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Abstract

Positron emission tomography (PET) with [15O]H2O provides a method to measure
quantitatively the myocardial perfusion in vivo. The quantification enables an objec-
tive and accurate way to compare studies acquired on different time occasions or under
different conditions. The challenge in [15O]H2O cardiac perfusion PET studies is the
low contrast between cardiac structures in the images, because the tracer is freely dif-
fusible. Furthermore, the contraction motion of the heart and the movement of the heart
in the thorax, due to respiration, make the quantitative analysis even more difficult. In
addition, the patient may move during the acquisition or the position of the patient may
change between the studies. For these reasons, the goal of the thesis has been to develop
and evaluate image analysis methods to improve the usability of [15O]H2O myocardial
perfusion PET studies for drug development and clinical diagnostics. In this thesis, a
novel systemic process to align the studies to the same position is presented. Thanks
to the alignment, the same regions of interest (ROIs) can be used in the analyses of the
studies, ensuring that the comparison is carried out in equivalent myocardial segments.
This increases the repeatability and accuracy of the quantification.

Because the heart position is not fixed in the thorax, the alignment should be carried
out using cardiac structures instead of external landmarks or other thoracic structures.
In this thesis, the independent component analysis (ICA) method was evaluated for the
separation of the cardiac structures. For the alignment of the studies, an approach based
on mutual information (MI) was developed. The difficulty in developing and improving
the analysis of medical images is that reference values, i.e. golden standards, are not
available, on which to base the comparison. In this thesis, one of the aims was to
construct realistic simulated data, to be able to evaluate the developed approach. In the
constructed simulated data, knowledge of the heart physiology, anatomy and function
was combined in the measurement of the myocardial perfusion with PET and O-15-
labeled water.

With the simulated data, it was possible to quantitatively evaluate ICA for the sep-
aration of the cardiac structures, as well the developed approach to align the studies.
The cardiac structures were successfully separated with ICA under different perfusion
levels, and with cardiac and respiratory motion, even with real human data. The results
proved that the cardiac structures from different studies can reliably be extracted for
the alignment. The quantitative evaluation of the developed approach proved that by
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aligning the studies, the same ROIs can be used for comparative analysis of the studies.
Furthermore, the alignment of the two studies could be carried out without the use of
information from the myocardium, and thus the method is not affected by possible ab-
normalities in the myocardial tissue. The developed approach can be used, in practice,
with real human studies to facilitate analysis of [15O]H2O myocardial perfusion PET
studies.
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Chapter 1

Introduction

In the western world, ischemic heart disease is the leading cause of death [73]. De-
creased perfusion in the myocardium is the first sign of the disease [16]. The disease
can be treated either by use of drugs or by-pass surgery. To develop new drugs for
ischemic heart disease or assess the effectiveness of therapeutic interventions, a quan-
tification of the myocardial perfusion is needed. The quantification provides an objec-
tive way to compare the results, and enables the comparison of large amounts of data
from different subjects, acquired in different centers (multi-center study). In clinical
diagnostics, noninvasive quantification of myocardial blood flow (MBF) can be used to
assess the need of medical therapy or surgery [11].

Positron emission tomography (PET) with O-15-labeled water is an attractive
method to measure the myocardial perfusion, because [15O]H2O is almost freely dif-
fusible, has a short half-life, its kinetics is related to the blood flow, and biological
behavior can be modeled with a simple one-tissue compartment model. Quantification
of the perfusion requires dynamic imaging, where the distribution of the radiotracer
is followed over time at short time intervals, called time frames. The short half-life of
O-15-labeled water enables repeated measurements under different conditions, like rest
and stress, in a short time window. This is important for the intervention studies, e.g.
drug studies, where the effects of medication and training on metabolism, function and
efficiency of the whole myocardium are studied. In addition, the impaired blood flow
at rest compared to the stress indicates possible stenosis in the coronary arteries. The
ratio between the rest and stress perfusion is also used to measure the coronary flow
reserve (CFR), the ability of the vascular bed to alter its resistance. In this thesis, the
emphasis is on the cardiac perfusion PET studies with O-15-labeled water.

To compare the perfusion values from different studies, it needs to be ensured that
the quantitative and visual analysis have been done in equivalent myocardial regions.
In brain images, it can be assumed that the position and orientation of the brain is not
changed inside the skull, but the heart does not have a fixed position in the thorax. The
heart position changes due to the cardiac contraction, respiration, and patient move-
ments. Also the repositioning of the patient to exactly the same position in different
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2 CHAPTER 1. INTRODUCTION

studies is difficult. To ensure that the analysis is done in equivalent regions, the studies
can be aligned to the same position before the comparisons.

