimator assembly) have been widely used in fluoroscopy for some
time, although they have only recently been introduced during angiography in an attempt to
reduce patient skin dose.?? It can be seen in figures 2.11b and 2.11c that whilst increasing
the Cu filtration does indeed remove low energy photons, thus sparing patient skin dose, the
combination of higher kV and thicker filter also results in a substantial number of photons

above 80 keV and fewer in the 40-60 keV range.

2.2.5.3 Differential signal produced by contrast agent

The subject contrast of an object in an X-ray image is the difference in beam intensities in the
shadow of the object in the image to that of an adjacent area relative to the local background.
Assuming a linear relationship between X-ray dose and pixel intensity in the captured image,
letting B and D be the mean pixel intensity in regions in the background and object’s shadow,

then the contrast, C', can be calculated as follows:

(2.5)

For a given object the subject contrast is increased by increasing the relative attenuation
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Figure 2.11: Common X-ray energy spectra for cardiac angiography, showing a)—c) varying
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Figure 2.12: The effect of vessel diameter and contrast agent concentration on the contrast
of a simulated coronary artery. The artery is simulated superimposed on a 200 mm PMMA
phantom using an X-ray beam produced at 75 kVp, 0.1 mm Cu filtration.

of the object compared to the background. It can be seen from eq. 2.1 that the attenuation
coefficient and the object’s thickness determine the contrast. Figure 2.12 demonstrates the
effect of varying vessel thickness and contrast agent concentration (and hence the attenuation
coefficient) on the contrast of a simulated vessel. The vessel is simulated against a 200 mm
uniform background, imaged at 75 kV with 0.1 mm Cu filtration. Only primary X-ray photons
are included in the simulation.

Figure 2.10 shows that the attenuation of iodine has a discontinuity at 33.2 keV, caused
by the K-absorption edge of iodine (where the energy of incident X-ray photons is sufficient to
dislodge K-shell electrons via photoelectric absorption). The energy range from above the K-
absorption edge through to approximately 80 keV offers the greatest differential attenuation
between the contrast agent and soft tissue. By referring back to figure 2.11c, it can be seen
that a choice of 50-60 kV with 0.4 mm Cu filtration produces many X-ray photons in the
energy range where a high attenuation for contrast agent would be expected, but the beam
would lack penetration, and for larger patients the skin dose would be too high even to achieve
an adequate signal on the detector, even if the X-ray tube could produce the required output.
Making the X-ray beam harder (by increasing the kV) will increase the penetration of the
beam, but reduce the subject contrast of a vessel containing contrast agent. Figure 2.13a
shows the effect of altering the kV and filtration on the contrast of a 3 mm contrast filled
vessel against 200 mm polymethyl methacrylate (PMMA) background. It can be seen that

the beam hardening effects of either increasing kV or filtration reduce the contrast of the
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simulated vessel. Beam hardening effects also occur due to the background objects in the
beam, and this is illustrated in Figure 2.13 which shows the effect of altering beam filtration
and the underlying PMMA phantom thickness on contrast.

In a real X-ray acquisition, scattered radiation further degrades contrast. Assuming the
number of scattered photons per unit area is uniform over an area surrounding an object of
interest, if there are D and B primary photons per unit area in the region of the object and

background respectively, then without scattered radiation the contrast of the object (C,) is

C, = (2.6)

Let S be the number of scattered photons per unit area, then the contrast in the presence

of scatter becomes
(B+S)—(D+59)

- 2.

= B+S (27)
B-D

L= 2.

=513 (28)

Multiplying by D/D gives

- (5)552- (%52 (5%)

Substituting C), from Eq. 2.6,

SN (I RS 2

The final term is commonly rearranged as 1/(1 + S/B) and referred to as the scatter
degradation factor.

A scatter-to-primary ratio (i.e. S/B) of approximately two would be expected in cardiac
imaging, therefore reducing subject contrast by a factor of 1/3.50 Whilst anti-scatter grids and
an air-gap of approximately 10 cm are commonly used in cardiac imaging (which will reduce
the amount of scattered radiation reaching the X-ray detector), scatter remains a significant

source of contrast loss.
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Figure 2.13: Primary subject contrast for a 3 mm diameter contrast filled vessel. a) shows
the effect of altering the beam filtration for a superimposed on a 200 mm thick PMMMA
phantom. b) demonstrates the effect on contrast of phantom thickness (0.1 mm Cu filtration
has been applied to the beam).

2.2.5.4 Automatic dose control

The radiographic factors used by a cardiac X-ray system are controlled by an automatic dose
control (ADC). The ADC reacts to changes in the attenuating properties of objects in the
X-ray beam. These changes can be due to different patient sizes, and changes in the tissue
thickness within the X-ray beam as the C-arm is moved during a case. In response the ADC
adjusts the radiographic factors to produce an adequate image quality at an acceptable radi-
ation dose. The design and operation of ADCs varies between systems, particularly between

manufacturers16:51,52

and further modification to the parameters can be requested by end
users post installation. These systems operate by normalising the X-ray dose reaching the
image receptor. During an acquisition sequence for coronary angiography, an X-ray imaging
system generates a series of images at a specified frame rate. Each image that is acquired is
analysed, and the mean signal reaching the X-ray detector compared to a programmed level
set by the manufacturer that would be achieved from a correctly exposed image. If the signal
level from the current exposure is below the target value, X-ray output is increased for the
next image acquisition, and conversely, if the achieved signal exceeds the set level, the X-ray
output is reduced for the following image.

The radiographic factors selected by the ADC balance the quality of the image produced

against the radiation dose given to the patient. Generally, a harder X-ray beam will reduce

skin dose, but also reduce subject contrast. Increasing the operating dose level at the detector
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will reduce the noise in the image at the expense of increased radiation dose. The wide
latitude, programmable gain, and sophisticated post acquisition image processing in current
digital imaging systems mean that there is considerable flexibility in selecting radiographic
factors. The radiographic settings that best balance image quality and patient dose for cardiac
imaging have been studied systematically in both adult®® and paediatric imaging,®*®® but
the operation of the ADC must also ensure acceptable equipment lifespan and utilise a stable
control system which may mean such schemes are not the most desirable.

The dynamic operation of the ADC does ensure that an X-ray system operates at an ac-
ceptable radiation dose and image quality, but the frame-by-frame updates of the radiographic
output mean that there is variation in signal intensity and variation in contrast between ob-
jects in the image, both between different angiographic sequences and during a single sequence;
the ADC reacts to the changing attenuation during the heart cycle, and in response to the
injection of contrast agent. This variation in signal and contrast could compromise an image
analysis method that quantifies contrast agent flow during an angiogram, or compares two

different angiograms.

2.2.5.5 Image detection

The current generation of cardiac X-ray detectors utilise a Csl scintillator which converts
energy from absorbed X-ray photons to visible light, and were introduced around 20 years
ago."% The light photons are converted into charge using a photodiode, and the signal is
amplified and digitised in a solid state pixel array of readout electronics. This design of
equipment is efficient,®” offering a significant advantage in terms of image quality to previous
generation equipment. 16:58:59

The characteristic response of an X-ray detector is not calibrated to any given reference,
such as the conversion of intensity to Hounsfield Units in computed tomography. Often
modern solid state detectors have a linear response to X-ray dose, but the captured image
is manipulated by a series of computer processing algorithms, which results in the linear
relationship between pixel intensity and exposure being lost. The result of these factors is
that even though a modern X-ray imaging system is capable of producing consistent images

when multiple images are taken of the same objects, it is not possible to predict from the

image alone the physical properties of the objects that gave rise to the image.
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2.2.6 Image processing in cardiac X-ray imaging

The image acquired from a current solid state cardiac X-ray imaging system is not presented

as is to the clinical user. A series of image processing stages are applied as follows:

1. Offset (dark current correction). The X-ray detector acquires images even when the
X-ray beam is off. These images are averaged to create the signal intensity of each
pixel in the detector with no X-ray exposure. The recent offset correction image is then

subtracted from any exposed image image. %

2. Gain correction. Each pixel in the X-ray image detector has a different characteristic
response to X-ray exposure. This is due to variations in the scintillator layer, pixel
photo-diodes, line amplifiers and line analogue to digital converters. This is corrected
for by creating a gain correction during the routine service. A set of flat field exposures
at the dose levels anticipated in clinical use are made for each of the operating modes.
Each set is averaged, offset corrected and then used to calculate a gain correction map,
which is applied as a multiplicative correction to newly acquired images.®® Variations
on this approach have been proposed to deal with operation across a wider exposure
range where the detector response is not linear! and filtering of the gain images have

been shown to improve image quality. 52

3. Defect correction. A number of pixels on the detector do not function properly, pro-
ducing pixel values outside acceptable ranges. These pixels are identified during routine
servicing, and the values of these pixels is replaced using interpolation from surrounding

pixels. 53

4. Automatic gain control. This is a feed forward correction designed to prevent sudden
variations in image brightness due to imperfect dose control (caused for example by the
X-ray gantry being moved between exposures, leaving the dose control setting out-of-
date). A region of the image in the centre is defined and the pixel intensities averaged,

and a multiplicative factor applied to normalise this to a pre-defined value.

5. Look up table (LUT). A look up table is used to reduce the range of the pixel intensities.
These are often a scaled logarithmic shaped function, and an example is shown in 2.14,

which is incorporated into a common cardiac X-ray imaging system.
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Figure 2.14: Logarithmic look up table applied to images on the Philips’ FD10 cardiac system.

6. Image enhancement. The image is enhanced with sophisticated non-linear image pro-
cessing intended to improve the appearance of the image. These algorithms aim to
decrease noise and increase the conspicuity of features of interest. These algorithms
vary between systems and are evolving, and have been shown to increase the perceived

quality of the image.%*

2.2.6.1 Digital subtraction angiography

A common form of processing applied to vascular angiograms is digital subtraction angiogra-
phy (DSA). DSA images are created by using the log-subtraction of an image without contrast
agent (the mask image) obtained prior to the contrast injection, from subsequent images.

A DSA image is created by the subtraction of the logarithms of the mask and contrast
images, and therefore the difference in signal, AS, following the injection of contrast agent is

from eq. 2.4,
AS =k <ln GN] exp <—'umc/A0> —InGNj ) (2.11)
P

Simplifying gives
AS = kP, A, (2.12)
p

where k is a secondary gain applied in the image processing. In other words, the injection
of contrast agent provokes a differential signal that is proportional to the mass of iodine
within the body, and therefore concentration of contrast agent, even if the mass attenuation
coefficient, organ location and organ size are unknown.

DSA images can contain artefacts where there is patient movement (causing misregistra-
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tion between the contrast and the mask image) or where there is any variation in the radio-
graphic settings. The use of DSA makes the subjective or computer analysis of the signal
intensity due to contrast agent in the image straightforward, but DSA has not been adopted
in cardiac imaging, not least due to the cardiac motion causing motion artefacts. Nonetheless,
the ability to remove the underlying anatomy creating a DSA sequence in cardiac imaging

would be most useful for the analysis of contrast agent flow.

2.2.7 Subjective assessment of X-ray angiograms
2.2.7.1 Stenotic severity

The severity of a stenosis demonstrated on angiography is often expressed as the percentage of
the minimum luminal diameter compared to the luminal diameter of a region of non-diseased
artery. Most often this is assessed subjectively, and expressed as a relative measure, referred to
as percentage stenosis. The relative measure of stenotic severity is attractive in angiography
where absolute distances and sizes of objects in the image are unknown due to variations
in imaging geometry. Intervention is considered for stenoses of greater than 75% severity.3?
It has been known for some time that the functional severity of a stenosis correlates poorly
to the visual interpretation of stenotic severity® and there is considerable variation between
observers. %% The decision of whether or not to perform angioplasty would ideally be made
with the knowledge of the degree to which a stenotic lesion was inhibiting blood flow in
the artery. If the lesion is not flow limiting, then intervention could be detrimental for the
patient. %7

In addition to the subjective interpretation, both cardiac X-ray systems and off-line anal-
ysis software, have quantitative coronary angiography (QCA) tools where stenotic severity
can be assessed using semi-automatic computer analysis which supplements the visual inspec-
tion of an angiogram. QCA software often implements a spatial calibration of pixel sizes in
the image, using an object of known size, normally the internal lumen of the catheter. This
then permits the minimal luminal diameter to be measured in absolute units. The use of
QCA is not widespread in clinical practice, having been superseded by both other invasive
physiological measurements and more comprehensive image analytic techniques.

Even when QCA is employed, the single two dimensional projection from which it is formed

gives limited information on the reduction in cross sectional area of an artery. Therefore



32

Angle A

/
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Figure 2.15: The projected width of a vessel’s lumen depends on the beam angle when the
lumen is not circularly symmetric. From Angle A the luminal loss would be evident, but from
Angle B, the visible degree of stenosis would be much smaller.

stenotic severity is a poor predictor of the functional significance of a lesion, demonstrated
by a poor correlation between FFR (the ratio of the flow in a diseased artery to the flow in
the artery if it were normal; see Section 2.3.1.2) and stenotic severity.®® Furthermore, the
overlapping of objects in an image (a particular issue in the LCA due to its more complex
structure than the RCA) can also obscure stenoses, or mask the severity. In large part, these
issues are due to the two dimensional presentation of the arterial lumen, which can lead to
an inaccurate representation of the loss of cross sectional luminal area in a stenotic lesion,
especially when only one projection is considered. The visible degree of stenosis where a
diseased vessel’s lumen is not circularly symmetric in cross section, can be highly dependent
upon the viewing angle, and this is illustrated in figure 2.15, which shows two projection
angles, one where the luminal loss should be evident (Angle A), and one where it may not

(Angle B).

2.2.7.2 Visual assessment of angiographic blush

The transit of contrast agent through the myocardium and into the venous system can be
visualised on a angiogram of sufficient duration in most cases. This is referred to as the

“myocardial blush” due to its characteristic darkening of large areas of the image. The
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subjective assessment of the myocardial transit of contrast agent via angiography has been
formalised into two grading systems, myocardial blush grade (MBG)% and TIMI myocardial
blush grade (TMBG).™ Whilst both are ordinal scales with possible values referred to by hte
integers 0 to 3, MBG is based on the differential intensity of the myocardial blush, whereas
TMBG has a greater emphasis on the temporal characteristics of the flow as well as the
density. TMBG has been shown to be associated with ST-segment elevation resolution and
left ventricular ejection fraction in patients with acute myocardial infarction.”! In patients
undergoing PCI with acute myocardial infarction, both TMBG and MBG have both been
shown to be predictive of one year survival, with TMBG having the largest predictive value.
In particular, patients with TMBG scores of 0 or 1 post-procedure fare particularly badly,
with a 50% survival rate (although more modern management of these patients would likely
yield a far lower mortality rate). Interestingly, lower post-procedure MBG scores of patients
with grade 3 (normal) TMBG were also predictive of lower survival rates.” In patients with
post-MI cardiogenic shock, only around one third of patients with TMBG grade 3 had grade
2/3 MBG, and patients with MBG scores of 0 or 1 were less than one third as likely to survive

at 60 months, compared to those with grades 2 or 3.7

2.2.7.3 Angiographic assessment of epicardial flow velocity

Simple visual inspection of a coronary angiogram as it plays will reveal cases where flow
velocity is clearly sluggish, such as no-reflow following PCI. However, more accurate and
reproducible measures of velocity from angiograms may permit more accurate diagnosis and
therefore more rapid treatment.”™ The thrombolysis in myocardiac infarction (TIMI) frame
count is a long established subjective measure that assesses the time contrast takes to flow
from first entering an artery to a distal landmark. The definition of the start of the injection
is common to all three coronary arteries, i.e. frame 1 is the image where the contrast touches
both borders of the lumen and moves forward. The distal landmark is different for each
artery, viz. the first branch of the posterolateral artery for the RCA, the most distal branch
of the obtuse marginal branch of the circumflex artery, and the most distal bifurcation of
the LAD. The TIMI frame count is performed by calculating the number of images (frames)
between the start and end points. The original work was performed assuming a frame rate

of 30 fps, and if this is not used a correction factor of 30 fps must be applied. The frame
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count for the RCA and Cx are then multiplied by 1.7 to correct for the different average
lengths of the arteries to the LAD (creating a corrected TIMI frame count).” A normal
range for TIMI frame count is between 14 and 28, with an average of 21 frames.”® TIMI
frame count has been shown to be reasonably reproducible, with a mean absolute difference
of 4.7 frames (0.16 s) between two injections.”™ Longer TIMI frame counts are predictive of
higher mortality and other adverse cardiac events following thrombolytic administration.”®
TIMI frame count has been shown to have a reasonable correlation with Doppler measured

7778 (see section 2.3.1.1 for a further discussion on intra-coronary Doppler flow

flow-velocity
velocity measurement). TIMI frame count has been shown to predict survival at five years, but
not 10 years, following acute ML ™ It also predicts ventricular function and infarct zone wall
motion following thrombolytic treatment®’8!' and has been shown to be higher in patients
with Cardiac Syndrome X.3? Interestingly TIMI frame count has been shown to be 40% higher
than normal in non-culprit arteries patients with STEMI,®3 and in patients with lower than
normal flow in the non-culprit artery, there was an improvement in non-culprit artery flow
following PCI.®* Lower flow in all three arteries is associated with poorer outcomes following
STEMI. ™

TIMI frame count has a number of advantages over TMBG: whilst still a subjective mea-
sure, it is a quantitative variable rather than ordinal, and the definition of contrast arrival
at specific points in the arterial structure should be subject to less inter-observer variability,
whereas the descriptions for blush grades could be affected by the observer’s interpretation,
or even the computer processing and display differences between X-ray systems. Unlike intra-
coronary Doppler wires, the assessment of frame count does not require additional sensors to
be used. Despite this, TIMI frame count has not been widely adopted. The use of a frame
count, rather than directly expressing the time for contrast to traverse an artery in seconds
(or perhaps as velocity using a standard value for the length of each artery) is unhelpful,
especially given the varied frame rates used on modern X-ray equipment. Rather, the use of
standard units such as seconds or cm/s might be helpful in interpretation (and comparison
with Doppler in the case of velocity). Furthermore the fact that it is a subjective measurement
has probably lowered its perceived accuracy. The biggest issues, however, are the inherent
assumption about the artery size being the same in all patients; i.e. that the LAD is 1.7 times

the length of both the circumflex and RCA, and the fact that velocity is not a measure of
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flow, and the volume of the vessel is unknown.

2.3 Physiological assessment in the catheterisation laboratory

Recognising the inherent limits of the visual inspection of angiograms, a range of supple-
mentary methods have been developed, specifically aimed for use within the catheterisation
laboratory to improve the assessment of the patients haemodynamics and cardiac function.
The principles physiological measures will be described, followed by how these are practically

assessed within the catheterisation laboratory.

2.3.1 Concepts
2.3.1.1 Coronary flow reserve

Coronary flow reserve (CFR) is the ratio of the maximum flow in a coronary artery, i.e. flow

under hyperaemic conditions (Qp), to that at baseline (rest) conditions, Qg.

CFR — 9 (2.13)

Qr

2.3.1.2 Fractional flow reserve

Fractional flow reserve (FFR) is the ratio of hyperaemic flow in a diseased coronary artery

(Qs) to the flow in the same artery in the absence of disease (Qx). In other words,

FFR — 95 (2.14)

QN
2.3.1.3 Resistance

The resistance of the coronary system is often considered as a combination of resistance of one
or more stenotic lesions in the coronary arteries (stenotic resistance), and the resistance of the
myocardium which they supply (myocardial resistance). These can be assessed by measuring
a combination of intracoronary pressure and flow. The resistance of a stenosis can therefore
be calculated by measuring the pressure in the artery just proximal to the lesion, and just
distally to the lesion. The resistance is then the pressure drop divided by the flow. Similarly

the myocardial resistance is the pressure drop across the myocardium divided by the arterial
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flow. Whilst a simplified view of the coronary haemodynamics, this model can be useful in

exploring the coronary system, and is explored in greater detail in section 2.3.3.2 on page 41.

2.3.2 Doppler flow velocity based measurements
2.3.2.1 Doppler based coronary flow reserve

Interest in the use of CFR as a means of testing the functional significance of a stenosis began
in the mid 1970s,%86 and a decade later its use in practice was established.®” CFR can be
measured in the catheterisation laboratory using an intra-coronary Doppler wire, which can
measure blood velocity within a selected coronary artery. By taking one measurement at
rest, and a second after an intra-coronary injection or during an intravenous injection of a
vasodilator such as adenosine, CFR can be calculated. CFR attempts to measure the ability
of the coronary circulation to respond to increased demand, with a high CFR indicating that
there is adequate capacity. A CFR value of four is considered normal, with a CFR of less than
two considered to be indicative of ischeamia.?® In addition to being used to guide intervention,
CFR measured post intervention has also been shown to be predictive of short and long term
prognosis, with patients with a CFR of >2.5 and a residual stenosis of <35% having lower
rates of ischaemia, restenosis or further ischaemia.®?

There are a number of difficulties in interpreting CFR in humans. Whilst there is good
evidence that on a population basis CFR is a reasonable predictor of clinical outcome, on an
individual level it is less so. Firstly, CFR relies on a vasodilator, most commonly adenosine,?°
to achieve hyperaemia. If the vasodilator does not cause full hyperaemia to be reached, the
measurement will be inaccurate. CFR measurement relies on the basal state where the flow
of blood in the myocardium is determined by the normal autoregulatory system. For any
reasonable blood pressure, the autoregulation system will increase or decrease microvascular
resistance to maintain a constant flow of blood through the myocardium. When hyperaemia
is induced, however, the maximum blood flow becomes dependent upon both the condition
of the heart, and also the current blood pressure. Reference to figure 2.2 demonstrates how

different autoregulatory set points (curves A and B) and aortic pressure would affect CFR.

Moreover, ratio of maximal coronary flow to baseline flow is also affected by blood pressure in

91-93 94

the distal coronary artery, and the baseline flow is affected by the heart rate and sex.

There are also differences in regional CFR around the left ventricle, and as methods in



37

humans only assess global CFR, then these methods may be inadequate for an individual. %

Baseline myocardial blood flow is also dependent on age (increasing with age) and sex (higher
in females).?% Moreover, hypereamic blood flow is lower for older patients (>55 years old),
leading to lower CFR in older people.?”

In addition to variations due to heart rate, flow-velocity measurements are also affected
by the exact location of the Doppler sensor in the artery, for example, where velocity would
be expected to be lower nearer to the arterial wall, and maximal in the centre of the artery.”®
Moreover, for the same flow, the velocity will be proportional upon the luminal cross-sectional
area.

Relative coronary flow reserve (RCFR) has been proposed to try to account for the vari-
ation in CFR between patients, and to normalise for the current physiological state of the
current patient (for instance due to differences in perfusion pressure and heart rate). It is
defined as the ratio of the CFR measured in the target vessel to that in a normal vessel (i.e.
one that does not demonstrate any disease), however this has not been shown to improve
clinical decision making.?? Moreover the measurement of RCFR requires a disease free artery,
which may not be present, or the presence of diffuse disease may mean that a vessel with
a normal angiographic appearance may not be disease free. It is also possible to measure
CFR using non-invasive techniques, most notably positron emission tomography (PET), and
studies using PET provide additional support that a lowered CFR is associated with higher
levels of mortality and adverse events. 100

The practical difficulties and range of factors described above, have limited the applicabil-
ity of CFR in guiding intervention. The positioning of the sensor wire into a suitable location
is often time consuming, meaning that Doppler assessment was not possible in around 10-15%
of cases. This, along with the development of miniaturised intra-coronary pressure wire and
the increasing evidence supporting the use of FFR, meant that by the mid 2000s, CFR had

been replaced in practice by FFR. 10!

2.3.3 Intracoronary pressure-based measurements
2.3.3.1 Intracoronary pressure derived fractional flow reserve

Clearly there is no way to measure FFR directly as the flow in the disease free artery cannot

be measured for comparison to the diseased vessel. In practice FFR is estimated using intra-
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coronary pressure measurements. In the absence of any stenosis, letting P4, Pp and Py be
the blood pressure in the aorta, distal coronary artery and coronary vein, then P4 = Pp and

therefore

Qn = (Pa— Pv)/Riin (2.15)

where R,,;, is the resistance in the myocardium at its minimum, i.e. during maximal flow.

In the presence of a stenosis, Pp is reduced giving

QS = (PD - PV)/Rmzn (216)

By measuring the aortic blood pressure with a transducer connected to the guide catheter, and

using an intra-coronary pressure wire to measure the distal pressure, FFR can be calculated:

QS (PD_PV)/Rmm

FFR = == = 2.17
Qv ~ (Pa—Pv)/Romin (2.17)
Assuming that R,,;, is constant, and Py is close to zero, then
P,
FFR ~ -2 (2.18)
Pa

In the early work on FFR two definitions were proposed: F'F' Ry, following eq. 2.17 and

FFR.,, defined as
Pd - Pw

FFRcorzi
Pa_Pw

(2.19)

where P, is the coronary wedge pressure, in other words, the pressure in the distal artery,
with the artery occluded at the stenosis site using an inflatable balloon. The distinction
between the two measurements is that F'F R, assesses the functional significance of the
stenotic lesion, whereas F'F'R,,,, assesses the myocardial bed fed by the artery, and accounts
for the any collateral flow. The use of FFR in practice today, is that of FFR,,,,, and is
simply referred to as FFR.102

FFR is widely employed in clinical practice, and has effectively superseded CFR in provid-
ing functional assessment of stenoses in the catheterisation laboratory. 1% Minimal myocardial

resistance, i.e. hyperaemia, is achieved using a pharmacological agent, commonly adenosine,
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using an intravenous injection at rates of 140-170 pm/kg/min depending on the injection

104

site.*”* Intracoronary injection of adenosine has also been used, as it can result in lower costs

and fewer side effects, but lack of standard dosing, lack of a steady state and sub-optimal

105 Contrast induced hyperaemia,

hyperaemia in some patients are issues with such infusions.
using a 10 ml injection of iodixanol has also been studied, but this produces sub-optimal
hyperaemia compared to an intra-coronary adenosine bolus.!%® Whilst possibly reducing the
short term unpleasant feelings for patients during an adenosine infusion, the lack of substantial
validation, inadequate hyperaemia and concerns over increase nephrotoxicity associated with
using contrast agent to introduce hyperaemia, probably contribute to the lack of adoption of
this as a technique.

Early work by Pijls and colleagues'®” demonstrated that an FFR of less than 0.75 was
highly predictive of ischaemia. Over time, the threshold considered to indicate that a lesion
is flow limiting has been adjusted to 0.8, and FFR is now used to guide the decision as to
whether to treat a lesion with PCI or medical therapy.'91%4 There is a considerable body

of evidence that guiding intervention via FFR is beneficial for patient outcomes, from large

multi-centre trials including:

e DEFER 08199 demonstrated no disadvantage to not treating a stenosis with an FFR
of 0.75 or more in patients with a single angiographically significant stenosis. After
15 years, the group of patients with an FFR of > 0.75 had considerably fewer MIs when
treated medically than when treated by stenting (although at the time only bare metal

stents were available), with no observed difference in mortality between the groups;'°

e FAME!'""! demonstrated improved survival, lower rates of serious adverse outcome and
lower rates of repeat revascularisation when guiding intervention using FFR in patients
with multi-vessel disease.6” Similar reductions in adverse events were seen in patients

with stable angina, to those with unstable angina and NSTEMI; }12

e FAME 213114 Used broader inclusion criteria than the original FAME study, targeting
all patients with stable angina, and also sought to compare the outcome of patients with
an FFR of <0.8 randomised to receive optimal medical therapy or PCI plus medical
therapy. The trial was stopped early due to an increased risk for patients in the medical

treatment group. The conclusions also remained consistent with the original DEFER
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trial, i.e. FFR guided angiography improved outcomes as patients with an FFR of

4

> 0.8 had better outcomes, with medical therapy than intervention after two!'' and

five years 1.

The benefit of FFR guided intervention is likely to be due to the relative risks to patients
between medical therapy and revascularisation, depending on the functional significance of the
stenosis. For high FFR value, the risks of PCI are greater than those of medical treatment, yet
at lower levels of FFR, i.e. greater functional significance, higher events are seen in patients
with medical treatment. 16

In addition to guiding intervention, post intervention FFR has also been shown to be
predictive of patient outcome, where patients with an FFR of 0.94 or higher had fewer post
intervention cardiac events than those with a lower FFR.!7 Post-PCI measurement of FFR
has shown that approximately one fifth of angiographically satisfactory lesions still had an
FFR in the ischaemic range. '8

For patients with STEMI, using FFR to guide complete revascularisation (i.e. treating all
lesions with an FFR of <0.8 in addition to the culprit lesion) compared to treating only the
culprit lesion, has been shown to reduce adverse events (mainly the requirement for further
revascularisation). 1 The FAMOUS-NSTEMI study revealed that FFR guided intervention
in patients with NSTEMI resulted in a greater number of patients being treated medically,
with 8% lower rates of revascularisation. No difference in health outcomes between the an-
giographically guided and FFR guided intervention groups were found.!?° FFR has also been
shown to predict the functional significance of a stenotic lesion post MI. Following MI, necrotic
tissue may develop, leaving the diseased vessel supplying areas of viable myocardium and scar
tissue. Under hyperaemic conditions, if the scar tissue has increased resistance compared
to normal tissue as might be expected if the scar tissue cannot vasodilate, the pressure in
the distal artery will be increased compared to the pre-infarct myocardium. FFR measure-
ment would therefore be reduced, and it has been proposed that this is a beneficial effect
for FFR assessment, as only the functional significance on the viable myocardium is being
assessed. 2! This argument requires that the increased resistance in the myocardium can be
attributable to necrotic tissue, and therefore early assessment following MI could be con-

founded by stunned myocardium or intra-myocardial oedema which may elevate resistance

until they resolve. Similar cut-off values for detecting ischaemia in post-MI patients have
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Figure 2.16: Model of coronary circulation, where Rg and R, are the resistance of the
stenosis and myocardium respectively, Qg is the coronary blood flow, and P4, Pp and P,
are the pressures in the aorta, distal artery and myocardial outlet respectively. APg is the
pressure drop across the stenosis.

122

been reported than in patients with no previous MI (0.78), " and microvascular resistance of

viable myocardium post-MI has been shown to be the same as that in non-diseased areas, 123

supporting the use of FFR in chronic MI.

2.3.3.2 Limitations of invasive FFR

The pressure-only based invasive FFR, measurement is an incomplete description of the coro-
nary haemodynamics. 247126 As such there are a number of areas where the assumption made
in the measurement of FFR via intra-coronary pressure wire are not sound, such as that the
outlet pressure is negligible and the myocardial resistance minimal. Siebes et al.'?” used a
simple model of the coronary circulation, shown in figure 2.16. Whilst a greatly simplified
model of the coronary circulation, the model is a useful vehicle to explore the assumptions
made in invasive FFR measurements. Siebes et al. introduced P,, the blood pressure at the
outlet of the myocardium, noting it is normally a little higher than the venous pressure, Py,

and propose a definition of FFR as follows:

Qs Pp—-h

FFR= - = ——
Qn Pa— P

(2.20)

Applying the hydraulic analogy to Ohm’s law to the model, and letting ) be either Q

or g, gives

PD = QRcor + Pb (2'21)
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Figure 2.17: Relationship between FFR to a) aortic pressure, and b) flow, for varying stenotic
severity. The horizontal dashed lines represent an FFR of 0.75, usually taken as the critical
value for indicating a flow limiting stenosis. P4 and Pp are the aortic and distal pressure
respectively, and Qg the flow in the diseased artery.

and
B APgq

Rg 0

(2.22)

Modelling the stenosis as a blunt-shaped rigid obstruction, the pressure gradient it pro-
duces was modelled as:

APg = AyQ + BQ? (2.23)

where Ay and B are coefficients for pressure loss due to viscous losses and inertial pressure
losses respectively. The values of A and B used in Siebes’ model were derived from previous
work. 128129 Both of these coefficients are dependent upon the degree and shape of a stenosis.
It can be seen from eq. 2.22 that Rg is dependent upon the flow through the artery. The net
result of this is that the FFR is dependent both on the arterial flow and the aortic pressure.
Using the coefficients from Siebes’ model, but converting the flow units to ml/s for comparison
with data presented in Chapters 7 and 8, Figure 2.17 shows the effect of aortic pressure and
arterial low on FFR. The figure shows that relatively modest changes to aortic pressure or
arterial blood flow, both of which occur during the cardiac cycle and over time, could lead
to a lesions measured FFR crossing the threshold of 0.75 usually considered the cut-off value,
below which intervention is performed.

The model can also demonstrate that changes to the myocardial resistance, R.,., or an
elevation of the blood pressure at exit of the myocardium, P, will lead to discrepancies

between pressure measured FFR and FFR defined as the ratio of flow in the presence of a
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stenosis and without the stenosis. To do this, the model in figure 2.16 can be expressed as

AP Py-P

= = 2.24
Q R RS + Reor ( )

Substituting for Rg from equations 2.22 and 2.23,

Py — b,
= 2.25
@ (Ay + BQ) + Reor ( )
Rearranging into a quadratic form,

BQ? + (Av + Reor)Q + (Py— P4) =0 (2.26)

allows the system to be easily solved for flow, @), for given values of P4, Py, Rcor, selecting
values of Ay and B for a specific degree of stenosis. Using this formulation of the model,
the influence of the the outlet blood pressure and myocardial resistance were investigated,
and shown in Figure 2.18. The figure demonstrates that assuming that the venous pressure
is zero may cause the pressure derived FFR measurements to underestimate the severity of
a stenosis, and that this effect is more pronounced at higher degrees of stenotic severity.
Similarly, increases in myocardial resistance will depress the Pp/P,4 value. This influence of

myocardial resistance on FFR can be described with a formulation of FFR from the model: 27

Qs
FFR = =——
N
RS+Rcorr PA_Pb
o Rcor
B RS + Rcor

Equation 2.27 demonstrates that the Pp/P4 will only drop below 0.75 when the stenotic
resistance exceeds one third of the resistance of the myocardium. An elevated R, could then
result in a flow limiting stenosis having an FFR in the normal range.

The model does not account for a number of features of human coronary circulation, any
spatio-temporal variations in flow, pressure or resistance (not least the pulsatile flow driven
by variation in the myocardial resistance as the heart contracts), collateral flow, the range of

morphology of stenotic lesions, multiple lesions, branching vessels, compliance of the arteries,
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Figure 2.18: The effect on the Pp/P4 of both a) the outlet blood pressure (F,), and b)
myocardial resistance (Rco-). The horizontal dashed line indicates a Pp/Py4 value of 75%.

or indeed the physiologic and pathophysiologic processes involved in blood flow regulation to
the myocardium. This means that translating the predictions directly into humans should be
done with considerable caution. Nonetheless, the use of phenylephrine to increase the aortic
blood pressure (by an average of 31 mm Hg) has been shown to reduce the FFR by an average
of 0.05 in patients with hypotension (P4 < 80 mm Hg).3? A similar drop in Pp/Pj is seen
in figure 2.17a with a 60% stenosis and increase in P4 from 80 to 110 mm Hg. De Bruyne
et al.!3! did not show the same dependence of FFR on aortic pressure, although the study
induced a more modest reduction in P4 from 100 mm Hg to 79 mm Hg, using a vasodilator
that increased the heart rate, which may have masked the effect.'?” Moreover, the minimum
aortic pressure was higher in this study. '3°

In the absence of microvascular disease both CFR and FFR will reduce in the presence
of increasing coronary stenosis. In its current definition, one can consider invasive FFR as
an assessment of the artery. On the other hand, CFR can be considered as assessing both
the arterial and microvascular system—increasing resistance of either the epicardial vessel or
microcirculation will reduce the CFR. As has been demonstrated, an increase in myocardial
resistance (Rcor), will increase the value of invasive FFR. In patients with stable angina and
an intermediate degree of stenosis, discordance between FFR and CFR have been reported
in just over 25% of cases. Slightly more of these cases were those with an abnormal FFR
(< 75%) and normal CFR (>2.0), than those with a normal FFR and lower CFR.% Patients
in the latter group had increase myocardial resistance, elevated baseline average peak blood

flow-velocity, and an increased rate of hypertension compared to those with an abnormal FFR
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and normal CFR.

Increased myocardial resistance could be due to a number of factors. One example could
be in STEMI patients where the sudden onset of acute symptoms is due to plaque rupture and
thrombotic debris occluding small arteries and the microvasculature. This will elevate Pp,
resulting in a normal FFR even for a lesion which is flow limiting should the myocardium be
returned to normal function. Patients with acute coronary syndrome could be more likely to
have higher levels of microvascular resistance than those with stable angina, and the utility of
guiding intervention based on FFR in this group has been studied, but the data are poor—
this was an observational study with no comparator group. Other patients with a higher
possibility of microvascular obstruction are those with diabetes mellitus. Pre-intervention
FFR measurements in patients for the same degree of stenotic severity have shown no dif-
ference for patients with and without diabetes.3? However, post-intervention, despite having
FFR values in the same range as patients without diabetes, patients with diabetes have been
shown to have a lower CFR than those without diabetes.!3? This indicates that there may well
be residual ischaemia in diabetic patients, attributable to increased microvascular resistance.

