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4 Abstract

ABSTRACT

Sami Kajander

CT AND PET/CT HYBRID IMAGING OF CORONARY ARTERY DISEASE
From Turku PET Centre and Department of Clinical Physiology and Nuclear
Medicine,

University of Turku, Turku, Finland

Coronary artery disease (CAD) is a chronic process that evolves over decades
and may culminate in myocardial infarction (MD. While invasive coronary
angiography (ICA) is still considered the gold standard of imaging CAD, non-
invasive assessment of both the vascular anatomy and myocardial perfusion has
become an intriguing alternative. In particular, computed tomography (CT) and
positron emission tomography (PET) form an attractive combination for such
studies. Increased radiation dose is, however, a concern. Our aim in the current
thesis was to test novel CT and PET techniques alone and in hybrid setting in
the detection and assessment of CAD in clinical patients. Along with diagnostic
accuracy, methods for the reduction of the radiation dose was an important target.
The study investigating the coronary arteries of patients with atrial fibrillation (AF)
showed that CAD may be an important etiology of AF because a high prevalence
of CAD was demonstrated within AF patients. In patients with suspected CAD,
we demonstrated that a sequential, prospectively ECG-triggered CT technique
was applicable to nearly 9/10 clinical patients and the radiation dose was over
60% lower than with spiral CT. To detect the functional significance of obstructive
CAD, a novel software for perfusion quantification, Carimas™, showed high
reproducibility with 150-labelled water in PET, supporting feasibility and good
clinical accuracy. In a larger cohort of 107 patients with moderate 30-70% pre-
test probability of CAD, hybrid PET/CT was shown to be a powerful diagnostic
method in the assessment of CAD with diagnostic accuracy comparable to that of
invasive angiography and fractional flow reserve (FFR) measurements. A hybrid
study may be performed with a reasonable radiation dose in a vast majority of
the cases, improving the performance of stand-alone PET and CT angiography,
particularly when the absolute quantification of the perfusion is employed.

These results can be applied into clinical practice and will be useful for daily
clinical diagnosis of CAD.

Key Words: Coronary Artery Disease, Positron Emission Tomography, Computed
Tomography, Hybrid Imaging
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TIIVISTELMA

Sami Kajander

SEPELVALTIMOTAUDIN KUVANTAMINEN TIETOKONETOMOGRAFIALLA
(TT), POSITRONIEMISSIOTOMOGRAFIALLA (PET) JA NIIDEN
YHDISTELMALILA (PET/TT)

Valtakunnallinen PET-keskus, Kliinisen fysiologian ja isotooppildiketieteen
oppiaine, Kliininen laitos, Turun Yliopisto

Sepelvaltimotauti on krooninen verisuonten sairaus, joka kehittyy vuosikymmenten
aikana ja joka saattaa johtaa sydininfarktiin. Vaikka perinteinen, kajoava verisuon-
ten varjoainekuvaus (angiografia) onkin yhi tarkin sepelvaltimotaudin kuvanta-
mistapa, on sekid sepelvaltimoiden anatomian ettd sydidnlihaksen verenvirtauksen
(perfuusio) kajoamaton arvio yhi useammin sen vaihtoehto. Talloin erityisesti
tietokonetomografian (TT) ja positroniemissiotomografian (PET) yhdistelmd on
houkutteleva, mutta tillaisen hybriditutkimuksen potilaalle aiheuttama siderasitus
tulee huomioida. Tdmin viitoskirjan tavoite oli tutkia uusia TT- ja PET-tekniikoita
ja niiden yhdistelmid sepelvaltimotaudin toteamisessa ja sen vaikeusasteen mai-
rittimisessd kliinisilld potilailla. Diagnostisen tarkkuuden arvioinnin lisiksi pdi-
midrind oli selvittdd keinoja vihentdd ndiden tutkimusten potilaille aiheuttamaa
siderasitusta. Tutkimus, jossa TT:n avulla todettiin eteisvirindpotilailla vertai-
luryhmidd enemmin sepelvaltimotaudin 16ydoksid, vahvisti olettamuksen jonka
mukaan eteisvirindn syy voi olla sepelvaltimotauti. Todistimme myos, etti pros-
pektiivisesti EKG-tahdistettu tietokonetomografia oli tehokas ja helposti toteutetta-
vissa, silld sitd voitiin kidyttdd lihes yhdeksilld potilaalla kymmenestd, ja sen kiyttod
alensi potilaiden sideannosta yli 60% verrattuna spiraalimenetelmiin. Carimas™
—ohjelma osoittautui toistettavaksi ja luotettavaksi sydinlihaksen perfuusion mit-
taamisessa kiytettiessd merkkiaineena 150 —leimattua vettd. Selvitimme myos, ettid
PET:n ja TT:n yhdistelmi on tarkka menetelmi sepelvaltimotaudin arvioimisessa.
Menetelmi on erityisen tehokas kiytettdessd verenvirtauksen kvantitointia, ja on
talloin tarkkuudeltaan verrattavissa perinteisen varjoainetutkimuksen ja painevai-
jerimittauksen yhdistelmain.

Tutkimustuloksilla on suuri kliininen merkitys sepelvaltimotaudin diagnostiikas-
sa.

Avainsanat: Sepelvaltimotauti, positroniemissiotomografia, tietokonetomografia,
hybridikuvantaminen
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1. INTRODUCTION

Atherosclerosis evolves over a long period of time and may culminate in coronary
artery disease (CAD) and, all too often, in myocardial infarction (MI). Evaluation
of patients with suspected CAD has been based on non-invasive methods of
detecting myocardial ischemia followed by invasive coronary angiography to
visualize the presence of possible stenoses. This diagnostic pathway, however,
has recently been challenged by the development of coronary multi-detector CT
(MDCT), which has emerged as a widely used imaging modality in the non-
invasive arsenal of cardiac imaging. As an evolving method, its proper usage is
still under discussion and the indications for coronary CT angiography (CTA)
are disputed. Despite of this, the number of coronary CTA studies has increased
rapidly as improvement in technology has occurred. The ability to non-invasively
image coronary arteries, and to obtain important clinical information on the
characteristics of CAD constitutes an interesting option to the traditional diagnostic
tools (Berman DS, e a/ 2004; Berman DL, ez a/ 2006).

Yet, while CTA gives an estimate of the degree of the atherosclerotic burden
and may even assess plaques at the risk of rupture, it — like any other anatomical
imaging modality — is not able to quantify the functional significance of the luminal
changes. There is often disparity between the magnitude of the lesions and their
effects on myocardial blood supply. Only half of the anatomically significant
(usually considered to be >50%) lesions detected with CTA are actually flow-
limiting: Meijboom ez a/ (2008) reported 49% accuracy of CTA predicting reduced
fractional flow reserve (FFR) during invasive angiography (ICA) while Gaemperli
et al (2007) found that 50% of the lesions found in CTA were linked with impaired
perfusion in single photon emission tomography (SPECT).

Since the 1980°s it has been well demonstrated that myocardial perfusion can
be evaluated by using positron emission tomography (PET) (Hack, e a/ 1980;
Bergmann, ¢ a/ 1984, Knabb, ¢ o/ 1985). Studies have compared image quality
between PET and SPECT with significant differences in favor of PET (Yoshinaga
et al 2000, Bateman, e o/ 2006). When clinical scanners combining PET and CT
appeared in the late 1990°s, the idea of combining the methods into a hybrid
modality became attractive. First, it was shown that the amount of calcium in
coronary walls correlates with impaired coronary perfusion (although the absence
of coronary calcifications does not rule out significant CAD) (Schenker, e a/ 2008).
After CT technology improved to the current state of allowing visualization of
practically all coronary segments, also cardiac PET/CTA became a reality.

The techniques and imaging schemes of cardiac PET/CTA are still under progression.
Practical and robust software is needed for optimal assessment of myocardial
blood flow (MBF) in PET. However, the greatest attention in CT, in addition to
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image quality, is paid for the reduction of radiation dose to the patients. Clinically,
the most important issue is a proper patient selection for the study.

It is of vital importance to find the strengths of each imaging modality and to
further improve the possible weaknesses. This could make cardiac PET/CT a truly
beneficial and clinically valuable method for the diagnostics of CAD, and, in the
end, improve patient care.
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2. REVIEW OF THE LITERATURE

2.1 Coronary Artery Disease

2.1.1 Definition & Risk Factors

Coronary artery disease (CAD) refers collectively to stenosis, aneurysm, or
inappropriate vasomotor behaviour of the coronary arteries usually due
to atherosclerosis. A chronic disease of large, medium, and small arteries,
atherosclerosis evolves over decades and often culminates in myocardial
infarction (MD), reduced cardiac output, or ventricular arrhythmia (American
Heart Association 2003-4; Arias, et a/ 2001; Castelli, ez a/. 1986; Kannel, et a/ 1976;
Kannel&McGee 1979). With mortality rates of more than 30% at 1 month and
45% at 1 year (Morrow K, ¢ a/. 1993), MI and its complications are the principle
cause of death for patients with CAD. Such dire consequences have stimulated
a preventive approach to atherosclerosis that hinges less upon the identification
of specific lesions and more upon the recognition of individuals with high risk
of lesion development. Atherosclerotic lesion development, the rate of disease
progression, and the occurrence of dramatic clinical events closely correlate with
inherited and acquired metabolic and behavioural risk factors (Castelli, ez a/ 1980;
Kannel&McGee 1979; Wilson, e a/ 1998;. Myers, et al 1990)

2.1.2 Atrial Fibrillation and CAD

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia with an
estimated prevalence of 0.4% to 1% in the general population (Fuster, ez 2/2006). In
addition, the mortality rate of patients with AF is almost twice as high as in patients
with normal sinus rhythm. This observation has been attributed to an increased
cardiac death rate due to underlying heart disease (Flegel, ¢z 2/ 2007; Kannel, et a/
1983; Krahn, er a/ 1995; Psaty, et a/ 1997) rather than to thromboembolism (Dries,
et al 1998). CAD is considered to be highly prevalent among patients with AF and
may be one of its underlying causes (Lip& Beevers 1995). Furthermore, it has been
suggested that AF may be the sole manifestation of CAD (Schoonderwoerd, e a/
1999). However, the majority of data supporting this association have been derived
from studies using the presence of electrocardiographic (ECG) abnormalities and a
history of ischemic heart disease to define CAD (Krahn, e#4/1995; Schoonderwoerd,
et al 1999, Kannel, ¢ 2/ 1982) rather than direct visualization of atherosclerosis. Thus
far, only 2 cardiac imaging studies of this topic are available. In these investigations,
stress myocardial perfusion single-photon emission computed tomography (SPECT)
was applied to evaluate the prevalence of CAD in patients with AF (Abidov, ez a/
2004; Askew, et a/ 2007). In the former paper, Abidov and colleagues showed a



14 Review of the Literature

significantly higher prevalence of abnormal myocardial perfusion SPECT findings
in AF patients as compared to patients without AF. However, in this study patients
with symptoms and known CAD were included. Investigation of an asymptomatic
population, as performed by Askew et al, failed to confirm this observation.

2.1.3 Current and Evolving Diagnosis of CAD

Even though we have witnessed a significant improvement in the prevention
and management of CAD and its devastating consequences, it still remains highly
prevalent and represents a healthcare burden: symptomatic atherosclerosis is the
second leading cause of death by the age of 65 years (Arias, ¢ 2/2003). To enhance
earlier diagnosis, an expansion and refinement of non-invasive imaging methods
has occurred, and an intense debate regarding the strengths and weaknesses
of competing imaging technologies and their appropriate clinical use is still
on-going. The introduction and dissemination of new technology provides the
potential for enhancing and expanding our understanding of the pathogenesis
and natural history of the disease (eg, atherosclerosis and myocardial dysfunction)
and hopefully extend our treatment options while providing a tool for monitoring
therapeutic responses (Einstein, ez @/ 2007).

The detection of ischemia is based on either reduction of perfusion or induction of
ischemic wall motion abnormalities during exercise or pharmacological stress. The
most well-established stress imaging techniques include stress echocardiography
and SPECT. Both may be performed with either exercise stress or pharmacological
stress. Novel stress imaging techniques include stress magnetic resonance imaging
(MRD), PET and combined approaches. Stress imaging techniques have several
advantages over the conventional exercise ECG test because they offer more
sensitive and specific diagnostic performance (Fox, eza/2000), the ability to quantify
and localize areas of ischemia, the ability to provide diagnostic information in the
presence of resting ECG abnormalities or in cases in which the patient is not able
to exercise.