The alignment, also called registration, is a common image processing task in med-
ical imaging. Especially in brain imaging, a number of registration algorithms have
been developed [39, 65]. Because of the nonrigid heart and respiration motions in the
thorax region, the cardiac image registration is a more complex problem than brain im-
age registration [67], . In addition, there are no anatomically accurate landmarks in the
heart region, which could be used for the alignment. The alignment of cardiac PET im-
ages has been done using external skin markers [70], body and lung surfaces [66], and
transmission images [6, 74]. However, these methods do not guarantee the alignment
of the heart region, and therefore the best choice for the alignment is to use the cardiac
structures [51, 98].

The goal of this thesis is to improve the analysis of the [15O]H2O cardiac perfusion
PET studies. To meet this, a novel process to align two [15O]H2O perfusion PET stud-
ies using cardiac structures is developed. The alignment of repeated studies provides
the possibility to use the same regions of interest (ROIs), thus increasing the repeatabil-
ity and accuracy of the quantification. The challenge in the O-15-labeled water images
is the poor contrast between the blood and tissue, because the O-15-labeled water cir-
culates in the blood as well as diffuses into the tissues [8]. Due to this, the dynamic
O-15-labeled water images have to be segmented first, so that the cardiac structures can
be applied for the alignment. In this thesis, an independent component analysis (ICA)
based method to separate the cardiac structures from dynamic [15O]H2O cardiac im-
ages is evaluated.

The problem of evaluating the developed methods with real data is that the correct
result (ground truth) is not known, and there are no generic image processing methods
for use with different kinds of cardiac data. Nevertheless, the performance of image
processing methods can be quantified by use of realistic simulations for a image acqui-
sition and phantom images to describe the human anatomy. In the simulated data the
ground truth values of the anatomy and physiological functions are known. The real
challenge in the simulation of cardiac emission images is to realistically simulate the
anatomy, physiology, and also the movement of the cardiac structures. In this thesis,
one of the aims is to construct realistic simulated data based on the knowledge of the
physiology, anatomy, and function of the heart as well on the measurement of the my-
ocardial perfusion with PET. The construction of the simulated data will also provide
a ground to improve the analysis of the [15O]H2O cardiac perfusion PET studies with
image analysis methods.



Chapter 2

Myocardial Perfusion Imaging

In physiology, perfusion is the process delivering nutritive blood to a capillary bed in
a biological tissue. Each tissue controls its own local blood flow in proportion to its
metabolic needs [33]. The heart responds to the need for blood flow in different organs
by controlling the cardiac output. When the need for cardiac output increases during
stress, also the need for blood flow to the heart muscle, the myocardium, increases. A
decreased perfusion in the myocardium during stress is the first sign of an ischemic
heart disease, followed by wall motion abnormalities. Decreased cardiac output can
lead to cardiac failure and even to death, because the heart is incapable of contracting
sufficiently to force enough blood into the arterial tree.

Noninvasively the perfusion can be measured with different imaging modalities.
In this chapter, the physiological background of the myocardial perfusion is briefly
introduced and different imaging techniques to measure the myocardial perfusion are
reviewed. The left side of the heart is the most studied part of the heart and all the
values are given for it, if not otherwise mentioned (Fig. 2.1). Because the aim of the
thesis is to improve the repeatability and accuracy of the quantitative analysis of the
myocardial perfusion studies, the emphasis is on the perfusion measurement with PET
and [15O]H2O.

2.1 Myocardial Perfusion

The heart has two main coronary arteries, left and right, through which the heart re-
ceives its nutritive blood flow (Fig. 2.1). Commonly in the literature, the terms blood
flow and perfusion are used in parallel, although the blood flow strictly means the flow
of the blood in the vessels. The myocardial perfusion depends on the perfusion pres-
sure and the resistance in the vascular bed. The blood flow in the coronary arteries
is controlled by several mechanisms; autoregulation, extravascular compressive forces,
and metabolic, neural, endothelial, and myogenic control [12]. The primary control is
the local metabolism, the response of cardiac muscle to its need for nutrition, especially
for oxygen. Although the mass of the heart is only 0.5 % of the total body weight, the
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4 CHAPTER 2. MYOCARDIAL PERFUSION IMAGING

Figure 2.1: The anatomy of the heart (left) and the location of coronary arteries (right). c©Texas
Heart Institute, reprinted with permission from (www.texasheart.org).

heart consumes 10 % of the whole body oxygen consumption in the resting condition.