Myocardial bridging—where a coronary artery passes into the myocardium rather than
being on its surface—can result in constriction of the artery as the heart contracts. This

condition is reported in approximately one quarter of the population.!34

The varying resis-
tance of the coronary artery leads to a loss in sensitivity of FFR in detecting ischaemia due
to increase intracoronary systolic pressure; in such cases, calculation of FFR in diastole alone,
and using dobutamine rather than adenosine to induce hyperaemia, should be used rather the

the calculation of the FFR over the entire heart cycle using adenosine as a vasodilator. 135136

Unfortunately, myocardial bridging is often not detectable using angiography alone.!34

It is recognised in current European®? and US!37 guidelines for PCI that the current cut-
off value used for intervention when interpreting FFR is subject to some uncertainty for any
given patient, and as such, is sometimes referred to as a “gray zone”. In the DEFER study
a cut off of 0.75 was used, but more recently 0.8 is generally used as threshold value, as a

value of greater than 0.8 has been shown to exclude ischaemia in 90% of cases.!38

In reality,
the value of FFR indicating ischaemia will vary from person to person. Even the largest
outcome trials for FFR (DEFER, FAME and FAME 2) have relatively low patient numbers

(91, 509 and 447 respectively). Moreover the inclusion parameters, especially for DEFER,
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carefully selecting their patient cohort, mean that they must be interpreted appropriately
when applying their findings to practice in the broader patient population. It has also been
noted that these outcome studies did not record the right atrial pressure, '3 which was used
in the validation studies for the threshold of ischaemia. This omission will have led to raised
FFR values, thus affecting the cut-off. 140

Long term follow up has demonstrated that in patients where revascularisation was de-
ferred, those patients in the FFR range between 0.75 and 0.8 had no significant different in
adverse events than those patients with an FFR of 0.8 to 0.85,'! implying that FFR is not
discriminatory between these groups. The decision as to whether or not to defer or inter-
vene for these patients did not appear to affect the overall clinical outcome; deferred patients
have been shown to have slightly higher target vessel revascularisation rates, but lower risk
of periprocedural MI, again supporting the hypothesis that FFR is not able to discriminate
patients that would benefit from intervention in this range.'#? Clearly the natural variation
in repeated FFR measurements is partly the cause of the uncertainty,'*® yet on modern

equipment the coefficient of variation of FFR has been shown to be only 3%,!44

implying
that inter-patient variation (such as differences in myocardial resistance) are probably more

important.

2.3.3.3 Contrast-fractional flow reserve

A variation of FFR, contrast-FFR uses the vasodilatory effect of contrast agent, rather than
adenosine, to induce near hyperaemia, and proved superior to both resting P;/P, and instan-

taneous wave free ratio (iFR) in discriminating patients with an FFR of < 0.8.14°

2.3.3.4 Instantaneous wave free ratio

iFR is another pressure derived index of stenotic severity, but unlike FFR does not require
the use of a vasodilator. iFR uses a ratio of Pp/P4 during one portion of the cardiac cycle
(the so called ‘wave free period’), with the premise that during this period the myocardial
resistance at rest is correlated to the mean resistance of the myocardium during the full heart
cycle under hyperaemia. The initial ADVISE trial demonstrated a good correlation between
iFR and FFR. 146

iFR has been criticised for lacking the theoretical underpinnings and laboratory testing of
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FFR. The CLARIFY study, although having a relatively small sample (51 lesions), demon-
strated good agreement between iFR and FFR and equal diagnostic agreement between both
and hypereamic stenotic resistance (HSR).'*” Nonetheless, the use of iFR is an area of on-
going debate.'*® The VERIFY trial found weak correlations between iFR and FFR, and
that iFR reduced under hyperaemia.'#* One of the reasons for the discrepancy between the
original ADVISE trial and VERIFY could be attributable to the different algorithms used
to determine the wave free period,®” but this is not supported by modelling.'*® Further-
more, a more recent, larger, study involving 1,974 patients, found that both iFR and resting
Pp /Py averaged over the entire cardiac cycle, predicted an FFR of < 0.8 with an accuracy
of 80%.1°! The study demonstrated a very good linear fit between Pp/P4 and iFR, and this
linear relationship has been independently confirmed.'®? This throws further doubt that the
exact algorithm used for the calculation of iFR is critical. Systematic comparison of iFR and
Pp/Py at five different periods during diastole on the VERIFY2 data'®® has also failed to
demonstrate any difference between the iFR and Pp/P,4 from different timings within the
diastolic period. 14

More recently, the SWEDEHEART study compared the use of FFR and iFR in guiding
PCI in patients with stable angina, unstable angina and non-ST elevation myocardial infarc-
tion. The cut-off values for FFR and iFR indicating deferral of intervention were 0.8 and
0.89 respectively, and had end points of death, non-fatal MI and unplanned revascularisation
within 12 months. The trial concluded that iFR was non-inferior to FFR in guiding PCI.
Another large trial (3,492 patients), DEFINE-FLAIR, of similar design, also reported non-
inferiority for iFR guided PCI. ' Further post-hoc analysis of the trial data reported that
serious adverse events were lower in the iFR arm than the FFR arm where the target lesion
was in the LAD, but not when the lesion was in another vessel. %% Considering the general
agreement of iFR and FFR in 80% of cases, '°! it is no surprise that given the broad inclusion
criteria resulting in many such clear-cut cases, that SWEDEHEART and DEFINE-FLAIR
demonstrated non-inferiority for iFR.

IFR, for the same reasons as invasive FFR, is an incomplete descriptions of the coronary
haemodynamics. As discussed in section 2.3.3.2, unmeasured factors (notably myocardial
resistance, venous pressure, and dependence on aortic pressure) are likely to alter an individ-

ual’s threshold where a pressure derived index of ischaemia indicates a flow limiting stenosis



48

in that individual. In other words FFR is an inappropriate reference standard for comparison,
as in many ways both measurements have the same flaws. Whist the relative merits of iFR
and FFR, and the quality of the trials supporting them, are hotly contested in the letters
pages of journals,™®” the limited nature of both measurements should be acknowledge and
recognised in clinical decision making. For similar reasons, demonstrating better equivalence
between iFR and CFR than between FFR and CFR'%® does not ultimately provide better
insight for any specific patient when using iFR. On a practical basis, a hybrid approach has
been proposed, with iFR being performed first and followed with FFR if the iFR value is in
the “gray” zone, . Such an approach will not progress clinical decision making beyond the
limits of FFR. Ultimately, on average, iFR is a biased estimate of FFR, and the differences in
individual values can be explained using the fundamental relationships between pressure and

flow in the coronary arteries.®°

2.3.4 Combined pressure and Doppler assessment of resistance

The development of miniturised intracoronary wires equipped with both Doppler velocity and
pressure sensors permit simultaneous recording of flow-velocity and pressure, and therefore
a more sophisticated investigation of the coronary haemodynamics than the use of flow-
velocity or pressure alone. '%* With measurements of aortic and distal pressure, and a surrogate
measurement of flow (i.e. flow velocity from the Doppler sensor), indexes of resistance of a
stenotic and myocardial resistance have been developed.

HSR is defined as the ratio of stenotic pressure gradient to the flow-velocity, i.e.

HSR =42 -~ (2.28)

where @, is the hyperaemic average peak blood velocity. 161
Hyperemic myocardial resistance (HMR) is defined as the ratio of mean distal arterial
pressure to hyperaemic averaged peak blood velocity, i.e.

Pp

v

HMR = (2.29)

In the absence of a stenotic lesion this will approximate to the ratio of mean aortic pressure

to averaged peak blood velocity. Both HSR and HMR have units of mm Hg s cm™!.
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HMR has been shown to be predictive of adverse cardiac events following PCI for STEMI, 162
and HSR has been shown to be a more accurate indicator of ischaemia and reversible perfusion
deficit than either FFR or CFR. A threshold of 0.8 mm Hg s cm™! for HSR been proposed as
cut-off for deferral of intervention.'%3 Following MI, HMR has been shown to be predictive of
peak creatine kinase level, and infarct size as measured using CMR (although CFR showed

164

very similar levels of correlation).'°* Higher HMR values are associated with increased levels

of remodelling of the left ventricle following anterior acute STEMI. 165

The combined use of flow-velocity and pressure measurements undoubtedly give better
description of the coronary haemodynamics than the use of pressure wire alone, but there are
a number of limitations and draw backs. Firstly, there is currently only one manufacturer
of a wire that can simultaneously record pressure and flow-velocity. The placement of an
intra-coronary Doppler wire is also cumbersome in a number of cases, and the motion of the
Doppler sensor within the artery during the cardiac cycle can introduce variation. The use of
flow-velocity as an index of flow ignore differences in the vascular volume. In a relative flow
index such as CFR, this term cancels out, but in an absolute measurement of either stenotic

or myocardial resistance it does not. Additionally, the measurement of myocardial resistance

also assumes that the outlet pressure is zero.

2.3.5 Thermodilution based techniques

Thermodilution can be used to assess the flow of blood in the coronary arteries using an
injection of room temperature saline and an intracoronary temperature sensor equipped guide
wire. The saline injection can either be given as a continuous infusion at a known rate
(normally via a pump) or as a bolus injection (normally hand injected). The continuous
infusion can be used to assess absolute flow, and the bolus injection can measure the mean

transit time.

2.3.5.1 Bolus based techniques

CFR can be measured using a bolus injection of room temperature saline. As the vascular
volume may reasonably be expected to remain constant between basal and hyperaemic con-
ditions, the ratio of hyperaemic to basal flow will be the same as the ratio of hyperaemic to

basal coronary mean transit times. To measure the mean transit time, a guide wire with a
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thermistor near its tip is introduced into a distal arterial segment. By monitoring the temper-
ature of the shaft of a guide wire the timing of an injection of room temperature saline can be
detected, i.e. t = 0 is determined as the bolus is injected. The temperature of the distal tip
of the wire then records the drop in temperature over time as the bolus of saline passes the
wire. Mean transit time can then be calculated using standard tracer kinetic theory, letting
C(t) be the temperature difference provoked by the saline at time ¢ (which is analogous to

the concentration of saline), 166

Tt (t)at

Tmn T T 00 /N 1.
Jo o C(t)dt

(2.30)

A moderate correlation between CFR measured using thermodilution and Doppler flow-
velocity in humans has been demonstrated. 67
A combination of thermodilution measured mean transit time and distal pressure has been

proposed as an index of microvascular resistance. Given that 66

Index of microvascular resistance (IMR) assumes that coronary flow is proportional to
1/Tmn in the coronary arteries (where T, is the mean transit time), and is defined as the
product of the distal coronary pressure and the hyperaemic mean transit time of blood down

the artery of interest:

IMR = Ty Py (2.32)

IMR has units of mm Hg s. A fair correlation of 0.54 between IMR and reference mi-
crovascular resistance has been demonstrated in swine.!%® IMR has been shown to have a
lower coefficient of variation than Doppler measured CFR in humans.?

IMR has been shown to predict patient outcome in STEMI, predicting raised creatine
kinase levels, and three month wall motion score, where other indicators including CFR,
TMBG and S-T segment resolution time did not. 69 IMR is also associated with lower regional
18F-fluorodeoxyglucose uptake on PET at six months. ™ It has also been shown to be raised

1

in patients with microvascular obstruction,'”! and a negative predictor of left ventricular

ejection fraction (LVEF) and infarct volume (shortly after PCI and at a longer term follow
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up of three to six months) post PCI for STEMI. 170172173 Tt should be noted that there was
quite some variation between individuals—for example whilst the median IMR for patients
with microvascular obstruction (MVO) were higher than those without (38 to 27 mm Hg s
respectively), the interquartile ranges of IMR for the two groups was 29-55 and 18-36 mm Hg s
respectively, and ranges were approximately 17-75 and 19-59 mm Hg s respectively. IMR has
been shown to predict which patients are more likely to suffer periprocedural MI in stable

patients undergoing PCL '™ In addition to its predicive value in STEMI, IMR may have

175 176

similar utility in other ACS,"" and also in the more general PCI patient population.

IMR’s use of mean transit time as a surrogate for flow will introduce variability due
to differences in vascular volumes both between arteries in the same patient, and between
patients. Also in the presence of a significant epicardial stenosis, where collateral circulation
is not negligible, 1/T,,,, will underestimate the flow. In such cases a measurement of coronary
wedge pressure may be necessary.!”” The three bolus injections of saline to calculate mean
transit times is fairly straight forward from a practical point of view, and the predictive

value of IMR is encouraging, however, replacing the mean transit time index of flow with a

measurement of volumetric flow would be desirable.

2.3.5.2 Continuous infusion techniques

A continuous infusion of room temperature saline can be used to provide a measurement of
flow in the coronary arteries using temperature sensing guide wires.!”™® Letting Q, be the
flow of blood in a vessel where an indicator is injected at a rate of @); ml/s, and letting the
temperature of blood, the injected infusate and the downstream temperature of the mixed

blood and infusate be Ty, T; and T, respectively then,

T, — T
Qy = 1.08ﬁ@- (2.33)

The factor 1.08 is required to correct for the difference in specific heat capacity of saline
and blood. If the temperatures are all recorded relative to the temperature of the blood, i.e.
T, = 0, then this becomes:

Q= 1.08%@1’ (2.34)

There are a number of requirements for this method to work, chiefly that there is full
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mixing of the blood and infusate before any bifurcation and prior to the temperature sen-
sor. Dedicated infusion catheters with side holes aimed at maximising the rapid mixing of
blood and saline have been designed specifically for use with intracoronary thermodilution
injections. '™ The injection of saline may affect the underlying flow rate in non-hyperaemic
conditions as saline has an vasodilatory action. The injection rate of saline is important, with
rates of injection below 0.5 ml/s underestimating flow in the physiologic range.® In cases
where a 3 cm length of artery proximal to a stenosis with no side branches is present where
the infusion catheter can be placed, the reproducibility of the technique is very good in animal

models and humans. 78

In practice, this requires a small catheter to be advanced (2.8F in
this case) into the artery of interest, and a suitable site for measurement to be found. This
makes the procedure more complex to perform (and potentially increasing the risk of adverse
incidents) compared to the bolus injection technique.

The use of continuous infusion thermodilution to measure microvascular resistance has
been described and trialled in humans. '®' Repeated flow measurements reported in the study

had a fairly large variation (r? = 0.71; coefficient of variation approximately 20%), which may

be attributable to the incomplete mixing of saline and blood prior to the distal thermistor.

2.4 Angiographic measures and indices of blood flow

There are a large number of methods that have been described to measure flow via the analysis

of X-ray images, and these include:

Bolus tracking techniques measuring the velocity, or some other time related index such

as mean transit time, of contrast agent bolus as it propagates down a vessel;

Droplet tracking using insoluble contrast agent;

Indicator dilution methods;

Optical flow techniques; and

First pass distribution analysis.

These are described in a review by Shpilfoygel et al.'®? The application of these methods into

the measurement of flow in the coronary arteries is frequently hampered by the nature of
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coronary arterial system. The coronary arteries are complex three dimension structures and
there is considerable movement during the cardiac cycle of the arteries. In two dimensional
angiograms vessels often overlap during part or all of the cardiac cycle, and overlay different
amount of underlying tissue as the heart beats, confounding videodensitometric analysis of
arterial segments. Moreover blood flow down the coronary arteries is both rapid and pulsatile
making a number of the techniques named above inapplicable in these arteries. Coronary
angiography is also performed at lower X-ray dose per frame than other forms of angiography,
making the images noisier, again complicating analysis. The following review focusses on

methods that have been described on the coronary arteries.

2.4.1 Early measurement of absolute flow with angiography

The absolute measurement of blood flow via angiography requires the calibration of the signal
intensity to projected mass (or thickness) of contrast medium in the beam, and/or the cali-
bration of the sizes of projected objects in the X-ray beam back into the object plane (such
as converting vessel diameter from pixels to mm).

Early attempts to measure flow using X-ray angiography, undertaken in the 1960s, were
hindered by the equipment of the time, making the recording and analysis of time varying
signal intensities cumbersome. Despite this, Ritishauser et al.!®3 described a method of
measuring flow by analysing the flow of contrast in an artery and presented results from a
phantom and the carotid artery from five dogs. Two recording locations A and B were used
separated by a distance AS along the artery. Time-intensity plots were made simultaneously
at both A and B, and the difference between the mean transit time of two sites A and B was

calculated as follows:

- Jeptdt  [ea(t)tdt

At = 2.35
Jep(t)dt  [ca(t)dt (2:35)
Flow, @, could then be calculated as follows:
o (1) A28 (2.36)
“\2) "aAr '

where d is the measured vessel diameter as measured in the projected image. The calibra-

tion of the scale in the projected image was performed using an object of known dimension
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(inserted inside the arterial lumen in the animal experiments). Calibration was performed
using a phantom containing cylinders of differing concentrations of iodine. In further work,

the group extended their experiments to investigate flow measurements in the coronary ar-

184 185

teries in dog models*°* and in the right coronary artery in humans. ®°> The experiments in
dogs yielded excellent correlation between the reference measurements using a flow meter
and the angiographic method. In the human experiments, flow was measured in the right
coronary artery of 13 subjects with angiographically normal arteries, producing a mean flow
of 1.45 ml/s although no reference measurements were taken. A very similar technique was
employed by Smith et al. 86,

Whilst technically impressive, and producing very promising results, the practical applica-
tion of these experiments were limited in part by the equipment of the day making the process
both cumbersome and difficult. The hard X-ray beam would have resulted in a low subject
contrast of iodine, compounded by the relatively low output of the X-ray tube and low effi-
ciency of the image intensifier by today’s standards. The variability in the film processing and
projection system, and geometric distortions in the image intensifier would have also reduced
the quality of the recorded time-intensity curves. This appears to have been a particular issue
in the animal measurements rather than the phantom measurements from inspection of the
time-intensity curves presented in the manuscript.'®3 Despite these initially very promising
results, to the author’s knowledge, no further attempts were made to use X-ray angiography
to measure coronary flow by the late 1980s. The requirement for a fairly long, straight section
of artery required for the two measurements of arterial mean transit time, more common in
grafts and the RCA, may have restricted further adoption. 87

The advent of digital imaging and more sophisticated and widespread microprocessor
based computing devices, along with improvements in X-ray tubes, generators and detectors,
led to researchers revisiting the use of X-ray angiography to derive information intended to
benefit patients in the catheterisation laboratory. Often these developments were influenced
by the other invasive measurements available at the time, such as intracoronary flow-velocity
and pressure measurement wires. It is noteworthy that the assessment of flow by combining

velocity and vessel cross sectional area as per equation 2.36 are developed into some of the

latest angiographic analysis software (see Section 2.4.7 on page 59).
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2.4.2 Time-based angiographic indices

Many of the time based indices of flow have the advantage of not requiring a known relationship
between DSA signal and iodine mass. Improvements in the imaging equipment, with better
image quality, also meant that analysing lower intensity signal changes in the myocardium as
well as the epicardial vessels also became possible. Early work focussed on deriving a video
densitometric measurement of CFR and was based on indicator dilution theory, relating flow,

@, vascular volume, V4, and the mean transit time T},, of blood through the myocardium:

Q= (2.37)

The increasing interest in invasive CFR in clinical practice no doubt influenced attempts
to quantify blood flow using angiography, with the attraction that it was a relative flow
measurement (hyperaemic to baseline flow).

Vogel et al. 188

calculated contrast arrival time in the myocardium, presenting arrival
time images with the intensity modulated by the overall maximum signal intensity. Good
correlation in changes of flow was seen between thermodilution flow measurements (using
downstream sampling in the coronary vein) and the ratios of angiographic appearance time,
and stress to rest appearance time was also associated with stenotic severity.

Whilst the measurement of appearance time has the advantage of only requiring a rela-
tively short angiographic sequence, it cannot be related directly to flow. In contrast, the mean
transit time, Ty, can be related to flow via the blood volume. Relative measurements of flow
can then be made by comparing ratios of mean transit time, or by assuming that the volume
of blood in the myocardium is constant, 1/7,,, can be used as an index of mean blood flow.

Excellent correlation between flow and 1/7,,, has been shown in both animal models 189,190

191-195

and human subjects. However, 1/T,,,, does not necessarily correlate to improvement in

left ventricular function,'?4

although this may be dependent upon the patient population.
Correction for differences in vascular volume have also been attempted, using the peak
signal intensity (Dpaz) as a surrogate for vascular volume. The index of flow is therefore
Doz /Timn and this has been shown to correlate with lowered creatine kinase levels, and to
improved left ventricular ejection fraction. %6 However, peak intensity is not a good surrogate

for vascular volume, and is itself inversely related to flow. %7
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2.4.3 Coronary flow reserve based methods

The first attempt to measure a relative ratio of blood flow under hyperaemia to that at rest,

198 who created a video densitometer, and measured

i.e. CFR, was performed by Foerster et al.
the transit of a known mass of contrast agent. If V' (¢) is the signal on the video densitometer

at time ¢, then the integrated area under the curve due to the passage of contrast agent is:

A= / Vdt = ky / mat (2.38)

where m is the total mass of contrast agent in the vessel, and k; a constant describing the
(unknown but presumed linear) relationship between signal intensity and mass of iodine. As
the mass of contrast agent injected M and flow @ are related A = (M/Q)ka, where ko is a
second calibration factor similar to k1. It follows, if two injections of mass M; and My are

performed, yielding areas A; and Ao, that the ratio of the flows would be

Q2 My x Ay
0 7]\41 X Ay (2.39)

Having demonstrated that the technique could measure relative flow accurately in a dog,!?”
a small human study was performed.'® Two contrast measurements were performed eight
seconds apart, under the assumption that the first contrast injection would have induced
hyperaemia, thus obtaining rest and stress measurements of flow. From eq. 2.39, the ratio of
the areas measured by the densitometer should therefore estimate CFR. Sadly no reference
values were available, although the relative flow measure did decrease with stenotic severity.

By assuming that T,,, could be approximated to time of arrival of the contrast medium,
and that the vascular volume does not change between rest and hyperaemia, CFR has been
estimated by Typp b/ Tapp,h 188 where Topp,n and Tg,,, are the contrast arrival time at hyper-
aemia and rest respectively. This was found to be inaccurate, and corrections for changes in
1,200,

regional blood volume using peak contrast densities were introduced by Hodgson et a

viz.

Dy /Topp.h
CFRungio = —t 2282 2.40
angio Db/Tapp,b ( )
— DnTappp (2.41)

DbTapp,h
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where Dy and D; are mean maximal contrast density at hyperaemia and rest respectively.
This approach has demonstrated a reasonable correlation between Doppler measured CFR and
CFR(mgio,201’204 but as described in section 2.4.2, the vascular volume is neither constant or
directly related to maximum density, and 7;,, can be estimated from 75, were not supported
by theory or evidence. Other indexes derived from time intensity curves (i.e. variation in
image intensity over time) were also investigated, such as the reciprocal of the time to peak
density, 1/T},, and rate of washout of contrast, but these were not widely adopted due to
practical difficulties, such as the requirement for a prolonged acquisition sequence.??® The
measurement of RCFR (the ratio of CFR in a diseased and healthy vessel) via angiography

has also been described, 191

but as with RCFR in general has not been widely adopted.

The use of a relative index such as CFRgygi0 is advantageous as it removes the require-
ment to know the relationship between DSA pixel intensity and mass of contrast medium
in the beam, providing the same imaging conditions are utilised in the two image acquisi-
tion sequences being compared. Without a known relationship between pixel intensity and
iodine mass density based measures of perfusion, such as maximum density, D4, on the

TIC189:206,207 i]] be subject to error. Another source of inaccuracy in CFR and CFRangio is

due to collateral supply of blood to the myocardium2°8.

2.4.4 Automated blush grading methods

The development of an automated image analysis based assessment of blush grades as an
alternative to the subjective myocardial blush grades, has been described. The system, named
QuBE (Quantitative Blush Evaluator),?%? has been released as open source software. There is
evidence that the computer evaluation of blush grades could provide better prognostic value

than subjective brush grade analysis alone,210:211

and that measures from QuBE correlate
with CMR assessment of myocardial dysfunction. 22213 However, more recent work has shown
a weak association between QuBE and MBG,?'* indicating that there can be considerable

overlap between QuBE scores and MBG grade, 215

and showed even no significant association
between QuBE grade and subjective MBG scores.2'6 Many of the positive trials of QuBE have
involved the software’s authors, and presumably the algorithm development was performed

on images from the imaging systems used in the trials. This may limit the software’s success

on other imaging equipment, especially as substantial differences in image processing is found
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between different X-ray systems. The ability for the QuBE software to discriminate contrast
from background structures in the presence of cardiac motion is critical, and yet improved
methods of removing cardiac motion have not been found to improve QuBE’s performance.?'6
The lack of uniformly positive association between QuBE and MBG, the absence of outcome
data, and the development of more comprehensive methods of computer assessment of invasive

imaging have no doubt overtaken the rather simplistic automated evaluation of blush grades,

and indeed the QuBE software has not been updated for four years at the time of writing.?!”

2.4.5 Three dimensional assessment of arterial lumen

As previously described, the full morphological assessment of an artery from a single projection
is incomplete in terms of representing its complex three dimensional shape. Using two or
more views from different projection angles taken during the same phase of the heart cycle
can improve the shape analysis of a coronary vessel. The use of rotational angiography,
where the C-arm gantry is rotated around the patient during an angiogram, can provide such
images. Rotational angiography has been used with subjective appraisal of the images for some
time, and whilst it has shown promise in reducing radiation dose and contrast agent use,?'®
and provides similar visual interpretation to standard angiography,?!? however, its use is not
widespread. Nonetheless, the use of rotational angiography to provide a means to create full or
partial models of the coronary arteries using computer reconstruction algorithms has been in

2207222 and is an option for most cardiac X-ray

development over a considerable period of time,
systems today. Typically two images from the same point in the cardiac cycle yet separated
by a reasonable angle of view, are selected from a rotational angiogram. A semi-automated
algorithm is used to identify corresponding landmarks within the arterial structures in both
images from which a 3D model is created. An example of images and a reconstruction from a
rotation angiogram is presented in figure 2.19. These models typically provide measurements
of artery segment lengths, cross sectional area, and can demonstrate which projection angles
minimise foreshortening for a given arterial segment.??1:223:224 Increasing levels of automation,
including full automation,??® will make such models more readily integrated into clinical use
by avoiding manual identification of corresponding landmarks in the selected image pairs.

The reconstruction of a 3D model of the artery also permits three dimensional QCA to be

performed. 3D QCA has been compared to both intravascular ultrasound (IVUS) and optical



99

(a)

Figure 2.19: a) and b) are two images taken from a rotational angiographic sequence. The
annotations on the image represent the semi-automated identification of matching segments
in the image pair. Image c) is the reconstructed image.

coherence tomography (OCT), with both of these (and in particular IVUS) demonstrating
larger luminal areas, especially in tortuous vessels (probably as the IVUS sensor is not aligned
perpendicular to the vessel wall).??% As might be expected, 3D QCA alone is limited in its

correlation with FFR.%%7

2.4.6 Automated TIMI frame count

In addition to the visual inspection and QCA-like measurements from these reconstructed
images, indexes of flow and FFR have also been developed. An automated TIMI frame count

algorithm has been proposed by ten Brinke et al,??®

capable of using two standard angiograms
taken at different angles to reconstruct the vessel tree whilst estimating the contrast transit
velocity and therefore frame count, although the fully automated approach was not successful
in reliably reconstructing the 3D vessel structure. This was likely due to the lack of precision in
knowing the X-ray source and detector position with respect to the patient for both sequences,

and also due to issues with automatically segmenting and identifying the arteries throughout

the cardiac cycle in both sequence.

2.4.7 Angiographic assessment of FFR

Quantitative flow reserve (QFR),?2%230 now incorporated into a commercial software suite
(Medis Suite XA, MEDIS Medical Imaging Systems B.V., Leiden, The Netherlands), uses
a combination of blood flow-velocity measurements and geometric modelling of a vessel to

calculate an estimate of FFR. QFR is a combination of 3D QCA and TIMI frame count.?3!
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Unlike ten Brinke’s approach, which used two standard angiograms, QFR separates the 3D
reconstruction and frame counting into separate acquisitions, using a rotation angiogram for
3D information and a standard angiogram for contrast velocity measurement. Two images, at
least 25 degrees apart from a rotational angiogram are chosen and used to create a 3D model
of the artery. The model can then provide information on path lengths between arterial seg-
ments, and therefore be used with an automated TIMI frame count method on a standard

232 Variations on the algorithm using fixed values of

angiogram, to calculate flow velocity.
blood velocity, modelled hyperaemic velocity based on angiography without drug induced hy-
peraemia, and measures of velocity from angiography under drug induced hyperaemia have
been compared, demonstrating that the both angiographic measurements (i.e. modelled from
basal, and stress) were equally effective for predicting a stenosis with a pressure wire mea-
sured FFR of 0.8 or less.?33 The use of QFR without the use of pharmacologically induced
hyperaemia have demonstrated QFR has good agreement with FFR,?** and superior agree-
ment with FFR to both QCA?3 and P;/P,.?3¢ The angle of difference between the views,

27 is likely to be important for the accurate mod-

whilst not important in circular lesions,
elling of non-circularly symmetric lesions. Vessel length measurements are however accurate
when compared to IVUS.238 The use of empirical parameters when converting the basal flow
into the simulated hyperaemic flow are based on generalised findings from previous work, 233

231 which may not suit

containing a study population of 68 patients from a single centre study,
a given individual or indeed patient population. In a similar developments to iFR, a hybrid
approach has been tested, where QFR has been proposed as an initial test with cases in a
zone of uncertainty progressing to have conventional FFR assessment.?3?

Another approach to the velocity and empirical model of QFR is to use the 3D model of
an artery typically created via rotational angiography alongside computational fluid dynamic
(CFD) modelling applied to the model. Reasonable agreement with a number of such models
and invasive FFR have been reported. 249244 In addition to the 3D model such methods must
utilise a set of important boundary conditions and constraints—one of the main ones being
the vascular resistance. These may be estimates taken from population studies (commonly
used for myocardial resistance) or measurements performed alongside the imaging (such as

aortic pressure). Whilst agreement between models and individual patients in tightly selected

groups matching the population from which the estimates were taken (e.g. no MI, no acute
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presentation within 60 days, no comorbidities) can be good when using a average population
estimate, better results are likely if an individual measurement of microvascular resistance
can be derived. 245246 Indeed when considering a wider population, including acute and multi-
vessel disease (but not STEMI), there were higher disagreement rates FFR(16%).247 A meta
analysis of the agreement between CFD models and invasive FFR showed generally good
agreement, with a discordance in 12% of cases (n1=1296), different computational approaches
or software packages did not affect the agreement with FFR.?48

Simplified models, aimed at eliminating the need for three dimensional data, use a one-
dimensional arterial model to predict FFR, and have shown good agreement with three di-
mensional models, although the number of patients was limited (20), very few of the lesions
studied appeared to have a predicted FFR of <0.85, and no account for correlations in the
data (such as lesions coming from the same patient) was taken account of in the analysis. 4"

One of the issues in interpreting the findings of studies which include a large number of
normal and severely abnormal patients, is that many of the patients have very severe or very
limited disease, so there is likely to be good agreement with almost any measure of disease
severity and FFR. Therefore the results of trials such as FAVOR II comparing QFR and
FFR had only 32% of participants with intermediate stenosis (FFR between 0.75 and 0.85)
should be interpreted with caution.?3® Larger studies, focussing on patients with intermediate
disease, including long term outcome data are important.

The issue of boundary conditions for fluid dynamic models is an important one, and data
from models of CT-FFR have demonstrated the largest sources of error are due to assumptions
regarding the flow in the coronary circulation and resistance in the myocardium.??° Indeed,
the resistance of the micro-circulation is far more important than geometric variations in the

251

models. Using boundary conditions from normal, or highly selected, patient groups may

limit the predictive value for a specific patient. 252

It is also interesting to note the related work on FFR assessment using CT coronary
angiography, which often uses computational fluid dynamic techniques to predict the flow
limiting properties of a stenosis. Good agreement between CT-FFR and invasive FFR have
been reported, with a recent meta-analysis indicating that a per vessel sensitivity and speci-

ficity of 0.85 and 0.82 respectively compared to invasive FFR.2?%3 However, the use of invasive

FFR as a reference is flawed due to the limitations of pressure only assessment of FFR as
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described in Section 2.3.3.2, and any fluid dynamic models will be limited by the assumptions
in the boundary conditions in the same way as those derived from 3D data from rotational

angiography from the catheterisation laboratory.

2.4.8 Mass-balance based absolute measures of flow from angiography

The measurement of absolute blood flow requires the calibration of pixel intensity to mass
(or projected thickness) of contrast medium in the beam. The relationship between pixel
intensity and iodine mass varies both between patients, but also within a patient for different

imaging geometries.

2.4.8.1 Calibration schemes

A few such calibration schemes have been previously described. Firstly, a calibration image
or sequence of images is acquired with a phantom containing objects of a known quantity of
iodine or surrogate material, such as tin,?>* placed in the image frame. The signal intensity
change for the known mass of iodine can then be measured, providing a constant calibration
factor relating pixel intensity and mass of material. To measure the signal due to the iodine,
the background anatomy must be removed, and this can be done in one of three ways. Most
commonly, DSA is used (log subtraction of in image without the calibration phantom from
one with it) to produce an image whose signal intensities relate only to the mass of iodine in
the image field.?°4?% Secondly, energy subtraction can be used, where two or more images
are acquired at different beam energies, and the differential attenuation of materials at the
different beam energies can be used to isolate the material of interest.?°¢ Finally, computer
analysis taking the mean signal levels around the calibration phantom to estimate the signal

value if the phantom were not present can also be used.?%”

Typically, calibration phantoms
contain a number of details, each with a different mass of iodine. By summing the subtracted
image pixels in the area of one of the details, the total signal caused by the known mass of

iodine can be measured. This is normally averaged over all of the details, normalised to a set

mass of iodine.
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2.4.8.2 Flow measurement

Once a calibration is performed, an angiographic sequence containing the mass of contrast to
be measured is acquired under identical imaging conditions. The calibration factor can then
be used to infer the mass of contrast in the beam during the measurement sequence. For a
contrast agent, with a known concentration of iodine, the mass can be converted into volume.
By measuring the rate of change in this signal over time, flow can be measured. Consider
an artery where contrast agent is injected, causing a complete replacement of blood at the
arterial inlet with contrast medium. Two DSA images are acquired after the start of the
injection, but before the contrast medium begins to exit via the venous outflow. The rate of
accumulation of iodine mass into the system is therefore proportional to the flow of contrast
agent into the artery. If the two images are acquired at times ¢; and to, flow can be calculated

thus:

o«
a1t

Qs Z dsa(z,y,t2) — Z dsa(z,y,t1) (2.42)
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where dsa(x,y,t) gives the DSA pixel value at location (x,y) at time ¢, and ¢ is a constant
obtained from calibration relating pixel value to volume of contrast agent. It is also possible
to measure arterial luminal volume by integrating only pixels within the epicardial vessels
once these have filled with contrast and converting to volume using calibration. These tech-
niques have been shown to provide accurate blood flow and vascular volume measurements in
swine, 258260

It is important that the imaging conditions in both the calibration and measurement
sequences are as near identical as practicable. Changes in radiographic factors, patient posi-
tion, angulation or magnification will make the measurement inaccurate. The source to object
distance for the organ of interest would ideally be the same as the source to test phantom

distance, otherwise magnification differences will invalidate ¢ as demonstrated in figure 2.9 on

page 22.

2.4.8.3 FFR assessment from mass balance

The absolute measurement of blood flow alone is insufficient to measure FFR—it is also re-

quired to know the flow in the absence of a stenosis. There is evidence that the epicardial
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luminal volume is related to the maximal flow in the normal vessel by the following relation-

ship: 261,262

W

QN =kV (2.43)

Where @ is the maximal flow in an artery, V the arterial luminal volume, and k a scaling
constant which will depend on the animal and organ under investigation. It is unknown if &
varies between arteries within the human heart. With the estimation of @y the calculation
of FFR is possible, and this has been demonstrated to be accurate in animal models.?%3 Tt
should be noted that the studies supporting this have been performed on swine, where it
might be expected that arteries of the models were healthy. In cases of diffuse disease the
arterial luminal volume may well be lower than than the native vessel, and therefore the
normal hyperaemic flow in the artery would be underestimated (and the prediction of FFR
therefore too high). There is also evidence that in addition to luminal volume, arterial branch
length is also predictive of regional blood flow?61:263 and that this would not be subject to
inaccuracies due to diffuse disease. Accurate measurements of length are not possible from
a single angiogram, but could be provided by rotational angiography. It also remains to be
demonstrated that this relationship is as reliable in humans.

The main issue with phantom-based calibration methods is, once again, due to the pro-
jection nature of the imaging system. When a patient is imaged, the heart must be framed
appropriately, and to make the calibration, the phantom must be introduced to the scene.
Placing the phantom on the detector would be the obvious location, but the patient’s heart is
some way towards the X-ray source and therefore magnified. As an object is moved towards
the X-ray source its shadow is increased in size, but its intensity does not alter. Therefore, for
a calibration phantom to work, the relative magnifications of the phantom and the heart must
be known. With the phantom placed on the detector, its relative magnification compared to
the heart is not likely to be known accurately. Molloi’s methods involved placing the phantom
on the exit surface of the animal, and using a fraction of the chest diameter to correct for
the extra magnification of the heart.?63 Whilst this may be practicable in animal models, in
humans this would limit the projection angles possible (for example any amount of lateral
angulation would make the phantom placement impossible), and also presents a potential

infection risk. Moreover, the magnification correction is only approximate. In the animal
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experiments, the X-ray beam conditions were set manually whereas in human imaging this is
impracticable, due to the considerable differences in patient body habitus, and differences in
projected tissue thickness as beam angulation is altered. An ADC is used, and the normal
operation of the ADC would alter the radiographic settings during a sequence to normalise

the detector entrance dose as contrast is injected, effectively corrupting any TIC analysis.