2.2 MDCT Imaging of CAD

2.2.1 CT technology

2.2.1.1 Early Development

A tomographic scanner rotates to produce spatially consecutive, parallel image
sections. In CT, a computer stores a large amount of x-ray attenuation values
of an object, thus making it possible to determine the spatial relationship of the
radiation absorbing structures within it. A computed tomogram consists of a
matrix of attenuation values presented in shades of grey, thereby creating a spatial
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image of the scanned object. After Cormack’s initial work on image reconstruction
from projections (Cormack 1964a, Cormack 1964b), the first modern CT scanner
was produced in the early 1970"s by Hounsfield working for EMI Ltd. in England.
The device, although requiring 9 days to complete the acquisition of the data,
revolutionized medical imaging (Hounsfield 1973; Ambrose 1973). During the next
decade, gradual but important steps were taken to further improve the device.
Many of them were enhanced by the rapid development of the electronics, thus
making it possible to image faster, which in turn was necessary to image moving
organs and larger volumes of the body. In addition, the deployment of iodine-
containing contrast media improved contrast resolution and made it possible to
image blood vessels.

2.2.1.2 Electron Beam CT

Imaging of the heart was an early but ambitious target for CT imaging. During
the late 1970°s it seemed clear that mechanically rotating gantry could not freeze
cardiac motion, and that an alternative solution should be found. In 1978, a device
with an electron beam scanning on tungsten rings was proposed, creating an
electron beam CT (EBCT) (Boyd 1979). In an EBCT scanner, an electron gun
produces a beam of electrons that are expanded, refocused, bent and rotated to
form multi-slice images through computer control. The first devices were introduced
commercially in 1984 as cardiac scanners, were updated in 1988 as whole body
tomographs (Boyd, e a/ 1987), but never gained wide acceptance. Although still
the fastest CT-device (with temporal resolution of up to 33 msec) and the only CT
technology to compete with invasive angiography in speed, problems with high
costs and suboptimal contrast/noise hindered the development and sales of EBCT
scanners. Only about 300 examples were built.

2.2.1.3 Spiral and Multi Detector CT

The breakthrough invention for CT, however, was the development of spiral
imaging, enabling the scanners detector ring to rotate continuously and to produce
a helical — or spiral — data set of the scanned object. In this technology, slip rings
transferred power and data to and from a rotating gantry. Spiral imaging eliminated
the inter-scan delay of the previous step-scan techniques and allowed faster
exams. After single-detector spiral imagers, multi-detector CT (MDCT) technology
was introduced by the late 1990°s by several manufacturers. In MDCT, several
detector rows are set parallel along Z-axis, allowing simultaneous collection of
data from a large volume. After initial 2- and 4-slice configurations, 8-, and 16-row
devices soon followed with faster rotation times, thinner slices and, thus, better
image quality. In 2005, 64-row — or section — MDCT become available, further
reducing imaging time and allowing reconstruction of extremely thin slices down
to 0.5 mm.
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2.2.1.4 Current and Future Developments

Since then, fast 256- and 320-row configurations have reached marketplace. The
latter, introduced by the Japanese company Toshiba in 2007, offers the advantage
of imaging larger structures, e.g. human heart, during one gantry rotation.
In addition, CT perfusion is enhanced because the field of view in Z-axis is
longer (Choi, ez a/ 2009). One manufacturer (Siemens) has opted for developing
and producing a device with two separate x-ray tubes and detectors, offering
improved time resolution and thus less motion artefacts in moving targets. In this
type of device, it is possible to use a different energy in each tube resulting in
better contrast (Rogalla, ez a/ 2009). General Electric (GE), on the other hand, has
a scanner producing energy sensitive images using a single tube system in which
the electric current is rapidly changed between two levels. A new detector material
(gemstone) may offer better contrast resolution whereas iterative reconstruction is
employed for less image noise. In addition, future directions of CT development
include analytic reconstruction, local or interior reconstruction, flat-panel based
CT, multi-source CT, novel scanning modes, artefact reduction, modality fusion,
and phase-contrast CT (Wang, ez a/ 2008).

2.2.1.5 Image Processing

Along with the improvement in mechanics and electronics, advances in visualization
techniques and data processing have been and continue to be mandatory to handle
the information (Rubin 2005). While a single row scanner produced about 20-40
MB of data per a whole body scan, this amount rose to more than 700 MB by the
year 2005. This data explosion necessitated several image processing techniques
such as Maximal Intensity Projection (MIP), Multiplanar Reformation (MPR) and
Volume Rendering (VR) (Choi, e a/ 2009). These techniques have allowed the
radiologist — or radiographer — to efficiently handle and visualize a large data
volume without the need to film each image.

2.2.2 Imaging CAD with MDCT

2.2.2.1 Comparison to Conventional Coronary Angiography

Currently, modern MDCT offers a tool for successful imaging of fast moving small
structures such as coronary arteries. Images can be ECG gated or triggered for
freezing the motion, acquisition is fast enough for covering the heart during a
few heart beats; new technologies allow for fast gantry rotation with narrow
collimation and with good image quality (Budoff, ez a/ 2000, Stein, e# a/ 2000; Blue
Cross and Blue Shield Association 2000).

The use of intravenous iodinated contrast enables direct visualization of coronary
stenoses with MDCT. At present, a large number of studies performed with 64-section
MDCT technology have been published. At least 6 meta-analyses have shown that
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the negative predictive value of the method is excellent, close to 100%, suggesting
that MDCT can reliably rule out the presence of hemodynamically significant CAD.
Positive predictive value, however, has been less impressive (Vanhoenacker, ¢z
al 2007; Janne d"Othee, ez o/ 2008; Sun, et o/ 2007; Abdulla, e a/ 2007; Di Tanna,
et al 2008; Mowatt, et 2/ 2008). In most cases, this is due to overestimation of
detected stenoses in MDCT. Of the two multi-centre trials published, the other was
consistent with the results of meta-analyses (Meijboom, ¢ o/ 2008) but the other
showed only moderate negative predictive value for CAD (Miller, e a/ 2009).

Even with 64-section MDCT, 3-11% of coronary artery segments cannot be evaluated
(Raff, et a/ 2005; Ferencik, et a/ 2006; Wintersperger, et a/ 2000; Pannu, e a/ 2000;
Leschka, et a/ 2005; Leschka, ez a/ 2006; Pugliese, ez a/ 2000). Interestingly, of the
coronary artery segments that were included in 64-MDCT studies, the accuracy for
detecting stenoses depended highly on image artifacts. False-positive and false-
negative interpretations were attributed to image artifacts in 91% (Raff, ez o/ 2005)
to 100% (Leschka, ez 2/ 2005), the major cause being the presence of calcifications.
Less frequent causes of degraded image quality were motion artifacts and obesity,
the latter resulting in a poor contrast-to-noise ratio.

Most studies comparing the diagnostic performance of coronary MDCT with
invasive angiography have suffered from verification bias; they have investigated
populations requiring invasive approach (high risk patients) thus differing from
the general population. Recently, the clinical performance in non-selected patient
populations has also been investigated: Grosse, ef o/ (2007) found a sensitivity,
specificity, positive predictive value, and negative predictive value of 87%, 99%,
98%, and 95%, respectively, in segment-based analysis. In patient-based analysis,
the analysis demonstrated an excellent negative predictive value of 91%.

2.2.2.2 Comparison with MRI

When comparing MDCT angiography with another non-invasive imaging modality,
MRI, MDCT has significantly higher accuracy for the detection of coronary artery
stenosis (Dewey, e a/ 2006; Schuijf, e# a/ 2006).

2.2.2.3 Clinical Appropriateness

A recent scientific statement of the American Heart Association concluded that
coronary CTA may be clinically useful and may be reasonable for the assessment
of symptomatic patients with suspected CAD (evidence class IIA, level of evidence:
B) (Budoff, ¢za/2006). Furthermore, the American College of Radiology has issued
a similar practice guideline including appropriateness criteria for the performance
of cardiac CT (Jacobs, et a/ 2000).
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2.2.2.4 Radiation Dose of Cardiac MDCT

Radiation dose has become a major safety issue in cardiac imaging. The patient
dose of cardiac MDCT is considerable: radiation due to a coronary CT angiogram
on an industry standard 64-section MDCT scanner is higher than with older
versions such as 16-slice devices. This issue, together with the increased number
of the studies performed, the dose received by the population has grown and is
expected to further increase (Einstein e a/. 2007; Nickoloff & Alderson 2007; Paul
& Abada 2007). This is against the ALARA (As Low as Reasonably Achievable)
philosophy of using radiation, and has enhanced efforts to reduce radiation dose
with novel imaging technologies.

The mean radiation dose in 64-section MDCT cardiac studies has been estimated
to be 15.2 mSv for males and 21.4 mSv for females (de Feyter, ¢z 2/ 2007). However,
the true patient doses vary in daily practice and individual doses may increase up
to 40 mSv (Paul & Abada 2007). The most recent survey (Hausleiter, ez «/ 2009)
showed that the differences between imaging centers and CT systems still exist.
Even though the median dose was 12 mSv, the dose varied between 5 and 35
mSv. The employment of novel dose saving protocols has resulted in a dose
reduction of 53% in a cohort of 15 hospitals that have used new techniques (Raff,
et al 2009).

Breast, esophagus and heart have been recorded to have the highest absorbed
organ doses. Of particular concern is the female breast, which may receive a dose
up to 10-30 times higher than received in mammography screening (Nickoloff
& Alderson 2007). In fact, the lifetime risk for breast or lung cancer in girls and
young women undergoing a single ECG-gated CT angiography may range from
1.7% to 5.5% (Hurwitz, e o/ 2007). In comparison, diagnostic invasive coronary
angiography has a mean effective radiation dose of 7 mSv but has an extremely
wide variation between 2.3 and 22.7 mSv. In nuclear perfusion imaging with
SPECT, the mean effective radiation dose varies according to the tracer and
protocol, being higher with Thallium (~15-20 mSv) than with Technetium-based
tracers (~7-11 mSv). Radiation dose data from various cardiac imaging methods is
presented in Figure 1 (reprinted with permission, Einstein, ¢ a/ 2007).
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Fig. 1.

2.2.3 Strategies for Radiation Dose Reduction in Cardiac MDCT

2.2.3.1 Patient Selection

The most important means to avoid unnecessary radiation are, of course, proper
patient selection and preparation. Proper clinical indications must be met and
contraindications to the study, such as a non-sinus rhythm, taken into consideration.
Massive coronary calcifications and tissue motion deteriorate image quality (Mir-
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Akbari, e a/ 2009) and it has been stipulated that patients with very high calcium
scores should be omitted from CTA in favour of other methods. Recently, it has
been stated that instead of applying a strict upper limit of coronary calcifications,
possible denial of the CTA should be considered individually — but on the basis of
the calcification score (Hecht & Bhatti 2008).

2.2.3.2 Traditional Methods of Dose Reduction

The conventional methods to decrease dose are reducing tube current and voltage
and increasing the pitch. These methods are widely used but always compromise
image quality. However, it is advisable to use a lower (100 kV) tube voltage
(Leschka, e7a/2008) or even 80 kV (Abada, ¢#4/2006) in slim individuals. Anatomy
based current modulation (either real time or scout image based) depends on
tissue attenuation; radiation increases with increasing amount of tissue. A more
sophisticated method, ECG-dependent X-ray tube current modulation, reduces
current only at phases outside the critical time window between end systole and
end diastole. This method reduces the tube current by up to 80% during systole
while delivering the full dose during diastole, resulting in a 30%—-50% reduction
in the effective radiation exposure. If the width of the time window for maximal
mAs may be adjusted, dose will be further reduced (Kalender, ez a/ 1999; Morin, ez
al 2003; Prinak, et a/ 2006; Fei, et al 2007).

2.2.3.3 Prospective ECG-triggering

Another new method to reduce radiation dose is called sequential acquisition, or
“step and shoot”. It uses axial CT images in the context of contrast-enhanced, thin
slice MDCT cardiac imaging. In contrast to normally used spiral protocols with
retrospective ECG-gating, it utilizes prospective triggering with a pre-determined
scan window that may be widened up to include a series of adjacent phases. The
image data are post-processed after the scan to reconstruct only this particular
portion of the ECG-cycle. Contrary to spiral imaging, in which acquisition takes
place during the table motion, tube current is on and the data collected only
between sequential table movements. Typically, this takes place during every
other heart beat. It also means that the pitch is always 1 with a pre-decided
overlap between the image stacks. A normal sized heart can be scanned in 3
to 4 acquisitions during 5 to 7 heart beats with a current standard 4 cm system.
Standard 64-section hardware may be used. Thus, step and shoot imaging is
essentially a modification of traditional axial imaging adapted to a wide MDCT
detector and it may be coupled to DSCT hardware, too.

Sequential imaging may offer diagnostic CTA at doses as low as 1-2 mSv (Hsieh,
et al 2006; Herzog, et a/ 2008; Husmann, ez a/ 2008; Scheffel ez 2/ 2008; Schoenhagen,
et al 2008; Herzog et al 2009; Pontone, ez a/ 2009) without sacrificing general image
quality. The main limitations of the method are the lack of information about left
ventricular function (as most phases of the cardiac cycle are omitted), the relative
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sensitivity to heart rate variability, and the inability to image at high heart rates
due to the short reconstruction time available at such rates. Heavy calcifications
deteriorate image quality as with retrospective gating (Husmann, e a/. 2008,
Scheffel, ez a/ 2008, Stolzmann, ez a/ 2008).