The normal myocardial perfusion is on average 0.7 ml/min/g [33] at rest (basal),
but may vary even from 0.6 to 2.4 ml/min/g [19]. During exercise or pharmacolog-
ical stress (hyperemic), the perfusion increases three to fivefold in healthy subjects.
However, the perfusion varies between subjects, and it is heterogenous over the cardiac
muscle, making it difficult to define global normal limits. To assess the possibility of
having coronary artery disease (CAD) the impaired blood flow between rest and stress
states has been documented to predict possible stenosis in the coronary arteries. The
perfusion can be normal at rest eventough the size of the stenosis is 90 % of the normal
arterial diameter [22]. Measuring the perfusion at rest and after pharmacological stress
also allows measurement of the CFR, which is the ratio between hyperemic and resting
flows. CFR reflects the ability of the vascular bed to alter its resistance.

CAD occurs when the arteries that supply blood to the heart muscle (the coronary
arteries) become hardened and narrowed, by plaques [33], which block, or partially
block, the blood flow to the muscle. The most common reason for this is atherosclero-
sis. The reduction of blood flow to the muscle decreases the perfusion in the muscle,
especially after stress as mentioned above. The reduced perfusion is followed by is-
chemia, which induces regional functional abnormalities, and finally may cause the
patient some chest pain (angina). In addition, a heart attack is a result of reduced blood
flow and oxygen to the muscle. Usually, the subendocardial muscle gets damaged first,
because of the greater compression force of the myocardial muscle in the inner layers,
which compress the subendocardial vessels more than the outer ones [33].
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2.2 Methods to Image Myocardial Perfusion

Coronary angiography is considered as the golden standard method to diagnose the
CAD [16]. The method is based on X-ray imaging and special dye (contrast agent) to
visualize the blood flow in the vessels. The disadvantage of the method is that a catheter
needs to be inserted into a vessel in the groin or arm, making the method very invasive.
In addition, although the stenoses are identified from the images, the perfusion in the
myocardium can not always be defined. Myocardial perfusion can be less invasively
measured by the use of nuclear cardiology, contrast echocardiography (CE), magnetic
resonance imaging (MRI), and computed tomography (CT).

Nuclear cardiology, by the use of single photon emission tomography (SPECT)
or PET, is the most widely used noninvasive method to image the myocardial perfu-
sion [23]. In nuclear cardiology small amounts of radioactive material, physiologically
interesting compounds and radiopharmaceuticals, are used to obtain physiological in-
formation about the heart. Today, cardiac MRI and CE are also used increasingly in
diagnosis. The advantage of these methods over nuclear cardiology is that no radiation
is needed. The strength of CE is the wide availability and ease of use, but the weakness
is that the method is heavily operator-dependent and the quality of images is poor. The
high spatial resolution and contrast are the advantage of cardiac MRI; making it possi-
ble to differentiate the sub-endocardial and sub-epicardial regions. MRI and CE will be
used more widely as a clinical tool for the assessment of myocardial perfusion, but the
contrast media, hardware, software, and quantitative analysis still need improvements
and wider clinical tests [23].

Due to the lower costs and availability, SPECT has been used more than PET.
SPECT is a technique which measures the emission of single photons of a given energy
from radioactive tracers. Perfusion imaging with SPECT can be done with tracers like
Thallium-201 (Tl-201), and Technetium-99m sestamibi (Tc-99m). Both tracers have
a relatively long physical half-life (Tl-201:73 hours , Tc-99m:6 hours) and the perfu-
sion image is based on the high first-pass extraction of the tracer in the myocardium.
The disadvantages of using SPECT has traditionally been the qualitative nature of the
method and the problems of correcting the photon attenuation in the thorax [84]. Cur-
rently, the SPECT imaging is done with ECG-gating, providing the possibility to assess
the left ventricular ejection fraction and wall motion abnormalities at the same time as
the perfusion [52].