2.5 The need for absolute flow assessment in the cardiac catheter-

isation laboratory

The use of invasive angiography for low risk cases is declining as alternatives such as CT,
nuclear imaging and MRI become more readily available. As a result, acute presentations
are become more important to the angiographic case load. In Sweden, acute presentations
accounted for 70-80% of catheterisation laboratory cases, whereas 25 years earlier acute pre-
sentations accounted for only 20-30% of catheterisation laboratory cases.?6* In Ireland, 47%
of PCIs were performed for acute cases in 2011.265 Ideally, adequate information as to the
best treatment for an individual patient will be available within the catheterisation labora-
tory, without sending the patient for further imaging. In the case of primary PCI, the time to
revascularisation should be minimised as reducing the time between the onset of symptoms
to revascularisation reduces mortality.?%6 The need for rapid intervention precludes lengthy
delays for other imaging, and it is unlikely that previous imaging, even if it exists for the
patient, would be an adequate description of the current state of the patient’s coronary circu-
lation or myocardial state. Moreover, there are increasing rates of diabetes and multi-vessel
disease, making the cases more complex.264 It is important, therefore, that information on the
haemodynamics of the heart can be rapidly assessed within the catheterisation laboratory.
Recently a tiered protocol of physiological assessment has been proposed, with a series of
increasingly difficult or more invasive tests being used in a layered decision tree. In this way,
the simpler tests are performed first and if sufficient evidence of ischaemia—or lack thereof—is
found, a treatment plan is implemented.If not, the next test in the pathway performed. One
example is the progression from angiography, iFR, and then FFR, first with contrast reactive
hyperaemia, and finally adenosine induced hyperaemia.'®> Such schemes, whilst practically

appealing, do not address the limitations of FFR. A similar approach using resting stenotic
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Figure 2.20: Relationship between FFR and a) HMR and b) HSR for different values of
myocardial and stenotic resistance respectively. Reproduced from van der Hoef et al.?”® with
permission from BMJ Publishing Group Ltd.

pressure gradient then FFR has also be proposed.?6” FFR, assessed by pressure wire alone,
lacks the theoretical foundation to be used as a reference as to the physiological significance
of a stenotic a lesion. 1?6

The existing physiological measurements available in the catheterisation laboratory, whilst
all adding to the information from the anatomic information from the angiographic presenta-
tion of the arteries, are incomplete. Discordance between CFR and FFR occurs in approxi-
mately one third of cases.?® The apparent discordance can be explained by considering that
CFR is measured using only an index of flow (normally flow-velocity from Doppler ultra-
sound), and FFR via intracoronary pressure wire. The apparent discordance between CFR
and FFR is explained by the consideration of both pressure and flow, rather than one or the
other alone.®¥269 Figure 2.20a shows the effect of myocardial resistance on FFR. Patients
with a low myocardial resistance but high stenotic resistance could have a “normal” CFR,
but abnormal FFR (blue dots in the diagram), yet increased myocardial resistance leads some
patients with a relatively high stenotic resistance (and therefore low CFR) to have a “normal”
FFR (red dots). Figure 2.20b demonstrates that for a given stenotic resistance (for example
the light green cases in the HSR range between 0.4-0.5 mm Hg s/cm), the FFR varies from 0.7
to 0.9 depending on the microvascular resistance. In other words, the apparent discordance
between CFR and FFR can be readily explained by measurement of the resistances of both
270

the stenosis and myocardium.

Current indices of coronary flow available in the catheterisation laboratory, i.e. flow-
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velocity from intracoronary Doppler and mean transit time from bolus thermodilution injec-
tion, also have their own limitations, not least in that they do no account for the vascular
volume. Continuous infusion thermodilution can, in theory, provide absolute flow, but requires
a dedicated infusion catheter, and cannot be used where bifurcations are close to the site of
infusion as adequate mixing of the room temperature saline and blood cannot be guaranteed.
Nonetheless, the use of these measures of flow, when combined with intracoronary pressure
measurements, have enabled the assessment of stentotic and myocardial resistance. The pre-
dictive values of microvascular resistance from either IMR or HMR in assessing myocardial
obstruction, infarct size, and ventricular remodelling are demonstrating that a move away
from FFR alone could give more information, either relating to the patient’s future prognosis
or to guide further treatment. Interestingly, CFR often performs as well, or almost as well,
as the myocardial resistance measure, but in the absence of an epicardial stenosis this is to
be expected. The combination of high myocardial resistance with lowered CFR (indicating
residual epicardial obstruction) has been shown to considerably outperform any of a range
of single metrics in predicting MVO post-MI.1"t Developing such multi-faceted assessment
(requiring pressure and flow indexes) is likely to be more useful than refining simpler indices
such as FFR or iFR alone—increasingly it is being shown there is little to discriminate these
indices. 2"

Previous attempts to measure flow, or indexes of flow, from angiography have not been
widely adopted, and absolute measurement of flow is difficult due to the projection nature of
the imaging system and the lack of calibration of the energy absorbed by the X-ray detector
and signal intensity. Previous descriptions of a mass-balance based approach to overcome these
limitations, whilst promising, require dedicated phantoms filled with contrast to calibrate the
signal intensity to iodine mass. In phantoms and animal models this works well, but in
human imaging placing the phantom on the patient during a case, and correcting for the
change in magnification from the phantom to the heart, would introduce errors and would
likely be impracticable. Nonetheless, the combination of both pressure wire and angiographic
flow measurement have been used to estimate stenotic and myocardial resistance has been
demonstrated in swine. 272

An angiographic protocol for assessing absolute blood flow, which is straight forward to use

in clinical practice (thus overcoming the practical limitation of requiring external calibration
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phantoms), could therefore supplement intracoronary pressure wire assessment, providing
resistance measurements for a stenotic lesion and the myocardium. Based on absolute flow,
these would be an improvement on the current HSR and HMR measurements that rely on
Doppler flow-velocity, or IMR that uses mean transit time, as these methods rely on imperfect
surrogates for flow in their calculation. Accurate measurement of stenotic and myocardial
resistance should lead to a more complete assessment of the coronary haemodynamics and

therefore enable better decisions to be made as to the treatment options for individual patients.



Chapter 3

Reduction of radiation dose in

coronary angiography

3.1 Introduction

Any additional X-ray imaging, such as that required by quantitative flow assessment, will in-
crease the radiation dose to the patient. The X-ray acquisitions required for the measurement
will have to made in additional to imaging performed during the standard procedure, or even
if they can be used as an enhancement of one of the standard sequences, the duration of the
acquisition may be increased. Given the harmful effects of ionising radiation on the body it
is essential that any additional radiation required for the measurement of flow is minimised.

Even before any increase in radiation dose, the radiation exposure in PCI is amongst
the higher levels of radiation exposure in medical imaging, and unlike other areas of X-ray
imaging where dose levels have considerably reduced over time, between 1997 and 2007 the
average radiation dose for angiography was the same as those recorded thirty years earlier,
with effective dose ranges between 5.5 and 14 mSv for PCI, although there is considerable
variation between studies. 2" In Leeds, comparing the two systems used throughout this thesis,
dose area product (DAP) for PCI were reported as 2292 and 6338 cGy cm?, clearly indicating
that the age and specification of the system is an important factor.*” Damage to the patient’s
skin at the point of beam entry is a particular concern in cardiac imaging, as dose levels can
exceed the threshold required to cause both transient erythema and even deep wounds to the

skin. 27427 The skin is most at risk due to the exponential attenuation of X-rays leading to

69
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the overwhelming majority of energy deposited within the patient from an X-ray exposure at
in the 10-150 keV energy range, being in the soft tissue where the beam enters the patient.
There is also the potential for longer term stochastic harm which could lead to radio-induced
cancers, which is a particular concern in paediatric cases,?7% although CAD patients are older.
There are a number of ways that radiation dose to the patient can be reduced, some of
which relate to the operation of the system (including field size selection, projection angles,
X-ray detector positioning, and the duration of imaging), other relate to the patient’s body
habitus, and others are inherent to the dose control algorithms and settings in the system’s
ADC (such as target detector dose rate, frame rate, and beam energy). It is clearly not
possible to alter the size of the patient, and it is also likely that quantitative imaging sequences
would be acquired follow a prescriptive protocol, meaning that any reduction in dose for such
sequences would then be derived from alterations to the system’s ADC settings. The use of
an X-ray beam whose energy is optimised to the task in hand (patient thickness and a specific
mass area of iodine), has been shown to increase the image quality per unit of radiation dose
in cardiac imaging.®35° This is achieved using a combination of spectral beam filters (a filter
placed in between the tube exit and patient, normally in the collimator assembly), and tube
potential difference (kV). A harder beam is more penetrating, and therefore results in a lower
entrance-skin-dose for a given patient than a softer beam for the same detector dose. The
harder beam, however, will reduce the subject contrast in the image and therefore the image
quality can be reduced. The selection of the kV is performed by the ADC, and whilst there
may be a number of pre-programmed options, defined by the equipment manufacturer, that
can be selected (normally by a service engineer),2’” the arbitrary selection or modification of
the kV-mA relationship by the end user is not available on current cardiac X-ray systems.
The selection of spectral beam filters, is normally programmable, and the filter selection

278280 and in other areas of interventional radiol-

has been shown to be effective in fluoroscopy
ogy. 28! Mostly these filters are constructed of aluminium and copper, although K-edge filters
(i.e. ones containing a k-absorption edge in the diagnostic X-ray energy range, such as samar-
ium, tantalum, gadolinium and tin) have been investigated, but not found to be more effective
than copper. 22827284 At the time of this experiment, the use of copper beam filtration was
routine practice in cardiac fluoroscopy although practice varied between manufacturers,?3

but was not routinely used in acquisition imaging. 28
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3.2 Aims

The aim of this work was to describe the operation of the dose control system of the cardiac
X-ray systems that were to be used in the study and to investigate if the radiation dose to
patients could be reduced by introducing an additional X-ray beam filter in the acquisition

mode, without undue reduction in the quality of the images that were produced.

3.3 Materials and methods

One of the cardiac catheterisation laboratories in Leeds—an Allura Xper FD10 (Philips
Healthcare, Best, The Netherlands)—was modified to create a new low-dose operating mode
selectable for coronary angiography. The mode was identical to the default operating mode,
except that a 0.1 mm Cu plus 1 mm Al spectral beam filter was used in the acquisition mode.
The default mode used no additional beam filter. The 1 mm of Al absorbs the secondary
radiation emitted by the added Cu filter. The total filtration of the X-ray tube (without the
added filter) was 2.7 mm Al. Both imaging modes used a frame rate of 15 fps and retained the
same target detector dose. Two experiments were performed—a phantom study comparing

entrance surface dose (ESD), and a clinical study comparing the image quality.

3.3.1 Phantom study

Measurements of ESD were performed using an extension of the method of Martin et al, %"

which were the standard protocol recommended by the Institute of Physics and Engineering
in Medicine at the time. A PMMA phantom was used to simulate a patient, and Martin et al.
proposed three phantoms—one of 20 cm PMMA thickness, one 30 cm PMMA thickness and
one with 30 cm PMMA and 3 mm lead to induce the maximum output. For these purposes
phantom thickness was varied between 10 and 30 c¢m using stack of PMMA blocks. Blocks
of size 30 x 30 x 2.5 ¢cm and 30 x 30 x 1 ¢m were stacked on the couch in combinations
such as to achieve the desired phantom thickness. The experimental configuration is shown
in Figure 3.1. The phantom was placed on the couch supported by two 5 cm thick wooden
spacers to allow for an ionisation chamber to be placed at the entrance surface of the phantom.
The C-arm was positioned vertically, with the X-ray tube under the couch. The couch height

was adjusted to be 90 cm about the floor, resulting in the entrance surface of the phantom
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Figure 3.1: Configuration of the PMMA dose phantom.

being 95 cm above the floor.

An ionisation chambers was used positioned at the entrance surface of the phantom to
measure the ESD including the scattered radiation from the phantom. The 20X6-6 ionisation
chamber connected to a 2026C dose meter (Radcal Corp, Monrovia CA, USA) was used
for phantom ESD measurements. The chamber and meter were calibrated using a service
approved by the dose meter’s manufacturer. All imaging was performed in the 20 cm field
of view using both the standard and low-dose acquisition modes. Sufficient time for the
automated dose control system to reach a set point was allowed before recording the dose
rates. The X-ray anti-scatter grid was left in position in front of the detector as is standard in
clinical use. The PMMA stack was initially made 10 cm high, and the X-ray detector assembly
placed 10 cm from the exit of the phantom, and the dose rate measurement in both acquisition
modes was performed. PMMA blocks were added increasing the thickness of the phantom
0.5 cm at a time, and the dose rate measurements repeated until the phantom thickness of
30 cm was achieved. As each block was added, the detector was repositioned to maintain
the 10 cm distance between the phantom exit and the detector. For each measurement, the
tube potential difference (kV), tube current (mA) and pulse duration (ms) at which the ADC
settled were also recorded.

In addition to the dose measurements, the contrast loss due to the harder beam when the
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reduced dose filtered X-ray beam was assessed. The experiment was performed on the phan-
tom at 20 cm and 30 cm thicknesses of PMMA. A 0.3 mm thick tin detail, approximately 1 cm?
in size, was placed at the entrance to the phantom to simulate the presence of iodine-based
contrast agent (iodine and tin have very similar X-ray absorption characteristics). Using the
20 cm field of view, twenty-five images taken from acquisition sequences after the automatic
dose control had stabilised were captured using a dedicated image capture device provided
by the X-ray equipment manufacturer. The device attached parasitically onto the system’s
image chain, extracting data after correction for gain, offset and defect pixel correction (see
Section 2.2.6 on page 29), but prior to any image enhancement with is normally applied prior
to image display. Images were recorded prior to image enhancement processing that is nor-
mally applied to clinical images. The contrast of the tin detail was measured with respect to
a neighbouring area of the image of similar size to the detail following the method of Gislason

et al.”*

3.3.2 Patient study

This study was approved by the local research ethics committee. Forty-eight patients from
those undergoing PCI scheduled in the modified catheterisation laboratory were recruited
into this study. Each patient gave informed written consent prior to participation. Each
procedure was begun as normal using the standard X-ray operating mode for angiography.
Radiation dose was measured using DAP—the product of the X-ray beam area and dose at
a given distance from the X-ray source. As both X-ray beam area and radiation dose vary
with the square of the distance to the X-ray source, with beam area rising dose decreasing,
DAP is not independent of distance from the X-ray source. After at least four angiograms
were performed, the DAP accrued from acquisition imaging was recorded, and the modified
acquisition mode selected for the remaining procedure. The total DAP for the procedure for
acquisition mode and fluoroscopy was recorded. The total number of images acquired in both
angiographic modes was also recorded, and then used to calculate an average DAP rate for
both acquisition modes.

Twelve months after the completion of the cases, four consultant cardiologists, four ra-
diographers, and four clinical scientists (all working in cardiology) separately compared a

selection of the standard dose and reduced dose images acquired in a double blind study. A
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TG17 medical grade monitor (Philips Healthcare, Best, The Netherlands) was used to view all
image sequences. All viewing was performed in a dedicated viewing room, which had dimmed
ambient lighting and no light sources shining directly onto the monitor. All of the observers
completed the viewing of the image sets in a single session without a break.

Observers viewed the images in pairs comprised of one sequence from the standard dose
and one from the reduced dose set. The images in each pair were from the same patient,
one pair per patient, with matching target artery, projection angle, and geometric set up (for
example the same field of view). Thirty-five pairs of images were created, as in three patients
no suitable matching image sequences were found. The images were displayed simultaneously,
side-by-side on the monitor using software written in MATLAB. The sequences were made to
have the same duration by truncating the longer sequence, and were played synchronously in
a repeating loop. The left-right placement of the standard dose and reduced dose sequence
was randomised by the display software for each sequence, and the order of sequences was
also varied randomly for each observer. The MATLAB software allowed the user to select
which of the left or right image sequence was perceived to have the higher quality, and the
software wrote the response, along with the identifying codes for the image sequences into a
log file for subsequent analysis. A single tailed sign test was used to test if the observers more
often preferred the standard dose images, with a significance level of 5%. A binomial logistic
regression model was also created to determine the influence of individual observers, clinical
roles and the combination of observer and clinical role on the subjective image preference.
The model was crated in SPSS v16.0 (SPSS, Chicago, USA).

For each patient, the patient’s height, weight and chest diameter in the posterior-anterior
(PA) axis were measured and recorded, and the body mass index (BMI) was calculated. For
each procedure, the number of stents placed, the fluoroscopy time and overall procedural DAP

were also recorded.

3.4 Results

3.4.1 Phantom study

The dose measurements with the phantom are shown in Figure 3.2. On average, across the

range of phantom thicknesses studied, the filtered beam used in the low-dose acquisition mode
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Figure 3.2: Phantom entrance surface dose for the standard acquisition mode (no added filter)
to the low-dose mode (the additional Cu filtration) as a function of phantom thickness.

produced a reduced phantom ESD of 34% compared to the standard acquisition mode. There
was a small increase in tube potential difference when the filter was used, shown in Figure 3.3,
which varied from 0 to 5 kV, increasing with phantom thickness.

An examination of the kV-mA relationship, produced by plotting all of the kV against the
mA values for each experimental configuration and shown in Figure 3.4, revealed the anti-
isowatt ADC design?® of the Philips’ system. This design of ADC, in response to increasing
phantom thickness, initially increases both the kV and mA proportionally (hence the initial
slope of the kV-mA curve is a straight line), before a power limit is reached. After this point,
further increases in phantom thickness produce an increase in kV, but with a reduction in
mA to maintain a constant power output. From Figure 3.4 a power limit just under 72 kW
is evident, which was achieved at approximately 77 kV. This inflection point can also be
observed in Figure 3.3, where above phantom thickness of 24 cm, the kV began to rise more
quickly as phantom thickness was increased.

The contrast of the tin detail was reduced by 0.02 for both phantom thicknesses, a relative
difference of 3% and 5% for the 20 cm and 30 cm thick phantom respectively. Given the
relatively large area of the tin detail and background regions used in the calculation of contrast,
quantum noise had little influence on the calculated, and standard deviation of frame by frame

contrast measurement was 0.0014, giving a standard error in the measurement of 2.86 x 1074.
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Figure 3.3: Tube potential difference for the standard acquisition mode (no added filter) to
the low-dose mode (the additional Cu filtration) as a function of phantom thickness.
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Figure 3.4: kV-mA operating curve for the dose control system, showing an anti-isowatt design
with a power limit of 72 kW.

Phantom thickness (cm) | Standard mode | Low dose mode
20 0.65 0.63
30 0.41 0.39

Table 3.1: Contrast measurements of the tin detail in the phantom experiment.
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Number of patients 48
Patient height (m) 1.69 £0.08
Patient weight (kg) 83.9 +16.4
Body mass index (kg m~?) 29.2 £4.8
PA chest diameter (cm) 249 £2.5
Mean number of stents per procedure [range] | 1.6 £0.9 [0, 5]
Median fluoroscopy time (min) [Q1 Q3] 11.0 [7, 14.9]
Median number of frames acquired [Q1 Q3] 948 [623, 1235]
Median procedural DAP (cGy cm?) [Q1 Q3] | 3805 [2245, 5138]

Table 3.2: Patient and procedure details (mean +1 standard deviation unless otherwise
stated); first and third quartiles [Q1 Q3] are shown where the median us presented.

3.4.2 Patient study

The patient and procedure characteristics are summarised in Table 3.2.

For the patient study the average DAP rates reduced by 43%, from 41.4 uGy s~! to
23.8 uGy s~!, when the filter mode was selected. Pooled observer scores analysed using a
sign test showed no preference for the standard dose images (p=0.2). The regression model
found no relationship between individual observer, clinical role or a combination of observer

and clinical role was predictive of the preference score.

3.5 Discussion

There was a large ESD rate reduction when the addition copper filter was used both in the
phantom and patient experiments. In the phantom experiments only one set of measurements
were acquired, and therefore the variability associated with measurements of dose, kV and
mA were not explicitly measured. For dose measurements, the major sources of variability
would most likely be due to inaccuracy in the dose meter, in the positioning of the ionisation
chamber, and in the measurement of distances in particular between the X-ray source and
ionisation chamber. The dose meter used was calibrated by a national calibration centre, and
the manufacturer specified an accuracy of 5% in the measurements. As all of the phantom
measurements were acquired in one session where the equipment was positioned in the same
location for the standard and low-dose measurements. As such any inaccuracy in the ionisation
chamber position and distance measurements would introduce the same relative error between
in the standard and low-dose measurements. Variation in the radiographic output by the X-

ray system, as seen in the frame-by-frame differences in the contrast measurements were
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minimal.

The difference in dose rates between the standard dose and low-dose modes using the Cu
filter was larger in the patient experiment, and this difference may be due to the difference in
composition between the human body compared to the phantom and the much greater variety
in practice clinically. In particular the effect of field size choice may also have been a factor;
different rates of use of the three available field sizes between the filtered and standard dose
modes in the study may have occurred and as these magnification modes im. The reduction
in ESD observed in this study is likely to be mirrored by a reduction in effective dose as the
two are closely related in cardiac X-ray imaging. 25

There was a very small increase in the tube voltage when the additional filtration was
used (1 kV across most of the phantom thicknesses tested), which together with the beam
hardening effect of the filter itself would be expected to reduce the contrast of the image
compared to when no filter was used. Indeed a small reduction in contrast (3%) was noted
with the tin detail on the 20 cm phantom. There was no evidence that this reduction in
contrast was noticeable by the clinical observers.

The filtration proposed in this study was relatively thin at only 0.1 mm Cu, whereas in
fluoroscopy, even at the time of the study, filtration of up to 0.9 mm Cu was fairly common.
Increasing Cu filtration would place more attenuating material into the X-ray beam, hardening
the beam further, both through the attenuation of the filter itself, but also as a result of the
commensurate increase in kV given the anti-isowatt kV-mA response of the X-ray system’s
ADC. The result of this increased X-ray output would be a greater load on the X-ray tube, and
larger loss in contrast than that observed in this experiment. The amount of dose reduction
would be greater, however.

The effect on image quality of the filter in this study was only due to the loss in the
contrast due to the beam hardening. The noise within the image, which is dictated by the
photon fluence on the detector, should be approximately constant as the detector dose was
kept constant between the filtered and standard dose modes. A greater dose reduction could
be achieved if the detector target dose were also reduced, but this would also increase the
noise within the image. The decision to retain the same detector dose between the two modes
was deliberate and intended to keep a near parity between the two modes, permitting images

acquired in the low-dose mode to be used in place of standard mode angiograms during a
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patient’s procedure, where they are interpreted by a clinical observer.

As well as being applicable to minimising the radiation dose in quantitative imaging, the
findings can be generalised into the standard cardiac angiography. As the clinical observers
could not detect a decrease in the image quality it may be assumed that the use of the 0.1 mm
Cu spectral filtration can also be safely applied to general cardiac angiography, thereby sub-
stantially reducing the radiation dose for patients undergoing diagnostic and interventional
procedures. This study was supported by the X-ray equipment manufacturer, and it is inter-
esting to note that the systems introduced following this study have indeed featured spectral

filtration in acquisition mode.?8%2%0

3.6 Conclusion

A patient entrance surface dose was reduced by approximately 40% by introducing an ad-
ditional 0.1 mm Cu spectral beam filter, with a negligible loss in image quality, which was
undetectable by clinical users. As a result, the quantitative image protocols developed in the
remainder of this thesis would utilise the lower dose operating mode. The wider implication
were that the use of copper filtration in acquisition mode for standard coronary angiography
would also be desirable, and would produce a substantial reduction in the dose delivered to

patients.



Chapter 4

Cardiac digital subtraction

angiography

4.1 Introduction

Most vascular procedures using X-ray imaging employ a technique called digital subtraction
angiography (DSA). DSA removes background anatomy from an angiographic image sequence,
allowing just the injected contrast agent to be viewed against a flat background. A series of
images are acquired, with the injection of contrast agent initiated after the start of the X-ray
acquisition. This creates a sequence with one or more images without contrast agent and a
set of those with contrast. One of the contrast free images, referred to as a mask image, is
selected and log-subtracted from subsequent images (see Section 2.2.6.1 on page 30 for further
explanation). In an ideal situation, this creates a set of images where pixels within a region
containing contrast agent have a negative value, and those without have a value of zero. DSA
therefore facilitates the quantitative analysis of contrast agent in an image as the DSA signal
intensity should reflect the mass-area of contrast agent,??! and indeed the use of DSA as a
vehicle for quantitative X-ray image has been recognised since DSA was introduced,??? and
has also been used as a processing step in quantitative cardiac imaging. 191,201,204,293,294

Any movement of the patient causes mis-registration between the mask and contrast im-
ages, and produces artefacts in the subtraction images. In most areas of angiographic imaging
such artefacts can be avoided if the patient remains still. In cardiac angiography, there is al-

most continuous movement of the heart. Whilst supine on the couch the patient is unlikely to

80
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move, breathing, however, causes substantial motion in the image. As the patient breathes,
the position of the heart and diaphragm alter in the image, and there is movement of the
ribs and soft tissues surrounding the heart. For these reasons DSA has not been adopted in
cardiac imaging.

Two solutions have been proposed to remove motion misregistration from coronary an-
giograms. Cardiac motion could be removed using a phase-matched selection of the mask
image. By acquiring at least one full heart beats worth of images prior to the contrast injec-
tion, a set of possible mask images are obtained throughout the cardiac cycle, and therefore
for each contrast image, selecting the mask image at the closest matching point in the cardiac
cycle would minimise cardiac motion related artefacts. This approach has been used in pre-
vious work measuring flow from coronary angiography in animal models.260:295:296 The frame
rate used will have an effect on how closely matched in terms of the cardiac phase that the
mask and contrast images could be. At standard frames rates of 15 fps used in the coronary
angiography, there could be up to 33 ms difference between the mask and contrast image.

For the correction of breathing related artefacts, warping of the mask image, such that it
is deformed to match the contrast image, has also been attempted. 2?7301

Further complications to the implementation of DSA on a cardiac X-ray system are the
dose control mechanisms employed in the cine acquisition mode, and the image processing
that is applied to the image sequences. The automatic dose control system employed in
a DSA system is different to that used in cardiac angiography. Initially on both systems,
estimates for the correct acquisition mode radiographic factors are made from the most recent
fluoroscopic sequences. In cardiac angiography, once an acquisition sequence is initiated, the
dose control operates using a feed forward control system—the signal level in the most recently
acquired image is compared to a programmed target level, and the selected radiographic
factors are updated with the intention of bringing the signal level in the next image closer to
the programmed target level. In this way, the radiographic factors can alter on an image to
image basis. This is not desirable for the acquisition of DSA sequences—if the mask image
and subsequent images have different radiographic factors this will cause artefacts in the
subtracted sequence, such as variations in the background intensity. For DSA dose control,
at the start of the sequence a test shot is acquired using the parameters derived from the last

fluoroscopy sequence. The resultant signal level is compared to the pre-programmed target



82

level. If the difference between the target and achieved dose is small enough, the acquisition
sequence is then continued with the radiographic factors fixed for the rest of the sequence.
If not, the radiographic parameters are adjusted, another test shot taken and the sequence
continues if the test shot yields a signal level sufficiently close to the target value. This process
is continued until either the radiographic factors are found that produce an acceptable dose to
the detector, or the maximum permissible number of test shots is exceeded and the acquisition
is terminated.

The main image processing stages in a cardiac imaging system are described in Sec-
tion 2.2.6 on page 29. The feed forward automatic gain control (which normalises the pixel
values to a set level) is used in cardiac imaging to prevent variation in the background pixel
intensity when the automated dose control has not reached its set point (for example, darker
or brighter images following a movement of the C-arm without the use of X-rays making the
current radiographic settings inappropriate for the current projection). This processing also
reacts to breathing, contrast injection, or indeed anything else that alters the image content
and would therefore cause a mismatch in the pixel intensities between the mask and contrast
image, which in turn would lead to an unacceptable subtraction image.

Working with the X-ray equipment manufacturer, alterations were made to implement a
cardiac DSA system in one of the catheterisation laboratories in Leeds, comprising changes to
the dose control settings, image processing and an in-room computer that could produce DSA
sequences using a software provided by the equipment manufacturer. The additional spectral
filter, which was shown to reduce patient dose in the previous chapter, was also employed in
the DSA mode. The subtraction software was also provided as standalone software so that it
could be applied to images at a later stage. The software implemented both a cardiac phase
match subtraction with a system of warping the mask image to compensate for breathing
motion artefact. This provided an opportunity to assess how effectively cardiac DSA could be
implemented at the low frame rates used in modern coronary angiography, and whether the

phase matched subtraction is improved by a means of correcting breathing related artefact.

4.1.1 Aims

The aims of the investigation presented in this chapter were as follows:

1. To devise a modification to the automatic dose control system which provided a stable
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dose output for DSA imaging, whilst reacting to the large differences in projection used

in cardiac imaging,

2. To test if a phase matched cardiac subtraction scheme with an automated image warping
scheme for motion correction could be successful, gauged by producing an acceptable
quality result in a sufficiently high fraction of cases, operating at the 15 fps used in

standard cardiac angiography,

3. To investigate if breathing motion is successfully removed in using the image warping

mask correction.

Secondary aims were to investigate whether the duration of image sequences were impor-
tant (with the hypothesis that patients’ ability to breath hold may decrease as the time they
are required to do so is increased); to determine if the cardiac-DSA was also useful for the
subjective presentation of cardiac angiograms, i.e. if human readers found the images easier to
gauge the vessel lumen of the artery, or the myocardial blush (the darkening seen as contrast
agent flows into the myocardium). Finally, the effect of the subtraction algorithm on the

interpretation of subjective measures of blood flow (TMBG) was also assessed.

4.2 Materials and Methods

With the aid of the manufacturer two of the cardiac catheterisation laboratories in the General
Infirmary at Leeds were modified to implement changes required for cardiac imaging. One of
the systems featured the in-room DSA system provided by the manufcturer, and the other had
equivalent changes to its acquisition protocols and a data capture device fitted to enable the
recording of images prior to the normal image processing enhancement algorithms, allowing
DSA sequences to be created off-line. Both catheterisation laboratories contained Allura
FD10 X-ray systems (Philips Healthcare, Best, The Netherlands) was adapted to create a
specific DSA imaging mode that could be selected by the radiographer at the table side
control (allowing DSA to be selected for part of a procedure). The mode had a number of

changes compared to the standard acquisition mode:

e A 0.1 mm Cu beam filter in acquisition to lower ESD rates.
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e The feed forward automatic gain control commonly used in cardiac imaging (which
normalises the mean signal intensity in an acquired image to a set level) was disabled

and a fixed linear detector response was applied.

e The image receptor radiation dose rate was set to be constant when smaller fields of

view were selected.

e The radiographic factors lock after the first five frames of an acquisition sequence,

providing constant dose per frame throughout the remainder of the sequence.

e Bypass of the standard image enhancement algorithms and automatic gain control, so
that these were not applied to images. Instead only offset, gain and defect correction
were performed, and a linear response between pixel intensity and incident dose was
selected on the detector with a fixed gain. A LUT was applied that had a logarithmic

shape, scaled linearly to give the same range of possible output values as input values

(216)‘

e Acquisition sequence start was synchronised to the next ECG R wave after foot pedal

activation.

e Automated power injector coupling synchronised to the R wave following the acquisition

start.

4.2.1 Subtraction algorithm

The subtraction algorithm used in this study was provided by the X-ray equipment manufac-
turer, Philips Healthcare. The subtraction software performed two main tasks—identification
of the most suitable mask image for each contrast image using a cardiac phase matching
algorithm (to remove cardiac motion related artefact from the subtraction sequences), and
automated motion correction to remove residual motion artefacts (principally from breath-
ing).3%2 Firstly the software detected the contrast arrival in the scene, thereby allowing the
identification of a set of mask images—i.e. each image before the contrast arrives, yielding a
set of mask images each at different phases of the cardiac cycle. To calculate the subtracted
image from a given contrast image, the set of available mask images was compared to the con-

trast image to find the closest match (i.e. the one most closely matching the cardiac phase).
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The mask image matching each contrast image was recorded in a log file by the subtraction
software. Once the corresponding mask was identified for a given contras image, movement
correction was implemented using an analysis and warping of the mask image to match the
contrast image in an attempt to account for other types of motion. A comparison between
the subtraction algorithm used in this study to a standard subtraction using a single specified
image frame as a mask image can be seen in Figure 4.1, where motion artefacts from the

cardiac motion can be seen in the single mask sequence.

4.2.2 Clinical protocol

Ethical approval was sought and given by the local research ethics committee for this study.
Patients were largely imaged as per the standard clinical protocol, but a small number of
images sequences could be acquired using the DSA system. Patients undergoing elective
PCI were enrolled onto the study. Acquisitions were performed using standard angiographic
projections, replacing one or more of a patient’s standard sequences with a DSA sequence. For
each acquisition, contrast injection was delayed by at least one and a half times the duration
of the patient’s cardiac cycle, allowing at least one full heart beat of mask images with fixed
radiographic factors before the contrast arrival. Prior to the DSA sequence acquisition patients
were advised that they would be required to breath hold at inspiration, and the instruction to
“hold your breath” was repeated continually during the sequence acquisition. The duration of
the sequences was as per standard clinical practice, plus time for the mask images, therefore
around 7 s duration was expected for a standard angiogram, and around 12 s was expected
for one where the myocardial blush was to be imaged.

Up to four subtraction angiograms were acquired for each patient which were as fol-
lows: pre-intervention rest, pre-intervention stress, post intervention rest and post intervention
stress. Hyperaemia was induced by an intraveneous injection of adenosine. Pre-intervention
images were acquired in all patients. If pressure wire assessment was indicated during the
case, stress imaging was also performed. If intervention was performed, the pre-intervention
subtraction imaging was repeated. All images were transferred from the hospital to the Uni-
versity for the purposes of this study allowing both subtracted and unsubtracted sequences

to be viewed.
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Figure 4.1: Selected frames at three points in the cardiac cycle from subtractions created
using a single mask (left hand images) compared to the subtraction algorithm used in this
study (right hand images). Cardiac motion artefacts are removed due to the matching of the
mask and contrast images such that they are selected from the same part of the cardiac cycle.
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4.2.3 Subtraction success rate

149 image sequences from 47 patients were acquired. DSA sequences were calculated offline
using the dedicated software provided by Philips Healthcare. The acceptability of the DSA

result was assessed by classifying images on an ordinal scale:
1. Negligible visible motion artefacts present;

2. Minor motion artefact that does not impinge on the visual appraisal of the coronary

arteries or myocardial perfusion;

3. Major motion artefact that adversely affects the visibility of the coronary arteries or

myocardial blush, but their assessment is still possible;

4. Considerable motion artefact making the image unacceptable for the appraisal of the

coronary arteries or myocardial blush.

Every subtracted image sequence was appraised on the scale once per second—the first image
was assessed, and the sequence advanced by one second and reappraised. This was repeated
until the end of the sequence was reached. The scores at each second interval were pooled,
and the percentage of the sequences falling into each category was calculated at every time

point.

4.2.4 Efficacy of movement correction

The ability of the subtraction algorithm to correct for breathing motion was tested by selecting
15 image sequences. A non-movement corrected subtraction sequence was created using only
the cardiac phase matching of the mask and contrast image. The log file from the subtraction
software detailing which mask image was used for each contrast image. Software was written
in MATLAB to read this file and the original image sequence, creating a phase matched only
corrected subtraction sequence by performing a log subtraction of each contrast image using
the previously identified matching mask image. In this way, two subtraction sequences were
available—one using the full subtraction software, and one with the movement correction
section omitted using the MATLAB functions. The 15 sequences were assessed by showing
matching pairs of images from the two subtraction routines side by side. Every tenth frame

(i.e. every 0.75 s) from each pair of sequences was displayed side by side, with the left-right
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order randomised on each occasion. One observer scored the pair of images on a five point

ordinal scale referring to the motion assessment in section 4.2.3 on page 87:

-2. Left image better than right image and would be rated in a more favourable category

in the movement assessment.
-1. Left image better, but would fall into the same movement category as the right image.
0. No difference in the quality of the left and right images.
1. Right image better, but would fall into the same movement category as the left image.

2. Right image better than left image and would be rated in a more favourable category

in the movement assessment.

The observer preference, frame number, which image was displayed on the left side, and the

sequence number was recorded in a log file for subsequent analysis.

4.2.5 Subjective image preference

Thirty-five image sequences were selected at random to be included in an assessment of image
quality. Eight observers were recruited from the catheterisation laboratory staff at the General
Infirmary at Leeds. Six observers were interventional cardiologists with 25, 5, 31, 20, 14 and 5
years’ experience and two dedicated catheter lab radiographers, one with 10 years’ experience
and the other with over 20 years’ experience. For each observer the image sequences were
shown in a random order, with observers scoring as many sequences as permitted by their time
available, with a minimum of 12 sequences required. For each sequence the standard image
was viewed first, followed by the subtracted image. No computer enhancement was performed
on either the DSA or the unsubtracted image. Observers scored each image for two criteria:
firstly the quality of the presentation of the coronary artery lumen, and secondly for the
visibility of the myocardial blush. The image sequences were scored on a five point ordinal
scale where 1=very poor, 2=poor, 3=acceptable, 4=good, and 5=excellent. All viewing was
performed in a dedicated viewing room in the cardiology department, with dimmed ambient
lighting. A medical grade RadiForce RX340 monitor (Eizo Corporation, Ishikawa, Japan)
was used for all sequences. The monitor was attached to a personal computer and the ImageJ

303

software version 1.47 software~"” was used to display the images. All sequences were converted
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Grade | Description
0 Dye fails to enter the microvasculature
1 Dye slowly enters but fails to exit the microvasculature
2 Delayed entry and exit of dye from the microvasculature
3 Normal entry and exit of dye from the microvasculature

Table 4.1: Overview of the TMBG system (adapted from ™).

to the tagged image file format, and playback was at 15 frames per second. The images were
scaled to fill the 33 cm X 44 c¢cm monitor (whilst maintaining the original aspect ratio).

Observers sat approximately one metre away from the screen.

4.2.6 Effect on visual blush grade and stenosis severity

Six of the observers (the cardiologists) also scored each image sequence according to the
TMBG four point scale summarised in Table 4.1. (A description of angiographic blush grades
is given in Section 2.2.7.2, on page 32.) The same observers also were asked to report the

maximum percentage stenosis visible of the most significant lesion present in the image.

4.2.7 Statistical analysis

All analyses were completed using the statistical software R (R Foundation for Statistical
Computing, Vienna, Austria) and MATLAB. Cumulative link mixed models allowing for
paired data with clustering were used to investigate differences between standard and DSA
image sequences assessed using the 1 to 5 categorical scale for visualisation of the epicardial
coronary arteries and myocardial blush, and using the 0 to 3 TMPG. Linear mixed effects

models304

allowing for paired data with clustering were used to investigate differences between
standard and DSA image sequences assessed using the continuous percentage scale for stenosis
severity. Pairing was used because the same image sequences were presented in both their
standard and DSA form. Each observer rated several sequences, therefore the observations
could not be classed as independent, hence clustering was incorporated into the analysis.