2.2.3.4 New Hardware Development

The most recent innovations in CT dose containment largely depend on new
technical advances and the need for new hardware such as wide 256- or 320-slice
detector arrays. With DSCT scanners, good image quality may be achieved with
reduced radiation dose: multiple sources enable increased pitch of a scan, and
correspondingly a lower dose. These machines may improve image quality to
dose ratio especially at higher heart rates (McCollough, e# a/ 2007; Stolzmann, ez a/
2008). A high-pitch mode of the DSCT has also been introduced with promising
preliminary results for both the diagnostic accuracy and lower radiation dose
(Leschka, ez a/ 2009).

2.3 Myocardial Perfusion

While CT gives an estimate of the degree of atherosclerotic burden and may even
reveal some plaques at rupture risk, it fails to quantify vascular endothelial health,
vascular reactivity and the flow limiting consequences of the luminal changes.
Therefore, it is difficult to evaluate the effects of a vascular lesion on myocardial
blood supply. Only half of the anatomically significant lesions detected in CTA
are flow-limiting; Meijboom. ez o/ (2008) reported 49% accuracy of CTA predicting
reduced fractional flow reserve (FFR) during invasive angiography (ICA) and
Gaemperli, ez a/ (2007) showed that 50% of the lesions in CTA were associated
with perfusion defects in SPECT. The accuracy of 64-section coronary CTA was
compared with that of technetium 99m tetrofosmin SPECT myocardial perfusion
for functionally significant CAD. Sensitivity, specificity, negative predictive value
and positive predictive value of CTA against any perfusion defects were 75%, 90%,
93% and 68%, respectively, per patient.

Treatment of the lesions is based on ischemia correlating to subjective symptoms.
Thus, functional assessment is needed particularly when evaluating intermediate
lesions in CTA and the therapy of stenoses without functional effects can be
deferred. The measurement of FFR during ICA has been used as a gate keeper for
angioplasty, but too often the treatment decisions are done on the basis of vessel
anatomy (Pijls, ez a/ 2004; Botman, e a/ 2004; Berger, ¢f a/ 2005; Tonino, et a/ 2009).

2.3.1 Assessment of Myocardial Ischemia

Traditionally, diagnosis of CAD has been based on detecting myocardial ischemia.
Ischemia can be documented by symptom-limited exercise test and non-invasive
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imaging of myocardial perfusion. Assessment of myocardial perfusion is the
standard method of detecting ischemia and thus determining the functional
consequences of impaired blood flow in the epicardial arteries. In cases of
seriously impaired myocardial perfusion, invasive angiography can be performed
to evaluate the need for vascular interventions.

2.3.1.1 Assessment of Myocardial Ischemia with SPECT

SPECT perfusion test is an established diagnostic method which provides more
sensitive and specific prediction of the presence of CAD than exercise ECG.
Reported sensitivity and specificity of exercise SPECT when compared against
invasive angiography ranges between 85-90% and 70-75%, respectively (Fox, ez a/
2006). SPECT has been successfully performed for over 30 years, and its diagnostic
and prognostic value is confirmed by extensive literature. Over the years, advances
have been made to improve image quality and shorten acquisition protocols
(Bateman, et 2/ 2009; Heller, et a/ 2009). Despite this progress, SPECT still suffers
from several limitations. It frequently underestimates the degree of ischemia and,
in particular, the presence of multivessel disease because the analysis is either
relative (qualitative) or, at best, semi-quantitative. The stress protocols are still
rather time-consuming (up to 2.5 — 4 hrs). Attenuation artefacts are common and
tracer activity in liver and gut is considerable. (Heller, ez a/ 2009).

2.3.1.2 Assessment of Myocardial Ischemia with MRI

Cardiac MRI with pharmacological stress can be used to detect myocardial
ischemia. Ischemia may be detected by screening for wall motion abnormalities
induced by dobutamine infusion or perfusion abnormalities induced by adenosine.
Cardiac MRI has rather recently been applied in clinical practice and therefore less
data have been published of it than of other established noninvasive imaging
techniques (Fox, e# a/ 2000).

A recent meta-analysis showed that stress-induced wall motion abnormalities
in MRI have sensitivity of 83% and specificity of 86% in patient-based analysis.
Furthermore, perfusion imaging demonstrated 91% sensitivity and 81% specificity
(Nandalur, e#4/2007). One multicenter trial has been published of the performance
of stress perfusion MRI in the detection of CAD with 85% sensitivity and 67%
specificity (Schwitter, ef a/ 2008).

2.3.1.3 Assessment of Myocardial Ischemia with Stress Echocardiography

Stress echocardiography is an established diagnostic test and is more accurate
than exercise ECG test in the detection of ischaemia. Physical exercise is usually
performed by bicycle ergometer but pharmacological stress with dobutamine and
less frequently dipyridamole can also be used. The technique requires adequate
training and experience since it is more user dependent than other imaging



Review of the Literature 23

techniques. Pooled sensitivity and specificity of exercise echocardiography are
reported as 80-85% and 84-86%, respectively (Fox, e a/ 2000).

2.4 PET Imaging and Myocardial Perfusion

2.4.1 Basics of PET

PET is based on nuclear imaging with short-lived radioactive isotopes such as 18F,
1C and 150. These radionuclides, which have an excess of protons (thus having
a nuclear inbalance), can be labeled with a range of either natural substrates,
substrate analogues or pharmaceuticals, enabling quantitative, non-invasive
measurements of physiological and biochemical processes in living tissue. After
(usually intravenous) administration of the radioactive compound, the radioisotope
reaches a stable state thus converting a proton into a neutron, and loses an excess
positron. After traveling a short distance and losing some of its energy, the positron
collides with an electron to produce two gamma quants of 511 kilo-electron volt
(keV) energy in a process called annihilation.

A clinical PET scanner consists of detectors arranged as a ring around the patient.
The detectors detect the simultaneous occurrence of two high-energy photons
travelling into opposite directions, record the data and send it to a computer for
tomographic image reconstruction.

2.4.2 Imaging of Myocardial Perfusion with PET

Since the 1980°s, many studies have demonstrated that myocardial perfusion may
be evaluated using PET (Hack, e4/1980; Bergmann, ¢ 2/ 1984, Knabb, ea/1985). As
compared to SPECT, PET has several advantages. Image quality is superior due to
the higher energy level of PET radiopharmaceuticals (511 vs. 140 keV for the most
common SPECT tracer technetium) leading to higher spatial resolution and less
scatter. Attenuation correction is routinely used in PET thus reducing attenuation
artefact (Heller, ez @/ 2009). At least two studies have compared image quality
between PET and SPECT with significant differences in favor of PET (Yoshinaga ez
al 2006; Bateman, ez a/ 2000).

The diagnostic accuracy of PET is high. A recent meta-analysis demonstrated
good overall (92% sensitivity, 85% specificity) and coronary territory-based (81%
sensitivity, 87% specificity) accuracy in PET (Nandalur e 4/, 2008). A similar study
with solely PET/CT method showed sensitivity of 93% and specificity of 83%
(Sampson, ¢ a/ 2007). In a direct comparison between SPECT and PET, the ability
of the latter to identify multi-vessel ischemia was significantly better (74% vs 41%)
(Bateman, ef a/ 2006). With both methods, however, the visualization of just small
or relative differences in MBF may lead to underestimation of CAD. On the other
hand, quantification of the flow is likely to increase the accuracy of the technique,
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especially in the assessment of the severity of multi-vessel disease. Furthermore,
quantification allows the detection of myocardial perfusion abnormalities not
caused by CAD — such as microvascular disease and endothelial dysfunction
(Knuuti, ez 2/ 2009a; Knuuti 2009b).

A typical radiation dose for a patient to be caused by a PET study is fairly modest
and less than by using SPECT. The dose from a rest-stress PET perfusion study
is estimated to be 2.2-2.5 mSv for 150-water and 13N-ammonia but higher (3-13.5
mSv) for 82Rb (Einstein, et a/ 2007).

2.4.3 The Techniques for Quantification of Myocardial Perfusion

There are two main determinants that define the potential of an imaging technique
for quantification of myocardial perfusion. The properties of the imaging device define
the accuracy and robustness of the quantified signal. The other determinant is the
choice and characteristics of the sracer itself.

Quantification of the tissue tracer concentration is a feature typical to PET.
150-water and 13N-ammonia are the tracers most widely used for the quantification
of myocardial perfusion, Both tracers™ kinetic models are well validated in animals
against the radiolabeled microsphere method over a wide flow range (lida, ez a/
1988; Hutchins, e @/ 1990) and are comparable in quantifying perfusion (Bol, e
al 1993). Absolute quantification of myocardial perfusion in PET is performed by
using the tracer kinetic method, which is based on measuring the in vivo kinetics
of a tracer concentration during dynamic acquisition, and this analysis can be
done in the standard segmentation (Cerqueira, ez a/ 2002).

2.4.3.1 Quantification of Myocardial Perfusion with 13N-ammonia

13BN-ammonia is extracted from blood with a reasonably high extraction factor.
The extraction is, however, inversely related to the perfusion (Knuuti, ez a/ 2009a).
A three-compartment model has been for calculation of perfusion (Hutchins, ez a/
1990; Muzik, ez a/ 1993) and the perfusion is calculated from the tracer’s uptake
by myocardium. With 13N-ammonia, quantification of myocardial flow has been
proven clinically useful in patients and controls (Muzik, ez 4/ 1998) and in detecting
early vascular pathology before macroanatomical changes occur (Dayanikli, e a/

1994).

2.4.3.2 Quantification of Myocardial Perfusion with 1°0-water

150-H,0 is an attractive tracer for assessing tissue perfusion. It is metabolically
and chemically inert, freely diffusible and may thus be assessed with a single-
compartment model for the calculcation of MBF. It has a short half-life (123
seconds) thus allowing serial measurements in a short time span. 150-H,O is
relatively easily produced in a small cyclotron, may be administered intravenously
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and has been validated for quantitative measurement of the regional perfusion
(ml/g/min) of myocardium (Iida, e «/ 1988). Unlike when using 13N-ammonia,
quantification of MP with 150-H,0 is estimated on the basis of the tracer’s washout
from the myocardium. The most important difference between 150-H,O and other
perfusion tracers is the linear relationship between absolute myocardial perfusion
and tracer behavior. With other tracers, the extraction of the tracer is reduced with
increased perfusion thus causing underestimation of the actual flow. This must
be corrected with a mathematical model using specific equations and a correction
factor which may be difficult and cause error and noise to the images (Knuuti, ez
al 20092a). Such corrections are not needed when 150-H,O is used.

Already in the mid 1990°s, MBF values with 150-H,O PET were shown to reflect
properties of both healthy myocardium and tissue affected by coronary stenoses
(Uren, et a/1994). In addition, it has been shown to exhibit closer correlation with
the invasive functional parameter FFR than invasive angiography (De Bruyne, ef a/
1994). It has been shown with 150-H,O PET that even early borderline hypertension
may impair coronary flow reserve, CFR, a parameter reflecting the relationship
between MBF in stress and in rest (Laine ez a/ 1998).

Although 150-H,O PET allows absolute non-invasive quantification of both global
and regional myocardial perfusion (Kaufmann, ¢z 4/ 1999), most of the PET studies
are still focused on relative perfusion analysis in patients with CAD. This is basically
due to the complexity of required acquisition and analysis protocols (Lodge, ez a/
2007). The studies with absolute quantification typically assess cardiac perfusion
on the global level only, and usually focus on either on the effect of specific risk
factors on early coronary dysfunction, or on patients with other cardiovascular
diseases such as familial combined hyperlipidemia (Kaufmann, ez a/ 1999; Laine, e
al 1998, Pitkidnen, ef a/ 1999). Therefore, large studies demonstrating the value of
absolute quantification on the detection of CAD, as well as guiding the therapy,
are lacking.

2.4.3.3 Other Tracers for Quantification of MP

The most widely used cardiac PET perfusion tracer in clinical use is 82Rb. It may be
produced with a column generator and thus at sites lacking a cyclotron providing
an important advantage. Despite the non-linear kinetics of the tracer (Herrero, ez
al 1990), studies performed with 82Rb indicate that measurements of the MP are
possible and feasible (Parkash, ez 2/2004). They have been shown to be accurate at
least with low MBF's (El Fakhri, ¢72/2009) in patients and controls. Other potential
perfusion tracers include new, 18Fluorine based (Madar, ef a/ 2006; Huisman, ez a/
2008) and 68Ga-labeled (Plossl, ez o/ 2008) compounds.
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2.4.4 Interpretation of Absolute Myocardial Perfusion Results

Myocardial blood flow at rest is normally between 0.6 and 1 mL/g/min (Pandit-
Taskar, e o/ 2007). When myocardial oxygen demand increases in stress, the
coronaries dilate and MBF increases by threefold to fivefold. In regarding to
perfusion reserve, values above 2.5-2.7 have been considered normal (Muzik, e a/
1998). Little clinical data is available about normal and abnormal absolute perfusion
values, however. Muzik and colleagues (1998), by using 3N-ammonia, found the
optimal cutoff value at 1.52 mL/g/min to separate ischemic from non-ischemic
myocardial regions. However, studies performed with 82Rb have suggested lower
(Anagnostopoulos C, ¢t a/ 2008) and those obtained with 150-H,O higher (Uren,
et al 1994) cutoff values. Considering the different patient populations, it is clear
that more clinical studies are needed to determine the line between normal and
abnormal absolute MBF.