The SPECT, MRI and CE techniques are good and cost-effective methods for di-
agnostic purposes. However, PET enables measurement of quantitative values of my-
ocardial blood flow in the units of ml/min/g of tissue, providing a powerful tool for
drug and treatment development. PET has also been used as reference method to eval-
uate the performance of the other methods [26,85]. The quantification of the perfusion
gives us an objective way to compare the results. The decreased perfusion in the my-
ocardium at stress compared to the rest state can be diagnosed by visual assessment,
which is a commonly used method to analyze the SPECT images. However, to define
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whether the new drug has an effect on the perfusion, visual assessment is not accurate
and objective. In addition, to define the proper dose, it is important to quantitatively
calculate the responses. The quantification enables the comparison of large amounts
of data from different subjects, acquired even in different centers (multi-center study),
and to make comprehensive conclusions on the efficacy of the intervention. In diagno-
sis, the quantification of the perfusion provides sensitive criteria for the physiological
significance of CAD. Noninvasive quantification of MBF can be used to determine the
need of medical therapy or catheterization [11].

2.2.1 Myocardial Perfusion Imaging with PET

PET is a method which gives the possibility to measure regional physiological function
by tracing the biological compounds, which have been tagged with positron emitting
isotopes. Unlike SPECT, PET is based on the detection of pairs of photons created in
an annihilation of a positron and an electron. The unique advantages of PET is the
possibility to measure quantitatively concentrations of tracers in the tissue; this follows
from the possibility to measure the attenuation of the photons accurately in the body,
together with the nature of positron annihilation. The PET acquisition is composed of
the measurement of an attenuation with transmission scan or CT and an emission scan.
In myocardial perfusion imaging the most commonly used tracers are O-15-labeled
water, N-13-labeled ammonia and the cationic potassium analog rubidium 82 (Rb-82).
The physical half-life for these tracers are 2.1, 10 and 1.3 minutes respectively [10].

Both N-13-labeled ammonia and Rb-82 are partially extracted and they are retained
in the myocardium for varying periods of time. The extraction of these tracers in the
myocardium is nonlinear and inversely related to the blood flow. In contrast, O-15-
labeled water is an almost freely diffusible tracer, its kinetics is related to the blood
flow, and it is metabolically inert. O-15-labeled water can be said to be an almost ideal
tracer for the assessment of myocardial blood flow (MBF) over a wide flow range [9].
The challenge of O-15-labeled water is that the tracer is distributed both to the vascu-
lar space and the myocardium, making the visualization of the myocardium difficult
(Fig. 2.2). Due to the short half-life of [15O]H2O, repetitive measurements under
different conditions can be performed within a reasonable time (10-15 minutes time in-
tervals). Because the possible hypoperfusion may be seen only during stress, physical
or pharmacological, the perfusion is measured first at rest (basal) and then at stress (hy-
peremic). In PET the stress test is primarily performed using pharmacological stress,
dipyridamole or adenosine. One [15O]H2O dynamic cardiac study usually lasts 6 min-
utes, with time-frames of 2-5 seconds in the beginning and longer 30 second time-
frames at the end of the acquisition.

PET enables the study of both perfusion and metabolism of the myocardium. The
metabolic imaging is usually performed using glucose analogue 18F -2-deoxy-2-fluoro-
D-glucose (FDG) tracer, which can be used to assess the viability of the myocardial
tissue. By imaging both the perfusion and the glucose uptake of the heart, it is possi-
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Figure 2.2: Example of transaxial slice of cardiac PET study at different time points from
injection of [15O]H2O (after 5 s, 25 s, 50 s, 80 s, 160 s and 280 s.)

ble to diagnose more accurately the patients’ need for further treatment. From these
two studies, it is possible to identify three different patterns: (1) both perfusion and
metabolism are normal, (2) normal or augmented metabolism but reduced perfusion,
or (3) both perfusion and metabolism are reduced [10]. Mismatch between perfusion
and metabolism indicates viable but ischemic myocardium, which can still be returned
by re-vascularization to normal contractility.

2.2.2 Quantification of Myocardial Perfusion with PET and [15O]H2O

Quantitative estimates of regional perfusion values with O-15-labeled water can be cal-
culated using a mathematical model, which describes the biological behavior of the
administrated radiopharmaceutical in the blood and myocardium over time. These
models are based on compartment modeling, which describes the state of the tracer
in a steady state biological system. The interest is, e.g. in a transfer of the tracer from
one state to another. Because O-15-labeled water is almost freely diffusible and its ki-
netics is related to the blood flow, a simple one-tissue compartment model can be used
(Fig. 2.3). The perfusion with O-15-labeled water is quantified using principles derived
by Kety for the analysis of exchange of inert gas between the blood and tissue [8, 10].
The blood flow (f ) is equal to the difference between the tracer entering and the tracer
leaving the tissue:

dCt(t)
dt

= f(Ca(t)− Cv(t)), (2.1)