Each cluster represented a single observer due to expected intra-observer similarities in image

grading.
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(c) (d)

Figure 4.2: Comparisons of unsubtracted and subtracted versions of the same image in the
coronary phase (a & b) showing a severe proximal stenosis to the LAD and myocardial phase
(¢ & d) showing reperfusion of the myocardium supplied by the circumflex artery follow-
ing intervention. The unsubtracted images are in the left column (images a & c), and the
subtracted images are shown to the right (images b & d).

4.3 Results

Example comparison frames showing unsubtracted and subtracted versions of the same image
are shown in Figure 4.2.

The mean duration of the subtraction acquisitions was 10.8 s, with the mean duration of
the calculated subtraction sequence being 9.3 s. The number of sequences that were available
at each second assessment point is given in Figure 4.3. Over 50% of sequences were 9 s or
longer in duration, but beyond 10 s there are relatively few examples (e.g. 35 at 11 s, and 7

at 14 s).
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Figure 4.3: Number of sequences at each assessment time point.

4.3.1 Subtraction success rate

The number of images sequences assessed for motion artefacts as a function of time is shown
in Figure 4.5. Overall, the phase matched subtraction performed well in removing cardiac
motion related artefacts, and the main cause of misregistration artefact seen in the images
was due to breathing motion. It was common for patients to be able to breath hold well for
short periods of time, meaning that early in the subtracted sequences the majority had few
motion artefacts—the percentage of cases with negligible or minor artefacts at the beginning
of the subtracted sequence was 96%. The longer the sequence in duration, fewer patients could
adequately breath hold introducing motion artefacts, with 74%, 58% and 41% of sequences
having negligible or minor motion artefacts at 3, 5 and 10 s respectively. Example images
being scored in the different categories are shown in Figure 4.4. These are shown in pairs
showing the worsening of the motion artefacts as sequences progressed.

The percentage of each case being assessed as belonging to each of the ordinal acceptability
categories is shown in Figure 4.5, which shows an increasing level of motion artefacts as the
sequences become longer in duration. At the start of the sequences, 75.8% of sequences showed
negligible motion artefacts, yet by 5 s this was reduced to only 5.2% of sequences. At 4 s,
just under 90% of cases were still of acceptable quality, although 27.5% contained significant

motion artefacts.
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(a) 1s, Grade 0 (b) 11 s, Grade 1

(c) 1s, Grade 1 (d) 6 s, Grade 2

(e) 2 s, Grade 2 (f) 4 s, Grade 3

Figure 4.4: Pairs of images (a-b, b-c and c-d) from three DSA sequences, with the right hand
image taken from a later point in the acquisition sequence to the left image. Beneath each
frame, the time within the sequence when it was taken is shown, along with the quality grade
(bigger score indicates worse quality). In each pair of images, misregistration artefacts worsen
as the sequences progress over time.
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Figure 4.5: The percentage of sequences assessed as being in each movement category as a
function of time.

4.3.2 Efficacy of the motion correction

In the paired image comparisons, in 55 images the cardiac phase matched only image was pre-
ferred, in 48 cases the motion corrected image was preferred, and in the remaining 130 com-
parisons no difference in the quality was found. Looking at the fifteen sequences, the modal
score for each sequence (i.e. the mode of the scores for each 10 frame observation) indicated
a preference for the cardiac phase matched only sequences in two cases, a preference for the
motion corrected image in two cases, and no preference in the remaining 11 cases. Example
images from the comparison are shown in Figure 4.6. Only one image frame in the 233 com-
pared would have been rated in a different motion category from its comparator (i.e. only

one score of -2 or 2 was found).

4.3.3 Subjective image preference

Comparing the subjective image preference scores, the statistical model showed a significant
preference for the unsubtracted sequences when viewing the coronary arteries (p = 3.92 X
107°). This preference was reversed when assessing the mycardial blush, where there was a
significant preference for subtracted images (p = 6.47 x 10716). Histograms of the quality
score distributions for both the coronary artery and myocardial blush scores are shown in

Figure 4.7.
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(a) Movement corrected image on the left

(b) Movement corrected image on the left

(¢) Movement corrected image on the right

Figure 4.6: Pairs of images comparing motion corrected to non motion corrected subtraction
algorithms. The motion corrected image was preferred in a), no preference was given for b),
and the non-corrected image was preferred in c).
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Figure 4.7: Histograms showing the distribution of image quality scores for a) the coronary
arteries, and b) myocardial blush.
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Figure 4.8: Distribution of the TMBG grade scores for the unsubtracted and subtracted
sequences.

4.3.4 Effect on visual blush grade and stenosis severity

No significant difference was found in the stenotic severity scores (p = 0.77) between the
unsubtracted and subtracted images, nor was there any significant difference in the TMBG

scores. A histogram of the TMBG scores is shown in Figure 4.8.

4.4 Discussion

The sequences acquired using the subtraction mode demonstrated consistent signal levels and
noise content indicating that the dose control had stabilised at a suitable set point, despite
only being active for a short period. No undue variations in background signal intensity or

contrast of the signals from the contrast agent in the scene was observed. The frequency
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Figure 4.9: Subtraction image showing good registration of bone and soft tissue, with only
a minor bright area at the top right of the image on the heart border, probably due to
an imperfect match in cardiac phase between the mask and contrast image. There is also
misregistration artefact of a pacing lead.

and severity of misregistration artefacts increased as the duration of the image sequence
increased. Artefacts relating to cardiac motion were well controlled, indicating that the phase
matched subtraction algorithm was viable despite the relatively low acquisition frame rate.
Figure Figure 4.9 shows an example subtracted image with a minor bright area in the top
right of the heart margin, which was most likely due to a mismatch in the phase of the mask
and contrast images.

Larger artefacts were due to breathing related motion, and the algorithm supplied by the
equipment manufacturer was far less successful in correcting for motion due to breathing. The
comparison of the motion corrected images against the phase matched only images demon-
strated no overall preference for either sequence when the motion correction was employed.
This is likely due to the fact that cardiac motion is well corrected for by the cardiac phase
matching of the mask and contrast image, yet motion due to breathing was not well corrected
by the motion correction algorithm. In other words, the complex overlapping of structures of
the chest during respiration cannot be compensated in the final two dimensional projection
image with the image warping used by the algorithm in this study. In addition to misregistra-
tion of anatomy, misregistration of catheters and other interventional devices such as pacing
leads also occurred and such an artefact is also visible in Figure 4.9.

A number of techniques have been proposed for coronary subtraction images without tem-

poral subtraction. These techniques analyse images in an angiographic sequences containing
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contrast agent and attempt to create a mask image to perform the subtraction. The mask
images are an estimate of the signal intensity in the image if the iodine were not present. A
number of approaches have been proposed to create such images, ranging from averaging local
areas by taking the median, interpolation, detection of inflowing contrast into an artery,3?>
motion layer analysis, 300:306:307 Jgcal motion correction??® and using image in-painting meth-
ods.?®” These methods have focussed on the production of subtraction images of the coronary
arteries alone, and are not likely to produce acceptable results for non-arterial phases of con-
trast transit, and as such would be unsuitable for the quantitative analysis of signal intensities.
Methods such as those described by Yamamoto et al.,3%® where a mask is created from the
image a recent images within a sequence would not operate well on the myocardial blush; the
slower transit of contrast through the myocardium would result in this signal being incor-
porated into the mask image, and therefore such algorithms are not likely to give the same
improvement in blush visibility as found in this study. It is also the case that the majority
of descriptions of the algorithms do not include a comprehensive evaluation of image qual-
ity. 300397 Energy based subtraction has also been proposed and used in the analysis of blood
flow, but has not been implemented on a clinical X-ray system.3%?

In terms of the preference scores, observers preferred the unsubtracted images for viewing
the coronary phase of contrast transit, yet the subtracted image for the myocardial phase.
The coronary arteries are of high contrast, and therefore stand out well against the other
anatomy on the unsubtracted image, limiting any advantages in the subtraction. The lack
of additional conspicuity of the artery, and familiarity with the unsubtracted images may
have been responsible for the preference for the unsubtracted images. When assessing the
myocardial blush, the contrast agent is dispersed over a larger area in the image, and therefore
produces a much lower differential signal to the coronary arteries. In this case subtraction
has an advantage, as the removal of the underlying anatomy can make such signals easier to
appreciate, and despite mis-registration artefacts in most sequences by the time the contrast
is entering the myocardium, observers preferred these sequences. The subtracted images will
be noisier than the unsubtracted images, as in this study the unsubtracted image shown to
the observers came from the same acquisition sequence as the subtracted image. In most
vascular applications the image detector target dose is increased in subtraction imaging to

reduce this effect, but these results suggest that cardiac DSA can be implemented without an



98

increase in radiation dose to the patient.

The study has a number of limitations. The assessment of the degree of misregistration
artefacts was performed on a subjective scale, and therefore a direct relationship to the degree
of influence on a quantitative analysis of pixel intensities in the sequence cannot be made.
Moreover, these subjective assessments were performed once by a signle observer, so no assess-
ment of inter or intra observer variability has been made. An analysis of the misregistration
artefacts alone would have been impossible using the sequences that were acquired, which
contained both the intensity changes due to misregistration, but also those from the injec-
tion of contrast agent. The subjective approach did therefore allow the observer to visually
compare the degree of motion misregistration to the signal intensity provoked by the contrast
agent. The number of observers completing all of the image comparisons was also limited, but
in the preference study the use of the modelling in the analysis made account of the different

image sets viewed by some of the observers.

4.5 Conclusions

Cardiac DSA can be successfully implemented in clinical practice at standard frames rates
of 15 fps. Motion artefacts due to cardiac motion can be corrected for by using multiple
mask images acquired throughout at least one heart beat before the contrast injection begins.
Motion artefacts due to breathing, however, were not successfully removed, even with the use
of a complex motion correction algorithm. Breathing motion artefacts are the main reason
for decreased image quality in cardiac subtraction imaging, but nonetheless, for a five second
sequence, over 90% of sequences were found to be of acceptable quality. It is essential that
the clinical team are attentive to clearly communicating to the patient the need to breath
hold during the sequence acquisition. The unsubtracted images of the coronary arteries were
preferred by the clinical observers in this study compared to the subtracted images, and there
was no difference in scoring of stenotic severity. Given this, there is no compelling case for
the introduction of subtraction imaging for routine coronary angiography. The situation is
different if the myocardial blush is to be assessed, where despite increase levels of motion
artefact compared to those earlier in the sequence, there was a significant preference for the

subtracted images. The use of subtraction imaging is therefore recommended, and viable, for
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the subjective assessment of myocardial perfusion using X-ray angiography. In cases where
motion artefacts are large enough in magnitude making the subtracted image unacceptable
(approximately 17% of cases), the subtraction can be turned off, and the unsubtracted image
viewed instead. The implications for quantitative assessment of the sequences are that any
imaging should be kept as short as possible in duration; cardiac motion can be corrected using
a phase match algorithm, but breathing artefacts cannot be corrected, and become worse the
longer the sequence continues.

As well as the ability to overcome the cardiac motion to produce images only containing the
contrast agent, the protocols used for the DSA acquisition also required stable radiographic
output and disabling of the automatic gain and image enhancement algorithms. Fixing the
radiographic factors after a short number of frames allows the stable radiographic output after
establishing a safe and appropriate level of X-ray output for the current angiographic projec-
tion; the patient would not receive a dose higher than that required to produce an acceptable
image, nor would the dose be too low so as to produce images of sub-standard quality. With
the fixed radiographic output and disabled image processing, the image sequences retained a
consistent characteristic response of pixel intensity to dose incident upon the X-ray detector.
As a result, the response to changes in contrast agent is stable between images in a sequence.
Moreover, if two sequences are taken of exactly the same scene, the dose control should settle
at the same output, and therefore the two sequences are comparable. This feature allows con-
trast volume change in two sequences to be compared, creating a relative flow measurement,

and such a relative flow measurement is investigated in the following chapter.



Chapter 5

Relative low measurement using

X-ray angiography

5.1 Introduction

The success of the phased matched subtraction imaging described in the previous chapter
suggested that the technique could be used to facilitate the analysis of contrast agent transit
through the coronary arteries and myocardium, providing that the patient was able to breath
hold adequately during the acquisition sequence. The changes made to the dose control
schemes meant that once the first few sequences had been acquired, the X-ray output was
constant, which was necessary to produce a good quality subtraction result. It would also
permit the relative change in contrast agent volume to be calculated during a single sequence.

The purpose of the work described in this chapter was to explore the combined analysis of
two sequences from the same patient to create a relative measure of flow, in this case to assess
the improvement in blood flow following intervention. This is a stepping stone to the absolute
measurement of blood flow, which is explored in later chapters. The X-ray derived relative

flow measurements are compared to intracoronary pressure measurements as a reference.
5.1.1 Theory

5.1.1.1 X-ray measurement

Consider a ROI drawn around a section of the myocardium supplied by the artery of interest

as show in Figure 5.1. The average of the pixel values in the ROI containing M pixels at time

100
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t be Stl

Sy = % Z dsa(x,y,t) (5.1)

T,Y€rol
where dsa(z,y,t) is the pixel value of a pixel at location (z,y) in the image at time ¢. From

equation 2.12, if m, , 4) is the mass of iodine above the pixel at location (z,y) at time ¢, then

kp
St = —m Z m(%yi)/Ao (5.2)

T,Y€rot

Where 11/p is the mass attenuation and m, , ;)/Ao is the mass thickness of contrast agent
(see Section 2.2.5 on page 20, and k a gain applied in the image processing).

If the mass attenuation coefficient, k, M and Ay are constant, which is the case if the
imaging geometry and radiographic factors are constant, it can be seen that the DSA pixel

intensity is proportional to the mass of iodine above the ROI. In other words,
St = Kmr (53)

where K is a constant relating mass to signal intensity, and m, the mass of iodine above the
ROL

At the start of the contrast injection in the region, contrast will be flowing into the
coronary arteries and myocardium, but will not yet have reached the venous outflow. During
this time contrast is accumulating in the region in proportion to the rate of contrast injection
into the feeding artery. If all of the blood in the arterial inlet is replaced by contrast, then the
rate of accumulation of contrast in the region of interest is proportional to the arterial blood
flow. All analysis is performed in the early phases of the contrast injection where there is
only contrast accumulation in the ROIL. Consider two times t; and ¢o during the inflow period,

then the mass of contrast medium in the ROI will increase as follows:

my, —my = feQ(tz — 1) (5.4)

where c is the concentration of contrast agent injected, f the fraction of the myocardial volume

in the ROI, and @ the blood flow.
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Figure 5.1: Region of interest drawn over the heart covering the myocardium of the vessel of
interest.

Substituting equation 5.3 into equation 5.4 gives

%(Sw — ) = cQf(t — 1) (5.5)

Rearranging this gives

Q _ (Stz - Stl)

= Kefl 1) o0

Picking single time points for ¢; and t2 could lead to errors if in one of the images there
was patient movement. If the signal intensities St are calculated for a range of values of ¢

where contrast is accumulating in the ROI, a TIC is generated, and it follows that
QR=CG (5.7)

where G is the gradient of the TIC, and C is a constant (C' = 1/Kcf).

If two sequences are acquired before and after intervention, then it can be seen from eq.
5.7 that the ratio of the gradient of the post- and pre- intervention TIC is equivalent to
the ratio of the post and pre intervention flow, i.e. it is a measure of the increase in flow

following intervention. In other words, if G is the TIC gradient pre-intervention and Gpost
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the gradient post-intervention then,

1

1
aGpost/aGpre = Gpost/Gpre = onst/Qpre (58)

5.1.1.2 Reference Measurement

If the FFR is measured both before (F'F'Ry,.) and following intervention (FF Ry ) then from

eq. 2.14,
FFRyost _ onst,S/onst,N
FFRp’/‘@ Qpre,S/QpTE,N

(5.9)

where Q) represent blood flow, “pre” and “post” refer to pre- and post- intervention, and IV
and S refer to flow in the normal and stenotic artery respectively. Given that the flow in the

“normal” artery would be independent of any intervention @Qpre,n = Qpost,nv and therefore

FFRpost _ onst,S
FFRpre Qpre,S

(5.10)

In other words, the ratio of the FFR post to pre intervention will measure the improvement
in blood flow, and can therefore be used as a reference to the X-ray angiographic measure.
Accepting the assumptions inherent to pressure derived FFR as discussed in section 2.3.3.2
on page 41 the ratio of flow following intervention to that before can be measured as the ratio

of the post-intervention FFR to pre-intervention FFR.

5.2 Materials and Methods

Patients for this analysis were a subset of those from the cardiac DSA study described in the
previous chapter, who had intracoronary pressure wire assessment both before and following
intervention. Longer DSA sequences were acquired (continuing until contrast could be seen
entering the venous system). For all image acquisitions, the same procedures as described in
Section 4.2 on page 83 was used. In total thirteen patients were included. The ECG trace
was recorded in synchronisation with the image data.

The angiograms and FFR measurements were performed during pharmacologically in-
duced hyperaemia using intravenous injection of adenosine at 140 mg/kg/min, started two

minutes prior to measurements. The pre and post intervention angiograms were acquired
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using the same projection and, in so far as practicable, the same framing of the heart. For the
left coronary artery the lateral or right anterior oblique (RAQO)-caudal angulation was used,
and for the right coronary artery straight RAO projection was used. The 25 cm field of view
was selected and the frame rate set to 15 fps. Prior to each of the angiograms the catheter
was flushed with contrast to ensure that contrast was present to the tip of the catheter. The
entire heart was positioned within the frame and patients were instructed to hold their breath
at inspiration during the angiographic acquisition. Angiograms were terminated when the
venous outflow of contrast became visible. FFR was measured pre and post intervention via
intra-coronary sensor (ComboWire, Volcano Corp, San Diego, California) during the same
period of induced hyperaemia as the angiogram sequences.

Following the procedure, both the image data and ECG trace were transferred from the
catheterisation laboratory to the University for analysis using software written in MATLAB
(Mathworks Inc, Natick, California). Prior to analysis the first five frames of all sequences,
where the X-ray dose control was still active, were discarded. Software was written that
could create phase matched sequences at a given point in the R-R interval, taking the image
sequence, synchronised ECG and specified fraction of the cardiac phase. The output was
a sequence of images and time points containing one image per heart beat closest to the
specified point of the cardiac cycle. The software’s graphical user interface (GUI) is shown in
Figure 5.2.

For analysis purposes sequences were created at a specified end-diastole when the heart
is relatively motionless (0.8 of the R-R interval). Figure 5.2 shows the creation of such as
sequence. Two ROIs were selected on each image sequence: one in the myocardium, and
one in an area of the image adjacent to the heart. The user could adjust the position of
the ROI in the individual image frames if required (to compensate for patient breathing for
example). For each frame in the phase match images the median pixel value in each ROI was
calculated. The median of the ROIs from the first frame was subtracted from each subsequent
frame. For each frame the inverse of the relative change in the background ROI value was
applied as multiplicative correction for any offset in the image background, for example due
to respiratory motion. Following the background correction, a TIC for the main ROI was
created by subtracting the value of the first frame ROI. A gamma-variate function fitted to

the TIC3'? and the gradient of the curve at half peak were calculated. Statistical analysis was
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Figure 5.2: Sequence creator software showing the image sequence with a graph of the ECG
plotted above. The software has automatically identified the R-waves in the ECG and these
are highlighted on the ECG plot with red crosses). In this case the synchronised sequence is
being created at 0.8 of the R-R interval, and these times are indicated on the ECG plot with
the red vertical lines. The current time-point of the frame being displayed is indicated by a
black vertical line on the ECG plot.
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(b) Frame 4

(c) Frame 6 (d) Frame 8

Figure 5.3: Frames from a frame matched sequence created with sequence creation software.

performed using linear regression and Bland-Altman analysis. The software’s GUI is shown

in Figure 5.4.

5.3 Results

Four patients were excluded from the study; one patient could not maintain an adequate
breath hold during angiography, in one case no intervention was performed, and in two cases
there was a failure of the contrast injection protocol—on one occasion the pump failed to
trigger due to the R-wave not being recognised by the automated triggering system on the
ECG, and in the second case the catheter was not flushed with contrast prior to the acquisition
sequence, leading to insufficient contrast injection.

The increase in blood flow following intervention measured from the angiograms correlated
strongly with that predicted by the post/pre ratio of FFR (r? = 0.97, p < 0.01). These results

are shown in the scatter plot and Bland-Altman plots in Figure 5.5.
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Figure 5.5: Ratio of post/pre intervention FRR and gradient at half peak shown as (a) scatter
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5.4 Discussion

Key to the success of this method were the modifications to the X-ray system to produce
angiograms that were acquired without variation in radiographic factors throughout the image
sequence acquisition, and that the feed forward automatic gain control and standard image
enhancement algorithms in the image processing system were disabled. In a standard X-ray
system the automatic dose control and will continually react to the amount of contrast medium
within the image and the cardiac motion of the heart, adjusting the radiographic output to
maintain a constant dose the image detector. This causes the relationship between pixel
intensity and contrast medium mass in the image to vary both within a single sequence and
between sequences. Furthermore the bypass of the normal image enhancement algorithms,
and the automatic gain control (which seeks to maintain a constant signal level in the image
output stream) are also necessary. These modifications do not require additional hardware,
and could in theory be implemented on many similar X-ray systems. The combination of the
ADC and automatic gain control combine to produce a stable pixel intensity in the central
region of the image. Therefore if the change in pixel intensities is to be monitored over
the central region of the image (which contains almost all of the heart in most cases during
an acquisition, the expected drop in pixel intensity as the contrast is injected due to the
additional X-ray beam attenuation it produces is not seen. This can be seen in Figure 5.6b
which shows the sum of pixel intensities in a large circular ROI placed in the centre plotted
throughout two image sequences. The first sequence (blue line) was acquired in the standard
right coronary acquisition mode, and the TIC is almost flat due to the actions of the dose
control and automatic gain. Conversely a comparable sequence taken from a patient imaged
in the modified mode used in the DSA mode in Chapter 4 and the measurement sequences in
this chapter, shows a substantial decrease in pixel intensity as the contrast agent is injected
and flows into the image. Even in cases where a small ROI is drawn in the myocardium, such
as that shown in Figure 5.6b as used in this chapter, where the myocardial blush is visible in
the angiogram, the analysis of the TIC shows a reduced response to the contrast agent in the
standard sequence compared to the modified sequence (shown in Figure 5.6d). The images
shown in Figures 5.6a and 5.6b are from the sequence captured in the standard and modified

acquisition modes respectively.
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Figure 5.6: Comparison of time intensity curves (TICs) in images acquired (a) large and (b)
small regions of interest in the standard and modified acquisition modes. The modified mode
fixes the automatic dose control and disables the automatic gain control, the effect of which is
to normalise the mean pixel value in the centre of the image. This can be see in (c¢) where the
is little variation in the pixel values despite the injection of contrast in the standard mode,
but the appropriate reduction in pixel values due to the addition attenuation of the contrast
agent is seen in the modified mode. Even in smaller regions, where the blush can be seen
visually, there is a reduced response in the quantitative analysis (d).
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The dose control was allowed to operate for five frames at the start of each sequence to
ensure that a reasonable X-ray output was used for the current projection, patient position
and image geometry. The setting of an appropriate level is important—if the dose output
is too low, the image will be noisy and may not be of sufficient quality for analysis, and
the dose output is too high the patient will be exposed to unnecessary amounts of ionising
radiation. It is important that the exact imaging geometry was reproduced for the pre- and
post- intervention sequences, otherwise the dose control would settle to a different set point in
each sequence, leading to an inaccurate measurement of relative flow. These results indicate
that this was achieved.

Previous studies measuring relative flow from angiography have concentrated on measure-

200-204 o1 relative coronary

ments of CFR, the ratio of blood flow at rest and during stress
flow reserve (the ratio of CFR between a normal and diseased vessel).'%! Here, improvement
in flow following intervention was assessed. Clearly this measurement would not have any
role when deciding upon whether or not to stent a lesion, but rather in the assessment of the
efficacy of intervention in improving blood flow, but there is no reason that the method could
not be performed at rest and under hyperaemia to measure CFR.

There were a number of limitations and difficulties in this study. The ECG triggered pump
injection of contrast, whilst capable of reproducible and accurate injections, was a change to
normal clinical practice, and failed to work in one case where the R wave triggering failed to
detect a suitable trigger point in the single ECG lead being fed to the triggering system. The
two requirements for the injection are that it be delayed for one or more heart beats following
the start of imaging, and that all blood should be replaced at the arterial input, and it is
possible that this could be done with a hand injection, or power injector programmed with a
fixed delay greater than one heart beat.

This study considered only a small number of patients (9 patients). In five patients
small improvements in FFR were noted following intervention, although the overall range of
increase in flow was approximately 1-2.5 times, and this may have elevate the correlation
coefficient. Moreover the study did not include any test-retest element in its design to assess
the precision of either repeated invasive FFR or X-ray relative blood flow measurements.
Doing so would have been very difficult. Removing and reintroducing the invasive pressure

wire would introduce potentially serious complications such as arterial dissection, and repeated
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injections of adenosine to induce hyperaemia would have been a burden for the patient.

The use of the software tools in this study was time consuming. The first of the two—
the phase matched sequence creator—could be automated (and indeed the DSA software
described in Section 4.2.1 on page 84 implemented such a scheme), although the single ECG
channel input was noisy and proved unreliable. The physical connection beteen the physio-
logical monitoring equipment in the cath lab, and the X-ray system itself which permitted
the synchronised recording of the image data with a time match ECG signal, was a plug
that connected under the couch in the room that was prone to being knocked out of place or
damaged. The use of image based metrics to assess a frame’s point within the cardiac cycle
could overcome the limitations with the use of the ECG signal.

The use of the relatively small ROIs which contain only a fraction of the myocardium could
be a source of error for a number of reasons. Firstly, the ROI size and location are determined
subjectively. This is time consuming and prone to inter and intra operator variations in
location, although this variation was not assessed in this study. Furthermore their exact
location would be subject to the variation in flow in different regions of the myocardium.3!!

This analysis was based on ROIs in the myocardium, as opposed to using regions within
the artery as used by early angiographic measures of flow. #5186 These were chosen as the
frame rate for the acquisitions was much lower than the earlier studies (15 fps compared to
50+ fps). Whilst this did enable the standard frame rates of modern cardiac angiography to be
used, the longer sequences required to analyse the transit of contrast through the myocardium
are more prone to breathing artefacts. It should be noted, however, that the sequences for this
measurement, were much shorter than those assessing myocardial mean transit times using

189

angiography, °” as the washout phase does not have to be described.

5.5 Conclusions

Alterations to the X-ray system’s dose control, image processing and data capture, were nec-
essary to produce images used for the measurements sequences produced images that had
pixel values that were proportional to the X-ray dose incident upon the detector. This pro-
portionality was stable over time during a single acquisition sequence and between sequences

as long as the imaging geometry and patient position were consistent. Without that consis-
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tent, proportional relationship between dose and image pixel value, it would not be possible
to gauge the change in mass or volume of contrast agent within an image sequence, and a
relative measurement of flow would not have been possible. A relative index of blood flow
measured from analysis was implemented using a cardiac phase matched subtraction scheme,
retrospectively selecting a single frame per cardiac cycle. By comparing the ratio of this
index post-intervention to pre-intervention, a measurement of the increase in blood flow to
the myocardium was obtained. The technique has been compared to an index of relative flow
using intra-coronary pressure measurements, and the two indexes were found to have a very
strong correlation and low discrepancy, although the number of patients was small.

This work suggests that given the stable high quality images produced by modern X-ray
imaging equipment and the modified acquisition settings used, with the implementation of
a suitable calibration of pixel intensity to iodine mass, these methods could be developed to
measure absolute flow. The next chapter in the thesis describes the background theory on
how such a calibration can be achieved by comparing two angiograms using similar methods

to the analysis in this chapter.



Chapter 6

Absolute measurements of flow

using X-ray imaging: Theory

6.1 Introduction

The previous chapter developed a method of measuring relative flow intended to quantify
change in the flow before and after intervention (or potentially at rest and hyperaemia to
measure CFR). Careful control of the X-ray system’s automatic dose control and image pro-
cessing resulted in a method that was sensitive to the relative change in flow between two
runs on the same patient. If the radiographic output of an X-ray sytem vary over time, or
image processing which aims to improve the displayed quality of an image is applied, then
the relationship between dose incident upon the X-ray detector and pixel intensity varies over
time, which precludes assessment of mass of contrast agent in an image by signal intensity
inherent in the flow measurement method. In this chapter the relative flow measurement
method is extended to incorporate a calibration of signal intensity to contrast agent volume,
permitting the estimation of absolute flow of blood in a vessel.

Using planar X-ray imaging to measure the absolute flow of contrast agent in a vessel
is difficult for several reasons. A number of these were discussed in detail in the previous

chapter, and are:

e The pixel values of an X-ray system are neither calibrated to absolute scale nor is the

pixel’s relationship to X-ray dose linear.

113
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e The use of computer processing can undo the proportionality between pixel intensity
and dose in a manner which cannot be recovered. The algorithms, usually employed to

improve the appearance of an image, are often sophisticated and non-linear.

e The use of an automatic dose control system, different patient body habitus and X-
ray projection geometry will result in alterations in X-ray beam energy, meaning that
the differential signal due to the injection of contrast agent can vary both for different

acquisition from the same patient and between patients.

e The planer nature of X-ray imaging removes depth information so the volume of struc-

tures in an image is extremely difficult or impossible to calculate.

It is possible to address the first two of these points by calibration and configuration of
the equipment with help from the manufacturer. The last is a fundamental characteristic of
the projection nature of the imaging system.

This chapter describes a method for imaging absolute blood flow in a coronary artery
using X-ray imaging by exploiting the predictable relationship of signal intensity to mass of
contrast agent, and also proposes how stenotic and myocardial resistance could be inferred

using an intra-coronary pressure wire.

6.2 Principle

Consider Figure 6.1 which represents the object representing the heart, being imaging by a
diverging X-ray beam onto an X-ray detector. The main body is omitted from the diagram,
and only the heart and X-ray detector are shown. The heart has a cross section area of
Ap mm? and is located a distance, known as the source-to-object distance (SOD), from the
X-ray source. The distance between the X-ray source and the X-ray detector is known as the
source-to-image distance (SID). Initially the image scene contains no contrast agent (Figure
6.1a), but after some time ¢, a mass of m; iodine is present in the heart from the injection of
contrast agent.

A DSA image can be created by the log subtraction of the first contrast free image (the
mask), from the image at time ¢ containing contrast. The projected area of the heart’s shadow

will be Ag(SID/SOD)?. If we consider a ROI drawn around the entire heart (see Figure 6.1b),
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Figure 6.1: The attenuation of an X-ray beam by an object of volume V with surface area
Ap, a) before contrast injection, and b) after contrast injection.

every pixel in the ROI outside of the heart will have a value of zero, and those within the heart
will have a negative value depending on the mass thickness of iodine. Let N be the number of
pixels per square millimetre on the detector, From Eq. 2.12 on page 30, assuming the object
filled with contrast is small compared to the mass of the patient in the X-ray beam, and so
the injection of contrast medium causes negligible change in the mass of the other materials

in the ROI, the sum of the pixel intensities at time ¢, S;, within the ROI will be given by,

SID\?
St = —kNA() (S()—D> %mt/Ao (61)
SID\? u

If by time ¢ contrast agent has not yet reached the venous system, the volume V; ml of
contrast agent injected is given by the total mass of iodine in the heart, m; divided by the

iodine concentration of the contrast agent, ¢, and therefore
Ve (6.3)
P

If during an acquisition the imaging geometry and radiographic factors are fixed, then

the mass attenuation, (u/p, and SID/SOD are constant. k is a fixed factor in the computer
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processing creating the DSA image, and N is fixed, then

S, =CV, (6.4)

where C' = —kNc(SID/S OD)2 i/ p, and is a constant relating total pixel intensity change to
volume of contrast agent.

Considering two time points t; and ¢y, after the start of the contrast injection, during
which contrast is injected into the heart at @ ml/s. Again assuming none of the contrast

agent has not yet reached the venous outflow,

AV BV

@="ar = ty — t (6.5)
From Eq. 6.4, V;, = S;/C therefore
_ St2 _St1 g
©= Clta—t1) C 66)

where g = (S, — St,)/(t2 —t1). In other words, the flow is proportional to the gradient of the
TIC within the ROI.

This relationship can therefore be exploited to measure the blood flow in a coronary artery.
If an injection sequence is made where the rate of contrast injection is known (Q.), and much
lower than the native arterial blood flow (Q,,), then all of the contrast agent will flow down
the coronary artery. Analysis of the image sequence will provide the gradient of the time
intensity curve shortly after the injection starts (g.). If a second injection of contrast is
performed, with all of the blood in the inlet artery replaced by contrast agent, contrast will
be flowing into the organ at an unknown rate (),,. This yields a second time-intensity curve

with gradient, g,,. We can now calculate Q,, using Eq. 6.6 as follows:

m C m
gg—c - C%C (6.7)
Qm = Qc%: (6.8)

The flow in the artery can therefore be derived by the known rate of contrast injection in

the calibration sequence, (). and analysis of the time-intensity curves in the calibration and
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measurement sequences.

6.2.1 Comparison to previous work

As discussed in Section 2.4 calibration schemes have been used before in angiographic blood
flow measurements, but previous techniques have relied on an external phantom containing
a known material for calibration purposes, for example a known amount of iodine, placed
on the surface of the patient.2°%258:259 This presents a number of practical problems. In an
interventional setting, where maintenance of the sterile area of the patient is important, the
calibration phantom must be sterile and the iodine must remain stable and within the phantom
(e.g. not leaking). Such requirements would probably favour a single use phantom. Placing
the phantom on the patient whilst imaging at oblique views (i.e. highly angled X-ray beam)
would be very difficult. An adhesive phantom might be necessary, but would be difficult to
attach to the sterile surgical drapes over the patient and X-ray equipment. Another problem
with the use of an external phantom is the fact that the phantom and heart are at different
distances from the X-ray source. Figure 2.9 on page 22 shows that the distance of an object
from the source will determine the size (but not intensity) of its shadow projected onto the
X-ray receptor. Equation 6.3 shows that the sum of projected pixel values in the DSA image
is proportional to the the square of the ratio of SID to SOD. Therefore if the calibration
phantoms is placed on the entrance or exit surface of the patient, a correction must be made
for the different magnification of the calibration phantom and the heart. Following from our
theory above, an organ of cross section Agp, at a distance, d; from the X-ray source, will

project a shadow of area A,

A=A, (S‘?DY (6.9)

where SID is the source-to-image distance (distance from the X-ray source to the image
receptor). The calibration would have to account for the fact that the distance to the phantom
(d2) would require correction by a factor (d1/dz)?. This correction was employed by Molloi for

263 and would be reasonable to implement on animal models, and humans where the

his work,
distances involved could be reasonably predicted. This would limit the projection angles that

could be used, as an estimate for the location of the heart to the phantom could be possible
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for projections such as straight PA, but not for highly angled oblique projections. However,
the human coronary tree, and in particular the left coronary artery, is not well visualised in
many projection such as PA as the circumflex and left anterior descending arteries and their
associated myocardial beds overlap in the projection image. Other oblique or lateral views
would make such distance correction very difficult to achieve accurately.

In the scheme presented here the calibration phantom is replaced with an injection of
contrast at a known rate. There are downsides to the use of a calibration requiring an
intracoronary bolus of contrast. Firstly, the patient would receive a larger amount of contrast
which can increase the possibility of an adverse reaction to the contrast agent, and secondly
the calibration sequence acquisition would probably be longer than if a phantom were used
as image must take place during the contrast injection for some seconds. The calibration
sequence requires a known rate of contrast injection, and in practical terms this means using
a power injector. The volume of additional contrast agent would be low compared to that
used in the overall procedure. The contrast injection for the calibration has to be at a rate
that provokes a high enough signal change to be easily detectable, so a low rate should be

sufficient. Given arterial flows in the range of 1.6-2.35 ml/s,™®

a contrast injection rate of
0.5-1 ml/s should be acceptable. Furthermore the duration of injection must be low as the
principle requires analysis before any of the contrast agent has reached the venous system.
A four second injection would give around three heart beats to allow some averaging of the
results over some heart beats, resulting in the calibration injection overall bolus being 4 ml,
which is not significant. The relatively short acquisition time also means that the additional
radiation would not be excessive. The use of a power injector is common in the X-ray cardiac
catheterisation laboratory, for left ventriculograms. They are therefore readily available and
staff are familiar in their use. They are not commonly used for intracoronary injections
however, and care must be taken to ensure that the maximum driving pressure is not capable
of damaging the artery. Pumps have a programmable maximal driving pressure that can be
set, which can be used to reduce the chances of damage to the artery.

The calibration is based on an injection at a known rate rather than an injection of a
known bolus—this is an important feature, as the injection of a known bolus into a coronary

artery is very difficult. Contrast agent is more dense than blood, which will lead the contrast

agent to naturally flow out of the catheter tip over time (along with the inevitable mixing
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with blood at the distal end of the catheter). These factors make the leading edge of any
contrast injection be a mixture of blood and contrast agent, and the trailing edge not be a
sharp stopping of contrast injection but a gradual tailing off of injection. Therefore, even if
an injection syringe is weighed before an after injection to determine the mass of contrast
ejected from the syringe (or a specific bolus of injection programmed into a pump injector),
the mass of contrast actually leaving the catheter tip into the vessel will be different. Whilst
the use of known volume contrast injections have been demonstrated to measure relative
flow, % the technique has not been widely adopted. It has been proposed that the volume
of contrast entering a coronary artery can be assessed using the arterial input function,??3
but this involves accurate vessel tracking and higher image acquisition rates. Vessel tracking

is complicated by the overlapping arterial tree, particularly in the LCA, and the use of high

frame rates increases the patient’s radiation dose.