2.5 Hybrid Imaging with PET/CT

The introduction of hybrid PET/CT devices in the late 1990°s (Beyer, et a/ 2000;
Townsend, ¢z 2/2002) added a major dimension to the utility of PET. The integration
of PET and CT provides an opportunity to provide information of both function
and anatomy in a single session exam, adding the full power of PET to the
excellent spatial resolution of CT. The new scanners routinely employ industry
standard CT quality (at least 64 detector rows) with all the modern PET camera
capabilities. Comprehensive non-invasive evaluation of CAD may be obtained in
a single session, thus obviating the need for repeated visits and possibly delayed
diagnosis.

As stated above, both CT and PET are capable of excluding CAD with good or
excellent accuracy. However, in clinical patient populations, only exclusion of
the disease is seldom enough; rather, the imaging method needs to accurately
assess the significance of the atherosclerotic lesions seen. It is evident that CT
(being primarily an anatomical modality) and PET (with the capability to assess
tissue metabolism and blood flow) assess a pathological condition from different
aspects. By fusing CT and PET data, the location, severity and even composition
of the lesions can be detected and their functional significance evaluated (Di Carli
et al 2007; Di Carli & Hachamovitch 2007; Knuuti 2009b).

CTA provides excellent diagnostic sensitivity for stenoses especially in the proximal
and mid segments (>1.5 mm in diameter) of the main coronary arteries. Although
the latest CT scanner technology has substantially reduced the number of non-
evaluable coronary segments, spatial resolution is still relatively limited when
compared to invasive angiography, and worse in distal segments of the coronary
vessels compared with the proximal ones (Kaufmann & DiCarli 2009). This limitation
can be partly offset by the physiological information obtained with PET that is
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generally not affected by the location of coronary stenoses. More importantly, the
need for revascularization is based on significant myocardial ischemia associated
to clinical symptoms. Stress perfusion information provides valuable clinical
information regarding the physiological significance of the anatomic stenoses.
This appears to be true in a wide spectrum of CAD prevalence, including low-risk
populations (Husmann, ¢ a/ 2008). Although there are often several anatomically
significant lesions present, only one of them may be functionally relevant. By
using hybrid imaging, these culprit lesions may be accurately assessed.

Thus, hybrid imaging will probably become an important tool for the diagnosis
of CAD. The value of coronary PET/CT lies far beyond the simple addition of a
further diagnostic test as it allows accurate topographic anatomic association of
perfusion defects (Bax, e 2/ 2007; Di Carli & Dorbala 2007; Knuuti 2009b).
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3. OBJECTIVES OF THE STUDY

The purpose of the present study was to evaluate MDCT and hybrid PET/CT
imaging in the diagnosis of CAD. Specific attention was appointed to radiation
dose of these studies. The detailed aims were as follows:

1. To investigate the feasibility, image quality and radiation dose of prospectively
ECG-triggered sequential CT in the setting of hybrid PET/CT (Study D.

2. To study the prevalence of CAD among patients with paroxysmal or
persistent AF and without history of CAD by using multi-detector computed
tomography (MDCT) (Study 1D.

3. To assess the reproducibility of quantification of myocardial perfusion by
using Carimas™ (Cardiac Image Analysis System) software package with
150-H,0 (Study IID).

4. To evaluate the value of hybrid PET/CT against ICA and FFR in the diagnosis
of CAD (Study IV).

5. To determine the clinical value of absolute quantification of MBF in the
diagnosis of CAD (study V).
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4. MATERIALS AND METHODS

4.1 Study Design

The study consists of five sub-studies (I-V) that were carried out during 2007-
2009. The aim of the study was to evaluate the value of novel imaging methods
for non-invasive assessment of CAD in clinical patients. In particular, methods for
reducing radiation to the patients and the use of hybrid imaging (PET/CT) for the
diagnosis of CAD were of special interest.

Study T was aimed at evaluating the methods for radiation dose reduction in the
context of hybrid PET/CT imaging. It consists of two parts. In the first part of the
study, a standard spiral and a sequential, prospectively triggered MDCT protocol were
compared by the means of image quality and radiation dose. In the second part,
we tested whether the sequential imaging protocol is feasible in a larger series of
patients. Study 1T investigates the prevalence of CAD among patients with paroxysmal
or persistent AF without a history of CAD. The presence and extent of coronary lesions
was evaluated by using MDCT. Study III investigates the properties and feasibility of
an in-house developed new software (Carimas™) for the assessment of myocardial
perfusion with PET imaging. Study IV was performed by using hybrid PET/CT in
a clinical setting. In this study, dose-saving techniques and Carimas software were
under special interest. Finally, study V investigated hybrid PET/CT more deeply by
evaluating the clinical value of absolute quantification of myocardial blood flow.

4.2 Subjects

Overall, the studies consisted of 544 subjects (396 patients in studies I-V and 148
control patients in Study ID. The number of the subjects, according to the study,
are shown in Table 1.

Table 1.
N Patients/
Controls

Study
Study T 10+10+61 81/0
Study 1T 298 150/148
Study III 10+48 58/0
Study IV 107 107/0
Study V 107 107/0

Patient populations of Studies IV-V are identical.
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The first part of Study I included 20 consecutive patients (12 females and 8 males)
assigned for cardiac CT angiography according to clinical criteria. First, 10 patients
were imaged using a conventional spiral acquisition. The results were compared
to those of the following 10 patients performed with a sequential, prospectively
ECG-triggered mode. In the second part of the study, 62 patients with suspected
CAD, and who were scheduled for hybrid cardiac PET/CT, were enrolled.
Exclusion criteria for both of the studies were AF, iodine allergy, unstable angina,
severely impaired renal function, 2nd or 3 degree AV-block, congestive heart
failure (CHF) (NYHA IV), symptomatic asthma and pregnancy. One patient was
omitted from the final analysis because MDCT acquisition failed due to injection
pump malfunction. Thus, final study population of the second part consisted of
61 patients.

In Study II, MDCT was performed in 150 patients with AF (aged 61£11 years, 67%
male, 58% asymptomatic for CAD) with predominantly low (59%) or intermediate
(25%) pre-test likelihood of CAD. A population of 148 patients without history of
AF, similar to the AF group regarding age, gender, cardiac symptoms and pre-test
likelihood for CAD, served as a control group.

In the first part of Study III, we analyzed 20 randomly selected 150-H,O PET
scans from 10 subjects (one “rest” and one “stress” from each patient) with
a history of chest pain and 30-70% pre-test likelihood of CAD. In the second
(clinical) part of the study, the accuracy of 150-H,O perfusion imaging was
assessed in 48 consecutive symptomatic patients referred for ICA because of
suspected CAD.

For Studies IV and V, we prospectively enrolled 107 consecutive out-patients
(64 males and 43 females) with a history of stable chest pain and 30-70% pre-
test likelihood of CAD after the analysis of the risk factors and the exercise test.
This group included the 61 subjects of the second phase of study I and the 48
patients of the clinical part of study IIl. Exclusion criteria were AF, iodine allergy,
unstable angina, severely impaired renal function, 2nd or 3rd degree AV-block,
CHF (NYHA 1V), symptomatic asthma and pregnancy. Patients with previously
documented CAD or myocardial infarction were not eligible.

The characteristics of the patients in Studies IV and V are exhibited in Table
2.
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Table 2. Patient characteristics (N=107) of studies IV and V:

Gender (M/F) 64/43
Mean age (Y) 63.6 = 7.0 (range, 49 - 80)
Weight (kg) 77.9 * 17.8 (range, 50 - 113)
BMI 26.6 * 3.9 (range, 18.4 - 39.1)
Risk factors for CAD #positive
Family history 48 (45%)
Diabetes 9 IGT (8%)/15 DM type II (14%)
Hypertension 44 (41%)
Hypercholesterolemia 54 (50%)
Smoking or ex-smoking 28 (26%)
Exercise test 90 (84%)
Medication
Statins 54 (50%)
Betablockers 64 (60%)
ASA 78 (73%)
Long acting nitrates 10 (9%)

4.3 Methods

4.3.1. Imaging Protocols

4.3.1.1 CT Imaging

All CT and PET scans in studies I, III, IV and V were performed by using a hybrid
64-row PET/CT scanner (GE Discovery VCT, General Electric, Wisconsin, USA).
After initial lateral and frontal scout images, a preliminary non-enhanced data set
was acquired to calculate the calcium score and to optimize the field of view for the
CTA. 16 x 2.5 mm collimation, 120 kV tube voltage and 200 mAs tube current were
used. The data in the contrast enhanced studies, both in sequential and spiral modes,
were collected by using the following parameters: 64 x 0.625 mm collimation, gantry
rotation time of 350 msec, tube voltage of 100-120 kV and 600-750 mAs tube current
both depending on patient size. In the sequential mode, the pitch was always 1.0
with 5 mm overlap between the slice stacks. Prospective ECG triggering determined
the centre of the acquisition (end diastole, 75% of the cycle) while the width of this
window was set between 100 and 200 ms according to HR.

In spiral mode, the pitch was set between 0.16 and 0.24 according to HR. Routinely
used ECG modulation software reduced radiation outside the 40-80% phase
window by a maximum of 40%.
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Study IT was a multi-center study performed at 5 European sites. MDCT coronary
angiography was performed with 2 different 16-slice MDCT scanners (Aquilion
16, Toshiba Medical Systems, Japan n=39, and Discovery STE, General Electrics,
USA, n=8) and 3 different 64-slice MDCT scanners (Aquilion 64, Toshiba Medical
Systems, Japan, n=202, LightSpeed VCT, General Electrics, USA, n=19, and
Discovery VCT, General Electrics, USA, n=30). In the absence of contraindications,
patients with heart rate >65 beats/min were administered beta-blockers (50-100mg
oral or 5-10mg intravenous metoprolol). First, a prospective coronary calcium
scan without contrast agent was performed, followed by 16- or 64-slice CTA.

The total radiation dose of the studies was recorded and the effective dose of
the CT calculated with a method proposed by the European Working Group for
Guidelines on Quality Criteria in CT (EC99 1999). The effective dose is derived
from the product of the DLP and a conversion coefficient for the chest as the
investigated anatomic region. This conversion coefficient (k=0.017 mSv - mGy-! -
cm-1) is averaged between male and female models.

4.3.1.2 PET imaging (Studies I, I11-V)

Rest-stress perfusion PET was performed immediately after CTA. 150-labeled water
(900-1100 MBq@) was injected (Radiowater Generator, Hidex Oy, Turku, Finland)
at rest as an intravenous bolus over 15s at an infusion rate of 10 ml/min. Dynamic
acquisition of 4 min 40 s was performed (14 x 55, 3 x 10 s, 3 x 20 s and 4 x 30
s). After a 10 min delay following the first injection, a stress scan was performed
during adenosine-induced hyperaemia. Adenosine was started 2 minutes before
the scan start and infused to the end of the scan at 140 png/kg body weight/min.

4.3.1.3 Invasive Angiography and FFR (Studies I111-V)

All ICAs were performed on a Siemens Axiom Artis coronary angiography
system (Siemens, Munich, Germany). In the presence of intermediate stenoses,
FFR measurement was performed using ComboMap® pressure/flow instrument
and a 0.014-inch BrightWire® pressure guide wires (Volcano Corp., Rancho
Cordova, CA, USA). The pressure was measured distally to the lesion during
maximal hyperaemia induced by 18 pg intra-coronary boluses of adenosine with
simultaneous measurement of aortic pressure through the coronary catheter.
FFR was calculated as the ratio between mean distal pressure and mean aortic
pressure.

Quantitative analysis of coronary angiograms (QCA) was performed by using
software with automated edge detection system (Quantcore, Siemens, Munich,
Germany) by an experienced reader blinded to the results of PET, CTA and FFR.
17 standard segments were analyzed.
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The combined PET/CT protocol used in studies I and III-V is demonstrated in
Figure 2.
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Figure 2. The combined PET/CT protocol used in studies I and III-V

4.3.2 Data Analysis

4.3.2.1 Study Il

The CT data analysis was performed in each center by two experienced observers
who had no knowledge of the patient’s medical history and symptom status;
disagreement was solved by consensus or evaluation by a third observer.
Standardized MDCT data evaluation methodology and scoring system were used
in each center.

4.3.2.2 Studies I, I1I-V

All data were sent to a GE ADW 4.4 workstation for analysis. For CT analysis,
all phases (0-90% in 10% intervals and the 75% phase) of the retrospectively
gated spiral data sets were reconstructed while all available data (usually 65-85%
phases) of the sequential sets were reconstructed in 5% intervals. The analysis
was performed both on per patient and per main vessel. In CTA, the stenoses
>50% were classified as significant. Image quality and reader confidence were
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assessed in a scale of 1 to 5. In study I, a single blinded reader analyzed the
images 3 times. In studies IV-V, the images were analyzed by two experienced
readers in concensus.

PET Images (Studies III-V) were quantitatively analyzed with Carimas™ software
by an experienced reader blinded to other results and clinical data. Both standard
polar plots and parametric volume of the heart were produced, allowing image
fusion with CTA using ADW 4.4 software (CardilQFusion). In study III, 20 randomly
selected 150-labeled water PET scans from 10 patients (one rest scan and one
stress scan from each patient) were analyzed by four observers. The observers,
though educated as medical doctors, differed in experience. Before the actual
analysis the observers were given the identical training. All the observers were
blinded to a subject’s characteristics, clinical data, and scan type (rest or stress)
as well as the results of the other readers. Each observer performed the analysis
of each subject twice in separate sessions 1-2 weeks apart so producing two
repeats of each subject. The observers analysed the images through standardized
consecutive steps: reoriented the images, defined the heart axes, identifying the
base and the apex of the heart, accepted or modified automatically generated
regions of interests (ROIs), and finally calculated and reported the results. The
obtained results represented global MP, perfusion in different coronary artery
territories and the segmental MP. The accuracy of perfusion imaging was then
applied in clinical situation in 48 consecutive symptomatic patients with suspected
CAD who were referred for ICA. In ICA 50% (or more) luminal narrowing was
considered significant. The cut-off value of absolute perfusion analysis for the
optimal detection of coronary stenoses was first assessed and thereafter the
accuracy was calculated. The PET perfusion analysis workflow of Studies III-V is
presented in Figure 3.
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Figure 3. The PET perfusion analysis workflow of Studies 111-V

In PET, quantitative values during stress were classified as validated earlier:
absolute myocardial stress perfusion of less than 2.5 mL/g/min was considered
abnormally low. In addition, a receiver operating characteristic (ROC) curve was
calculated to determine optimal cut-off points of MBF stress alone and the MBF
from the regions with stenosed vessel in CTA (studies TV-V).

CT and PET images were fused to assign the stenoses to the areas of MP (studies
IV-V). The results were interpreted as follows: 1) When both CTA and perfusion
were normal, the vessel was normal, 2) when CTA detected >50% stenosis that was
assigned to abnormal perfusion, the vessel was significantly stenosed, 3) when
CTA detected 2>50% stenosis that was assigned to normal perfusion, the vessel
was regarded as non-significantly stenosed 4) When CTA detected no significant
stenosis but a vessel was assigned to abnormal perfusion, the vessel was graded
as non-significantly stenosed and was suggested to be a sign of micro-vascular
disease. In ICA, luminal diameter narrowing >50% was considered significant.
When FFR was available, stenoses with FFR >0.8 were classified as non-significant,
regardless of the degree of narrowing.
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4.3.3 Statistical Methods

4.3.3.1 Study I1

Multivariable logistic regression analyses (backward stepwise with retention level
set at 0.1) were used to evaluate the relationship between demographic and
clinical data (age, gender, coronary risk factors, symptoms, pre-test likelihood of
CAD and history of AF) and the presence of CAD and obstructive CAD at CTA.
The diagnostic accuracy of CTA for the detection of obstructive (=50% luminal
narrowing) coronary artery stenoses was assessed in the subgroup of patients
who underwent ICA. The sensitivity and specificity, including 95% confidence
intervals (CD), were calculated by using ICA as the reference standard. A p value
<0.05 was considered statistically significant. Statistical analyses were performed
with SPSS software (version 14.0, SPSS Inc, Chicago, 111, USA).

4.3.3.2 Study 111

We used an intra-class correlation coefficient (ICC) for the assessment of reliability of
repeated quantitative measurements. ICC measures consistency or conformity between
two or more quantitative measurements. The basic idea of ICC is to compare the
variability due to repeated measurements from the same object to the total variation
which is induced by all measurements and all the objects. Here, the ICC informed on
intra-observer correlations between the repeats, and was used to determine the intra-
observer reproducibility of the analysis as such with no division into “rest” and “stress”
subjects. The ICC values were interpreted as follows: intraclass correlation coefficient
values of 0.00 to 0.20 represented slight agreement, 0.21 to 0.40 fair agreement, 0.41
to 0.60 moderate agreement, 0.61 to 0.80 r substantial agreement, and > 0.81 very
good agreement.

The intra-observer and inter-observer differences were calculated based on the
linear mixed model. These differences treated the “rest” and the “stress” subjects
separately. Should the compared values be equal to each other, the differences
between them would equal zero. However, in practice, it is enough to be sure
that the 95% confidence interval of the difference includes zero, meaning the
difference between them is not significant. The obtained difference values were
expressed in standard MP units.

4.3.3.3 Studies IV-V

Sensitivity, specificity, PPV, NPV and accuracy were calculated for each imaging
method (PET, CT, and PET/CT). A ROC analysis curve was performed for both
relative and absolute assessment of MBF to reconfirm the best cut-off points
during stress in the study population. McNemar's test was performed to compare
accuracy of PET, CT and PET/CT against the reference method (i.e., ICA with
FFR). A p-value < 0.05 was considered statistically significant. The statistical tests
were performed with SAS version 9.1.
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5. RESULTS

5.1. Radiation Dose and Feasibility of Sequential Coronary CTA and
PET/CT (Study I)

No significant differences were present between the two patient populations
(sequential vs. spiral imaging) in terms of patient size (body mass index, BMI) or
HR (64.5+14.1 vs. 56.6£5.9 BPM, p=0.13) during the acquisition.

There were no significant differences between the sequential and spiral groups
in terms of either image quality or reader confidence. Mean image quality was
3.6/5 in the spiral group and 3.7/5 in the sequential group while the subjective
diagnostic confidence of the reader was 4.0/5 and 4.3/5 in the same two groups,
respectively. The mean effective radiation dose was 19.3+3.6 mSv in the spiral
group (range, 15.0 — 26.0 mSv) and 7.6£0.8 mSv (range, 6.0 — 8.4 mSv) in the
sequential group. The mean dose reduction was 60.4% when using sequential
method. This reduction was statistically significant (p<0.001).

In the second part, the sequential technique was feasible in 53 of 61 patients
(87%). The remaining eight patients (13%) had heart rates either too high (>65
BPM) or unstable even after maximum dose of i.v. metoprolol, or medication
could not be given due to contraindications. These patients were studied with
the spiral mode. Image quality between the spiral and sequential groups were
not compared in this part of the study because of obvious pre-selection bias. All
studies, however, were of diagnostic quality.

The main results of the assessments of image quality, reader confidence and
radiation dose of the patients of the first part of study I are presented in Table
3.
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Table 3. Assessment of image quality, reader confidence and radiation dose
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7 F 1 24.5 86 30 Y 77 3 3 1053 17.9
8 F 1 20.4 59 5 Y 55 5 5 1005 17.1
9 F 1 28.7 64 15 Y 55 3 3 1364 23.2
10 M 1 23.7 78 25 Y 64 4 4 961 16.3
Mean+SD 26.916.8 69.2+9.7 17+9.2 64.5+14.1 3.6x1.3 4.0+1.1 11371213 19.3%3.6
11 M 2 27.6 68 15 N 61 4 4 470 8.0
12 IF 2 20.9 75 25 Y 61 4 5 437 7.4
13 F 2 32.0 68 20 Y 61 3 4 371 6.3
14 IF 2 39.2 50 0 N 62 3 4 495 84
15 M 2 26.9 50 0 Y 51 4 4 494 84
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17 M 2 24.8 48 0 Y 44 5 5 491 8.3
18 F 2 24.1 64 15 Y 60 5 5 436 7.4
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Mean=SD 28.7+5.1 62.2411.0 12.0+11.4 56.615.9 3.7+0.9 4.3+0.7 450+48 7.6+0.8

In the second part, all patients underwent hybrid PET/CT imaging, of which the
radiation doses are shown in table 4

Table 4. Radiation dose (mSv) of spiral and sequential hybrid PET/CT

Scan Type CTA + calcium score 150-water PET combined protocol
Spiral (n=8) 19.9 £ 3.2 21+£0.1 220+ 3.2
Sequential (n=50) 7.6+ 1.1 2.0+0.2 9.5+ 1.5

N=58 £<0.001 P<N.S $<0.001

The mean total radiation dose of a sequential CT (calcium score and contrast
enhanced CTA) was 7.6£1.1 mSv (range, 5.9 — 10.2 mSv) whereas it was 19.9+3.2
mSv when using the spiral protocol. The mean radiation dose of the dual (rest-
stress) 150-water PET perfusion studies was 2.1£0.1 mSv in the spiral patients
yielding a total dose of 22.0£3.2 mSv. Because the PET protocol remained
unchanged regardless of the CT mode, the dose in PET was almost similar to the



Results 39

spiral group (mean, 2.0+0.2 mSv). The mean total dose of the combined study
was 9.5£1.5 mSv with sequential CT acquisition. This analysis included 50 patients
because PET failed in three subjects due to a technical failure in the 150-water
system.

5.2. Prevalence of CAD in Patients with Atrial Fibrillation (Study II)

5.2.1. Patient Characteristics

AF and non-AF groups did not differ as to mean age (61+11 vs. 59+10 years),
male gender (67% vs. 65%), symptomatic status and pre-test likelihood of CAD.
A history of typical or atypical angina pectoris was present in 42% of AF patients
and in 43% of non-AF patients and the pretest likelihood of CAD according to
Diamond and Forrester was low, intermediate, and high, respectively, in 59%,
25% and 16% of the AF patients and in 58%, 28% and 14% of non-AF patients. AF
patients, as compared to non-AF patients, were less frequently diabetics (13% vs.
28%, p <0.001) and smokers (21% vs. 31%, p=0.027). Overall, the prevalence of > 3
coronary risk factors was not statistically different between the two groups.

5.2.2. Coronary Artery Calcium Score

Coronary artery calcium score was successfully performed in 133 (89%) AF
patients and in all non-AF patients. The median Agatston calcium score did not
differ between AF patients and non-AF patients (27, interquartile range 0-308, vs.
75, interquartile range 0-350; p=0.19). The prevalence of no calcium and minimal,
mild, moderate and severe coronary calcifications was not statistically different
between the two groups, although coronary arteries with no calcium was less
frequently observed among AF patients.

5.2.3. CTA

CTA was successfully performed in all the patients of the study population. Mean
heart rate during the CT scan was 64+6 beats/min among AF patients and 659
beats/min among non-AF patients (p=0.24). 28 (18%) AF patients were classified
as having no CAD based on CT, whereas 61 (41%) showed non-obstructive
CAD and at least one significant (= 50%) luminal narrowing was observed in the
remaining 61 (41%) patients. The prevalence of CAD among non-AF patients was
significantly lower: 47 (32%) were classified as having no CAD, while 61 (41%)
showed non-obstructive CAD and 40 (27%) had obstructive CAD, based on CT
(»=0.010 compared to AF patients). Obstructive single-vessel disease was present
in 35 (23%) AF patients, whereas obstructive left main (LM) and/or proximal left
anterior descending (LAD) disease was present in 37 (25%) AF patients. Multi-
vessel disease was observed in 26 (17%). Non-AF patients showed a significantly
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lower prevalence of obstructive single-vessel disease and obstructive LM and/or
proximal LAD disease, as compared to AF patients, but not a significantly lower
prevalence of multi-vessel disease. Obstructive single-vessel disease was observed
in 19 (13%) non-AF patients, obstructive CAD in the LM and/or proximal LAD
in 15 (10%) and multi-vessel disease in 21 (14%) (»p=0.024, p=0.001 and p=0.53,
respectively, compared to AF patients). Due to motion artifacts, 39 (1.5%) segments
in the AF group and 38 (1.5%) segments in the non-AF group were excluded
from the segment-based analysis, respectively. A significantly higher number of
diseased coronary segments was present in the AF group, as compared to non-AF
group (5.5£3.9 vs. 4.0£4.0, p=0.001; 1.1+1.9 vs. 0.8+1.7, p=0.010 and 4.4+3.2 vs.
3.2+3.3, p=0.001, respectively).

5.2.4. Diagnostic Accuracy of CTA

79 patients underwent ICA. The overall number of obstructive (=50% luminal
narrowing) coronary artery stenoses was 151. The sensitivity and specificity of CTA
was 92.1% (95% CI 86.5%-95.8%) and 96.4% (95% CI 95%-97.4%), respectively.

The results of Study II are summarized in Figures 4-6:

40 Il AF patients
40- i
(] Non-AF patients
304 29
o 23
= 204 20 20 20 21
14
104 8
. 5
0- T T T T T
0 1-10 11-100 101-400 >400

Coronary artery calcium score

Figure 4. Bar graph demonstrating the coronary artery calcium score categories in patients with and
without history of paroxysmal or persistent AF. Solid bars: AF patients; open bars: non-AF patients.
P=0.31 for comparison between the two groups.
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Figure 5. Prevalence of CAD in patients without and with history of paroxysmal or persistent
atrial fibrillation (AF). Solid bars: AF patients; open bars: non-AF patients. P=0.010 for compatison
between the two groups.
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Figure 6. Prevalence of obstructive single-vessel, LM, or proximal LAD CAD and of multivessel
disease in patients with and without history of paroxysmal or persistent AF. Solid bars indicate
patients with AT; open bars patients without AF.