6.3 Measurement of resistance

Currently the microvascular and stenotic resistance can be assessed in the catheterisation
laboratory using intracoronary combined Doppler flow-velocity and pressure wires as HMR
and HSR (these are discussed in Section 2.3.4 on page 48). Additionally myocardial resistance
can be measured using IMR (see Section 2.3.5.1 on page 49), which uses coronary mean transit
time as a surrogate for flow. The use of flow-velocity or mean transit time instead of flow
is not ideal (as both for instance do not account for differences in vascular volumes both
between vessels or between patients). An angiographic measurement of flow could be used,
and combined with intracoronary pressure measurements.

The total resistance to blood flow, (), down a coronary artery could be made from flow a

pressure averaged over the cardiac cycle:

(6.10)

Where P, is the aortic blood pressure, and P, is the venous blood pressure. Whilst P, is not
often measured in practice, it will be low (typically 5 mmHg), especially when compared to
the arterial pressure. Intra-coronary pressure wires are commonly used in the measurement

of FFR, and could also be used to provide individual resistances for both a stenotic lesion
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and the myocardium (Rg and Rjs respectively), by measuring the pressure in the coronary

artery distal to a stenotic lesion (Py), giving

Rs = P‘IC;Pd (6.11)
Ry = i;d (6.12)

Again, for R)s it is assumed that P, is negligible.

6.4 Challenges to the clinical implementation

There are a number of simplifications made in the flow measurement methods presented in this
chapter, that will have to be overcome in human imaging. Firstly the heart is not stationary,
and therefore measurement of the gradients of the time intensity curves is complicated by the
cardiac motion affecting the attenuation of tissues in the ROI. In systole the heart is contracted
to its minimum volume, and therefore there it is likely that more tissue will be present in
the ROI than in diastole, even if the ROI is made large enough to cover the entire heart in
diastole. This variation in tissue mass in the ROI will introduce a variation in signal intensity
in an image. Phase matched DSA could be used to overcome this, as was done in the previous
chapter, but only if there is no other motion, notably due to breathing. In practical terms,
however, unlike the long acquisition mean transit time based angiographic flow measurements
that have previously been proposed, the sequences required for these measurements should
be relatively short (= 6 s).

Secondly, the idealised scatter-free, monochromatic X-ray beam required for the derivation
of Eq. 6.8 are not realistic. Scatter will mean that the signal in the ROI also has an additive
component, which is not attenuated by the contrast agent, invalidating equation 2.1. Adding

a signal G5, arising from S scattered photons per unit area into Eq. 6.14 from page 120, gives

AS =k <ln [GN(’) exp <—/;mC/A0> + GS] —In(GNj + GS) ) (6.13)

Therefore
N{ exp <—%mc/A0) + S

AS = |
S=Fk[In (N +9)

(6.14)
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This results in a non-linear relationship between the mass thickness of contrast and the
resultant attenuation. The simple linear relationship between contrast agent volume and
log-subtracted signal intensity shown in Eq. 6.4 is therefore not correct, and the relationship
is a non-linear function of primary photon fluence, scattered photon fluence and volume of
contrast agent. The greater the deviation in the relationship between volume and intensity
from linearity, the more inaccurate measurement of flow would become. Moreover the poly-
chromatic X-ray beam also means the relationship between mass thickness of material and
attenuation is not linear, with the relationship varying depending upon the beam energy
spectra (determined by the kV and spectral filtration), and patient thickness.

The effects of scatter and beam energy on the non-linear relationship between contrast
volume and signal intensity in the log-subtracted image were explored using a computer model
of conditions typical in cardiac X-ray imaging. X-ray tube output as a function of beam energy

48 and software

and material attenuation coefficients were obtained from published sources,
was written in MATLAB to model the relative intensity of an iodine filled vessel against
a PMMA background. Base line conditions for the model were an X-ray beam an energy
profile resulting from a 75 kV exposure with 2.5 mm inherent Al filtration and 0.1 mm added
Cu spectral beam filtration. This beam exposed a 200 mm thick PMMA phantom with a
simulated vessel filled with contrast agent with an iodine concentration of 300 mg I/ml. The
diameter of the vessel was varied from 0 (i.e. no vessel) to 5 mm, and the ratio of the minimum
beam intensity behind the vessel to the scene with no vessel—the relative beam intensity, or
1 minus the attenuation—was calculated. A scatter free, monochromatic, X-ray beam would
produce a linear relationship between vessel thickness and relative attenuation when plotted
on linear-log axes, with the gradient of the line being the linear attenuation coefficient. In
turn the model were recalculated whist independently varying the scatter-to-primary ratio
(SPR) from 0 to 2, kV from 60 to 120 kV, beam filtration from 0 to 0.9 mm Cu, and phantom
thickness from 100 to 300 mm of PMMA.

The impact of scatter on the relative signal intensity can be see in Figure 6.2. In this case
a 50 keV mono-energetic beam was used so that the effect of scatter and beam energy can
be separated. It can be seen that in the absence of scatter (as described by Equations 6.1 to
6.8), the logarithm of relative intensity (and therefore log-subtraction) is linearly proportional

to the volume of contrast agent as described by Eq. 6.4. As the scatter to primary ratio is
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Figure 6.2: Non-linear relationship between volume of contrast agent (modelled by vessels of
different diameter) and relative signal intensity introduced by scattered radiation. Modelling
using a 50 keV mono-energetic beam, demonstrates a linear relationship between log-relative
signal intensity for primary radiation only (SPR=0), and the non-linearity and contrast loss
introduced by increasing scatter.

increased there is both a non-linear relationship between the log-subtracted signal, and also
an overall reduction in subtracted signal intensity as scatter increases.

The effects of beam energy are shown in Figure 6.3. The figure demonstrates that changes
in thickness for higher diameter vessels (increased mass thickness) provoke lower changes in
attenuation than for smaller vessels. This effect is more pronounced when the beam is softer
(lower kV, lower Cu filtration or lower phantom thickness).

Nonetheless over reasonably large ranges the relationship between mass of iodine and
attenuation does approximate to be linear under the conditions studied. In cardiac imaging,
the irradiated field is relatively small, and it is standard practice to use an anti-scatter grid,
meaning that scatter to primary ratios are lower than in many other areas of radiography.
Nonetheless, depending on the precise conditions used, these non-linearities could lead to
inaccuracies in the X-ray based flow measures.

The accuracy of the calibration requires that the calibration injection is performed at
a known rate, that for the measurement sequence has complete replacement of blood with
contrast agent, and that the measurement injection does not affect the flow of blood. For

the calibration sequence no black-flow of contrast into the aorta should occur (i.e. the entire
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Figure 6.3: Results from modelling the effects of the X-ray beam’s energy spectra as altered
by b) kV and c) beam filtration, and patient thickness on introducing a non-linear relationship
between object thickness and attenuation. A contrast filled vessel of varying size is modelled
with a beam of 75 kV, 0.1 mm Cu filtration, 200 mm PMMA equivalent phantom and a scatter
to primary ratio (SPR) of 0, and the relative intensity (1-attenuation) is plotted with each of
the model’s variables being altered with the other base line conditions remaining constant.
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contrast bolus is delivered down the coronary artery). For the measurement sequence if the
injection rate is not high enough there will be incomplete replacement of blood. Furthermore
the native flow might be altered by being increased due to an increase in pressure in the
proximal artery due to the injection, or prompt a reactive hyperaemia. Alternatively there

could be reduced flow due to the higher viscosity of contrast agent compared to blood.

6.5 Conclusions

The proposed measurement scheme has a number of appealing properties. The additional
contrast administered and radiation doses are likely to be small due to the short acquisition
sequences, as the analysis is performed on the early stages of contrast flow through the heart.
Moreover the short acquisition sequences will minimise the motion artefacts. when performing
the calibration, the use of an injection at a known rate into the heart overcomes limitations of
requiring to know the exact volume of contrast injected, and the calibration being performed
within the heart as opposed to an external calibration phantom removes the uncertainties
inherent in correcting for different magnifications between the calibration and measurement
conditions. Furthermore, the exact location or size of the ROI used in the analysis will
not affect the sum of the pixel intensities, providing the whole heart is encompassed by the
ROI and mis-registration artefacts are kept to an acceptable level. The large, simple, ROI
should reduce the time required to perform the analysis and minimise inter- and intra-operator
variability.

There remain a number of simplifications that have been made in methods, compared
to practical X-ray imaging. Scatter and beam energy related non-linearities may introduce
inaccuracies, and the injection of the contrast itself particularly during the measurement
sequence may affect the underlying flow in the vessel during the injection. It was therefore
decided to test the methods in phantoms, to verify that these simplifications do not results in

flow measurements that are too inaccurate, before proceeding to test the method in humans.



Chapter 7

In vitro measurements of low from

X-ray angiography

7.1 Introduction

The aim of the investigations presented in this chapter was to determine whether accurate
and reproducible measurements of flow using the methods described in Chapter 6 could be
obtained in phantoms using the X-ray catheterisation laboratories in Leeds.

Two phantoms were devised for this purpose. The first phantom contained a single inlet,
single outlet, fixed volume reservoir, representing a coronary artery flowing into a region of
myocardium. Contrast could be injected at known flow rates directly into the reservoir, and
hence this phantom is referred to as the direct injection phantom. The design allowed an
appreciable delay from the contrast arriving in the reservoir before it began to flow out of
the outlet. This phantom design provided a means of performing a proof of concept and
reproducibility for the theory presented in the previous chapter, i.e. that using a calibration
sequence to assess the rate of change of signal intensity from a known inflow of contrast,
an estimate could be made for the inflow of contrast in a second contrast injection where
the inflow is unknown. The phantom was not representative of coronary flow due to its
direct power injection design, but was subject to many of the potential issues that would be
encountered in human imaging, such as the system dose control, signal non-linearity due to
the polychromatic X-ray beam, and the potential effect of scatter on measurements.

The second phantom employed a much more sophisticated model of the coronary circu-
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lation. In this phantom, the simulated coronary artery branched off an larger vessel, which
simulated the aorta. The coronary branch flowed into a similar reservoir to the direct injection
phantom. Unlike the direct injection phantom, where the rate of contrast flow into the reser-
voir was determined by the volume of contrast injected, in the second phantom, flow down
the simulated coronary artery was determined by the pressure in a simulated aorta and down-
stream resistances in a simulated coronary branch, in a similar way that the coronary flow is
driven in humans. The simulated aortic pressure could be varied, and the variable resistances
simulating a coronary stenosis and myocardial resistance could be introduced. Contrast in-
jection was via a catheter engaged with the ostium of the simulated coronary artery, so the
contrast flow into the simulated artery was a combination of the injection rate and native
arterial flow. This phantom allowed the calibration and measurement injections to be tested
in far more realistic conditions investigating for instance whether complete replacement of
blood with contrast during the measurement sequence was achievable, whether the arterial
flow was affected by the contrast injections and whether the type of contrast agent affected
the measurements.

The following experiments and their respective objectives were performed with the two

phantoms:

e Direct injection phantom: proof of concept. Does the use of a calibration sequence
where contrast is injected at a known rate permit the measurement of blood flow in a

sequence where the contrast injection rate is unknown?

e Direct injection phantom: An assessment of the flow measurement accuracy and repro-

ducibility.

e Coronary circulation design validation: does the coronary flow in the phantom behave

in the expected way when the pressures and resistances are varied systematically?

e Coronary circulation phantom: does the contrast injection affect the flow down the
artery, and does the choice of contrast agent affect the accuracy or reproducibility of

flow measurements?
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7.2 Direct injection phantom

7.2.1 Phantom design

A single inlet, single outlet phantom was designed to mimic a coronary artery feeding a region
of myocardium with a single venous outlet. An early design used a plastic tube inlet into an
open bath chamber with a drain near the top. This approach was discarded, as contrast
accumulated in the bottom of the chamber (as it more dense than water) and did not drain
easily down the outlet. As such it was difficult to clear the phantom of contrast. Moreover,
the volume of liquid in the chamber was not constant during injections. The open bath was
replaced by a glass jar with a lid (Marmite Original 250 g, Unilever Ltd, London). Two holes
were drilled into the jar lid for each of the inlet and outlet hose, whilst ensuring water tight
fit of the hoses and lid. The inlet hose terminated close to the lid of the jar (i.e. near the
top of the jar), and the outlet hose terminated in contact with the bottom of the jar. The
jar was filled with liquid and with the lid closed an injection of water or contrast into the
inlet would expel an equal volume of liquid from the outlet, keeping the liquid volume in the
jar constant. A sponge was attached to the end of the inlet hose inside the jar. The sponge
caused injected contrast agent to diffuse through the sponge’s structure, and prevented the
contrast from simply falling to the bottom of the jar, therefore delaying the transit of contrast
from the inlet to the outlet. Several sponge types were tested; too dense sponges retained
contrast for too long a time, yet too open sponges failed to delay the contrast sufficiently. A
common cleaning sponge was finally selected, which delayed the contrast for approximately
two seconds before contrast could be seen beginning to flow to the bottom of the jar. The inlet
hose was connected via a Y-connector to both a power injector (Angiomat Illumena, Liebel
Flarsheim Inc., Cincinnati, OH, USA) for injection of contrast medium. The power injector
was the pump used in clinical practice, and therefore a calibrated medical device maintained
and serviced by the supplier. A clean warm water source was pumped via microprocessor
controlled pump. The clean water pump was turned on after a contrast injection to flush
all contrast from the phantom before a subsequent contrast injections. The outlet hose’s
position at he bottom of the chamber allowed contrast in the chamber to be flushed quickly
and prevented the contrast accumulation seen in the original phantom design. Liquid from

the outlet hose was discarded. The configuration is shown in Figure 7.1.
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Figure 7.1: Configuration of the direct injection phantom.

The chamber and all hoses were filled with body temperature water, and all air bubbles
cleared from the system. Imaging was performed during which contrast was injected at a
known rates. During the acquisition the tube to the clean water inlet was clamped, preventing
contrast from flowing into the clean water inlet reservoir. Following each injection sequence
the clean water inlet was unclamped, and the clean water pump turned on until the all visible

signs of contrast medium in the jar on fluoroscopy were cleared.

7.2.2 Imaging

Two experiments were performed using the direct injection phantom. The first was a proof of
concept experiment, and the second a test of reproducibility. Two catheterisation laboratories
were used for the experiments, one containing an Allura Xper FD10 and the other an Allura
Clarity FD10 (Philips Healthcare, The Netherlands). Visipaque 320 (GE Healthcare, UK)
was used as the contrast medium, and was pre-warmed to 37 degrees prior to injection. All

images were acquired at 15 frames per second.

7.2.2.1 Proof of concept

The X-ray gantry was placed in the lateral position, and the mixing chamber placed on
the couch in a larger tub to catch any spilt liquid. The SID was set to 121 cm, and the

source-to-chamber distance was 93 cm. Six PMMA blocks of dimensions 10x10x2.5 cm were
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placed between the tube and the jar, adding 15 cm of PMMA attenuation to simulate a
patient’s soft tissue. The entrance to the PMMA blocks was 59 c¢cm from the X-ray source.
Baseline radiographic settings were determined by acquiring an initial image sequence using
the automatic dose control with the test phantoms framed in the image, and thereafter all
acquisitions were performed using fixed radiographic settings based on those used by the
automatic dose control (viz. 75 kV, 800 mA, 6 ms with 0.1 mm copper beam filtration).
After the factors were determined the automatic dose control was disabled and the same
settings used for every acquisition sequence.

Sequences were acquired at 15 fps using contrast injection rates of 0.5, 1,1.5, 2, 3 and
4 ml/s. The contrast injector was programmed to commence injection two seconds after
the start of the X-ray imaging sequence and terminate the injection four seconds later. X-
ray acquisition was continued for at least 11 seconds. Image capture was performed by
dedicated hardware provided by the equipment manufacturer, which permitted the capture
of images without the image enhancement and other image manipulations that are made to
clinical images. The captured images were recorded on a dedicated computer placed in the
equipment rooms of the catheterisation laboratories. The device recorded images prior to
the normal image processing algorithms applied to clinical images, using a proprietary file
format. Images were transferred from the capture computer to the University for analysis
using custom software written in MATLAB R2013b (Mathworks Inc, Nattick, MA, USA).
Twelve frames starting at 1 s into the sequence were averaged and the average of these frames
subtracted from all of the frames in the sequence, effectively removing all background objects
from the image. A region of interest was drawn around the jar, and the sum of pixel intensities
within the region was calculated for all frames in a sequence forming a TIC. The gradient of
the TIC between frames 60 and 90 was calculated by curve fitting a first order polynomial.
The 1 ml/s sequence was selected as the calibration sequence and a calculation of flow was

made as per Eq. 6.6 on page 116.

7.2.2.2 Reproducibility

On a different occasion the phantom was reassembled with only minor changes from that
above. Firstly the X-ray beam was configured in a vertical position facilitating easier access

and placement of the beam filters. The X-ray dose control was not overridden for this ex-



130

periment, but rather the dose control scheme used for the cardiac DSA system was used, i.e.
the dose control operated for the first five frames of an acquisition sequence, than then the
factors were locked for the remainder of the sequence. Three sequences were obtained with
contrast of 1, 2, 3, 4 and 5 ml/s, producing 15 sequences. The contrast injection was initiated
approximately two seconds after the X-ray acquisition, and continued for four seconds. Image
capture and analysis was completed using similar methods to the proof of concept experiment.

The coefficient of variation was calculated for the gradient of the TIC for each injection
rate. Three measures of flow were calculated for each of the injection rates of 1.5 ml/s or
greater, using different combinations of calibration sequences taken from the 1 ml/s sequences
and one from the measurement sequences; for example if the three 1 ml/s sequences were A, B
and C, and the three 4 ml/s sequences D, E and F, then the (calibration-measurement) image
pairs used to calculate flow for the 4 ml/s injection were A-D, B-E, and C-F. To obtain flow
measurements the the injection rate of 1 ml/s, three combinations of the 1 ml/s sequences

were combined as calibration-measurement as follows: 1-2, 2-3, and 3-1.

7.2.3 Results
7.2.3.1 Proof of concept

Three frames from the 3 ml/s injection sequence are shown in Figure 7.2, taken from near the
start of the acquisition, and in the middle and near the end of the injection sequence. The
time intensity curves from the background subtracted images and their linear curve fits from
each of the acquired sequences are shown in Figure 7.3. The linear portions during contrast
accumulation can be clearly seen.

The calculated rates of flow from the X-ray measurements are shown in Figure 7.4. For

the flow measurements the average coefficient of variation between all flow rates was 4.3%

7.2.4 Discussion

The results from the direct injection phantom indicated that the X-ray flow measurements
were reasonably accurate, with a mean difference between the X-ray measurements and ac-
tual flow of 0.05 ml/s, and a root mean squared error of 0.17 ml. The absolute difference
between the X-ray measurement and actual flow increased with the flow, and the maximum

absolute difference was 0.43 ml/s with an actual flow of 5 ml/s (9%). The measurements
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(a) frame 25 (b) frame 55 (c) frame 90

Figure 7.2: Frames from the 3 ml/s direct injection phantom sequence a) as the injection was
commencing, b) in the middle of the contrast injection and c) towards the end of the injection.
The jar can be seen, along with the contrast accumulation in the sponge during the injection.
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Figure 7.3: Time intensity curves for each of the acquisition sequences, and fitted curves to
calculate gradient.
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Figure 7.4: Scatter plot of actual vs X-ray measured flow from both the initial and repro-
ducibility experiments using the direct injection phantom.

were also reproducible, with a mean coefficient of variation of 4.2%. These results indicated
that, given that with a polyenergetic X-ray beam typical of that used in cardiac imaging,
and in the presence of scattering materials, that acceptable levels of accuracy and precision
could be achieved in the phantom. The next stage of the experiment, using the more sophis-
ticated coronary circulation phantom, would investigate if the measured flow is affected by

the contrast injection itself, and if the choice of contrast agent is an important factor.

7.3 Coronary circulation phantom

The second phantom model was constructed with far closer resemblance to the human vascular
system. The design of the phantom is shown in Figure 7.5. All of the tubing in the phantom
was silicon walled. The circuit comprised the following segments (each segment is shown in a

circular marker in Figure 7.5):

Segment A: The ascending aorta model. Joining this section is a branch allowing a catheter
to be introduced through a seal. The second branch is the coronary artery model

(segment C), and the main exit of this segment becomes segment B.



Segment B:

Segment C:

Segment D:

Segment E:
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The descending aorta model. This has an adjustable screw clamp (R1 in the
diagram) allowing the silicone tubing to be compressed, creating resistance to
flow and therefore increasing the pressure in segments A and B. This clamp could
therefore be used to alter the pressure in the aortic segment of the model (F,).
This segment drains either back into the heated tank (creating a recirculating
circuit), or into a drain bucket, whose contents were disposed of so that contrast

flowing through this section would not recirculate in the phantom.

The coronary artery model. The tip of the catheter was engaged with the start
of this segment (as would be the case in human PCI). An second adjustable
clamp (R2) was placed in this segment which allowed the tube to be compressed
simulating a stenotic lesion in the epicardial vessel. When used the intracoronary

pressure wire was advanced beyond clamp R2 to measure (Py).

A 250 ml glass jar reservoir (the same as used in the previous experiment) was

used to model the microvasculature.

The venous outflow model. A third adjustable clamp (R3) could be used on this
segment to simulate microvascular resistance. An inline flow meter (GTF2BHS,
CT Platon SAS, Cedex, France) was present after the clamp. In the same way
as segment B, this segment of the phantom could either be set to recirculate its
outlet into the main heated water bath or divert its output into a drain bucket

from which it was discarded.

A mixture of 40% glycerol and 60% water was prepared and used as a blood mimicking fluid

(BMF) as in previous studies.?'? Two pumps were available for use: a pump with a pulsatile

flow (GP8825, Whale Industrial, Bangor) and a combined pump and heater (GD120, Grant

Scientific, Shepreth, Cambridgeshire). These where submerged in the reservoir or attached to

the top of the tank containing the BMF as appropriate. For the second pump, the heater was

thermostatically controlled, and set to heat the liquid in the bath to 37 °C. The glycerol-water

mixture was stirred regularly to ensure good mixing of the water and glycerol.
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Figure 7.5: Configuration of the fluid flow in the experiment.

7.3.0.1 Reservoir jar

The purpose of the jar was the same as in the previous experiment, i.e. to provide a suitable
volume of liquid and a long enough transit time to allow for a period of contract accumulation
in the early stages of the acquisition sequences which could be fitted into the imaging field.
Improvements were made to the design of the reservoir jar following the work with the direct
flow phantom. Experience with the first phantom had revealed that whilst the sponge was
an acceptable solution, securing it in place was fiddly, it could take some time to completely
clear of contrast, and was perishable. Whilst the sponge used was cheap, it was also unlikely
to be particularly consistent between batches.

Initially, the jar was replaced by a coil of silicone tubing, wound such that its entire
content was visible in the image field. Whilst attractive from a simplicity point of view, as
the volume of liquid in the loop could be easily adjusted by altering the length of the coiled
tubing. In practice, however, the increased length of tubing was problematic as it increased

the resistance to flow compared to the jar. This was especially problematic during contrast
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Figure 7.6: Glass jar in position with the C-arm in a lateral position. The beam filtration
attached to the tube exit is just visible.

injections (due to the increased viscosity of the contrast agent compared to water or BMF).
During high rates of contrast injection the pulsatile pump was unable to maintain adequate
flow, with the pump running ineffectively, and drawing air into the circuit.

The jar was therefore reintroduced, but filled with plastic beads rather than the sponge.
Plastic beads are an attractive method of diffusing the contrast agent throughout the jar, as
they have a very similar X-ray attenuation to water and BMF, are readily available in fairly
reproducible sizes, and are inexpensive. Additionally the beads allowed the phantom to be
easily cleaned and dried, and their use resulted in the phantom not containing any perishable
parts. Smaller beads were found to increase the contrast’s transit time, but if the beads were
too small they could be drawn into the main circuit via the jar’s outlet tube. Too larger beads
lead to too rapid contrast agent transit and too low a liquid volume in the jar. Following
some trials with different beads, using beads with a hole through their centre (designed for
threading the beads over a string) produced good results. This meant that the beads could be
selected with sufficient outer diameter that they were large enough so that they could not be
drawn into the outlet, but the hollow centres created a larger number of paths for the transit
of contrast, and resulted in a larger liquid volume in the jar, thus increasing the transit time.
The beads used had an outer diameter of 8.4 mm, a length of 6.1 mm and internal diameter
of 4.4 mm. Once connected the jar was positioned in the imaging field with the C-arm in the
lateral position. The source to object distance was adjusted so that the jar filled most of the

imaging field. The arrangement is shown in figure 7.6.
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Connections

The catheter allowed a number of devices to be connected to the system. A three way
manifold was attached to a pressure transducer which measured pressure within the catheter.
Hence with the catheter engaged at start of segment (C), the pressure sensor is measuring the
simulated aortic pressure (P,). Two power injectors were also connected to the manifold, one
for warmed contrast agent, and one for room temperature saline. The catheter could also be
used to introduce smaller catheters, such as a thermodilution catheter (RayFlow, Hexacath,
Rueil-Malmaison, France), and a intracoronary guide wire with pressure and temperature
sensors (PressureWire Certus, St. Jude Medical, St. Paul, Minnesota, USA). With the tip of
the intracoronary pressure wire advanced beyond the simulated stenotic lesion, the pressure
sensor at its tip records the simulated distal pressure (Fy).

The outlet of segment C had an inline flow meter attached. The meter was calibrated
for water, and therefore not accurate when using the BMF. As a result, the outlet from this
section could also drain into a graduated cylinder, where the time taken for a given volume

of fluid to drain could be measured and used to calculate flow.

7.3.0.2 Phantom design testing

A number of tests were performed to confirm that the phantom behaved as a suitable model
for the human coronary circulation. With the pump running it is possible to adjust the three
clamps (R1-R3 in in Figure 7.5) to achieve the desired flow rates and pressures within the
phantom. Using the pulsatile pump, R1 was adjusted to provide pressure similar to that in a

human aorta, and R2 and R3 were adjusted to simulate the following situations:
i. no stenosis or myocardial obstruction (R2 & R3 minimum)

ii. stenotic lesion only (high R2, minimum R3)

iii. stenotic lesion and myocardial obstruction (high R2 & R3)

iv. myocardial obstruction only and no stenosis (high R3, minimum R2)

Recordings were made of the pressure waveforms, calculated FFR and coronary flow for each

configuration.
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A series of experiments were conducted to confirm that flow within the coronary segment
of the phantom altered was as would be expected in response to variations in the three clamps.
A number of experiments using the pulsatile pump were performed, with the four conditions
listed above while pressure was simultaneously recorded using an intracoronary pressure wire
(to measure P;) and via a transducer attached to the catheter (P,). However during this
testing phase, the pulsatile pump was seen to run at a reduced output, either gradually over
time, or suddenly. It was therefore replaced with the steady state GD120 pump. Using
this pump the simulated aortic pressure, distal pressure and output flow were measured as
resistance R1 (to control the aortic pressure) R2 (stenotic lesion) were varied. Although there
was an inline flow meter in the coronary outlet segment of the phantom, it was not used as
the primary source of flow measurement as it was calibrated for use with water and not the
BMF used in the phantom experiments. Instead, the outflow from the simulated coronary
artery segment was measured using both the flow meter and by measuring the time taken for
30 ml of liquid to accumulate in a graduated measuring cylinder using a stopwatch. In all
cases, time measurements were repeated three times and the mean taken to calculate flow.

Initially, R2 and R3 were set to their minimum values, simulating no added myocardial
or stenotic resistance, and R1 was varied to alter the simulated aortic pressure from 90 to
125 mm Hg. Measures of P,, P; and outflow were taken. The simulated aortic pressure was
reset to 100 mm Hg, and then progressively R2 was altered to simulate increasing stenotic
resistance with Py values between 100 mm Hg (no stenosis) to 41 mm Hg (severe stenosis).
Again, measures of P,, P; and outflow were taken, and the relationship between stenotic

resistance ((P, — P;)/Q) and flow described.

X-ray blood flow measurements

The coronary flow phantom was set up in a cardiac catheterisation laboratory (Allura Clarity
FD10, Philips Healthcare, The Netherlands). The combined pump & heater unit was used,
with R1 adjusted to provide P, of 125 mm Hg and R2 and R3 set to minimum. The output
flow from the coronary branch was measured using the graduated cylinder, as before. The
reading on the inline flow meter was noted, and referred to during the experiment to ensure
that the flow conditions had not changed. The controls on the manifold were set to allow

the flow from the contrast pump into the catheter. Contrast agent injections for each of two



138

types of contrast agent- iodixanol (Visipaque 320, GE Healthcare, Amersham) and iohexol
(Omnipaque 140, GE Healthcare, Oslo, Norway) were performed at a range of rates: 0.5, 1, 2,
3 & 4 ml/s. Prior to each injection, the contrast pump was advanced by hand until contrast
was visible at the tip of the catheter. All imaging was performed with the jar centred in the
X-ray beam with the C-arm gantry in the lateral position. 25 mm of Al filtration was added
to the X-ray collimator output window. The main pump was started, and a short while later,
after the flow had stabilised, X-ray image acquisition at 15 frames per second was initiated.
The radiographic dose was set by the automatic dose control, which was programmed to lock
the factors for each sequence after five frames. After approximately two seconds the contrast
injection was initiated, and this continued for four seconds. No delay or rate rise and a
maximum pressure of 200 mm Hg were programmed into the contrast pump. X-ray image
acquisition was continued for several seconds after the cessation of the contrast injection. The
main pump was left running after the image acquisition to flush contrast from the tubes and
jar. During contrast injection and washout the outlet pipes were configured to flow into the
drain bucket, so no contrast was recirculated in the system. Fluoroscopy was used to confirm
the complete washout of contrast agent before the pump was stopped and the system prepared
for the next injection. Each of the injection rates was performed three times. Images were
recorded on a dedicated image capture PC that could record the image sequences prior to the
image enhancements normally applied by the manufacturer.

The images were transferred from the capture computer to the University for analysis.
All analysis was performed with the software developed for human use. This software is
described in detail in chapter 8, but the calculations performed to measure flow, i.e. the
ratio of the measurement and calibration curves’ gradients, were the same as in the previous
phantom work. The rising gradient of the TIC was calculated for each sequence, and standard
deviation calculated. The 1 ml/s sequences was selected as the calibration sequence, and the
flow of each of the other rates was calculated. To calculate flow for the at 1 ml/s, different
1 ml/s sequences were combined as the calibration and measurement sequences. Three such

measurements were taken for each rate.
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Stenotic Myocardial | Pa Pd P;/P, | Flow (ml/s)
Lesion obstruction | [max/min, mean| | [max/min, mean)]
(mmHg) (mmHg)
n n 80/45, 58 72/39, 50 0.89 2.67
y n 85/47, 59 45/20, 30 0.51 1.57
y y 87/48, 61 77/42, 54 0.88 0.60
n y 87/48, 61 84/44, 57 0.95 0.65

Table 7.1: Coronary circulation phantom pressure and flow measurements as different resis-
tances are introduced with the clamps.

Contrast agents

Finally the phantom experiments aimed to assess the effect of the contrast agent choice on
the X-ray based flow measurement. If the contrast agent injection affects the flow of blood in
the coronary artery this will introduce error into the flow measurements. Two contrast agents
were selected: iodixanol 320 mg I/ml and iohexol 140 mg I/ml. Iodixanol 320 mg I/ml was
the standard contrast agent in clinical use at the time of the study. The lower concentration
iohexol has a lower viscosity, but with the downside of using the lower iodine concentration
contrast is the reduced attenuation and therefore lower differential signal intensity compared

to the background.

7.3.1 Results
7.3.1.1 Phantom design testing

Using the pulsatile pump the four resistance configurations were compared, viz. no stenotic
or myocardial resistance, stenotic resistance only, both stenotic and myocardial resistances,
and myocardial resistance only. Pressure traces from the experiment are plotted in Figure 7.7.
Example pressure measurements are recorded in Table 7.1, which also includes a calculation
of P;/P, (analogous to pressure measured FFR) and measured coronary output flow. The
phantom behaved as expected, for instance with P;/P, decreasing as a stenosis is simulated,
but then increasing once an increase in myocardial resistance is simulated along with stenotic
lesion. In other words the increased resistance downstream from the stenotic lesion, resulted
in a “normal” FFR, yet there was very low flow. When the stenotic lesion was removed, the
P;/P, increased further to 0.95, and the flow improved slightly to 0.65 ml/s, but again the

reduced flow could not be detected by the measurement of P;/P, alone.
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Figure 7.7: The effect on pressure in a phantom simulating obstruction to blood flow in the
artery (b), artery and myocardium (c) and myocardium only (d). All three of conditions b)—
d) result in greatly reduced coronary flow, but only b) is detectable using pressure measured
FFR. The mean P, and P, plots are the pressure averaged over a simulated heart cycle.
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Figure 7.8: Output coronary segment flow as the simulated aortic pressure is varied. This
demonstrates a linear relationship between aotric pressure and flow when no coronary resis-
tances are introduced. Error bars indicate + one standard deviation.

Considering the measurement of flow using a stopwatch for the accumulation of 30 ml of
liquid in the graduated cylinder, the mean coefficient of variation for the time measurements
was 1.81% indicating good reproducibility of the output flow measurements. The relationship
between the flow meter reading and outlet flow measured using the time for 30 ml of liquid
to accumulate in a measuring cylinder was found to be strongly correlated (r = 0.98) and
related by t3g = 0.803m — 0.803 where t3q is the time based measurement, and m is the meter
reading.

With no additional simulated stenotic or myocardial resistance (so P;/P, = 1), the coro-
nary segment flow measured at the outlet as a function of the aortic pressure are shown in
Figure 7.8, and demonstrated a linear relationship between simulated aortic pressure and
coronary flow as expected in the absence of a stenotic lesion.

With the pressure set to 100 mm Hg in the simulated aortic segment of the phantom,
clamp R2 was tightened simulating a stenotic lesion. As this was done, the pressure gradient
across the clamp would increase, and P,/ P, would decrease, and Figure 7.9a shows that flow
also decreased as expected. Figure 7.9b shows the same data plotted as stenotic resistance

((P, — Py)/Q) as a function of flow.

7.3.1.2 X-ray blood flow measurements

With R2 and R3 both set to minimum (i.e. no simulated stenotic or myocardial resistance),

R1 was adjusted until a flow of approximately 3 ml/s was achieved in the coronary artery
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branch of the phantom. This was achieved with a P,, of 135 mm Hg, which was close to
the value achieved in the previous experiment. The time taken for 30 ml of BMF to flow
out of the coronary model branch was measured as 9.91, 10.17 and 10.24 s, giving a flow of
2.97 ml/s.

One image file was not available for analysis in the iohexol 3 ml/s set, probably due to a
misidentification error in the file transfer. The mean coefficient of variation in time intensity
curve gradient was 1.6% and 2.2% for iohexol and iodixanol respectively. For equivalent
conditions the use of 320 mg I/ml iodixanol produced on average 1.8 times the signal change
of the 140 mg I/ml iohexol.

The measured flow values for iodixanol and iohexol are shown in Figure 7.10. For contrast
injection rates well below the 2.97 ml/s flow down the coronary artery segment, it would be
expected that all of the contrast agent would flow down the artery, and the measured flow
would be equivalent to the contrast injection rate in the measurement sequence; that is indeed
what is observed. For injection rates approaching and above the underlying coronary flow,
some of the injected contrast would be expected to flow back into the simulated aorta, and
then never enter the coronary segment, instead being expelled out the segment B (descending
aorta model) of the phantom. Assuming that the contrast injection did not increase the
underlying flow down the arterial segment, then as the injection rate were increased through
beyond the native flow then it would be expected that the measured flow would approach
and eventually be equal to the native flow, and this behaviour was observed. The maximum
measured flow with a 4 ml/s injection rate was 3.01 and 2.83 ml/s for iohexol and iodixanol
respectively; in other words the higher strength more viscous contrast agent underestimated
flow by 0.17 ml/s (5.7%). The mean coefficient of variation was 1.7% and 4.8% for the iohexol

and iodixanol contrast agent respectively.

7.4 Discussion

Reasonably accurate measurements of flow were obtained during this in vitro study using
both the direct injection and coronary circulation phantoms; for the direct injection phantom
the average root mean squared error was 4.4%, and for the coronary circulation phantom it

was 1.9% and 8% depending on the contrast agent used. In terms of precision, for the direct
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Figure 7.10: Contrast injection rate and measured flow in coronary circulation phantom using
both iodixanol and iohexol contrast agent. Error bars indicate + one stanadard deviation.
The native artery flow of 2.97 ml/s is shown by the dashed line.

phantom coefficient of variation for flow measurements was 4.3% and for the coronary circula-
tion phantom 1.5% and 2.2% for iohexol and iodixanol respectively. The flow measurements
were therefore reasonably accurate and precise in the phantom experiments. It is likely that a
number of factors would have influenced both the accuracy and precision of the X-ray based
measurements. Incomplete wash out of contrast between acquisition sequences would lead to
a lowering of the gradient as this contrast is ejected from the phantom early in the injection
sequence. The sponge/beads not delaying contrast transit as much as required would have
resulted in the contrast reaching the outlet at the bottom of the container rapidly due to its
higher density than water, again lowering the TIC’s gradient. Contrast agent transit on the
inlet and outlet pipes which impinge on the image, could affect the TIC, as could variations
in dose control settings between sequences, say due to small movements in the jar. The non-
linear relationship between iodine mass thickness and signal intensity, which is assumed in the
methods, is not exactly true, due to the poly-energetic beam and scattered radiation. Some
of these factors were unique to the phantom experiment (transit time in the jar, and external

tube positions for example), but others would also be found in human imaging. These include
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movement in the exact position of objects in the beam and non-linearity of the contrast agent
mass to signal intensity. The magnitude of these may be very different in human imaging;
for example the scatter-to-primary ratio was probably low in the phantom compared to clin-
ical cases as the main attenuators were placed at the tube exit window, leaving a large air
gap to the detector, and breathing could introduce considerable movement in the image and
variations in the overlapping anatomy, rather than the simpler translations of the phantom
elements observed in these experiments.