5.3. Quantification of Myocardial Perfusion with 150-water PET:
Accuracy and Reproducibility of a Novel Software (CarimasT™)
(Study III)

In Figure 7 (the O, observer) all the segmental MPs were plotted separately for “rest”
and “stress” (two measurements of the segment 3 are missing, basal inferoseptal
wall) (the rvalues were 0.974 and 0.978, and the repeatability coefficients — 0.145
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ml/g/min and 0.389 ml/g/min at rest and under stress, correspondingly). The MP
values in segments belonging to the three coronary artery territories are plotted in
Figure 8. Figures 9-12 summarize further intra- and interobserver differences.
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Figure 7. Reproducibility of MBF in the first observer (Oy) at rest in 168 ROIs of 10 subjects (A)
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Altman plots.
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Figure 10. Mean differences (and 95% confidence intervals) between replicates in the
observers at rest (A) and under stress (B). The difference is not significant if its confidence
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Figure 12. Segmental mean differences (and 95% confidence intervals) between the
replicates in the first observer (Op) at rest and under stress.

5.3.1. Analysis of Global Perfusion

Reproducibility was very good for the global perfusion. The most experienced
observer (Op) had the highest ICC (0.99) while O, had the lowest (0.88). In O; and
Oy the ICC was 0.91 and 0.89 correspondingly. The intra-observer reproducibility
was good as well: the 95% confidence intervals of the differences between repeats
included zero both at rest and during stress indicating that the differences were not
significant. This indicated that repeated analysis by the same observer produced
nearly same results. The absolute values of difference were close to zero: at rest
the highest value was 4.3% in O,, and at stress it was somewhat higher in the
novice Oy, (9.9%). The inter-observer reproducibility was also good except for the
difference between the most experienced (Op and the novice (Oy,) observers at
stress.

5.3.2. Analysis of Perfusion in the Coronary Artery Territories

The highest ICC values were observed in the most experienced observer (O): in
the three territories it was above 0.98. The lowest values were found in Oy: 0.86 in
LADwa, 0.84 in RCA, and in O, — 0.88 in LCx, all these values still falling into the
category of the very good agreement. The intra-observer reproducibility was good
except in the novice observer (Op,) at stress in LCx and RCA: the absolute values
of difference were 14.3% and 14.2% correspondingly. As to the inter-observer
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reproducibility, the systematic difference was again found between the most and
the least experienced observers O; and Oy, at stress.

5.3.3. Segmental Perfusion

The vast majority of segmental ICC values and all the values in the most experienced
observer (Op were above 0.81 indicating very good agreement for segmental
results. The lowest segmental ICC values were observed in the basal inferoseptal
segment (3r). In Oy, the ICC for this segment was 0.72, in Oy; — 0.74 and in Oy —
0.78; however, in the most experienced observer (O)) it was still excellent (0.95).
The lowest ICC in this experienced observer was 0.84 in the basal anteroseptal
segment (No. 2); all the other ICCs in O; were above 0.95.

The intra-observer differences in segmental values were also analyzed with no
significant differences found in the most experienced observer or in observer OII.
However, in the other two observers significant differences were found between
the repeats at stress. In observer OIII it was 12.0% in the 15th segment while there
were significant differences present in OIV in several segments, with the largest
one being 15.4% in segment 10. A significant inter-observer difference was found
at rest between observer OI and observer OII in basal segments 1, 5 and 6, and
in the 12th segment. The maximal difference was 10.2% in the 6th segment. The
results of the observer OII were significantly different from all the other observers
as well. At stress, differences were found between OI and OII in segments 1 and
11 (11.7%, 12.9% correspondingly) and between OI and OIV in segments 1 and
14 (11.9%, 12.1%).

5.3.4. Clinical Accuracy of the Analyses

The incidence of CAD in the clinical population was 50% in ICA. All 48 patients
(37 males and 11 females) were successfully analyzed. When compared against
existence of stenosis of 50% or more, the absolute MBF of <2.5 ml/g/min was
found to be the best cut-off point in identifying significant coronary stenosis. With
this cut-off point, the positive and negative predictive values and accuracy of MP
results in detecting significant CAD were 91%, 88% and 90%, respectively.

5.4. Detection of Significant Coronary Artery Disease with Cardiac
PET/CT (Study IV)

5.4.1. General

44 patients out of 107 (41%) had stenoses >=50% in their coronary arteries in ICA.
Significant lesions after invasive angiography and FFR were detected in 40 patients.
In 18 of them, the lesions were either total occlusions or extremely tight (>90%)
stenoses in which FFR was not possible. Four other patients had intermediate (30%
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to 70%) stenoses in which FFR could not be performed because of scheduling
or technical reasons. In patients without FFR, quantitative coronary angiography
>50% was considered positive and the vessel was graded accordingly. Overall, 80
of 428 arteries were significantly stenosed by the combination of ICA and FFR.
Lesions after invasive angiography and FFR were detected in 40 patients. In 18 of
them, the lesions were either total occlusions or extremely tight (>90%) stenoses
in which FFR was not possible. There were 4 other patients with intermediate
(30-70%) stenoses in which FFR could not be performed due to scheduling or
technical reasons. In patients without FFR, QCA >50% was considered positive
and the vessel graded accordingly.

5.4.2 CT Angiography

CTA alone had PPV of 81%, NPV of 97% and accuracy of 90% per patient while
the corresponding figures of the vessel analysis were 76%, 94% and 91%. In
most discrepant cases, CT overestimated the degree of stenosis. There were
only 2 patients in whom CAD was missed but in 10 additional ones at least
one significantly stenosed vessel was not detected. These lesions were evenly
distributed into different coronary branches.

5.4.3 PET Perfusion Imaging

Perfusion at rest was normal in all patients. The stress PET perfusion in patient
based analysis had a PPV, NPV and accuracy of 86%, 97% and 92%, respectively.
The corresponding values for vessel analysis were 78%, 98% and 92%. 2 patients
had false negative PET perfusion results with >50% stenosis detected at ICA
but FFR could not be performed in these patients. 6 patients had false positive
PET perfusion, of which 5 had diffusely reduced myocardial perfusion but no
corresponding epicardial coronary disease; in one patient a regional perfusion
defect was incorrectly diagnosed. In vessel analysis, 4 other patients exhibited
at least one perfusion abnormality in a region without significant epicardial
disease.

5.4.4 Hybrid Imaging

Most patients with false positive CTA had normal PET perfusion, thus correcting
the diagnoses (see criteria above). On the other hand, 4 out of 5 patients with
false positive PET findings had diffuse perfusion abnormalities but no epicardial
disease in CTA, the cases correctly identified in hybrid imaging. In one case,
there was diffusely reduced perfusion with one stenosed vessel. In addition, CTA
vessel analysis helped to assign the perfusion zones of the LCx and the right
coronary artery (RCA) because the dominant vessel is easily distinguished. In
combined analysis only 2 false negatives and no false positives were diagnosed.
PPV, NPV and accuracy were 100%, 98% and 98%, correspondingly.
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In the vessel analysis the PPV, NPV and accuracy of hybrid imaging were 96%,
99% and 98%, correspondingly. In 4 vessels with intermediate (30-70%) stenoses
in CTA, hybrid imaging was abnormal but invasive tests supported non-significant
lesions. In 3 other vessels, hybrid imaging suggested non-significant lesions
but ICA showed >50% stenosis. In all of these vessels, however, FFR was not
performed successfully but the vessels were classified according to ICA alone.
Hybrid imaging was more accurate per patient than CTA (p=0.0039) or PET alone
(p=0.014). It was also better in the vessel based analysis (p<0.0001 and p<0.0001,
correspondingly).

The results are summarized in Tables 5-6 (hybrid modality) and Figure 13. Table 7
exhibits the characteristics of the 5 patients with suspected micro-vascular disease
(i.e., those with diffusely reduced perfusion without accompanying epicardial
lesions). Table 8 summarizes the discrepant findings between hybrid imaging and
the reference method, ICA and FFR.

Table 5. Results per patient

N=104 ICA + FFR
+ -
CTA-PET + 36 0
hybrid
- 2 66

Table 6. Results per vessel

N=416 ICA + FFR
+ -
CTA-PET + 71 3
hybrid
- 5 337
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Figure 13a: Patient Analysis against ICA+FFR
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Figure 13b: Vessel Analysis against ICA+FFR
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Figure 13: Sensitivity, specificity, positive and negative predictive values and accuracy of stand-alone
CT, PET and hybrid imaging against combined ICA and FFR. 13a: Analysis per patient. Hybrid
imaging was statistically more accurate than either CTA alone (p=0.0039) or PET alone (p=0.014).
The difference between CTA and PET was not significant (p=0.32): 13b: Analysis per vessel. Hybrid
imaging was statistically more accurate than either CTA alone (p<0.0001) or PET alone (p<0.0001).
The difference between CTA and PET was not statistically significant (p=0.08).
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Table 7. Patients with diffuse perfusion abnormalities but non-stenotic epicardial coronary arteries

PET stress

Body Family MBF

Mass history of (ml/g/ Agatston
Patient gender smoker Index  Diabetes CAD min) score
P006 male no 218 no no 1.7-2.1 117
P0O10 male yes 33.1 no yes 1.2-2.3 6
PO77 male no 19.4 no yes 1,4.1,8 16
P079 female no 19.1 no yes 1.6-2.0 0
P090 male yes 25.7 no yes 1.7-1.8 0

Table 8. Discrepant findings between PET/CT and ICA + FFR

PET stress Invasive
CTA MBF (ml/g/ stenosis
Patient Vessel stenosis min) (QCA) Suspected explanation for discrepancy

Mid LAD intermediate stenosis, no
successful FFR
P020 RCA 50-69% 2.1 (abnormal) 39%  Two stenoses distally in RCA, no FFR.
Severe calcifications in CTA and

P031 RCA 50-69% 2.0 (abnormal) 40% reduced flow, in ICA intermediate
stenosis in mid RCA, no FFR

Proximal and mid LAD intermediate
stenoses, no successful FFR

P020 LAD 50-69% 3.1 (normal)  55%

P033 LAD >70% 3.0 (normal) 50-60%

PO70  LAD 50-69% 3.1 (normal) 50% 50% ste.no§is was interpreted as
significant, no FFR.
Severe triple vessel disease with global
50% reduction in perfusion, CTA did not
note LM stenosis
Distal RCA intermediate stenosis, no
FFR

P094 LAD 30-49% 3.2 (normal) 61% No FFR of LAD

2-2.3

0,
07 IM el (abnormal)

P084 RCA 50-69% 1.9 (abnormal) 39%

Figures 14-15 present ROC tables showing that MBF value of 2.5 ml/g/min gives
the best combination of sensitivity and specificity both with and without CTA
information. If the cut-off value was reduced the specificity was slightly improved
at the cost of sensitivity. The estimated probability of CAD based on ROC analysis
demonstrated that practically all regions with MBF below 2.0 ml/g/min were
abnormal
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Figure 14: A receiver operating characteristic (ROC) analysis. Panel a: ROC curve of vessel-based
PET perfusion against gold standard with cut-off values. Panel b: Estimated probability of significant
CAD against stress MBE. MBFSTR=stress MBF; Golden= Combined analysis of ICA and FFR.
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Figure 15: ROC analysis of myocardial regions with significant stenoses in CT angiography. Panel
a: ROC curve of PET perfusion against gold standard with cut-off values. Panel b: Estimated
probability of significant CAD against stress MBE. MBFSTR=stress MBI; Golden=ICA and FFR.
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Figures 16, 17 and 18 demonstrate patient cases that reflect the power of hybrid
imaging. In Figure 16, anatomically significant stenoses are not accompanied by
reduced perfusion whereas Figure 17 exhibits significant stenoses both by means of
anatomy and by impaired flow. Figure 18 shows a case in which epicardial vessels are
non-stenotic but perfusion is impaired because of presumed small vessel disease.