Compared to previous work, Molloi et al.?®® found a standard deviation for differences
between X-ray and ultrasound measured flow to be 0.05 ml/s, but the flow rates were much
lower in these animal experiments (0-1 ml/s). The mean difference between the angiographic
and reference measures was very close to zero. In later work, using an automated analysis
system, the group demonstrated a mean difference of 0.1 ml/s between X-ray and ultrasound
measurements with a standard deviation of 0.06 ml/s, although again the flow rates were
lower than used in these experiments, and variations at different flow rates were simply com-
bined in the analysis, despite the variation clearly being related to the absolute flow.?6? In
phantom measurements Goszczynska & Rewicki demonstrated an accuracy of 20% using a
similar calibration to the Molloi method.3!3 Overall, the precision of the phantom work here
is comparable to the animal work of Molloi’s work and better than that of Goszczynska &
Rewicki.

From a practical point of view, the methods described in this chapter should fit well
into a clinical work flow. A power contrast injector is required for the calibration sequence,
although these are widely available. These phantom experiments indicated that a calibration
of injection of 1 ml/s provided a good signal level, and produced accurate results. This flow
rate can be accommodated by the major coronary arteries, even in the presence of all but the
most serious of disease. Although not presented, a calibration of lower rates (say 0.5 ml/s)
would not have significantly altered the results. For the patient, the measurement sequence
could replace one of the standard angiograms performed. The measurement of flow would
require some additional radiation and contrast medium dose to the patient, but the amounts
would be a small fraction of the total of quantity used in the routine procedure.

The two contrast media tested produced very similar result, albeit with the more viscous

contrast agent slightly underestimating the flow in the circulation phantom. The benefit of
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using the contrast agent with a higher iodine concentration, is the higher signal per unit vol-
ume of contrast agent injected. In these phantom experiments, where there is no movement
during the acquisition sequence and a large region of interest almost eliminating the variation
due to quantum noise, this advantage would not be seen, but in human imaging, misregistra-
tion artefacts due to movement will cause variations in the TIC, and therefore making the
intensity changes due to the contrast agent larger in magnitude would be beneficial. There
was slightly higher variation in the flow measurements made with the higher iodine concen-
tration contrast agent (as can be seen by comparing Tables 7?7 and ??7). In clinical practice,
it would not be advisable to use two different types of contrast agent during a procedure, as
this would increase the risk of adverse reactions. The use of two different concentrations of
the same contrast agent would be possible, but Visipaque (the iodixanol product used in the
hospital in Leeds) is not available below 270 mg I/ml.

There did not appear to be an increase in arterial low due to the injection of the contrast
agent. At no point in Figure 7.10 do the measures of flow exceed the injection rate for injection
rates of less than the arterial flow, nor do the injections of contrast at 4 ml/s cause measured
flow values to exceed the native flow of just under 3 ml/s. For this to happen the excess
contrast agent must flow back into the simulated aorta, and be washed out of that segment
of the phantom. This was confirmed by imaging the bifurcation of the simulated coronary
artery from the aorta in the circulation phantom during a contrast injection at a greater rate
than the arterial segment flow whilst using the pulsatile pump. Images from the sequence
are shown in Figure 7.11. Figure 7.11a shows the very beginning of the contrast injection.
The simulated aorta is running from the top-left to the bottom-left of the image, with the
coronary segment branch east. As the injection progresses, contrast begins to fill the space
upstream from the catheter tip, and between strokes of the pump accumulates around the
injection site (Figure 7.11b). As the simulated aortic flow increases during the pump stroke,
this contrast is carried downstream along the aortic segment (Figure 7.11c).

Whilst the phantom experiments were informative, in demonstrating the accuracy and
reproducibility of the X-ray flow measurements, they are limited by the range of experimental
conditions examined. It would have been preferable for a greater range of coronary segment
flows to have been tested using a combination of aortic pressures, stenotic resistances and

myocardial resistances. However, time available within the catheterisation laboratory was
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(a) Frame 16 (b) Frame 50 (c) Frame 66

Figure 7.11: Frames from the coronary circulation phantom showing the catheter engaged
with the coronary artery segment. During a contrast injection at a higher rate than the flow
down the arterial segment, contrast can be see flowing back into the aortic segment of the
artery.

limited to weekend use when the laboratories were not used on the on-call rota. The time
taken to set up the experimental equipment, and then to dismantle and clean the catheteri-
sation laboratory after use, was considerable and the requirement to completely assemble the
phantoms for use, and return the laboratory in a state for clinical use after each day limited
the amount that could be performed on any given occasion. The failure of the image capture
device in one of the two laboratories further limited the experimental time available. Three
people were required to operate the X-ray equipment and perform the measurements safely,
again creating logistical problems performing these experiments. Finally the bath, flow me-
ters and steady state pump were loaned to us by the University of Bradford, and there was a

limit to the equipment availability.

7.5 Conclusions

The X-ray measurements proved reasonably accurate and reproducible in phantom experi-
ments, and the injection protocols required would not be overly onerous for use within the
catheterisation laboratory in human use. The use of rate of signal change, calibrated with a
known injection rate was shown to be a viable alternative to calibration phantoms containing
known quantities of iodine, rather than the injection of known bolus of iodine, as used in pre-
vious work, should overcome the problems implementing those fixed volume calibrations in
human use. Finally, the settings on a modern clinical cardiac X-ray system were successfully
modified to facilitate the quantitative assessment of absolute flow from angiography. These
advances indicated that the technique could be viable in human imaging, and indeed the

following chapter describes a preliminary study of the X-ray flow measurement in humans.



Chapter 8

In vivo measurements of flow

8.1 Introduction

The phantom experiments described in the previous chapter indicated that, with a suitable
clinical protocol, X-ray angiography could be used to measure coronary blood flow and there-
fore an experiment was designed to test the method in humans. The translation into humans
required that a number of potential complications were overcome that were not addressed
or relevant in the phantom experiments. Clearly the heart is not static like the phantoms,
and there is substantial movement of the heart during the cardiac cycle, which will result in
variation in any time-intensity curve measured in an ROI. The earlier DSA work described
in Chapter 4 indicated that a phase matched subtraction scheme could be used to overcome
cardiac motion, and the relative flow experiment in Chapter 5 demonstrated that using retro-
spective selection of images at one point in the cardiac cycle was a viable means of achieving
this. Coronary angiograms are also subject to other patient motion, most noticeably from
breathing. The DSA work also indicated that minimising the duration of the injections of
contrast agent (and therefore acquisition sequence) should reduce the number of cases lost
due to breathing-related misregistration artefacts.

The human coronary arteries are considerably more complex in form than the phantoms
described in Chapter 7 used test the X-ray measurement technique, and their structure can
be challenging to image on a planar projection imaging system. There is also variation in
coronary anatomy between people. In some people collateral arteries are developed in response

to coronary heart disease. There are also normal anatomical variants, for example with the
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posterior descending artery branching from either the right or left coronary arteries (referred
to as right-dominant and left-dominant respectively). The two main arteries are selectively
engaged during cardiac catheterisation, and therefore both are not normally visible on a
single angiogram. This means that any measure of flow to the myocardium using X-ray
angiography would have to assess the territories supplied by each of the two main coronary
arteries individually. In the LCA it is desirable to be able to assess the Cx and LAD separately,
however, the anatomy of the Cx and LAD are such that both arteries, and their myocardial
territories, are often superimposed on common angiographic projections used on the left
coronary system. Furthermore, the ascending and descending aorta could also carry contrast
agent within the image field and therefore, ideally, these would not overlap with the heart
itself in the projections used for flow measurement.

The following preparatory stages were therefore required prior to a human study:

e develop a clinical measurement protocol including angiographic projections and pump

protocols,

e develop analysis software to measure flow on the image sequences that was resilient to

the cardiac motion,
e select and utilise a reference measurement of blood flow.

Thereafter a study comparing blood flow from X-ray derived measurements to reference

measurements in humans was performed.

8.2 Preparatory work

8.2.1 Selection of angiographic views

Diagnostic views of the coronary arteries are taken in a range of projections. Up to seven views
with different combinations of left anteroir oblique (LAO)-RAO and cranial-caudal angulation
for the LCA, and for the RCA three views are typically used,?!” although practice varies
between institutions. Each view is intended to demonstrate different segments of the coronary
arteries, whilst minimising foreshortening and overlapping vessels.??* For the measurement of
flow, however, different objectives were required, and issues such as minimising foreshortening

of particular vessel segments are not required. The heart must fit within the entire image
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frame throughout the heart beat. To reduce radiation dose, highly attenuating areas of the
body (such as the spine or liver) would not be placed near the centre of the field, and the
projection angle would ideally result in a relative low tissue thickness in the beam (i.e. not
be too steep). This would also permit the use of lower kV, thus improving contrast. For the
left system, the Cx and LAD and their perfusion territories would be projected into different
areas of the image. Ideally overlap with the aorta would be minimised.

Previous angiographic sequences were reviewed by the project’s clinical collaborators, and
the following views were selected. For the left coronary artery: left lateral, or LAO (45—
60°)-cranial (20°), and for the right coronary artery straight RAO (around 30°) or LAO(45—
60°) with cranial angulation as required. Example images in these projections are shown
in Figure 8.1. For the left system, the left lateral position (8.1b) does achieve the required
objectives, but is not commonly used in clinical practice as there are a number of drawbacks
to its use. The left lateral projection places the X-ray source close to the interventionalist,
increasing staff dose. It requires a large amount of clear space around the patient which,
given the use of two power injectors during this experiment, could be difficult to achieve. The
heart is magnified in the image such that it may not fit in the image frame for larger patients.
Finally, lateral projections can be difficult to achieve in patients with radial access due to the
position of the patient’s arm. For this reason the RAO-caudal projection (8.1a) was selected
as an alternative, but there is not as good a separation of the Cx and LAD. The descending
aorta can overlap the Cx which may result in contrast flowing back into the aorta during
the measurement sequence entering the ROI used for analysis. This projection also suffers
from the steep projection angle, with the diaphragm being high in the image field, and the
spine encroaching some way into the image on the right hand side, and the descending aorta
potentially overlapping with the Cx territory.

For all sequences the heart was framed to keep the entire heart within the imaging field,
no magnification was employed (i.e. the largest field of view, 25 cm was used), the collimators
were moved so they were just visible in the image frame, and the brass filters were completely

withdrawn from the image field.
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(a) LCA, LAO Cranial (b) LCA, left lateral

(¢) RCA, straight RAO

Figure 8.1: Frames from angiograms taken in the projections used in the clinical study. The
left coronary artery was imaged either in (a) LAO-Cranial or (b) left lateral, and in the
images the left anterior descending and circumflex arteries are highlighted with yellow and
green arrows respectively. In (c), taken with a straight RAO projection, the right coronary
artery is highlighted by the orange arrows.
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8.2.2 Pump protocols and angiographic timings

The duration of the contrast agent injection was selected to balance a number of competing
requirements. From a contrast dose (and radiation dose) point of view, a shorter injection with
a lower overall contrast volume would have been preferable. However, during the initial part
of the injection, the contrast at the distal tip of the catheter would likely contain a mixture of
blood and contrast, as contrast tends to leak out of the catheter over time. Therefore the initial
part of the injection must be disregarded, as in the calibration sequence the mixture of blood
and contrast would result in an unknown inflow of contrast agent, and in the measurement
sequence complete replacement of blood with contrast would not occur. On the other hand,
an absolute minimum of one heart beat with contrast inflow was required, and having a
number of heart beats would allow some averaging of results over time. It was decided to use
a fixed duration of injection rather than varying the injection duration based on an individual
patient’s heart rate, with the expectation that a simple table of injection rate and bolus
volume would minimise the chance of error when programming the power injector.
Following discussion with the clinical collaborators, a four second injection duration was
selected. This allowed two full heart beats even at a low heart rate of 40 beats per minute
(bpm), and more at higher heart rates. For the calibration sequences, an injection at a rate
of 1 ml/s was chosen, balancing the fact that all of the contrast agent must flow down the
artery, against providing sufficient signal levels to be reliably quantified in an image sequence
containing signal variations from cardiac and other motion. A lower injection rate (0.5 ml/s)
was also available for use if a particularly low coronary flow was suspected. The maximum
driving pressure of the pump was set to 200 psi, with no rate rise. Where possible, the pump
was triggered to start automatically shortly after the beginning of the X-ray acquisition, with
an inject delay programmed to at least 1.5 cardiac cycle durations for the current patient (so
the pump would commence injection 1.5 s after the start of the X-ray acquisition for a patient
with a heart beat of 60 bpm). In cases where the pump could not automatically be synchro-
nised with the start of the X-ray exposure, that is when the necessary combination of pump
model, connector lead, lead adaptor and catheterisation laboratory were not available during
a given clinical session (not all combinations of equipment available in the catheterisation
laboratories provided links between the electronic connections required to achieve automated

coupling with the X-ray acquisition), the pump was triggered manually, ensuring a sufficient
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Figure 8.2: Full graphical user interface of the analysis tool showing a completed measurement.

delay allowing at least one cardiac cycle of images before commencing the injection.

For the measurement sequence, the injection rate was varied according to the overall size
of the current artery and was 3-5 ml/s at the discretion of the clinical operator. In all cases,
the resulting angiogram was reviewed and checked to ensure that continuous back flow of
contrast into the aorta was present, indicating that the injection rate exceeded the native

arterial flow.

8.2.3 Image analysis software application

A single application was created in MATLAB for analysing the sequences that combined
and built upon the tools used in the relative flow experiment described in Chapter 5. The
previous applications were time consuming to use, and in this phase of the project the analysis
application was intended to be easy to use (suitable for unsupervised use by the clinical
collaborators), and fast to produce results. As inputs, the software took either the raw
(unprocessed) images from the data capture device fitted to the X-ray systems, or Digital
Imaging and Communications in Medicine (DICOM) files transferred from the picture archive

and communication system (PACS) system. The software’s interface is shown in Figure 8.2.
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The work-flow when using the analysis application was as follows.
1. Load the calibration image sequence into the application.
2. Draw a region of interest covering the whole heart.

3. Alter any of the parameters for the analysis software as required, and initiate the se-

quence analysis.
4. Load the measurement image sequence.

5. Copy the ROI used on the calibration sequence onto the measurement image and adjust

as necessary.

6. Run the analysis using the same parameters, with the software reporting the measured

flow.
7. Repeat from step four with any other measurement sequences from the same patient.

The application allowed the user to play the loaded image sequences as movies at the frame
rate as acquired, or to manually step through image frames. Images can be displayed either as
unsubtracted or subtracted image sequences. To create the DSA sequence a single mask image
was automatically selected near the start of the sequence and subtracted from all images in the
sequence. The subtracted sequences were useful for assessing patient movement, to visualise
low concentrations of contrast—such is in the myocardium—or to visualise contrast in the
aorta. This simplified subtraction scheme was only used for image display purposes. Reference
markers could be shown as an overlay marking a fixed position in the image, allowing the
position of objects in the image sequence (such as the catheter, arteries or the diaphragm) to
be tracked over time. The ROIs, analysis settings and image sequence details in the current

analysis session could be saved to disk and reloaded at a later date.

8.2.3.1 Drawing regions of interest

The perfusion analyser tool allowed the user to select a number of ROI shapes—rectangular,
elliptical, or a generalised polygon. The rectangular shape was easiest to draw, whereas the
ellipse could better match the shape of the heart in some cases without containing other fea-

tures such as the aortic root. The most complex shape, the polygon was most time consuming
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(a)

Figure 8.3: Drawing a rectangular ROI in the MATLAB analyser tool, displaying the a)
conventional unsubtracted presentation and b) digital subtraction view.

to draw, but allowed for any number of vertices to be added to the shape, permitting a great
deal of flexibility in the ROI shape. Initial ROI locations, covering approximately the centre
third of the image, were created by the software. The user was then able to interactively alter
the shape and position of the ROI. The ROI type and shape could be saved to a file on disk,
and re-loaded allowing the same ROI to be used with different analysis settings. Buttons
were created on the GUI allowing the ROI to be copied from one sequence to the other, for
example after loading the measurement sequence, meaning that the ROI from the calibration
analysis could be applied with one click. The software allowed the user to specify that the
ROI was either in a fixed location for the entire sequence (the default), or could be moved or
reshaped on an image-by-image basis. Whilst drawing the ROI the user was free to manually
alter the image shown or have the software automatically play the sequence at the captured
frame rate. Example ROIs are demonstrated in Figure 8.3, which shows a rectangular ROI
over both an unsubtracted and subtracted image display. The rectangular ROI may be resized
in one or two dimensions by dragging the mouse at one edge or in a corner respectively, and

repositioned by clicking and dragging within the ROI.

8.2.3.2 Sequence analysis

Once the ROI was drawn, the analysis on the displayed image sequence could be analysed. The
goal of the analysis for each sequence was to calculate the gradient of the TIC within ROI

during the period where contrast was flowing into the coronary artery. In the calibration
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sequence this would permit the signal intensity per unit volume of contrast agent to be
calculated (as the injection rate of contrast agent is known). On the measurement sequence
dividing the TIC gradient by the intensity per ml of contrast obtained from the calibration
would yield the flow in the measurement sequence.

The analysis was automated by the software as far as possible, and in most cases no
additional user input was required. The main steps in the analysis were as follows. Each step

is described in more detail in the following sections.
1. Select and identify the image frames from a sequence to be considered in the analysis.
2. Extract the pixels within the ROI within each selected frame.

3. Calculate some summary metric on the pixel values in each frame, thus producing a raw

TIC.
4. (optionally) Smooth the resultant curve to remove cardiac cycle variation.

5. Invert the curve so as to have a positive relationship between pixel value and contrast

volume.
6. Curve fit to the points in the time period in the first few seconds of the contrast injection.

7. Obtain the gradient.

Step 1: frame selection

The analysis could be performed on either selected frames or the whole sequence. Selecting
individual frames would allow for only images in matched phases of the cardiac cycle to be
included, removing the issues relating to heart beat motion in the sequence. This approach
was taken in the relative flow experiment in Chapter 5, and the initial plan had been to
replicate this in this section of the study. In the relative flow experiment, the ECG was
recorded synchronised with the image acquisition and extracted from the DICOM image files,
but unfortunately ECG data were not available from the DICOM files from one of the two
catheterisation laboratories used in this study, and was only intermittently recorded in the
other laboratory due to a connecting cable between the physiological monitoring equipment

and the X-ray system often becoming dislodged.
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An alternative image analysis based system of identifying cardiac phase was explored.
The sum of the pixels in the ROI was calculated for every imaging in a sequence, and the
resultant TIC searched for local minima or maxima using MATLAB’s findpeaks function,
corresponding to approximations of end systole and end diastole respectively. The rationale
was that during systole the contracted heart would be denser than in diastole, creating greater
X-ray attenuation, resulting in a lower pixel signal intensity. Small deviation from the local
average, and peaks too close together were excluded.

Unfortunately, there were a number of issues with the image based approach. Firstly, the
automated detection of peaks in the TIC worked well on many sequences, but not always. In
particular, during the contrast injection the automated detection could be confused. Manual
correction of the cardiac phase detection was then implemented in the application, allowing
the user to remove, insert or correct a detected peak, but this could be time consuming for the
user. Even once the peaks in the TIC were identified it was noted that there were differences
in the absolute signal intensities of extremes of the TIC per cardiac cycle. Figure 8.4a shows
the sum of pixel intensities for a ROI drawn around the heart during a sequence where the
automated power injector failed to trigger, i.e. there was no contrast injection. The first few
frames of the sequence show a rapid decrease in signal intensity as the automatic dose control
settles, and thereafter the variation in signal intensity due to the cardiac cycle is clearly visible.
Between 1.5 and 3 s there is a gradual decrease in signal intensity due to shallow breathing.
In Figure 8.4a square and circle markers indicate the automatically detected end diastole
and end systole marks, and in this example the phase detection has worked as intended.
The figure shows that there is a variation in the absolute value of the maxima and minima
between heart beats, even outside the section where breathing was observed. The shape of
the TIC also varied between heart beats, for example the peak at 3.4 s and minimum at 4.8 s
show fluctuations near the extremities, leading to uncertainty in the exact phase of the cardiac
cycle being identified. Indeed, the automated analysis was found not to clearly identify images
from a consistent part of the cardiac cycle, even when the peaks and troughs of the TIC were
correctly identified. Moreover, Figure 8.4b shows the difference between the maximum signal
and minimum signal per heart beat relative to the range in heart beat one. It can be seen
that as well as the absolute values of the maxima and minima varying, the difference between

them also varies. For the relatively short injections used in this study, there may be very few
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heart beats available for analysis and the variation in these single frame measures could affect
the gradient of the TIC. In summary, the image intensity detection of cardiac phase was time
consuming for the user and inaccurate in selecting frames from the same cardiac phase, and
as a result an alternative approach was required.

Fourier analysis of the TIC has been proposed ' where the variation due to cardiac phase
is eliminated by removing signal contributions at the frequency of the heart beat (for example
using a band stop filter with a stop band at 1 Hz for a heart beat of 60 bpm). This was
disregarded as an irregular heart beat or ectopic beat would not be dealt with appropriately.
An alternative approach was therefore implemented, where all frames where included in the
analysis, and the variation in the TIC removed using low pass filtering. The filter is described

in step 4.

Steps 2 and 3: extraction of pixels and TIC calculation

The ROIs are recorded in the analysis application as a series of vertices for the polygonal
shape, or as a bottom left vertex, width and height for the rectangular and elliptical shapes.
All of the ROI shapes were recorded in normalised units with respect to the image size.
For example, a rectangle with position (0.5, 0) and size (0.5, 0.5) occupies the bottom right
quarter of an image. To identify pixels within an ROI, a binary mask of the applicable ROI
was created at the same resolution as the image sequence. Pixels lying under areas of the
mask with a value of 1 were retained for analysis and the rest discarded. A calculation was
made on these pixels, and the user could select to calculate the sum, mean or median value

of the retained pixels, with the sum of intensities being the default.

Step 4: low pass filter

A low pass filter was applied to the TIC in cases where all frames were selected for analysis
(i.e. when the one frame per cardiac cycle scheme was not used). The low pass filter was
a Gaussian filter with default standard deviation of 15 frames width (1 s). The standard
deviation of the filter could be adjusted by the user. The aim of the low pass filter was to
smooth the cardiac cycle related variation from the TIC without overly affecting changes in
intensity due to contrast agent arrival. An example showing filtered TICs from a calibration

and measurement sequence is shown in Figure 8.5. In the figure, the original TICs are shown,
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Figure 8.4: Time intensity curve from a sequence where no contrast agent was injected.
Automated phase detection is shown in a) where the end systole markers are identified with
circles, and end diastole with squares. The patient has not held their breath fully between 1.5
and 3 s, leading to the decrease in signal intensity. During the other heart beats differences
in the absolute values of the maximum and minimum intensity values can be seen, and also
differences in the difference between the maximum and minimum values as shown in b).
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Figure 8.5: Time intensity curves from a calibration and measurement sequence produced
by the analysis application. The raw TICs are shown with the auto-detected cardiac cycle
markers shown as circles. Some inconsistency in the auto-detected markers is evident in the
measurement sequence. The smoothed TICs are shown as the thicker lines.

along with the filtered curves, indicated by the thicker line width. The figure also shows
the auto-detected cardiac phase markers, which demonstrate some inconsistency in the phase

identification in both curves, but especially on the measurement sequence.

Step 5: TIC correction

Following this calculation, the curve is inverted (so the arrival of contrast provokes a positive
response in intensity value), and an offset applied to set the mean calculated value prior to
the contrast arrival to be 0. Figure 8.6 demonstrates the corrected TICs calculated from

Figure 8.5.

Step 6: Curve fit

The next step of the curve analysis involved a curve fit, which was a linear fit between 25%
and 75% maximum intensity. Figure 8.6 shows a linear fit with the cross markers overlaid on
the corrected TICs. The start and end images of the curve fit were automatically calculated,
although these frames could be overridden by the user (for instance if the automatic analysis

was incorrect due to motion artefacts.) The gradient of the linear fit was then calculated.
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Figure 8.6: Inverted and offset time intensity curves. A linear fit to the contrast accumulation
is shown with crosses on both curves.

Step 7: Flow calculation

Loading the measurement sequence into the analysis tool and repeating the calculations with
the same parameters produces a second gradient value. As the calibration injection rate was
1 ml/s then the flow is the ratio of the gradients of the measurement and calculation sequences.
Referring back to Figure 8.2 shows the full analysis tool’s graphical user interface, with the
graphs showing the calibration and measurement sequences in blue and red respectively. In
this case the measured flow was 1.4 ml/s. The aorta can be seen in the left hand side of the

DSA image as contrast flows back from the injection site into the aortic root.

8.2.4 Reference flow measurements

Two reference measurements of flow were taken in this study, one based on a continuous
infusion of room temperature saline, and an image based metric using the vessel size and time

taken for the contrast to transit the length of the coronary artery of interest.

8.2.4.1 Thermodilution flow measurement

Thermodilution was used for the reference measurement of flow following the method of

Aarnoudse et al.!™® This involved the injection of room temperature saline into the coronary
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arteries, and the temperature was measured using a thermistor sensor integrated into a guide
wire.

To perform the measurements a steady state saline injection was achieved using a power
injector. The pump injection was manually triggered and programmed with no rate rise and
a maximum driving pressure of 200 mmHg. Two measurements of temperature were taken—
one inside the catheter at its exit (measuring the temperature of the saline as it enters the
bloodstream, 7T;), and one taken in the distal artery, T,. If T} is the temperature of the blood
before the start of the injection, then:

Ty —T;

—_— 1

Qb = 1.08 x Qz

Where Qp, and @Q; are the rate of flow of the blood and indicator (saline) respectively. The
correction factor of 1.08 is to correct for the relative heat capacity difference between saline
and blood.'™ If T}, is set to zero by calibrating the zero of the temperature sensor in the

artery, then eq. 8.2 becomes:

T;
Qp=1.08 X Qi (8.2)
Tq

Temperature measurements were made and recorded using a Radi Analyser head unit
(Radi Medical Systems, Uppsala, Sweden), and RadiWire combination pressure/temperature
wire. The Radi Analyser was set to CFR mode. Prior to a saline injection, the thermistor was
zeroed (making Tj, = 0), the Radi unit was set to record, and the pump injection initiated. The
recording and injection were stopped once a steady temperature was observed. The infusate
temperature was measured as the guide wire was being introduced, and distal temperature
measurements were taken as per the clinical protocol, which is described later in this chapter.

Recordings from the Radi Analyser unit were transferred to a laptop computer using dedi-
cated software provided by the manufacturer (RadiView v2.2, Radi Medical Systems, Uppsala,
Sweden). The Radi software could be used to inspect instantaneous temperature measure-
ments at a given time using an interactive cursor, but contained no method of calculating
an average temperature between two time points, nor a convenient method of correcting for
cases where the temperature of blood is not set to 0 (due to drift in the offset or user error
by not zeroing the temperature sensor appropriately).

To overcome this, the data were exported from the RadiView software into a comma sep-
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Figure 8.7: Example from the analysis of temperature recordings from the Radi system. The
offset measurement is shown in purple between 0.87 and 2.87 s, during which the average tem-
perature was 0.11 degrees. The three averaged heart beats are shown in orange between 11.41
and 14.67 s, where the average temperature was -2.99 degrees. The corrected temperature
reading was therefore -2.88 degrees.

arated values (CSV) file. Software was written in MATLAB to read the CSV files, extracting
time, aortic pressure, distal pressure and temperature readings. It was found that the tem-
perature recorded varies as the saline is injected throughout the cardiac cycle as would be
expected with a pulsatile flow. A graphical user interface was designed showing the temper-
ature trace, allowing the user to click on the trace, and three whole cardiac cycles centered
at the time where the user clicked were automatically selected by the software and the av-
erage temperature over this period was calculated. The cardiac cycles were identified using
the MALTAB findpeaks function to identify local minima. An additional time point was
identified just before the contrast injection and a baseline temperature (7}) was taken, cor-
recting for temperature drift on the sensor or user error where the recording had been made
without zeroing the temperature sensor in the artery. An example of the analysis of a distal

temperature recording from the Radi data is shown in Figure 8.7.

8.2.4.2 Frame count based flow index

The flow of liquid down a tube can be calculated by taking the product of the cross sectional

area of the tube and the velocity of the liquid as it moves down the tube. This approach
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2 as an index of the arterial cross sectional

was adapted for the coronary angiograms, using
area, where r is the radius of the vessel measured from a single angiographic sequence, and
the inverse of the corrected TIMI frame count as an index of velocity. That is the index of
flow is 772 /C where C is the corrected TIMI frame count. This measurement was performed
separately on the LAD and Cx in cases where the LCA was being considered.

The vessel radius measurements were taken by loading the image sequences into the ImageJ

303 and identifying a frame where a clear view of the proximal vessel was present.

software,
The line selection tool was used to draw a cross section orthogonal to the vessel direction,
and the number of pixels between the points where the cross section dropped to 50% of its
original intensity (judged subjectively) was calculated, obtaining a measurement of the vessel
diameter in pixels. This processes was repeated on the catheter, yielding a catheter diameter
in pixels. The catheters used in the study were 6F in size, i.e. had an external diameter of

2 mm, and therefore if d, and d. are the measured diameters of the artery and catheter in

pixels respectively, the arterial radius could be calculated as follows:

r=dy/2 % (2/de) = do/d. (8.3)

TIMI frame count was determined using standard start and end frame landmarks.”™ The
start frame was defined when a column of nearly full or fully concentrated contrasted agent
extended across the entire width of the origin of the artery, with contrast touching both
borders of the origin of the artery and antegrade motion of contrast apparent. The end frame
was the frame number when contrast reaches a distal landmark, defined per artery as follows.
For the LAD, the distal bifurcation of the LAD (i.e., the “whale’s tail”). For the Cx, the distal
bifurcation of the segment with the longest total distance that includes the culprit lesion, and
for the and in the RCA, the first branch of the posterolateral artery. Where the artery of
interest was not the Cx, the most distal bifurcation of the most distal marginal artery was

used in the Cx.

8.3 Clinical study

This study was approved by the local research ethics committee. Patients were recruited from

those undergoing angiography proceeding to PCI at the General Infirmary at Leeds. Two
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pump injectors were utilised, one with room temperature saline (with the heater disabled),
and one with body temperature contrast (with the heater operating as normal). For the
contrast pump a short extension was used, as it was found that the higher flow rates required
could not be achieved with the longer extension (presumably due to viscous losses in the

extension connector).

8.3.1 Patient selection

Patients undergoing angiography with a view to continuing to PCI or pressure wire assess-
ment for single vessel coronary disease were considered for enrolment. Exclusion criteria were:
patient less than 18 years old; patient pregnant or breast feeding; body mass greater than
100 kg; body mass index of greater than 30 kg/m?; left main stem stenosis; significant res-
piratory impairment precluding adequate breath hold; atrial fibrillation; previous myocardial
infarction PCI or coronary bypass grafting; impaired renal function (estimated glomerular
filtration rate less than 30 ml/min/1.73m?); previous known adverse reaction to iodine based
contrast agent; more than two previous or planned imaging involving high levels of ionising
radiation within six months of recruitment; patients found to have no visible CAD, or mini-
mal luminal narrowings of less than 30% after the initial angiograms; or any other condition
considered by the investigators likely to compromise patient safety or successful completion
of the study protocol. Patients were sent the study information sheet the day before their

procedure, and gave written informed consent on the day of their procedure.

8.3.2 Acquisition protocol

The patients underwent standard peri-procedural and procedural preparation. 6F catheters
were used, with radial access performed where possible. Diagnostic angiography was per-
formed on both arteries. If the patient were found to have a suitable stenotic lesion meeting
the inclusion criteria (i.e. stenting or pressure wire assessment were indicated), then the study
protocol was commenced. The full set of measurements would include both X-ray and ref-
erence thermodilution measured flow pre- and post- intervention, both at rest and stress.
FFR was also measured pre- and post- intervention where possible. The order of events was

planned as follows.

1. Radial or femoral access obtained.



10.

11.

12.

13.

14.

15.

16.

17.
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Diagnostic catheter engaged and initial angiograms acquired. If no suitable target artery
was identified, or significant multi-vessel disease present, the patient was withdrawn from

the study.
Appropriate interventional catheter engaged.
Measure the temperature of the saline infusate by:

(a) introducing the Radi guide wire to the tip of the catheter,
(b) zero the temperature sensor (set T = 0), and

(c) perform a saline infusate temperature measurement (7;) using an infusion of room

temperature saline at 1 ml/s.
Cross the lesion with the guide wire.

Perform rest distal temperature measurement (7y), again using an infusion of room

temperature saline at 1 ml/s.

Perform rest X-ray calibration sequence (1 ml/s contrast injection).
Perform rest X-ray measurement sequence (3-5 ml/s).

Begin adenosine injection to induce hyperaemia.

Perform stress X-ray measurement sequence (3-5 ml/s).

Perform stress distal temperature measurement.

Record FFR from pressure measurements.

Stop adenosine injection.

If intervention not indicated, the study is complete. If intervention is indicated angio-

plasty and stenting are performed as appropriate, and the study protocol continues.
Perform post intervention rest distal temperature measurement.
Perform post-intervention resting X-ray measurement sequence (3-5 ml/s).

Begin adenosine injection to induce hyperaemia.
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18. Perform post intervention stress X-ray measurement sequence (3-5 ml/s).
19. Perform post intervention stress distal temperature measurement.

20. Record post intervention FFR.

21. Stop adenosine injection.

22. Complete the case as per normal clinical procedure.

At the operator’s discretion elements of the protocol were not performed if he or she felt it
inappropriate for the current patient; for example, the pre-intervention stress measurements
may not have been performed on patients with very severe lesions whose resting ratio of
distal to aortic pressure was considerably less than 0.8. For each patient the X-ray calibration
sequence was performed only once, and used with all of the measurement sequences. Similarly,
one measurement of the temperature of the room temperature saline was performed and used
with all of the other distal temperature measurements.

All of the study related angiograms were performed using the same projection and posi-
tioning as far as possible, making reference to the angulation recorded on the X-ray system’s
run log, and using a reference image for positioning on a second monitor. X-ray parameters
were as described in Section 4.2; briefly, the large image field (25 cm) was selected, the beam
collimators were introduced at least 0.5 cm in both directions, and further in if the heart did
not fill the entire frame, the brass wedge filters were removed from the beam and a dedicated
flow acquisition mode was selected. The mode used additional 0.1 mm Cu filtration compared
to the standard coronary angiography programmes, and locked the automatic dose control
after five frames.

Prior to commencing the X-ray acquisition sequences, the patient was asked to practice
holding their breath on command. Prior to an acquisition patients were instructed to take a
number of full breaths with the last couple imaged under fluoroscopy to ensure good position-
ing of the heart in the frame during breath-hold (the heart moves up and down in the image
frame with breathing). As the initial exposure factors for an exposure sequence are calculated
from dose information obtained in the last fluoroscopy sequence, the use of fluoroscopy with
the correct patient positioning and breath phase ensured that the starting point for the au-

tomatic dose control in the acquisition was reasonably close to the required set point for the
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angiographic sequence, allowing the dose control to stabalise within its five frame limit. Once
the breath hold was initiated, acquisition commenced at 15 fps, and the patient reminded to
“Hold your breath” periodically during the acquisition, and “Breathe normally” immediately
afterwards. All contrast injections were delivered for four seconds with the overall bolus calcu-
lated according to the desired injection rate. Prior to contrast injection, the pump was wound
forward by hand until contrast was visible at the catheter tip. No rate rise and a maximum
driving pressure of 200 mm Hg was selected. The acquisition sequence was terminated some
seconds after the contrast injection ceased, or if venous contrast flow became visible.
Following each acquisition sequence, the images were reviewed on one of the in-room mon-
itors, and repeated if they contained an obvious deficiency, for example too much breathing
motion, catheter disengagement during the injection, and for the measurement sequence, lack
of clear back-flow, indicating that the injection rate was lower than the native flow of the
artery. Repeated failures of the patient to comply with the breath hold instruction would

result in the flow measurements being abandoned.

8.3.3 Recording of the X-ray data

All images were recorded using a data capture devices provided by the X-ray equipment
manufacturer, and were transferred via encrypted hard disk to the University as described in
a similar way as used previously in Chapters 5 and 7. The capture devices recorded images
prior to any image processing other than gain, offset, defect and a logarithmic look-up-table
being applied. The images were recorded at their full spatial resolution (960 x 960 pixels),
and bit-depth (14-bits). The capture devices were located in the X-ray equipment room
(containing the X-ray generator, and control computers), and it was therefore impractical to
start and stop these during a case, so the data capture systems were started before the case
began and stopped at the end of the case. The capture software recorded every image taken on
the system whilst it was operational, including fluoroscopy and acquisition sequences. These
captured data recorded the images with only a time stamp for identification, and no patient
demographic or other identifiable information was included. Approximately 80 Gb of data
were recorded and transferred for each case. In most cases, anonymised DICOM images were
also transferred to the hospital PACS system, and later extracted and copied to compact disc

for transfer to the University. The DICOM images contained additional information including
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the radiographic factors, projection angles, source to image distance. Dedicated software was
written in MATLAB to decode and read images from the proprietary file format used by
the capture devices. Following transfer to the University, the captured image sequences were
reviewed to identify the study specific angiograms. This process was made faster by noting
the number of images in the study sequences during the case, and using a MATLAB function
to scan every captured image sequence in the current case, and report the number of frames

in each, allowing potential matches to be quickly identified.

8.3.4 Analysis

Measurements of the three different indices of flow were performed blinded to any of the other
results, and a considerable amount of time was left between measurements to minimise the
chance of case memory affecting the analysis. A rectangular ROI was used in all cases. All
frames in the sequence were included in the analysis, and the low pass filter with the default
1 s standard deviation duration was used. The linear curve fit was selected, with automated
start and stop frames for the fit determined at the 25% and 75% intensity of the TIC. These
were overwritten manually to avoid sections of the sequence where there was breathing, or

where the automated identification of the start and end frames were inappropriate.

8.3.4.1 X-ray measurement success rate

During the analysis of the X-ray sequences, each sequence was assessed to ensure it did
not contain features that would render it unsuitable to successfully perform the X-ray flow

calculation. Reasons for insufficiency of the image sequences were as follows.

1. Failure of the data capture device either corrupting the image sequence, or not recording

the sequence at all.

2. Incorrect framing of the heart (either the entire heart was not contained within the
field, or the framing of the measurement sequence was different to the measurement

sequence).

3. Inadequate engagement of the catheter with the artery, or the catheter becomes disen-

gaged during the injection.

4. Breathing related artefact making noticeable affect on the time intensity curve.
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An X-ray flow measurement could therefore be taken if both the calibration and mea-
surement sequence were deemed to be of acceptable quality. The fraction of cases where this
possible out of the total available was calculated both as an overall total and as a function of
time. In the latter case, cases were analysed in groups of ten consecutive cases to determine

if the clinical team got better at the procedure over time.

8.3.4.2 Comparison with reference flow measurements

Linear regression and Bland-Altman analysis were used to compare the X-ray measures of
flow with thermodilution flow measurements and the frame count based flow index. Cases

performed with the on the left and right coronary arteries, were analysed separately.

8.3.4.3 Observer variability assessment

Intra-observer variation in the X-ray measurements was assessed by the author performing
the analysis twice. Inter-observer variation was investigated by having the cases involving the
RCA analysed by a second observer (a consultant cardiologist). The inter and intra observer
difference was calculated using a mean absolute difference between observations, and their

standard deviations.

8.3.5 Saline infusion for thermodilution

A specially designed thermodilution infusion catheter was intended to have been used for all
cases. These catheters are designed such that their tip has a series of holes for the saline
to escape, ensuring rapid mixing with blood. Unfortunately, when the study commenced,
despite the clinical team’s expectation following discussion with catheter manufacturers, no
such catheter was commercially available. With no other method of measuring absolute flow
in the human coronary artery, the initial group of patients (patients 1-12) were performed
with the saline infusion via a standard 6F catheter with the temperature sensor positioned
distal to a stenosis. The expectation was that mixing of blood and saline would occur anyway
upstream to the temperature sensor, especially as the presence of CAD would make laminar
flow along the artery unlikely. These initial patient data were then analysed, finding that
thermodilution measures taken in the first 12 patients were found to be unreliable in the left

system.
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Number | Stage
44 Pre intervention, rest
37 Pre intervention, stress
10 Post intervention, rest
6 Post intervention, stress

Table 8.1: Number of patients where measurements were attempted at each of the four
measurement stages.

The study proceeded recruiting (patients 13-36) with a thermodilution reference only
available in patients whose artery of interest was the RCA. The final patients (37-45) made
use of a dedicated thermodilution catheter (RayFlow, Hexacath, Paris, France) which had
become commercially available in the UK. The rate of saline infusion for cases where no
specific infusion catheter was used was 1 ml/s, and was 0.3 ml/s for all cases where the

RayFlow catheter was used.

8.4 Results

Forty-five patients were conditionally enrolled into the study. One patient (number 1) was
withdrawn during the case at the decision of the interventionalist. The number of patients
having measurements attempted at the four measurement stages is summarised in Table 8.1.
In seven patient pre intervention stress measurements were not taken. In the first three cases
the stress measurement was not performed as the clinical team wanted to ensure that their
proficiency with the research protocol was sufficient to ensure that the stress measurements
could reliably be performed without an excessive period of pharmacologically induced stress
for the patient. The measurement was not performed in subsequent cases due to the lesion
being judged so significant the measurement was inadvisable (n=2), insufficient adenosine
being available during the procedure (n=1), or requirement to finish the case quickly due to
the catheterisation laboratory being required for a primary PCI (n=1). In total 11 out of 44
patients proceeded to have intervention (angioplasty and stenting). Following intervention,
rest measurements were not acquired in one case (due to error), and five stress measurements
were not acquired. A summary of the all of the X-ray measurement runs acquired on a patient

by patient basis is provided in Table 8.2.



Table 8.2: X-ray image acquisitions. All failures were due to breathing unless noted by (f) — framing error, (¢) — insufficient catheter engagement,
(r) error in Radi Wire data, or (d) — data capture error. Post intervention fields marked n/a are cases where intervention was not performed.

Performed Acceptable
ID Artery Pre-Intervention | Post-intervention Pre-intervention | Post-intervention Notes
Calibration Calibration
rest stress rest stress rest stress rest stress
Phase 1 - Initial patients
1 RCA withdrawn
2 LCA Y Y N n/a n/a N N
3 RCA Y Y N Y N N N Y N (1)
4 RCA Y Y N n/a n/a N N
5 RCA Y Y Y n/a n/a Y Y Y
6 RCA Y Y N n/a n/a Y Y
7 LCA Y Y Y n/a n/a N N N
8 LCA Y Y Y n/a n/a Y Y
8 RCA Y Y Y n/a n/a Y Y Y
9 LCA Y Y N Y N Y Y Y
10 LCA Y Y Y n/a n/a N Y N
11 LCA Y Y Y n/a n/a N Y
12 LCA Y Y Y n/a n/a Y Y N

CLT



Performed Acceptable
ID Artery Pre-Intervention | Post-intervention Pre-intervention | Post-intervention Notes
Calibration Calibration
rest stress rest stress rest stress rest stress
Phase 2 - Thermodilution reference on RCA only
13 RCA Y Y Y n/a n/a Y Y Y
14 RCA Y Y Y N Y Y Y Y Y
15 RCA Y Y Y n/a n/a N N N
16 RCA Y Y Y Y Y N Y N Y N
17 RCA Y Y Y n/a n/a N Y Y
18 RCA Y Y Y n/a n/a Y Y N (f & 1)
19 LCA Y Y Y n/a n/a Y Y Y
20 LCA Y Y N Y Y Y Y N Y (2)
21 LCA Y Y N n/a n/a N (d) N (d) N (d)
22 LCA Y Y Y Y N Y Y Y Y
23 RCA Y Y Y n/a n/a Y Y Y
24 LCA Y Y Y n/a n/a Y N (c) Y
25 LCA Y Y Y n/a n/a Y Y Y
26 LCA Y Y Y Y Y Y Y N Y
27 RCA Y Y Y Y Y Y Y Y Y N

€LT



Performed Acceptable
ID Artery Pre-Intervention | Post-intervention Pre-intervention | Post-intervention Notes
Calibration Calibration
rest stress rest stress rest stress rest stress
28 RCA Y Y Y n/a n/a Y Y Y
29 RCA Y Y N Y Y N Y Y (2) (3)
30 LCA Y Y Y n/a n/a Y Y Y
31 LCA Y Y Y n/a n/a Y Y Y
32 LCA Y Y Y n/a n/a Y N N
33 RCA Y Y Y n/a n/a Y Y Y
34 RCA Y Y Y n/a n/a Y Y Y
35 RCA Y Y Y Y N N N N N (4)
36 RCA Y Y Y Y N Y Y Y
Phase 3 - RayFlow catheter used for thermodilution reference
37 | LCA (lad) Y Y Y n/a n/a Y Y Y
38 RCA Y Y Y n/a n/a Y Y Y
39 LCA Y Y Y n/a n/a Y Y Y
40 LCA Y Y Y n/a n/a Y Y Y
41 RCA Y Y Y n/a n/a Y Y Y
42 LCA Y Y Y n/a n/a N N N

VLT



Performed Acceptable
ID Artery Pre-Intervention | Post-intervention Pre-intervention | Post-intervention Notes
Calibration Calibration
rest stress rest stress rest stress rest stress
43 LCA Y Y Y n/a n/a Y Y N
44 RCA Y Y Y n/a n/a Y Y Y
45 | LCA (lad) Y Y N Y Y Y (5) N N Y (2) (6)

GLT
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8.4.1 X-ray measurement success rate

Table 8.2 shows which of the X-ray acquisitions were found to be of acceptable quality during
post-procedure analysis. The overall success rate of acquiring usable X-ray sequences (i.e.
ones with the correct X-ray system settings, framing, timing, and where the patient was
sufficiently compliant with the breath hold) was 106/146 (72.6%). The rate of successful
acquisitions improved as the clinical team became more practised with the procedure. Figure
8.8 shows that for the first ten patients, only approximately 57% of sequences were acceptable,
whereas from patient 21 onwards, around 80% of sequences were acceptable. In all but four
cases the reason for a sequence being deemed unacceptable was due to lack of compliance by
patients in holding their breath, resulting in artefacts in the image sequence.

Considering the data on a per measurement basis, i.e. both an acceptable calibration and
measurement sequence must be present, the overall success rate was 62.5%, slightly lower
than the success rate on a per sequence basis. This was to be expected as if no acceptable
calibration sequence is available for a patient, no absolute flow measurement can be taken
on any measurement sequence from that patient. Figure 8.8 also shows data split into each
consecutive ten patients, indicating that again the performance improved after the initial

cases, with the success rate from patient 21 onwards being 74.4%.

8.4.2 Comparison with reference measurements
8.4.2.1 Thermodilution

Analysis of the first 12 patients, where no dedicated thermodilution infusion catheter was used,
gave cause to believe that the thermodilution measurements were unreliable in the LCA, where
five out of 12 measurements exceeded 7 ml/s (four measurements were greater than 9 ml/s),
greater than might be expected in the left system. The range of the measurements in the Cx
was 2.33-20.27 ml/s). Conversely in the RCA the range of flow values from thermodilution
was 2.15-4.06 ml/s. It was therefore decided to discard the thermodilution measurement in
the Cx and LAD until a suitable infusion catheter was sourced.

Considering the cases where measurements were performed in the RCA over the whole
patient cohort, a moderate correlation (r=0.47, p=0.0076) was found between the thermodilu-

tion flow measurements and the X-ray based flow measurements. Figure 8.9a shows a scatter
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Figure 8.8: Success rate of acquiring usable X-ray measurement sequences (either calibra-
tion or measurement sequences) and performing measurements (requiring both an acceptable
calibration and measurement sequence) throughout the patient cohort. It can be seen that
success rates improved in the latter periods of the study.

plot of the thermodilution and X-ray derived measurements. Bland-Altman analysis (shown
in in Figure 8.9b) demonstrated an that the X-ray flow measurements were lower than the
thermodilution reference, with a mean difference of 25.6% (0.55 ml/s).

Considering the left coronary arteries, Figure 8.10 shows a scatter plot of the thermod-
ilution and X-ray derived flow measurements the LAD (all of the cases performed in the
left system were performed on the LAD). The first 12 patients have been discounted (as the
thermodilution measurements were deemed to be unreliable), so only cases where an infusion

catheter was used are shown. There was no appreciable correlation between the measurements

(r=0.08, p=0.877).

8.4.2.2 Vessel size and frame count derived reference

Scatter plots of the relationships between the X-ray and thermodilution measurements to
the frame count derived flow index are shown in Figure 8.11. Overall there was a moderate
correlation between the X-ray derived flow measure compared to the vessel size-frame count
derived index (r=0.49). The correlation between the thermodilution based flow measurements
to the vessel size-frame count index was 0.38; however, inspection of Figure 8.11b reveals a

slight different relationship between the relationship in left and right systems with correlation
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Figure 8.9: Scatter plot (a) showing thermodilution against X-ray derived flow measurements
for the right coronary artery. There is a modest correlation (r=0.477) and the line of best fit
is shown as the solid black line. A Bland-Altman plot (b) shows the mean difference between
the thermodilution and X-ray measurements was 25.6%. Dashed lines indicate mean + one
standard deviation.



179

4 T T

351 il

3t i

Y5t |
£

g 2f o .
g

% 15F o o ]

1r o J

(@]
(@]
05 O i
0 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Thermodilution flow (ml/s)

Figure 8.10: Scatter plot showing thermodilution against X-ray derived flow measurements
for the left coronary artery where the RayFlow was used, showing no appreciable correlation,
although there are very few cases to consider.

coefficients of 0.45 and 0.16 for the RCA and LAD respectively.

8.4.3 Inter and intra observer variability

There was no systematic difference between repeated observations by the same observer when
analysing an entire left or right coronary artery (mean difference=0.04 ml/s), nor when the
Cx or LAD were considered individually (mean difference=0.04 ml/s). There was a higher
amount of variation when the LAD and Cx were considered individually compared to when the
left system was considered as a whole (standard deviation=0.19 and 0.27 ml/s) respectively.
Considering inter-observer difference, a mean difference of -0.15 ml/s was found (standard

deviation=0.17 ml/s). These differences are shown in Bland-Altman plots in Figure 8.12.

8.5 Discussion

8.5.1 Practical implementation and success rate

The practical implementation of the X-ray based blood flow measurements was relatively
straight forward to implement in clinical practice. No adverse reactions were found to ei-

ther the X-ray or thermodilution measurement protocols. The most cumbersome aspect is
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Figure 8.11: Scatter plots of (a) X-ray and (b) thermodilution derived flow measurements
against the vessel size-frame count flow index. Marker colour indicates the artery as shown
by the figure legends, and the marker shape indicates the infusion catheter used for the
thermodilution measurement (round: no infusion catheter; triangle: RayFlow). The solid
black line in both plots shows the line of best fit.
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Figure 8.12: Repeated measures by the same observer showing the intra-observer variation
on a) the whole left and right artery and b) separate analysis of the right coronary artery,
circumflex and left anterior descending arteries.
observer difference on the right coronary artery cases from two observers. Black dotted lines
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the use of the power injector, but these are used routinely in the catheterisation laboratory
for left ventriculograms, and therefore the clinical staff are comfortable in their use. The
maximum pressure and flow rates set on the pump were designed to prevent damage to the
artery. Previously coronary angiography has been performed using a power injector with an

infusion rate of 3-6 ml/s and maximum pressure of 150 psi (albeit with a lager catheter),3!5

316 without undue complications. More recently,

and 3 ml/s at 300 psi maximum pressure,
there has been increased use of intracoronary optical coherence tomography, where the safe
use of power contrast injection with infusion rates of 4 ml/s with a maximum pressure of up to
408 psi has been reported.3!” The timing of the contrast injection must be delayed following
the initiation of the X-ray image acquisition to allow for a sufficient number of mask images
to be acquired, and this is different to the practice when acquiring ventriculograms, where the
contrast injection is started simultaneously with the X-ray acquisition. Therefore if the start
of the contrast injection is triggered by the radiographer (as is standard practice for ventricu-
lography), there is the danger that the injection is started prematurely by mistake. We found
that the most reliable solution was to use a pump coupled such that the pump is triggered
automatically after the start of the X-ray acquisition, with an inject delay programmed into
the pump based on the patient’s heart rate to allow for the mask images to be acquired. This
automated triggering was not supported on all of the pumps available in the department,
and at times manual triggering was required. Appropriate training and good communication
during the case were essential to ensure successful injection timing.

Following each X-ray acquisition sequence, careful review was required to ensure that it
was of adequate quality, paying particular attention to the breath hold, catheter engagement,
contrast flow, framing and angulation. This was particularly important for the calibration
sequence, as a single calibration sequence was used for every measurement sequence for a
given patient. Therefore, if the calibration sequence was flawed, no calculation of flow could
be made for that patient. As the patient breathes, the heart alters its position in the image
field, and we found that use of fluoroscopy for a few seconds while the patient breathes and
performs practice breath holds permitted the position of the heart in the breath hold to be
accurately predicted, improving the image framing. The use of the reference image display
to show a previous calibration or measurement sequence was useful in ensuring matching

angulation and table positioning. When reviewing the image the use of subtraction imaging
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would have been helpful, as this would have highlighted both contrast agent flow issues (e.g.
insufficient injection during the measurement sequence, or contrast back flow during the cal-
ibration sequence) and breathing-motion artefacts, but unfortunately this was not possible
during these sequences, as the DSA system used in Chapter 4 had been removed.

After some practice, approximately eight out of 10 sequences were judged to be of sufficient
quality for use in the flow calculations. The main reason for an unacceptable image sequence
was the presence of breathing related motion artefact where the patient was not able to
sufficiently breath hold during the acquisition. Whilst improved communication with the
patient by the interventionalist and practice breath holds prior to the sequence acquisitions
no doubt increased the success rate, there were a number of cases where the patient could
not comply sufficiently with the breath hold. Whilst patients can feel uncomfortable when
the adenosine vasodilator is used to achieve hyperaemia, we did not find that they were much
less likely to be able to breath-hold during hyperaemia; overall at rest 73% of sequences were
successfully acquired, compared to 67% under hyperaemia. It is interesting to note that in the
earliest work using regional analysis of DSA images from angiography from Vogel et al.,'®® a
similar reject rate (19%) was reported due to image misregistration. Whilst it may be possible
to further increase the success rate with more careful review of the in-room angiograms, it is
not likely that the success rate will be considerably improved due to patients being unable to
comply with the breath hold.

Compared to the reference thermodilution method, the clinical staff found the X-ray mea-
surements faster to perform. The continuous infusion of saline requires a power injector in the
same way as the X-ray method. Thermodilution also requires the use of a guide wire equipped
with a thermistor, whereas the X-ray method does not require any additional instrumentation
of the patient. Furthermore, the use of an infusion catheter also adds cost and time to the
procedure, particularly in the left system where the Cx or LAD must be selectively engaged.

In terms of the time taken to perform the analysis, in most cases the analysis software’s
automated features operated successfully, meaning that users were only required to load the
image sequences and draw the ROI on the calibration and measurement sequences. In such
cases the analysis could be performed in approximately one minute. This speed of analysis is
important if the flow measurements are to be integrated into clinical practice. Other clinical

tools using X-ray images in the catheterisation laboratory, such as stent enhancement software
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or three dimensional model creation tools, require similar or greater time to process a case.

8.5.2 Agreement between the flow measurements

There was a moderate correlation between the X-ray based flow measurements to both ref-
erence measurements (and therefore between the reference measurements) in the RCA. In
the left system, there were too few cases to draw meaningful results for the thermodilution
reference. Considering the vessel size-frame count based reference, there was a moderate cor-
relation with flow measured in the LAD, and for all three arteries overall (see Figure 8.9). In a
similar way, there was a moderate correlation between the thermodilution measurements and
the vessel size-frame count index in the RCA, and overall when the cases using the RayFlow
catheter are also included.

This study found that the mean absolute flow measurements from the X-ray based mea-
surements were 1.77, 1.23 and 1.18 ml/s in the RCA, Cx and LAD respectively and from
thermodilution were 2.28 and 1.61 ml/s for the same arteries (excluding the first 12 patients).
Clearly the X-ray based measurements are lower than the thermodilution flow measures. The
infusion of saline into the coronary artery has been shown to induce hyperaemia,3'® which
may be contributory to the greater flow measured using thermodilution, as many of the com-

181 reported

parisons in this study were performed at rest. In comparison, Xaplanteris et al.
2.77, 2.47 and 3.15 ml/s for the RCA, Cx and LAD respectively, and Aarnoudse et al.!™
reported a mean flow of 1.6 and 2.35 ml/s pre and post intervention using thermodilution.
The vessel size-frame count reference metric is only likely to be an approximate predictor of
flow. The measurement of cross sectional area from a single measurement of vessel diameter
from one projection image is not likely to be either particularly precise or accurate. The
assessment of TIMI frame count was also difficult due to the projection angles selected for
the arteries. The RAO-caudal projection used for the LCA makes distinguishing the Cx
and marginal arteries impossible in many cases, therefore making the distal landmark in the
frame count method difficult to locate. This may have contributed to the poorer correlation
with the X-ray flow measurements and the frame count based reference with the Cx artery.
Furthermore the LAO-cranial projection for the RCA makes the posterolateral artery difficult

to visualise as it can overlap with the main right coronary artery. Again this makes the

artery’s distal landmark difficult to discriminate in some sequences, but whilst not ideal, the
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posteriolateral artery is normally only obscured for a very small number of frames.

8.5.2.1 Sources of inaccuracy X-ray flow measurements

There are several factors that, whilst steps were taken to control them, may have influenced
the accuracy of the X-ray based flow measurements. Starting with the X-ray generation,
the X-ray output during an acquisition locks after five frames and should be constant from
that point onwards. Whilst some small variations in X-ray output can be observed in the
phantom experiments under such conditions (see for example Figure 7.3 on page 131), these
small variations would not affect the curve gradients over a few seconds and would be removed
by the low pass filter applied to the TIC. Differences between the calibration sequence and
measurement sequence may be introduced if the radiographic output used for each sequence
are different; in other words if the kV, mA and ms lock at different values in the calibration
and measurement sequences. This would be the case if the exact imaging geometry is not used
in both sequences, there is any difference in patient positioning, or a difference in breath-hold
(such as at inspiration or expiration). Any difference in kV would affect the beam energy, and
a it can be seen from Figure 6.3 on page 123 the differential signal caused by a fixed amount of
contrast agent varies with the kV. Nonetheless, a fairly large change in kV would be required
to make much of an impact through beam energy effects. Differences in output through
beam intensity changes (incurred by kV and mAs) would also impact the differential signal
caused by the contrast agent, proportional to the change in X-ray output. Any difference in
SID, or source-to-patient distance would also affect both the X-ray output and magnification
of objects in the image leading to inaccuracies in the flow measurement. Compared to the
phantom experiments, the differences in beam output are likely to be higher in the human
study as differences in positioning are far more likely.

Accurate measurement using the X-ray technique also requires that both contrast injec-
tions are as per the assumptions inherent in the method. Specifically, during the calibration
sequence the contrast agent must be delivered at a known rate, and all of the contrast must
flow down the coronary artery. During the measurement sequences there must be complete
replacement of blood with contrast agent. The injection of contrast agent for the measure-
ment sequence used a rate that was subjectively set by the operator according to the size of

the vessel being imaged. The aim of this—when combined with the maximum pressure limit
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set on the pump of 200 mmHg—was to ensure that the injection of contrast could not cause
harm to the patient. If the injection rate were significantly higher than the native flow, and
the driving pressure not limited, then there would be the possibility of to damage the artery,
and indeed adverse reaction to saline infusion when set higher than recommended with the
RayFlow catheter has been reported.®” The downside of this approach is that if there were
not complete replacement of blood with contrast during the measurement sequence (in other
words the injection rate was lower than the native blood flow in the coronary artery), then
the measured flow would be lower than the actual flow. It can be seen that in the phan-
tom measurements, accurate blood flow measurements were obtained when the injection rate
exceeded the native flow by 1 ml/s (Figure 7.10 on page 144), but this may not directly trans-
late into humans. The phantom used a continuous flow of blood mimicking fluid, whereas
the coronary flow is pulsatile, with peak flow in diastole. This could create a situation where
the contrast agent is injected at a rate above the mean coronary blood flow, but not above
the peak coronary blood flow, resulting in incomplete replacement of blood with contrast. In
all cases the angiograms were checked to ensure that there was clear back-flow of contrast
into the aorta during the measurement injection, but it would have been impossible to ensure
that this was occurring during the peak diastolic coronary flow. As such it is quite possible
that this mechanism is contributory to the lower flow rates seen with the X-ray measurements
compared to the thermodilution references. It would also be possible for the X-ray blood
flow measurements to overestimate the actual blood flow in the case where all of the contrast
injected in the calibration sequence did not enter the coronary arteries, which may be possible
in the case of severe disease or poor catheter engagement. Occasionally, during the analysis,
small amounts of back-flow of contrast into the aorta were seen during a calibration sequence,
but were not thought to be significant.

The contrast injection itself could affect the flow of liquid down a coronary artery in a
number of ways. If the injection causes an increase in arterial pressure, flow could increase.
Another source of increased flow could be reactive hyperaemia that can be induced by contrast
agents. On the other hand, the viscous contrast agent could reduce flow as it fills the coronary
artery. A significant increase in flow and pressure has been noted if the injection of contrast
is considerably distal to the proximal ostium of the artery.'®> Conversely, less than a 5%

difference in flow has been noted with a contrast injection in the aortic root.'®® The injection
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regime used in this study, where the contrast injection made with the catheter engaged in
the artery of interest, is likely to be somewhere between the two. The size of the catheter
in relation to the size of the vessel may be a factor in any effect on flow—if the catheter is
small compared to vessel, any increase in pressure in the vessel is likely to be smaller than if
the catheter nearly fills the vessel. In this study 6F guide catheters were used, which have an
external diameter of 2 mm. Given the typical diameter of the left main coronary artery of
4.5 mm,??° the catheter would occupy just under 20% of the cross sectional luminal area. In

320 meaning the

the RCA, the arterial diameter is more variable, ranging from 2.8 to 3.9 mm,
catheter would occupy between approximately 25% and 50% of the cross sectional luminal
area. Given that the catheter does not tightly fit into the ostium of any of the coronary
arteries, a substantial increase in arterial pressure is unlikely. The phantom experiments also
did not show any increase in flow when contrast agent was injected at a rate exceeding the the
native flow, and no variation in TIMI frame count has been noted despite the use of power
injection.3?! The relatively short injection times would limit the effect of contrast induced
reactive hyperaemia. If present, reactive hyperaemia would be present in the later parts
of the sequences as the contrast agent affects the microvasculature, causing a late increase
in gradient of the TIC; this effect was not seen during the analysis. The viscous effects of
the contrast agent may have been seen slightly in the phantom experiments, but would not
account for the 25% under estimate of the thermodilution flow from the X-ray measurements
in the patient study.

The X-ray flow measures offer a relatively straight forward way to assess the flow down the
whole left or right systems by drawing ROIs around the entire heart. If separate measures of
flow are required for the Cx and LAD sub-regions are drawn for each artery in the measurement
sequence during analysis. For this artery selective analysis to be accurate there should be
separation of the arteries and their respective myocardial territories in the angiogram. This
separation was best achieved in the left lateral projection, but the projection is cumbersome
to achieve, with the patient’s arm being prone to being in the X-ray beam when radial access
is used, requiring table height adjustments to frame the heart correctly and often requiring
other equipment in the catheterisation laboratory to be moved out of the way of the C-arm.
For that reason the majority of cases in this study used the LAO-cranial projection for the

left system. In this projection the diagonal and marginal arteries can overlap, which would
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likely cause the individual measurements of flow in the two left arteries to be inaccurate.
The most common reason for a sequence to be unacceptable for analysis was due to
breathing related artefact. During the sequence acquisition patient breathing would cause
substantial deflections in the measured TICs, which could be far larger than the changes
provoked by the contrast agent. Breathing out causes the diaphragm to rise, reducing the
signal intensity in a ROI containing the diaphragm, and visa versa for inhalation. Figure 8.13
shows a series of images from a sequence where the patient has failed to breath hold at all (note
the rising and falling of the diaphragm in the images), and Figure 8.14 shows an example of
the sum of pixel intensities in a ROI drawn around the heart. It can be seen that the breathing
artefact causes large amplitude deflections in the curve at approximately 0.25 Hz, obscuring

any appreciable decrease in intensity from the injection of contrast agent.



(a) frame 1 (b) frame 40 (c) frame 79

(d) frame 119 (e) frame 158 (f) frame 198

Figure 8.13: Images from an angiogram of a right coronary artery showing considerable breathing motion- note the different location of the
diaphragm in the frame.

681
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Figure 8.14: Time intensity curve from sequence shown in figure 8.13 corrupted with breathing
artefact of approximately 0.25 Hz. The patient has exhaled starting at approximately 5.5 s
and 9.5 s.

Whilst those sequences with the largest degrees of motion were excluded, smaller amounts
of breathing would also affect the gradients of the TIC, leading to an inaccurate flow mea-
surement. The decision as to when breathing precluded successful flow measurement was
subjective, and the degree to which smaller amounts of breathing affected a flow measure-
ment remain unknown.

The role of collateral circulation may result in cases where the actual flow of blood into
a myocardial territory is greater than that measured by the X-ray based measurement (as
the collateral supply is not visualised by the selective angiography). These cases are likely to
be readily identified by the diagnostic angiograms, and if quantification is required coronary
wedge pressure can be used to assess the extent of myocardial flow.3?? whilst it may be present
in a lot of people, the physiological impact may not be too large- can see an effect below wedge
pressure of 25 mm Hg. 126

The appearance of contrast agent not flowing down the coronary artery could also cause
the flow measurement to be inaccurate. This can occur in the measurement sequence with
contrast that flows back into the aortic root. Whilst the aortic valve is closed contrast tends
to accumulate in the aortic root, which if the aortic root is included in the ROI, will falsely

increase the gradient of the processed TIC, leading an overestimate of flow. An example
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(a)

Figure 8.15: Digital subtraction images from a left coronary artery in the LAO-Caudal pro-
jection, with arrows showing a) Contrast accumulating in the aortic root, and b) overlapping
the circumflex artery in the image as it flows down the descending aorta. These effects could
cause over-estimation of flow if the extraneous contrast is included in the analysis region of
interest.

frame from a LCA angiogram is shown in Figure 8.15a. This can be avoided by adjusting the
shape of the ROI to avoid the area of the aortic root. As the heart contracts, the aortic valve
opens, and blood flows down the aorta along with any of the contrast accumulated in the
aortic root, and that which is still flowing into the aorta, over the aortic arch and on to the
descending aorta. Whilst the ascending aorta is out of measuring ROI, the descending aorta
can overlap with the heart in some projections. Of those used in this study, the LAO-cranial
projection used for the LCA, can place the descending aorta over the Cx and its myocardial
territory. This again could lead to an overestimate of the flow in this region. Figure 8.15b
shows a subtracted image where this has occurred. It is clearly not possible to adjust the
ROI to avoid this area if the Cx is to be analysed. Rather the projection should be adjusted
to minimise the overlap, or it may be possible to make a correction using an ROI above the

heart to estimate the contrast in the descending aorta.

8.5.2.2 Variations due to the observer

There are a number of steps when performing the X-ray measurements where decisions are
taken by the person performing the analysis, producing a subjective variability into the re-

sults. One example is the placement, size and shape of the ROIs. The X-ray derived flow
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measurements agreed reasonably well between repeated observations from the same observer,
and those between two observers performed on the RCA. There was slightly higher variabil-
ity in the left system when the Cx and LAD were analysed separately compared to taking
the LCA as a whole, presumably due to the fact that the decision as to where to divide the
image of the heart into the Cx and LAD regions involved the observer deciding where the
boundary should be, when in reality there was some overlap in the territories in most images.
It is interesting that the largest difference between observations was from a case where the
chosen projection had very poor delineation of the Cx and LAD (an example image from
this case is shown in Figure 8.16, which should be compared to Figure 8.1). in this case the
use of polygonal ROIs might help separate the territories, but a better solution would be
more carefully selected angiographic projection angle. Whilst overall the difference between
most measurements either between or within observers was small (less than 0.2 ml/s), some
individual measurements were markedly different, with a maximum intra-observer difference
of 0.84 ml/s (35%) on the whole artery, and by 0.46 ml/s (27%) between the two observers
on the RCA, although such cases were uncommon. Differences between observations could be
derived from different ROI size, shape and placement, as well as differences where the user has
overridden the automated sections of the analysis. The latter was necessary where, for exam-
ple, breathing artefact towards the end of a sequence elevated the later part of the TIC; the
case could still be analysed by excluding the last frames of the sequence. A fuller analysis of
variations in the analysis would require addition data, most notably more observers analysing
all arteries. Such data would permit the use of a multi-level model to assess the contributions
of the inter and intra observer variability, as well as variation per artery. Systematic analysis
of differences in the ROIs drawn would also help investigate how much of the variation in flow

measurement is due to the ROL.

8.5.3 Sources of inaccuracy in the thermodilution reference measurements

There are a number of factors that could cause the thermodilution measurements to be in-
accurate. Potential sources of error using thermodilution include the loss of saline through
the arterial wall, and heating of the saline between the point of infusion and temperature
sensor, 17® but the largest source of error is most likely to be inadequate mixing of blood and

saline. Accurate flow measurement requires that the mixture of saline and blood reaching
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Figure 8.16: An image from a case where the chosen projection angle gave very poor separation
of the circumflex (red arrows) and left anterior descending artery (yellow arrows).

the thermistor for the distal temperature measurement has a ratio of saline to blood in the
ratio of the infusion rate to native blood flow. Temperature is then used to estimate the
ratio of saline to blood at the thermistor. Similarly, the temperature of the infusate (or more
specifically, the difference in temperature of the saline infusate to blood) must also be known
accurately.

The design of the infusion catheter will have a significant effect on the degree of blood and
saline mixing, and how quickly the mixing is achieved, but other factors are relevant, including
the morphology of the artery and the distance between the infusion site and thermistor. The
RCA has a much simpler morphology to the LCA; in particular it does not generally have a
major branch for quite some distance from its proximal end. In the RCA, where a standard
catheter was used in this study, it was assumed that the turbulent flow in the artery due to
disease would promote good mixing of blood sand saline. Beyond a 25% stenosis turbulent
flow would be expected in a coronary artery, and the degree of which would increase as the
stenotic severity increases.32332% Fluid dynamic modelling of different catheter tip designs
have shown that under turbulent flow reasonable mixing of saline and blood is achieved
after approximately 5 cm even with standard catheter.??® Conversely, mixing is very poor
over a similar distance if there is only laminar flow in the artery.32> The inclusion criteria

for the study included a 30% visible stenosis in the target artery, and therefore the lack
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Figure 8.17: Scatter plot of thermodilution flow measurements performed with the RayFlow
catheter to the X-ray based flow measurement, showing only a very modest correlation between
the two measurements.

of a dedicated infusion catheter in the RCA cases, given this patient cohort may not have
precluded a reasonable of flow using thermodilution, although clearly there may have been
loss in accuracy and precision due to the lack of infusion catheter. Unfortunately there were
too few cases performed in the RCA RayFlow catheter to draw conclusions as to the difference
it may have made in this artery.

The left main artery, in contrast to the left, branches quickly into the LAD and Cx
arteries, which themselves branch into a set of diagonal and marginal arteries respectively,
which mean that rapid mixing of blood and saline is more important in the left system.
Inadequate mixing of blood and saline prior to the bifurcation of the left main artery would
explain the thermodilution results in the left system for the first patient group, where no
specific thermodilution catheter was used, and unreasonably high measurements of flow were
observed. Flow measurements in this artery therefore require the use of a dedicated infusion
catheter. Unfortunately only 12 cases were available where there was successful measurement
using both the X-ray and thermodilution measurements with the RayFlow catheter. Of these
seven cases were in the LCA and five in the RCA. Comparing only the cases performed with
the RayFlow catheter to the X-ray measurements overall, Figure 8.17 shows that there was
a poor correlation (r=0.23), although the mean difference between the measurements was
much less than that seen when the RayFlow was not used (0.17 ml/s vs 0.55 ml/s). A similar

pattern is also observed with the frame count based reference (see Figure 8.11b).
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8.5.3.1 The RayFlow catheter

The role of the infusion catheter is likely to be important in rapid mixing of blood and saline.
A comparison of two dedicated infusion catheters has demonstrated that the catheter design

180 although unfortu-

is important, especially at higher blood flow rates or low infusion rates,
nately the two catheters used in the study were not identified. The RayFlow catheter has been
shown to produce good agreement with reference flow measurement in phantoms, providing
a high enough rate of saline infusion is used (0.5 ml/s), and the 95% limits on agreement
compared to the actual flow of just over £15%. 8% More recently, Xaplanteris et al. reported
a slightly poorer agreement from consecutive measurements in humans (coefficient of deter-
mination of 0.71, and coefficient of variation 19.7%).'8! Unfortunately this study does not

1.178 reported excellent

use any reference measurement of flow in the arteries. Aarnoudse et a
reproducibility of thermodilution flow measurements in humans, although their patient co-
hort was carefully selected, including only patients where a 3 cm segment of artery could be
found between the site of infusion and the thermistor. This stringent selected was probably
responsible for the unusually high number of patients with RCA investigation in the cohort
(31 out of 42 patients). More recently a comparison of RayFlow based thermodilution mea-
surements in the Cx and LAD in humans demonstrated good correlation with a non-invasive
PET reference (r=0.91), although the 95% limits of agreement at +1 ml/s (approximately
30%).326

Given the limited data on the RayFlow catheter, and the poor correlation with the X-
ray flow measurements from this study (Figure 8.17), it was therefore decided to assess the
accuracy and precision of flow measurements made using the catheter using the coronary
flow phantom described in Section 7.3 on page 132. A full description of the experiment
and its results is presented in Appendix A on page 215, but in summary three repeated flow
measurements were made with the RayFlow catheter at each of four underlying flows in the
phantom ranging from 1.24 to 2.45 ml/s. There was a mean difference between the actual flow
and the flow measured by thermodilution of 0.16 ml/s. The mean relative error was 12.6%,
and the average coefficient of variation for of the four conditions was 10%, in line with the
previous reports. When using the RayFlow catheter, the guide wire is positioned such that the
thermistor is placed some distance distal to the catheter tip to record the distal temperature.

With the saline infusion continuing the wire is withdrawn bringing the thermistor into the
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Figure 8.18: Deflections can be seen in temperature measurement from one of the clinical cases
as the thermistor is pulled back to measure the infusate temperature. Pull-back was started
at approximately 30 s, and the reduced temperatures between 34 and 37 s indicate that the
minimum temperature (i.e. the temperature of the infusate) may not have been recorded.

catheter to measure the temperature of the infusate. It was noticed during these experiments
that the infusate temperature measurement, 7T;, varied considerably as small movements of the
thermistor were made as it was withdrawn into the catheter to record the measurement. In
other words, great care had to be taken to ensure that the thermistor was positioned such that
it recorded the minimum temperature of the infused saline. This effect has been noted as point
of discussion in a previous study using the catheter, but no attempt was made to quantify
or demonstrate the effect.!™ Clearly inaccurate measurement of the infusate temperature
would lead to an inaccurate measurement of blood flow. Discussion with the clinical team did
not establish that a careful search for the minimum temperature point was performed in the
clinical cases. Review of the temperature recordings, revealed that deflections in temperature
as the thermistor was withdrawn into the catheter were present in the clinical cases (an
example is shown in Figure A.2b), and this may have contributed to the lack of agreement

seen between the X-ray and thermodilution measurements shown in Figure 8.17.