Figure 16, panel 1

Anterior view Posterior view

0.0 ml/g/min
Figure 16, panel 2

ght coronary artery Left coronary artery.
e N

b

e

Pa
48%
FR: 0.86 (normal)

Figure 16, panel 3

Figure 16: Findings in a 69-year-old male with impaired glucose tolerance, arrhythmias and attacks of
anginal pain. The patient had moderately reduced exercise capacity and atypical pain with <1 mm ST
depression in exercise ECG. Panel 1: CTA showed significant stenoses in LAD and RCA while only
mild stenosis was present in LCX. Panel 2: Hybrid images displayed with stress PET perfusion coloting
the surface of left ventricular wall (absolute scale 0-3.5 ml/g/min). Normal perfusion is above 2.5
ml/g/min (yellow ot red colot). In this patient stress petfusion was normal in all regions. Panel 3: ICA
with quantitative analysis and FFR. Despite anatomically significant narrowing of LLAD and borderline
changes in RCA, FFR was normal in both vessels indicating functionally non-significant disease.
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Figure 17, panel 1

0.0 mil/g/min

Figure 17’ pane| 2 Anterior view Posterior view

Figure 17, panel 3

Figure 17: An example of findings in a 57-year-old male with hypertension and hyperlipidemia. He
suffered from atypical chest pain during exertion. In exercise test he had good performance, no symptoms
but 1 mm ST depression in ECG. Panel 1: CT angiography curved multiplanar reconstructions of the
major coronary vessels show significant stenoses in LAD, RCA and in a small intermediate branch
(IM). LCX was not stenosed. Yellow dotted line denotes motion artifacts in RCA. Panel 2: Hybrid
volume rendered image. Stress myocardial perfusion was reduced in the area supplied by LAD. In all
other regions perfusion was normal. Panel 3: Invasive angiography with quantitative analysis showed
significant 73% luminal narrowing in LAD. Other vessels were non-stenosed.
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3.5 ml/g/min

i V5

Right lateral view Left lateral view

Figure 18: A 63-year-old male with a family history as a risk factor for CAD and atypical
chest pain during exertion. Good performance in exercise test, However atypical chest pain and 2
mm ST depression in ECG. Hybrid volume rendered images show that stress myocardial perfusion
was reduced in most regions (green and blue color). However, both CT and invasive angiographies
showed normal coronary arteries indicating that the cause of perfusion abnormalities is other than
epicardial disease - possibly micro- vascular disease.

5.5. Absolute Quantification of Myocardial Perfusion (Study V)

According to the gold standard, 40/104 patients had significant CAD. Of these, 25
had multi-vessel disease and 15 single-vessel disease. The data was re-evaluated
after the hybrid PET/CT analysis of study IV, which changed the categorization of
2 borderline patients from having single-vessel disease to having actually multi-
vessel disease.

Patient-based analysis

In patient based analysis, when the images were evaluated visually, sensitivity
was 87% and specificity 86% for the assessment of the images scaled according
to absolute flow. When the scale was relative, sensitivity climbed to 92% at the
cost of specificity which was only 40%. The positive predictive values (PPVs)
were 79% for absolute evaluation and 48% for images scaled to relative flow; the
negative predictive values (NPVs) were 92% and 90%, respectively.

In numerical analysis of the absolute flow, patient-based sensitivity was 95%,
specificity 91%, PPV 86% and NPV 97%. In the numerical analysis of the relative
flow, sensitivity was only 76% and specificity 71%. PPV was 60% and NPV 84%.
The results of the patient-based analysis are exhibited in Figure 19.
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Figure 19. Patient-based comparison of assessment methods in significant CAD: Absolute
quantification and relative assessment of stress perfusion against gold standard (invasive angiography
and fractional flow reserve). Absolute calenlated (blue bar): assessment of MBI using numeric values
and a preset cut-off point. Absolute visual (burgundy bar) visual assessment of absolute flow in
hybrid images with a preset absolute color scale. Relative calenlated (yellow bar): assessment of relative
differences in perfusion when converted into numerical data. Relative visual (light blue bar): visual
assessment of relative differences in perfusion in hybrid images. N=104.

Of the 25 patients with multi-vessel disease, 24 underwent PET. All but 1 was correctly
identified with absolute quantification of the stress perfusion when numerical
flow values were employed; 1 was a false negative. Using visual-only absolute
quantification of multi-vessel disease, 3 cases of the 24 were false negatives. With
both techniques of absolute quantification, there were 5 false positives for multi-
vessel disease. Each had diffusely reduced MBF with no significant CAD according
to ICA/FFR.

With relative analysis, we were able to assess only 9 of the 24 patients with
3-vessel disease correctly. 2 patients were erroneously interpreted as being
normal (both had very low but diffusely reduced flow) whereas the remaining
13 were thought to have 1-vessel disease only. In addition, 26 patients were
classified as having 3-vessel disease although they did not; 19 of them had
actually no significant disease at all whereas 7 had 1-vessel disease instead.
The results of the analysis of patients with multi-vessel disease are presented in
Figure 20.
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Figure 20. Analysis of patients with multi-vessel disease: Absolute quantification and relative
assessment of stress perfusion against gold standard (invasive angiography and fractional flow
reserve). Absolute calenlated (blue bar): assessment of MBF using numeric values and a preset cut-off
point. Absolute visual (burgundy bar) assessment of “absolute” flow by visual examination of hybrid
images with a preset absolute color scale. Relative perfusion (yellow bar): visual assessment of relative
differences in perfusion in hybrid images. N=104.

For further classification, the patients were categorized into groups according to
the clinical performance of the image-based analysis methods. First, the group of
no major difference in clinical interpretation consisted of 60 patients, 59% of the
subjects. This group included studies that were correctly diagnosed as abnormal
with both methods (n=31), correctly diagnosed as normal with both techniques
(n=22), as well as those in which neither method was able to give the right
diagnosis (n=7). 36 patients (34%) had heterogeneous and thus abnormal relative
perfusion but their absolute perfusion was normal. There were 15 patients in
whom the relative analysis missed the correct diagnosis of significant multi-vessel
disease. Although most cases could be correctly identified using quantification,
there was interestingly 1 patient with correct diagnosis of multi-vessel disease at
relative analysis but with a false negative result when images with quantification
were used.

Region-based analysis

In regional (vessel-based) analysis using visual relative assessment of the perfusion
images, the PPV was 39%, the NPV 85% and the accuracy 68% while the sensitivity
and the specificity were 60% and 79%, respectively. The PPV, NPV and accuracy
of absolute perfusion in the detection of significant CAD were 70%, 90% and
86%, respectively, while the sensitivity and the specificity were 69% and 90%,
respectively. When the visual assessment was replaced by the analysis of the
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numerical values of the absolute flow, the PPV, NPV and accuracy improved to
78%, 98% and 92%, respectively, while the sensitivity was 95% and the specificity
92%. These results of the absolute numerical values were, in addition, compared
to those obtained by the relative values by means of ROC analysis. The area under
the curve was 0.9447 (absolute analysis) and 0.7335 (relative analysis). The optimal
cut-off for the absolute analysis was determined as 2.5 and the relative analysis
as 0.8 on the basis of the ROC curve. The region-based results are presented in
Figures 21-22.
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relative (visual) 60 79 39 85 68

Figure 21. Region-based comparison of assessment methods in significant CAD: absolute
quantification and relative assessment of stress perfusion against gold standard (invasive
angiography and fractional flow reserve). Absolute calenlated (blue bar): assessment of MBF using
numeric values and a preset cut-off point. Absolute visual (burgundy bar) visual assessment of
absolute flow in hybrid images with a preset absolute color scale. Relative calcnlated (yellow bar):
assessment of relative differences in perfusion when converted into numerical data. Relative
visual (light blue bar): visual assessment of relative differences in perfusion in hybrid images.
N=312.
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Figure 22. ROC curves of absolute and relative myocardial blood flow vs. reference (invasive
angiography with FFR) in adenosine-induced stress. Solid blue line: absolute flow. Dotted red
line: relative flow. MBFSTR, stress myocardial perfusion in absolute terms; RELAT, stress relative

perfusion
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6. DISCUSSION

The results of Study I show that a comprehensive non-invasive imaging of both
coronary angiography and rest-stress myocardial perfusion can be performed with
radiation dose <10 mSv in a vast majority of patients. The results also suggest
that both the image quality and clinical confidence of MDCT is preserved despite
significant reduction in radiation dose.

Due to improved accuracy, the number of coronary CT scans is growing rapidly
and is expected to increase (Berman, et 2/ 2006; Einstein, ez / 2007). Although
the mean radiation dose of 64 MDCT cardiac studies has recently been estimated
as 15.2 mSv for males and 21.4 mSv for females (de Feyter, e o/ 2007), there
is probably wide variation of radiation doses received by the patients in daily
practice and individual doses may even be up to 40 mSv (Paul & Abada 2007).
Skin, breast, oesophagus and heart have the highest recorded absorbed organ
doses. Of particular concern is the female breast that may receive a dose 10-30
times higher than received by mammography screening (Nickoloff & Alderson
2007). In fact, the relative risk for breast cancer incidence for girls and women
is estimated to be 1.004-1.042 for a single examination (Hurwitz, ¢ a/. 2007). In
comparison, diagnostic ICA has a mean effective radiation dose of 2.5-5 mSv, and
nuclear perfusion imaging with SPECT has a mean effective radiation dose of ~
15-20 mSv (Einstein, ez a/ 2007).

The primary ways to avoid unnecessary radiation are proper and careful patient
selection (including adequate indications for the study) and preparation. Although
data from high-probability patients is still scarce, it seems that CTA is most suitable
for low to medium risk groups. Dense coronary calcifications deteriorate image
quality and it has been stipulated that patients with very high calcium scores should
be omitted from CTA in favour of other methods. Massive obesity tends to degrade
image quality. Patient preparation should be optimized including adequate heart
rate control if necessary. Accordingly, our data show that imaging with high heart
rates often produce poor images.

Classic methods to decrease radiation dose by reducing tube current and voltage
and increasing the pitch are widely used - but compromise image quality at
least to a certain degree. Anatomy based current modulation (either real time
or scout image based) depends on tissue attenuation; the more attenuating
tissue there is in the field of view the more radiation is used. An even more
sophisticated method, ECG-dependent X-ray tube current modulation, reduces
current only at phases outside the critical time window between end systole
and end diastole (Kalender, e a/. 1999; Morin, et a/ 2003; Prinak, ez a/. 2000; Fei,
et al 2007).
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Our approach, sequential step-and-shoot imaging with prospective ECG-triggering,
utilizes existing hardware and is essentially a modification of traditional axial
imaging adapted to a wide MDCT detector. While being a very efficient way to
reduce dose, the additional advantage of this technique is the relative ease of
implementation: it is a software add-on that can be used with existing scanners
including some hybrid PET/CT models. While this technique may offer diagnostic
CTA at doses as low as 1-2 mSv (Husmann, ¢ o/ 2008), we chose to use the
mode with a wider time window (125-200 msec) to ensure uncompromised image
quality using a novel imaging method. Even so, the technique reduced dose by
more than 60% as compared to spiral imaging with similar current, slice thickness
and voltage. Further narrowing of the time window (“padding”) will result in
further dose reduction and should be considered in clinical protocols especially
on patients with a low and stable HR.

In addition to the inability to scan patients with high or unstable heart rates, there
appears to be just a single main limitation using the sequential technique, namely
the lack of information from phases outside the predetermined time window. In
contrast to ECG-modulated spiral imaging, the step-and-shoot technique does not
provide images of every phase of the R-R-interval, thus disabling the evaluation
cardiac motion and functional measures such as ejection fraction. In clinical
practice, such occasions seem to be rather scarce.

The principle limitation of the first part of study I was the lack of anatomical
reference such as catheter angiography to confirm the image quality of the images.
The performance of spiral 64-sector coronary MDCT however, is now reasonably
well established. While statistically non-significant, difference between average
heart rates between the two groups may have had effect on image quality. Another
major, though in our opinion unavoidable limitation is that the reader cannot
work completely blinded to the protocol used due to obvious signs in images
such as more visible change in contrast media concentration between the image
stacks in sequential data sets.

Although reports indicate that females receive higher effective doses from coronary
CT than males, we did not select patients on the base of their gender. This may
have exaggerated the variation of dose between the groups in the first part. Based
on the literature, however, it is unlikely that this difference is big enough to
explain but a minor fraction of the reduction.

Study 1II is one of the first studies using anatomical assessment of the coronary
arteries to examine the prevalence of CAD among patients with paroxysmal or
persistent AF (and without a history of CAD). A higher prevalence of obstructive
CAD was detected among the AF patients, as compared to a cohort of patients
without AF, with similar age and pre-test likelihood of CAD, but with a higher
prevalence of diabetes mellitus. In addition, LM and/or proximal LAD disease was



64 Discussion

more frequently identified in AF patients (25%) than in non-AF patients (10%). AF,
together with age and male gender, was identified as an independent predictor of
the presence of obstructive CAD.

Although a causal relationship between CAD and AF has not yet been established,
CAD is considered to be highly prevalent among patients with AF and may be one
of its potential etiological factors. AF and CAD may simply be different, concurrent
consequences of long-lasting exposure to coronary risk factors, but, on the other
hand, AF could be a consequence of CAD, directly or indirectly, through an
increase of left atrial pressure secondary to episodes of left ventricular ischaemia.
Previous population studies reported CAD to be one of the etiological factors
most commonly associated with the development of AF. Once diagnosed with AF,
the presence of CAD has been shown to be related with recurrent AF episodes,
presence of symptoms (including arrhythmic, heart failure and angina symptoms)
and increased risk of death. Epidemiologic data disclosed that ischemic heart
disease is one of the most common underlying cause of death among AF patients.
These observations have lead to an increased interest in the imaging of CAD in
patients with AF.