8.5.4 Limitations

There are a number of limitations to this study. Overall the number of patients, as planned,

would have been perfectly reasonable for such a proof-of-concept study. However, an issue
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with the thermodilution reference—the availability of an infusion catheter—has been detri-
mental in a number of ways. Firstly, the majority of cases in the left coronary system did
not have an adequate thermodilution reference measurement. This reduced the statistical
power of the study. Secondly, the majority of cases in the RCA were performed without
an infusion catheter. Whilst the assumption that there was adequate mixing of the blood
distal to a stenosis was not unreasonable (and supported by the results), it is likely that the
thermodilution reference was less accurate than it otherwise might have been had a dedicated
catheter been available. Moreover, in the RCA the thermistor was often placed a greater
distance from the infusion site than may have been used with an infusion catheter, often into
the distal segments of the artery. This may have led to a heating of the saline as it transited
between the infusion site and thermistor, which would lead to an overestimate of the blood
flow.

All of the patients with an intervention in the left system where no dedicated infusion
catheter was used (seven patients) were excluded due to the unreliable measurements being
obtained from the thermodilution measurements. The final seven measurements in the left
system were performed using the RayFlow Catheter; in most likelihood too small a sample.
Moreover, Aarnoudse et al recommended that the thermistor is placed 3-6 ¢m from the infu-
sion site based on their laboratory experiments and tightly selected patients in their validation
study where this was achieved. '™ This study did not impose such stringent patient selection
or control of the distal temperature sensor and this may have resulted in a lack of precision in
the reference flow measurements in the left system. Had the RayFlow catheter been available
for use from the start, then the results from the LCA might have been more informative.
Unfortunately the clinical team were not aware of the fact that very small movements of the
wire affected the measured temperature when recording the infusate temperature with the
RayFlow catheter and this may have led to inaccuracy in the flow measurements when this
catheter was used.

The study design took flow measurements at up to four points in the procedure: pre and
post intervention both at rest and at stress. Such a design has the advantage of potentially
allowing measurements of CFR and ratios of flow, to ratios of FFR as performed in the
relative flow experiment in Chapter 5. Unfortunately, only a relatively small number of

patients went on to have intervention performed, and not all patients had the pre-intervention
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stress measurements performed. The result was that too few patients had the complete set
of measurements performed to make such comparisons. Given that no measurement was
repeated, the design could not provide any information regarding the reproducibility of the
new technique. An alternative design, incorporating a simpler test-retest protocol would have
provided an assessment of reproducibility, which would be especially useful, given the issues

with the reference measurements.

8.6 Conclusions

These experiments did demonstrate that the X-ray flow measurements were related to both
reference measurements of flow in the RCA, however, the X-ray measurements of flow were
on average 25% lower than than those made using thermodilution. It is likely that the
reactive hyperaemia induced by saline infusion in the reference measurements, the lack of
dedicated infusion catheter leading to sub-optimal mixing of blood and saline making the
thermodilution measurements, and perhaps viscous effects of the contrast agent in the X-ray
measurements may be responsible for this discrepancy. Further work is required to confirm
this. In the left coronary artery no relationship was found with the X-ray and thermodilution
flow measurements, although there were too few cases, and a number of methodological issues
with the use of the RayFlow catheter that could have affected its accuracy to draw conclusion
from these cases. There was a similar relationship between the X-ray and frame-count based
reference index in the LCA as was seen in the RCA. Overall, the calibration method was
shown to be viable in clinical practice, and the complete X-ray flow measurement protocol
added little time the procedure. The measurements were adopted by the clinical team and
safely attempted in all of the cases in this study, and once the team were familiar with the
protocol approximately 75% of measurements could be successfully analysed. Further work is
required to confirm the accuracy, and in particular the reproducibility of the measurements

in humans.



Chapter 9

Summary, Discussion & Conclusions

9.1 Summary of Work

This aim of the work presented in this thesis was to develop methods of measuring the absolute
flow of blood in the coronary arteries that could be safely and conveniently employed in clinical
practice on humans. This was undertaken as a progression of work, initially developing and
assessing enabling techniques, followed by the development the absolute flow measurement
technique’s underpinning theory, and practical testing in phantoms and ultimately humans.

The key challenges that were overcome to achieve this were as follows.

Radiation dose reduction The radiation dose rate to the patient when using the acqui-
sition mode to obtain the quantitative image sequences was reduced by introducing a
spectral beam filter into the X-ray beam. This lowered the additional radiation patient
received from flow measurements making them safer to perform. There was a negligible
loss in image quality, undetectable by human observers in clinical images, as a result of

the dose reduction.

Removal of background anatomy To analyse the contrast agent, it is necessary to be
able to suppress the signals in the image from other anatomy, and to overcome cardiac
motion and other patient movement during imaging, most notably from breathing. This
was initially achieved using a cardiac phase matched digital subtraction (Chapter 4),
and later temporal processing of the measurements taken within a ROI within the image

sequence (Section 8.2.3).

199
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Modification to the X-ray equipment settings Current X-ray systems employ closed
loop feedback and feed-forward systems to control their radiographic output and com-
puter based image processing, which is applied to images prior to display. These auto-
mated systems, under normal operation, ensure safe levels of radiation are used for the
patient, and the images displayed to the clinical users are of adequate quality. They
also remove the linear relationship between energy absorbed by the X-ray detector and
signal intensity in the image, which would corrupt the analysis of contrast agent volume.
Selectively disabling some of the these systems, and altering the behaviour of others,
allowed the quantification imaging to be performed at appropriate radiation doses. This
permitted quantitative comparison of blood flow between two different acquisition se-
quences, and it was demonstrated that this could be used to estimate the improvement

in flow in an artery following angioplasty and stenting (Chapter 5).

Calibration of the X-ray signal intensity to contrast agent volume The absolute mea-
surement of flow requires that the change in signal in an image per unit of contrast agent
is known. A method, which was straight-forward to implement in clinical practice, and

its underpinning theory was developed to achieve this (Chapter 6).

Phantom testing The testing of the method was performed in two phantoms in Chapter 7.
In a phantom where the flow of contrast was directly controlled by a power injector,
the X-ray measurements were accurate, predicting the actual contrast flow with a mean
error of £9%, and coefficient of variation of 4%. A far more sophisticated phantom
was developed, with the conditions representative of the flow in the human coronary
arteries, were modelled. In this phantom the X-ray flow measurements were shown
to be measure the simulated flow within 5% of the actual flow. Compared to results
from similar experiments performed using a thermodilution flow measurements in the
coronary circulation phantom (Appendix A), the X-ray based flow measurements were

slightly more accurate and similar in terms of reproducibility.

Testing in humans The X-ray flow measurements were tested in a proof of concept study
with 45 patients (Chapter 8). Once the clinical team had become familiar with the
measurements, this was successfully performed in 75% of cases. The X-ray based flow

measurements had a moderate correlation to reference flow measurements taken with
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a continuous thermodilution technique. The X-ray flow measurements underestimated
the flow measured via thermodilution, however, there were a number of issues with the

thermodilution reference, which may have affected its accuracy.

Overall, the accuracy of the X-ray flow measurements in the phantom experiments was
very encouraging. However, the results of the testing in humans was less conclusive. Com-
pared to flow measured using thermodilution, the X-ray measurements underestimated flow.
There are a number of possible explanations for this, and the most likely causes are the lack
of a dedicated thermodilution infusion catheter for the reference measurements, a reactive
hyperaemia following the injection of saline for the thermodilution, increasing flow in these
cases, and the flow of contrast agent in the X-ray measurements being lower than that of blood
due to the increased viscosity of the contrast agent compared to blood. It is not possible,
however, to conclude that these are the cause of the difference in magnitudes of the measured
flow from the existing data.

In terms of the precision of the X-ray flow measurements, the phantom results were ex-
cellent. There were limited data in the human study regarding the reproducibility of the
measurements as no test-retest was performed as part of the protocol. There was an assess-
ment of the observer variability, and overall the measurements were reasonable reproducible
between observers, and for the same observer, with a standard deviation of 0.2 ml/s between
measures, although on occasion difference in individual cases were larger, sometimes exceeding
0.5 ml/s. There were only two observers in the inter-observer variability assessment, and two
measures of the X-ray flow by one observer in the intra-observer variability assessment, and

therefore these results do not provide a complete assessment of the observer related variability.

9.2 Clinical utility of the X-ray based measurement of flow

In itself, the measurement of flow is an incomplete description of the coronary haemodynamics.
A measure of coronary flow in isolation is difficult to interpret without knowing the mass of
myocardium that the artery is supplying. The mass of myocardium supplied cannot be derived
from planar X-ray imaging. Moreover, even if the mass of myocardium were known and it
could be determined, for example, that the coronary flow was lower than normal in a given

patient, this would not give an indication as to the cause of the reduction in flow. Coronary
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flow (and indeed CFR) is reduced by a range of factors affecting both the coronary arteries
and myocardium (such as focal CAD, diffuse CAD, myocardial bridging, syndrome X, and

327) Identification of the underlying cause of the reduced flow is required

cardiomyopathy.
when making decisions about appropriate treatment for the patient. It is likely that the
clear visualisation of the coronary arterial lumen in X-ray angiography has resulted in a focus
on epicardial obstruction in the catheterisation laboratory, over the role of microvascular
obstruction as a cause of ischaemia.??® A more complete description of the haemodynamics of
a patient therefore requires the assessment of pressure and flow, so that estimates of resistance
can be obtained.

Patients referred for angiography in the catheterisation laboratory are those at high risk
of CAD, as lower risk patients requiring testing are dealt with by non-invasive testing, such
as cardiac-CT. Within the catheterisation laboratory, ability to proceed from angiography
to angioplasty and stenting offers rapid treatment. Other treatment options are available to
patients, namely medical therapy and bypass surgery. In patients where CAD is not flow
limiting, patient have been shown to have better outcomes with medical therapy,!?® and for
multi-vessel disease, bypass surgery results in better patient outcomes compared to PCL. 32?
It is no surprise therefore that physiological measurements in the catheterisation laboratory
are focussed on deciding whether to proceed to PCI or whether another form of treatment
will be of greater benefit.

The current mainstay of physiological measurements are pressure based, with invasive FFR
being the most common, but the pressure only measurement of FFR means that a raised (or
indeed lowered) microvascular resistance will affect the ratio of hyperaemic distal to aortic
pressure ratio indicative of a flow limiting stenosis (see Section 8.2.3 for a more in-depth
explanation). Differences in microvascular resistance also account for the apparent discordance
between FFR and CFR.'® Combining flow with pressure can produce a measurement of
resistance, and if the pressure is recorded in the aorta and distal to a stenosis then both stenotic
resistance and myocardial resistance can be calculated individually. Currently IMR, HSR and
HMR have been proposed to assess resistance, but they are compromised by the indexes of flow
that are used, namely the reciprocal of the mean transit time (1/7},,) for IMR and Doppler
based flow-velocity for HSR and HMR. Neither 1/7,,,, nor flow-velocity account for differences

in vascular volume either between patients, or between arteries. Nonetheless, despite this, van
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der Heof et al.?" elegantly demonstrate how much of the apparent uncertainty in invasive
FFR can be readily explained by the interplay between HSR and HMR. See Section 2.5, and
in particular Figure 2.20 for further explanation.

An absolute measurement of flow as, described in this thesis, is therefore appealing to
supplement intra-coronary pressure measurements to assess whether or not a stenosis would
benefit from stenting. An absolute measurement of flow such as the X-ray based flow mea-
surement, overcomes the limitations of Doppler flow-velocity and 1/7T,,, and also does not
require the addition of either a thermistor or Doppler sensor in the guide wire. However, to be
used in clinical decisions on treatment selection understanding of the appropriate thresholds
of stenotic and myocardial resistance is also required but currently unknown.

A measure of flow and pressure could also be useful following intervention to gauge the
improvement of coronary blood flow. No-reflow refers to the situation where there is hypop-
erfusion of the myocardium despite the restoration of patent epicardial vessel lumen following
intervention. No-reflow during acute MI is associated with higher rates of left ventricular
dysfunction, higher creatine kinase levels, and threefold increase in mortality.?3" This can
occur following intervention for acute coronary syndrome (in >20% of cases) or PCI where

331

no ischaemia is suspected (in <2% of cases).”>" There is evidence from studies using a visual

grading of myocardial blush post intervention following MI, that a deficiency of blood flow
seen on X-ray imaging is associated with worse patient outcomes. 723327334

Whilst no-reflow is recognisable on standard angiography from the particularly slow filling
of the treated vessel, or TMBG grades of 0 or 1, in reality there will be a range of post
intervention flow, and as such an assessment of post-PCI flow or myocardial resistance may
be helpful in assessing the prognosis for a patient in a more graduated manner, rather than
only detecting the extreme cases as at present. The high rate of no-reflow in ACS means that
the clinical utility of a flow measurement post intervention is of most value in the acute setting.
This is in contrast to the relative flow measurement in Chapter 5 which was performed in a
non-acute patient group. Moreover, if time-to-balloon is to be minimised, then rather than
a relative measurement pre and post intervention, an absolute measurement of flow alone
following revascularisation would be more appropriate.

An absolute measurement of flow would also be useful in the research setting. The time

after intervention following MI can be one of considerable change in the myocardium depend-
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ing on the state of the myocardium when revascularisation is performed. Infarct of under
than 30 minutes in duration does not affect flow once revascularisation has been achieved.
Ischaemia of longer duration causes changes to the microvasculature. Gradually the smaller
vessels lose the endothelium related relaxation that plays a key role in moderating flow, with
this capacity lost after 120 minutes. Intra-cellular oedema and further obstruction to flow by
activated leukocytes adhering to the capillarity walls further restrict flow. During PCI dis-
tal blockage can occur via atheroembolisation during the procedure.”™ Revascularisation can
make matters worse—the influx of fluid and electrolytes may increase swelling in the damaged
cells, reducing blood flow, and the influx of activated leukocytes and monocytes may create
more vascular plugs, therefore reducing flow further. Myocardial reperfusion injury can vary
in severity from myocardial stunning, no-reflow, through to lethal reperfusion injury, and is
associated with poorer patient outcomes.?3% The interest in altering the reperfusion strat-

336,337

egy within the catheterisation laboratory (for instance delaying stenting, or performing

338)

complete rather than main lesion only revascularisation or in determining effective ther-

74,339,340

apy or protective medication are likely to benefit from a measurements of flow and

myocardial resistance.

9.3 X-ray dose and quantitative imaging

The acquisition of flow information via the methods described in Chapter 8 requires at least
two acquisition sequences, at least one of which is unlikely to be useful in the standard
clinical routine. They therefore add additional radiation and contrast medium above that
which is required for the standard procedure. A dose survey of PCI cases within the hospital
in which this study was performed found that the average duration of cine acquisition in
a similar patient cohort was 52.3 s.'® Two additional sequences acquired for a minimum
duration of 7 s (four second injections, plus the mask images) would increase the duration of
angiographic acquisition by 27%. The increase in radiation for the case, given a even split
between fluoroscopy dose and acquisition dose,'® and the 40% reduced dose acquisition mode
used for the quantitative image, would increase the overall procedural dose by approximately
10%. The additional dose would rise for each flow measurement performed on a patient (for

example performing one at rest, and one at stress).
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In absolute terms the level of radiation received for the measurement sequences is not
high-a 10% increase in procedure DAP would be 380 ¢Gy cm2 based on the data from
the optimisation study from Table 3.2 on page 77. However, repeated acquisitions on the
same area of skin may contribute to higher peak skin doses. It is also possible that patients
receiving PCI can receive further radiation procedures, sometimes further PCI, or perhaps
other modalities such as cardiac CT or radionuclide imaging). It is therefore desirable to
reduce the radiation dose levels to the minimum necessary to perform the measurement, in
line with the as low as reasonably achievable (ALARA) principles.

Since the study presented in Chapter 3, the use of spectral beam filters has become more
widespread in cine acquisition modes, with beam filters of 0.4 mm of Cu now used. This
has produced much greater despite improvements to the computer based image enhancement
algorithms that were introduced, along further with reduction in patient dose.%:64

A substantial difficulty in deciding on appropriate dose levels for either standard coronary
angiography, is that it is not known what absolute level of quality is required, nor indeed
how to quantify this. Moreover for most X-ray systems the quality of images produced is
not constant. A feature of the anti-isowatt, constant detector dose, ADC used on the cardiac
X-ray systems in this study is that image quality is reduced as the patient size increases. 341342
Alternative dose control systems, whereby the image quality is held constant, not the detector
dose, have been described. Such systems, depending upon how high the target image quality
level is set, have the potential to reduce the dose delivered to thinner patients, but could well
increase the dose to larger patients.?*? Despite this, a modified dose control scheme able to
monitor the image stream assessing the image, actively quantifying relevant features of the
image (such as the contrast produced by the coronary arteries, or noise levels in different

regions of the image

343) could ensure that the appropriate level of image quality is delivered

for an image intended for quantitative analysis.344

9.4 Future Work

Whilst the two phantom experiments did assess the accuracy and reproducibility of the X-
ray flow measurement, there is more that could be learnt from further in vitro testing. The

accuracy of the X-ray measurement in the coronary circulation phantom over a range of
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underlying flows would be helpful (currently only one native flow, approximately 3 ml/s was
studied). These data could also refine the injection rates used in the measurement sequences;
by providing more information as to how much the native flow should be exceed by the
contrast injection rate to obtain complete replacement of blood-mimicking fluid with contrast
agent.

The coronary circulation phantom could also be developed further to include branching
arterial segments such as those found in the LCA. These could be produced from three di-

345 created from models from either computed tomography or

mensional printed arteries,
rotational angiography.3*® Such a model would also be useful for investigating the accuracy
of the perfusion reference measurements in a branching artery.

The question of the level of image quality, and therefore radiation dose, could be inves-
tigated using the existing image set and software that degrades an X-ray image sequence to
produce a result that has the added noise contribution as if it were acquired at a lower beam
intensity (lower mAs) and hence lower dose.34” An experiment where the radiation dose is
gradually reduced in both the calibration and measurement sequences until there is an impact
on the measurement of flow could be performed. Given the large area ROIs used in the flow
analysis, it is likely that quite substantial dose savings could be possible.

In silico testing of the effect of non-linearities between contrast volume and signal inten-
sity could be performed. In the large ROI there are a wide range of radiographic contrasts
produced by the contrast agent, for example there is considerable difference in the shadow of a
large vessel (which has a high mass-thickness of contrast) compared to small vessels, or indeed
myocardium. It can be seen in Figure 6.3 on page 123 that the relationship between mass
thickness of iodine and signal intensity is not linear, and the non-linearity is more pronounced
the softer the X-ray beam and thinner the patient. The impact of this on the flow measure-
ment could be investigated using computer simulation, and either deterministic projection

348

models using triangulated mesh objects (arteries, myocardium), or Monte-Carlo simula-

tion of X-ray photon interactions could provide a suitable basis for the simulation. 349351
The current assessment of inter and intra observer variability is limited with only one
observer scoring the images twice, and only two observers scoring the images. A greater

number of observers, and a greater number of repeated measurements by each observer is

required to obtain a more comprehensive assessment of observer related variability.
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The current clinical study was subject to a number of limitations, notably a flawed im-
plementation of the thermodilution reference test. This meant that the majority of reference
measurements were taken without the use of a dedicated thermodilution infusion catheter.
Moreover, there were only had a limited number of cases (especially in the left system), and
the study did not provide data to assess reproducibility. A further clinical trial should ad-
dress some of these limitations. A test-retest element to the protocol should be implement to
assess reproducibility. If thermodilution based reference is utilised, all measurements should
be performed under hyperaemia to control for hyperaemia induced as saline is infused. The
RayFlow infusion catheter (or alternative dedicated thermodilution infusion catheter) should
be utilised for all cases, with the patient cohort carefully selected to include only patients
with suitable arterial targets for saline infusion. If an alternative flow-index is taken, such as
Doppler flow-velocity, then a measurement of vascular volume should also be obtained (per-
haps via reconstruction from rotational angiograms). The effect of viscosity of the contrast
agent could also be investigated by lower concentration of contrast agent in a sub-group of

cases or measurement sequences.

9.4.1 Improvements to the measurement technique

There are a number of areas where improvements could be made to the techniques ultimately
developed for the patient study in Chapter 8. Whilst a power injector did provide consistent
and safe infusion of contrast agent, the initial part of the injection contained a mixture
of contrast and blood due to contrast leakage from the catheter prior to commencing the
injection. The same effect also caused contrast to continue to enter the artery following the
cessation of the injection. Whilst an attempt to minimise this was made by manually flushing
the catheter prior to the injection, this could be prone to error (i.e. being forgotten), or
there being some time between it being performed and the injection commenced depending
on the circumstances in the catheterisation laboratory. The use of a dual headed pump, as

52,353 could deliver a pre-contrast saline flush of the

is sometimes used in CT angiography,?
catheter immediately followed by the contrast infusion, thereby giving a sharp leading edge
to the contrast bolus.

Improvements are also possible in other areas of the clinical technique. The automated

termination of the X-ray acquisition following the end of the contrast injection could reduce
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radiation dose. Using the current X-ray system, the current angulation of the C-arm can be
stored using the table side controls, and then the system can automatically set the C-arm to
the same angles later in the procedure. This feature was used by the clinical team in the later
stages of the clinical study. Greater consistency in the radiographic output between sequence
could be achieved if, along with the C-arm angulation, the radiographic factors were also
stored and used for the next measurement sequence, in a similar way that the exposure lock
system works for photographic cameras. Another useful feature would be the addition of an in
room automated check of the quality of the measurement and calibration sequences, assessing
for example patient movement. Such a system would highlight cases where the acquisition
needed repeating, which could increase the number of cases where the measurements could
be successfully performed.

This study used a simple ROI shape—a rectangle. Whilst the most easily drawn, and
probably subject to less inter and intra observer variation in its size and placement, a more
complex ROI shape may have reduced errors from, for example, contrast accumulating in the
aortic root affecting the TIC, and this should be investigated. Alternatively, automated detec-
tion of contrast in the aorta, along with a correction, could be developed. Automated quality
control on subregion analysis of TICs have been shown to improve reproducibility, 1935 and

could be employed on the whole ROI or on a regional basis.

9.4.2 Overcoming breathing

The biggest reason that the X-ray measurement could not be successfully obtained was due to
breathing misregistration artefacts in the measurement or calibration sequences. Whilst the
clinical team did improve their success rate as the study progressed (largely due to improved
communication and practice breath-holding with the patient), there were still patients that
could not breath-hold. A number of strategies could be used to overcome this, as described

in the following sections.

9.4.2.1 Correction of the breathing motion

A series of images could be acquired while the patient breathes, producing a set of images at
a range of cardiac and respiratory phase combinations. The beam energy used should be the

same in the measurement sequences. The relative change in the background intensity relating
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to each combination could then be calculated as a function of both cardiac and respiratory
phase. This could be used to correct the signal intensity with the ROI in the measurement

or calibration sequences.

9.4.2.2 Energy subtraction

Temporal subtraction is not the only way to isolate the signal derived from the iodinated
contrast agent from other materials in the image. An energy subtraction technique can also
be performed, and indeed the very first DSA images in the 1970s utilised energy subtrac-
tion rather than temporal subtraction.?>® Two images are acquired with very different beam
energy spectra, one lower energy beam, and one high energy beam, and the weighted subtrac-
tion of the two images can be used to create an image with only the signal from the iodine
based contrast agent remaining, and the soft tissue removed. If, during cardiac imaging,
rapid switching of the beam energy for alternate frames in an acquisition sequence could be
implemented by switching the kV and beam filtration, this could produce a set of images
where the low-energy, and high-energy pairs of images are taken with a very short period of
time between them. The resultant energy subtraction would therefore be resilient to breath-
ing, as new low and high energy image frames are acquired as the patient breathes. This
technique has been demonstrated in animal experiments. 2°6:295:309 Unfortunately this has not
been translated to human imaging, presumably due to the fact that the rapid kV-switching,
beam filter-switching and modified dose control schemes, are not available on clinical cardiac

X-ray systems.

9.4.2.3 Energy sensitive X-ray detectors

An alternative technique to dual-energy subtraction would be to use a standard X-ray beam
energy, yet make the X-ray detector sensitive to the energy of the X-ray photons incident
upon it. There are a number of approaches to achieve this, including layered detectors,
detectors whose pixel matrix is divided in a mosaic pattern of pixels sensitive to different
energy bands and photon counting detectors.3*® Using such a detector means that a single
exposure can produce images at a range of energy sensitivities. By selecting these bands
appropriately, say for instance straddling the k-absorption edge of iodine, separation of the

signals from different materials can be achieved. This has been demonstrated in areas such
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as CT3%7 and contrast-enhanced mammography,3°® but could also be implemented in cardiac
imaging, assuming that the photon fluence rates in cardiac image can be accommodated by
the detectors. The advantage of such an approach would be that energy subtraction could be
performed to quantify iodine mass on a per image basis, overcoming the issue of breathing

without the requirement for rapid filter or kV switching required for dual energy imaging.

9.5 Towards and integrated assessment of coronary haemody-

namics

Two important technologies have been developed considerably since the inception of this
research. Firstly, the use of rotational angiography to produce three-dimensional models of
the coronary arteries. The increased spatial resolution of planar X-ray imaging compared to
cardiac-CT means that accurate outlines of the vessel lumen are possible to sub-millimetre
precision.

Secondly, there are advances in computational modelling—both lumped models and CFD
models of the coronary arteries. Simpler lumped models (i.e. those with no spatio-temporal
considerations, considering each element in terms of a single description) can be used to
make predictions regarding the overall state of a vessel and myocardial territory, when given
information from imaging and physiological measurements. Indeed, one such model, proposed
by Siebes et al.,'?” was used in Section 2.3.3.2 on page 41 to explore the limitations of
pressure based invasive FFR. The rapid improvements in computer processing power and the
increasing sophistication of software environments for modelling3®® have contributed to the
developments of computer models of coronary circulation. The use of such models can provide
insight into the apparent contradiction in the standard physiological measurements. Johnson
et al.?30Y comprehensively survey the published data where CFR and FFR measurements
have been made on the same patients, Johnson’s study identifies that patients with a normal
FFR (>0.8) yet depressed CFR (<2.0) can be modelled by introducing increased levels of
diffuse disease and with increased levels of small vessel disease. The study also noted that
the threshold limits for abnormal FFR have been performed in patients with high levels of
disease, as indicated by the low value of CFR found in the reference vessels from the study

populations. In groups with normal CFR the cut-off level of FFR indicating ischaemia was
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much lower. Coronary branch steal has been modelled, demonstrating that an atomically fixed
stenosis does not have a constant function significance, but there is a dependence on other
stenoses in the arterial structure.?®! CFD models take as inputs the anatomical shape of the
coronary artery, physiological information (such as intracoronary pressure measurements) and
population derived averages for other boundary conditions (notably myocardial resistance)
and utilise computer models of fluid flow based on the Navier-Stokes equation to estimate the
flow in the arteries and predict the haemodynamic significance of stenotic lesions.?>t Multi-
layered models can combine different model types, for example, a three dimensional CFD
model of a vessel with 1D boundary models.

The most promising use of the X-ray flow measurement would be for it to be employed
in an integrated haemodynamic assessment scheme in the catheterisation laboratory which
utilises physiological measurement, three-dimensional models from rotational angiography,
CFD models and the X-ray flow measurement. An optimisation scheme could be implemented
where the results from each component are used to refine each of the other components, up-
dating and iterating to reach a solution best matching the data collected from the patient.
The output of such a system could include the selection of the most appropriate treatment
for an individual patient, an estimate as to the improvement in reperfusion given the treat-
ment selected, and potentially prognostic information regarding the patient. The scheme is
illustrated in Figure 9.1.

There are a number of ways that data from one element of the integrated assessment
could help the other elements. Previous work has demonstrated how the combination of
computational modelling of the coronary circulation can be informed by flow measurements
from nuclear imaging, specifically PET providing regional assessment of CFR and FFR.362
Absolute flow measurements from X-ray angiography can be used, in combination with a
distal intra-coronary pressure measurement to estimate the microvascular resistance. In turn,
this can be used as a patient specific boundary condition for the CFD model of flow. The CFD
model could then predict the relative flow along each of the branching arteries (for example
separating the overall flow in the LCA to that flowing down each of the LAD and Cx arteries)
which would overcome the need to separate these on the angiographic projections. Vessel
diameter, length and volume from the 3D reconstructed arterial structure could be combined

with automated frame count analysis to provide further estimates of flow. Corrections for
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Figure 9.1: Integration of angiographic flow measurement, physiological measurement, 3D
anatomical modelling and computational fluid dynamics to predict heamodynamics of the
patient, optimal treatment and the outcome of the treatment.

breathing artefact in the angiographic X-ray measurements could be made by integrating an
anthropomorphic model of the soft tissue, adapted to fit data acquired in the 3D rotational X-
ray, to provide correction for breathing artefact (e.g. tracking of the diaphragm and calculating
a soft tissue correction depending on the diaphragm location). The arterial volume from
the 3D reconstruction could also be used to provide an alternative calibration for the X-
ray sequence by assessing the signal intensity in the measurement sequence arising from the
larger arteries alone. Such an integrated system could be used to assist in the treatment
selection, which is of key importance in the catheterisation laboratory, and even predict the

likely response to the treatment.

9.6 Conclusions

A measurement of flow in the coronary arteries has been developed and implemented on
a clinical cardiac X-ray system and has been shown to be viable in to perform within the
catheterisation laboratory. This required modifications the dose control and image processing
systems, but such modifications could implemented on any modern cardiac X-ray system. The

modifications to the dose control meant that appropriate radiation doses were delivered tai-
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lored to individual patients. In previous work on animals, such modifications are unnecessary
radiation output can be fixed as there is far less variation in size of the animals than in the
human population. Spectral beam filtration was employed, reducing the radiation dose rates
by 40% in the quantitative imaging modes compared to the standard angiography acquisition
mode. There is potential to further reduce the radiation used during the flow measurements.

An intracoronary injection of contrast agent at a known rate using a power injector,
was used to calibrate the signal intensity change observed in images to a known volume of
contrast agent on a per patient basis. This approach overcame the need for external calibration
phantoms that have been employed previously. External phantoms are impracticable in human
imaging; they are difficult to locate in an angled X-ray beam and are also subject to error
if the exact location of the heart and calibration phantom are not known, which is not the
case in human imaging. Following calibration, a second injection of contrast agent, replacing
all of the blood in an artery with contrast agent, was performed and used to measure flow
via computer analysis of the flow and calibration image sequences. An integrated analysis
application was created, which enabled the measurement of flow to be performed by clinical
users. The majority of the analysis process was automated, and results could be produced
quickly (in under a minute in most cases) which is similar to existing computer analysis tools
available on cardiac X-ray systems.

The X-ray flow measurements proved to be reproducible and accurate in phantom exper-
iments, producing more accurate results than reference thermodilution measurements, with
similar levels of reproducibility in repeated measurements.

The clinical team found that the X-ray based flow measurements were straight forward to
integrate into the clinical routine. In human testing, the X-ray measurements were completed
in approximately 75% of the cases once the clinical team had gained experience with the
technique. The majority of cases where the X-ray measurements could not be successfully
performed were due to the patient failing to breath hold during the X-ray imaging acquisition.
There was a moderate correlation between the X-ray flow measurements and a reference
thermodilution based flow measurement, although the X-ray flow measurements were lower
than the thermodilution measurements by an average of 25.6%. This difference may have
been due to the lack of a dedicated thermodilution infusion catheter for the majority of the

study, increased flow in the thermodilution measurements due to hyperaemia being induced
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by the saline infusion, or the flow of contrast agent in the X-ray measurement could be lower
than the flow of blood in the artery due to the viscosity of the contrast agent. Further human
trials, employing a more rigorous reference measurement protocol, are required to assess the

accuracy and reproducibility of the X-ray based flow measurements in humans.



Appendix A

RayFlow catheter testing

This experiment was performed following the clinical study described in Chapter 8, and used
the coronary flow circulation phantom to investigate the accuracy and precision of thermod-
ilution based flow measurements performed using the RayFlow infusion catheter (RayFlow,
Hexacath, Paris, France). The motivation for this experiment was the relatively sparse data
investigating the use of the catheter in humans, and the modest correlation between the ther-
modilution based flow measurements with the X-ray based flow measurements presented in
Section 8.4.2. A full motivation, and discussion of the findings, is described in Section 8.4.2

on page 176.

A.1 DMaterials and methods

For this experiment the coronary flow phantom described in Section 7.3 on page 132 was
used. Temperature and pressure were measured using the Radi equipment described in Sec-
tion 8.2.4.1 on page 161. The phantom was filled with the same body temperature glycerol-
water blood mimicking fluid used in the previous experiment. Prior to any measurements
being taken the reservoir tank was stirred and the pump run for a time to ensure even mixing
of the blood mimicking fluid. Clamp R1 (which controls the resistance in the distal aortic
model) was adjusted so that the pressure in sections A & B (the aortic model) was approxi-

mately 100 mmHg. Clamps R2 and R3 were adjusted simulating four conditions:
1. no stenotic or myocardial resistance (R2 and R3 applying no compressions)
2. stenotic lesion in the coronary artery (R2 tightened),
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3. myocardial obstruction in addition to the stenotic resistance (both R3 and R3 tightened),

and

4. myocardial obstruction with no coronary stenosis (R3 tightened, R2 applying no com-

pression).

For each condition pressure measurements were taken at locations A (simulated aortic
pressure from the catheterisation laboratories monitoring system) and B (coronary distal
pressure) using an intra-coronary pressure wire. Reference flow down the simulated coronary
segment was measured by diverting the output from this section into a measuring cylinder
and measuring the time taken for 30 ml of liquid to accumulate in the cylinder. This was
repeated three times with the time averaged across the three measurements to calculate flow.

Thermodilution flow measurements were made using the RayFlow infusion catheters used
in the clinical study. In the human setting, thermodilution measurements are taken with
the RayFlow as follows. The guide wire is positioned in the distal artery of interest. The
artery is then selectively engaged by the RayFlow catheter and thermistor position 3—6 cm
distal to the catheter tip. Infusion of room temperature saline is commenced, and the distal
temperature, Ty, recorded. The saline injection continues, and the wire withdrawn so that
the sensor is placed within the catheter so that the temperature of the saline infusate, T;
can be recorded, after which the saline injection is stopped. In the phantom guide wire
was initially positioned such that the thermistor was downstream of R2 (analogous to distal
artery). Recording was initiated on the RadiAnalyser, and the saline infusion was commenced
at 0.3 ml/s. Once the temperature had stabalised, the wire was pulled back so that the
temperature sensor withdrawn into the infusion catheter to record the infusate temperature.
The saline infusion and recording were then stopped. Three injections were performed yielding
three measurements for each condition. Data from the RadiAnalyzer were transferred to a
personal computer and analysed using bespoke software written in MATLAB. Temperature
measurements were averaged over two seconds, and were performed at the reference, distal
to the R2 clamp, and in the infusion catheter. Flow was then calculated using equation 8.2.
When using the RayFlow catheter the temperature of the infusate was taken as the lowest

stable measurement in the recorded temperature sequence.
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Figure A.1: Bland-Altman plot of actual flow and thermodilution measured flow with infusion
from the Rayflow catheter. Dashed horizontal lines indicate mean plus and minus one standard
deviation.

A.2 Results

A summary of the results are presented in Table A.1. Bland-Altman analysis showed a mean
difference between the actual flow and the flow measured by thermodilution to be 0.16 ml/s
with the RayFlow catheter; a Bland-Altman plot shown in Figure A.1. The mean relative
error was 12.6%, and the coefficient of variation for each of the four conditions tested was
0.09, 0.17, 0.05 and 0.09 for conditions 1-4 respectively.

When using the RayFlow catheter the thermistor is initially positioned in a distal arterial
to measure the temperature of the blood and saline mixture (Ty). Recording is then com-
menced as the wire is withdrawn, and the temperature of the infused saline (7;) taken as the
thermistor enters the catheter. During these experiments it was noticed that the 7; measure-
ments varied with small movements of the thermistor as it was withdrawn. This effect has
been reported previously as point of discussion, but not quantified. ™ The temperature traces
for three of the RayFlow recordings from the phantom experiment are shown in Figure A.2.
The temperature measurements and derived flow measurements in this phantom experiment

were carefully extracted from the minimum infusate temperature that could be recorded.
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Catheter | Condition P, P, Time Act. Flow | T T, T; Infusion | Thermo. Flow
(mmHg) | (mmHg) (s) (ml/s) °C °C °C (ml/s) (ml/s)
0.01 | -1.00 | -7.66 2.48
(1) 98 98 12.3 | 12.6 | 11.8 2.45 0.04 | -1.00 | -8.34 2.71
-0.01 | -0.90 | -8.23 2.96
-0.04 | -1.32 | -7.55 1.86
(2) 105 80 15.2 | 154 | 15.3 1.96 -0.24 | -1.39 | -9.45 2.23
0.05 | -1.16 | -5.74 1.60
RayFlow 003|173 [T 03 1.46
(3) 105 92 23.7 | 24.4 | 24.7 1.24 0.00 | -1.85 | -7.62 1.34
0.02 | -1.72 | -7.17 1.35
0.00 | -1.08 | -7.45 2.24
(4) 102 102 14.7 | 14.6 | 14.8 2.04 -0.07 | -1.22 * *
0.07 | -0.99 | -7.78 2.55

Table A.1: Thermodilution measurements in the coronary flow phantom with the RayFlow thermodilution infusion catheter. Measurement
indicated with (*) was missing in the recorded data. the four conditions simulated were: (1) no stenotic or myocardial resistance, (2) stenotic
resistance only, (3) stenotic and myocardial resistance, and (4) myocardial resistance only.
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Figure A.2: Temperature plots during the pull-back from thermodilution measurements using
the RayFlow catheter. a) is from the coronary flow phantom. Note how the reference (0-10 s)
and distal temperatures (45-60 s) are in good agreement, but the measured temperature of
the infusate is highly dependent on the location of the thermistor (65— s) which is being
advanced and withdrawn by small amounts during this time. b) is from a clinical case from
the study.
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