In the present study, imaging of atherosclerosis with CT was used to determine
the prevalence of CAD. By means of calcium scoring, the presence and extensions
of coronary calcifications was not statistically different between AF and non-AF
patients. However, using CTA, AF patients were found to have more frequently
coronary atherosclerosis (82%) and obstructive CAD (41%), as compared to non-
AF patients (68% and 27%, respectively). These findings are important when
considering the fact that the patients were mostly asymptomatic and with low pre-
test likelihood for CAD. In addition, a higher prevalence of diabetes, a condition
that is generally associated with a high extent of CAD, was observed in non-AF
patients. Indeed, only AF, age and male gender were identified as significantly
related to the presence of obstructive CAD.

In study I we assessed the reproducibility of a novel cardiac PET analysis software,
Carimas™, for the analysis of 150O-water myocardial perfusion (MP) studies. Four
observers with various experience levels evaluated 20 real clinical MP studies,
repeating each analysis twice. We found that Carimas™ can reliably quantify
MP in a whole heart but also in coronary artery regions and in standardized
myocardial segments. The analysis was found to be robust enough even for the
less experienced observers but the best results were obtained when analysis was
done by the experienced nuclear medicine specialist. The preliminary clinical
accuracy, although in a small patient population, was also excellent. No one, to
our knowledge, has yet assessed the myocardial perfusion reproducibility in the
same methodological framework (new software — 150-water — several observers —
linear mixed model) as we have.
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Our findings suggest that Carimas™ provides good reproducibility for absolute
quantification of myocardial perfusion. When global perfusion was analyzed,
excellent reproducibility was found independently of the observer’s experience.
The intra-observer difference was close to zero, the most prominent being 9.9%
during stress in the least experienced observer. The inter-observer difference was
also very small (8.5%). When analyzing the reproducibility on the regional and
segmental levels, the best results were detected in the most experienced observer
but they were very good also in the less experienced readers. The most consistent
differences were found in the novice observer analysing the stress images. Even
then, the intra-observer difference was not higher than 14.3% and the difference
between the most and the least experienced observers was only 12.1%.

The most difficult region to evaluate seems to be the basal segments of the septal
wall. This is comprehensible because it is due to the variability of the septal
length causing problems for the definition of septal ROIs. The variation in heart
axis definition may also have a greater impact on the smaller-sized ROIs. Despite
these facts the reproducibility even in these regions was reasonably good.

150-water has been regarded as the most challenging perfusion tracer for
clinical applications because it does not produce immediate image of perfusion
distribution. In study III, we tested the method in small group of patients with
moderate likelihood of CAD, and found that the accuracy of quantitative perfusion
was excellent. The cut-off value of 2.5 mL/g/min established in study III was
reconfirmed in study IV with a larger patient population. In Carimas™, no new
modelling is implemented. Rather, image processing, segmentation and ROI
definition were improved to allow a more accurate regional analysis of MP in
clinical situations.

Study IV investigated the power of hybrid imaging in the detection of CAD. No large
clinical study has previously provided a direct comparison between non-invasive
and invasive imaging that combine anatomy and function. In this prospective
study, 107 patients with symptoms suggestive for CAD were investigated using a
novel imaging technique, hybrid PET/CT. The study has several unique properties:
D it is the first study to take full advantage of both CTA and PET perfusion imaging
and was performed using a hybrid imaging device; 2) it included quantitative
analysis; 3) the patients had moderate pre-test likelihood of CAD (a clinically
appropriate population); 4) all patients entered invasive tests independently of the
non-invasive imaging results to avoid referral bias, and; 5) the combination of ICA
and FFR was used as reference.

Our results show that non-invasive hybrid PET/CT imaging is a superb diagnostic
method for the comprehensive diagnosis of CAD and its severity, and may be
performed routinely using a short, low radiation dose protocol. CTA alone can
rule out significant CAD with an extremely high NPV (97% per patient and 94%
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per vessel). On the other hand, it is difficult to accurately evaluate the degree of
stenoses detected. This problem has been demonstrated in a number of studies
and results in modest PPV in comparison to ICA. Second, even when the degree
of anatomical lesions is accurately detected, it is difficult to estimate the functional
significance of borderline stenoses. This handicap is inherent in all anatomical
imaging.

PET perfusion imaging is also able to rule out significant CAD with an extremely
high NPV (97% per patient and 98% per vessel). Thus, normal perfusion indicates
the presence of no hemodynamically compromising CAD. Reduced perfusion,
however, may mean not only significant epicardial disease, but also the presence
of micro-vascular abnormalities. These changes increase the risk for cardiac events
but are difficult to distinguish from epicardial disease by measuring perfusion alone.
Our results of PPV of 86% (78% per vessel) suggest that there was a considerable
amount of small-vessel disease present in this patient population.

We employed absolute quantification of MP while the traditional clinical method
is to identify relative inducible perfusion defects during stress. Until now, the
absolute quantification using PET has rarely been employed in clinical studies.
Our ROC analysis shows that the optimal cut-off between normal and pathological
MBF is <2.5 mL/g/min in stress, confirming our preliminary findings from study
III. Practically all regions with MBF <2.0 mL/g/min were abnormal, suggesting
that MBF between 2.0 and 2.5 can be considered mildly abnormal and values <2.0
clearly abnormal.

This study demonstrates the power of hybrid PET/CT imaging combining both
anatomy and function. When MP is restricted, CT angiography can demonstrate
the degree and location of stenosis and separate micro-vascular from epicardial
disease. When CTA shows coronary plaques, possible perfusion deficits can be
related to their epicardial locations. In our study, the accuracy of the hybrid
technique was excellent.

We used 15O-water as a perfusion tracer. This tracer is not widely available
because it requires an on-site cyclotron. However, other validated tracers such
as 1BN-ammonia and 82Rubidium or novel 8Fluorine labeled tracers are likely to
provide comparable results if proper protocols and quantification are applied.
In the recent study by El Fakhri, ez a/ (2008), MBF obtained with 82Rubidium was
comparable to that of 13N-ammonia with a slight tendency to underestimate MBF
during stress. 82Rubidium can easily be distributed to clinical sites without own
tracer production laboratory which may facilitate the wider distribution of the
technique into clinical routine.

In the current protocol, we performed CTA before PET because we plan to avoid
perfusion imaging in clinical routine if CTA is normal. Another reason for the “CT
first”-approach is its ability to detect and characterize plaques even when they
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are not flow-limiting. It is important to assess these changes to warrant suitable
medication. Although we did not perform the cost-benefit analysis, it is likely that
such a protocol is efficient because the cost of a CTA exam is lower than that
of a PET study, and about half of the patients undergoing CTA will not require
perfusion imaging in an appropriate population.

Beta blockers were used in most of the patients prior to imaging. Theoretically this
could reduce the sensitivity of perfusion imaging which seems, however, not to be
a problem since the sensitivity of PET was excellent. Combining two techniques
that both utilize radiation will obviously increase the radiation dose. However, as
in study I, we found that novel CT techniques reduce the dose considerably. The
dose from PET, on the other hand, is only a fraction of doses in SPECT and can be
further reduced by performing stress imaging only. Same applies if one chooses a
“PET first” protocol and performs CT only to those patients with impaired MBF.

In study V we further investigated the clinical value of absolute quantification of
MBE. In certain clinical situations, estimates of relative differences in perfusion
may not be sufficient for accurate diagnosis. In this study, we compared this
“conventional approach” to the approach of measuring the absolute myocardial
flow.

There are at least 3 major scenarios in which the differences between relative
and absolute perfusion may be particularly important. First, with relative analysis
we would have totally missed 2 patients with 3-vessel disease and balanced
reduction of perfusion because diffusely reduced flow was uniform and visually
homogenous. This is a previously known phenomenon and has important
diagnostic and prognostic consequences. Using absolute quantification, however,
it is usually easily distinguished from normal perfusion.

The second group of patients with numerous discrepancies between the absolute
and relative analysis methods were other patients with multi-vessel disease. 13
patients were incorrectly labeled as having only single-vessel disease in relative
perfusion analysis of images. This, too, is easy to understand because the region
with the best perfusion is considered to represent normal flow in relative analysis
- which is however not usually the case in patients with multi-vessel disease.

Third, visual analysis of relative flow resulted in a large group of patients with
inhomogeneous perfusion that was classified as abnormal but that was actually
shown to be quantitatively high albeit slightly heterogeneous. According to the
reference method (ICA with FFR), these patients had no significant CAD. Part of
this relative heterogeneity of the flow is probably attributed to the physiological
variance of normal high flow. This phenomenon is exposed when using tracers
with linear relationship between the measured and actual flow up to very high
flow values, such as 150-water. Yet, with any tracer it is possible that slight
colour variances within myocardium are prone to be diagnosed as “possible” or
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“probable” ischemia. This phenomenon is well known from SPECT imaging, in
which it is common practice to categorize the findings into several groups by the
certainty of the disease.

Another important subgroup is the patients with normal (or nearly normal)
epicardial vessels (i.e. showing no stenoses) but with diffusely reduced perfusion.
This implication of probable microcirculatory deficiency may readily be visualized
using absolute quantification but, analogous to the evaluation of the multi-vessel
disease, is frequently missed when just relative perfusion abnormalities are
assessed. Of course, the relative quantity of patients with multi- and single vessel
disease as well as impaired microcirculation reflects a particular patient population
and the pre-test probability of CAD in that group.

The poor performance of relative analysis at high perfusion range using 150-water
should not be directly extrapolated to other PET tracers without quantification or
tracers used in conventional nuclear medicine. Most tracers (such as sestamibi,
tetrofosmin, ammonia and rubidium) exhibit non-linear flow characteristics
between detected signal and actual perfusion, thus naturally omitting heterogeneity
in perfusion at the high end of the normal perfusion range, as demonstrated in
Figure 23.
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Figure 23. Graphical presentation of the relationship between absolute myocardial perfusion
and tracer uptake. The lines are estimates of the tracer uptake characteristics. In all tracers except
150-water, tracer extraction is reduced when perfusion is increased. (Reproduced with permission
(ref: Knuuti J, Kajander S, Maki M, Ukkonen H. Quantification of myocardial blood flow will reform
the detection of CAD. J Nucl Cardiol. 2009;16:497-506. Epub 2009 Jun 3.)
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Using 150-water by definition and with other tracers after quantification, the
normal variation of perfusion is large and must be taken into account in the
interpretation. The simplest solution is to use a fixed absolute scale in the images:
the brightest color will be assigned to certain absolute level of perfusion (e.g. 3.5
mL/g/min) to enable easy detection of change from normal to reduced perfusion
(e.g. at 2.5 mL/g/min) at which the color will change from yellow to green in
rainbow scale.

In the comparison between quantification and relative assessment we utilized
visual hybrid PET/CT images with a straight forward normal/abnormal scale.
We used these images for visual evaluation instead of the more conventional
“bulls eye”-type ones or slice analysis traditionally used in nuclear medicine. The
strategy was chosen because if offers visualization of the actual vessels and their
territories in an individual basis. The normal variation in anatomy is considerable
and possible “non-anatomical” pseudo lesions in perfusion images are more easily
distinguished from real abnormalities. The accuracy of the quantification of the
flow, however, seems to further improve by utilizing numerical values of the
MBF instead just colours. The cut-off between abnormal and normal may then be
optimized and the number of indeterminate results is likely to decrease. Based on
our results, it is advisable to utilize hybrid images for anatomy and flow values for
function if both are available.

In these studies, we have shown that it is possible to non-invasively but accurately
characterize the existence and severity of CAD in a patient population that may be
the most challenging: those people with a moderate pre-test probability to have
CAD. Using absolute quantification, even the patient groups with notably difficult
assessments, such as those with balanced triple-vessel disease, may be correctly
evaluated.

With the combination of CTA and PET perfusion, we can reach the correct
diagnosis with a moderate radiation dose and a short protocol that is feasible in
clinical, day-to-day use.
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7.

CONCLUSIONS

The following conclusions may be drawn from the studies presented in this
thesis.

I

IT

II1

Iv

Low dose PET/CT with sequential acquisition and prospective ECG-triggering
allows cardiac hybrid studies with radiation dose less than 10 mSv. The
protocol can be applied to almost 9 out of 10 patients with CT image quality
comparable to the more commonly used spiral acquisition.

Higher prevalence of CAD is associated to AF when comparing coronary
CTA to sinus rhythm.

Excellent reproducibility of the quantification of MP with 150-water PET can
be reached when analyzed by Carimas™ software. The results support the
good clinical value of the software.

Cardiac hybrid PET/CT imaging allows accurate non-invasive detection of
CAD in a population with intermediate pre-test likelihood to have CAD. The
method is feasible and can be routinely performed with <10mSv radiation
dose in most patients.

Absolute measurement of MP has significant impact on the interpretation
of myocardial perfusion studies. In particular, quantification is able to
correct the regional variances within normal flow. In addition, multi-vessel
disease is more accurately detected. Visual analysis of the images should be
complemented with the assessment of the actual flow values.
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