where Ct(t) is the tissue radioactivity concentration (kBq/ml); f is the blood
flow per unit per tissue (ml/min/g); Ca(t) is the arterial radioactivity concentration
(kBq/ml); Cv(t) is the venous radioactivity concentration (kBq/ml). Using the basic
assumption that the Cv(t) is the same as the Ct(t) corrected with the partition coeffi-
cient p (ml/g), then the single compartment model for O-15 labeled water can be solved
from the following differential equation:

dCt(t)
dt

= f(Ca(t)− 1
p
Ct(t)). (2.2)
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Figure 2.3: One-tissue compartment model. The parameters K1 and k2 correspond to the
transport of the tracer in and out of the cell. The extraction of the water in the tissue is assumed
to be 1, i.e. K1 = f and k2 = f/p [8, 10].

The partition coefficient is the ratio between the water content in the tissue and the
water content in the whole blood. The tissue radioactivity concentration is then:

Ct(t) = fCa(t)⊗ e
− f

p
t
, (2.3)

where ⊗ denotes the convolution.
To calculate the flow, the time-activity curves (TACs) for the arterial blood pool

and the myocardial tissue are measured from dynamic PET data. TAC describes the
behavior of the tracer over time in the tissue. To ensure true quantification, accurate
TACs need to be derived from the data. The TACs are derived from ROIs, which are
drawn over the myocardium and left ventricle (LV). Unfortunately, the measured data
are affected by the acquisition process (randoms, scatter, dead time, and normaliza-
tion), image reconstruction and motion of the heart. In addition, due to the limited
spatial resolution of the measurement compared to the small thickness of the structures
of interest, so called partial volume effect (PVE) is caused, which usually results in
underestimations of the true value. On the contrary, the spill-over of the radioactivity
from the high activity area to surrounding areas causes overestimation of the true value.
The PVE changes the scale and the spill-over changes the shape of the TACs. Using
appropriate model these changes can be corrected [42].

In this work, a model that is based on the one-tissue compartment model, including
PVE, and spill-over corrections, was used to calculate MBF [42,44,45,72]. The model
takes into account the underestimation of the MBF values due to cardiac wall motion
and PVE using the concept of tissue fraction (α). Tissue fraction is the ratio of the
mass of perfusable tissue within a given ROI to the volume of that ROI. In addition,
the spill-over from the ventricle to the myocardium and vise versa, are corrected. The
measured radioactivity concentration in a selected myocardial ROI is:

ROImyo(t) = αfCa(t)⊗ e
− f

p
t + VaCa(t), (2.4)

where Va is the arterial blood volume in a ROI and the radioactivity concentration
in a selected LV ROI is:
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LV (t) = βCa(t) + (1− β)fCa(t)e
− f

p
t
, (2.5)

where the β is the recovery coefficient of LV ROI. The β can be measured from a
separate blood volume scan. Solving equations 2.4 and 2.5 gives

ROImyo(t) = (
α

β
− (1− β)

β2
Va)fLV (t)⊗ e

−( 1
β
− (1−β)

β
)ft +

Va

β
LV (t), (2.6)

and

Ca(t) =
1
β

LV (t)− (1− β)
β2

fLV (t)⊗ e
−( 1

β
− (1−β)

β
)ft

, (2.7)

The model parameters f , α, and Va can be estimated using nonlinear fitting. The
model is first fitted to a large ROI, covering the whole myocardium around the LV. With
the found parameters, the arterial blood curve Ca(t) can be calculated, which is then
used to estimate the regional perfusion values in different locations of the myocardium,
e.g. in the septum [72]. To calculate the quantitative blood flow values, the fixed
partition coefficient p can be a problem in diseased tissue, because of the spill-over
from the right ventricle to the left side, especially in the septum [104]. The model also
assumes homogenous flow over the ROI, which may not be true.

To calculate and compare the quantitative values from different studies, it needs to
be ensured that the values have been calculated from equivalent regions. The optimal
position of the ROIs decreases the effects of bias and variance to the model parameters
[38]. If the blood pool fraction is different between the image sets due to the different
position of the ROIs, the quantitative values are not comparable. Manually, it is difficult
to draw ROIs in the same position between 3D image sets acquired at different times or
under different conditions. The patient may not be in the same position so that the heart
is located in different transaxial slices between the studies. When comparing image
sets acquired at rest and stress, the images may look different, because of the different
intensity scale, making the definition of the borders of the myocardium difficult.
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Chapter 3

Movement of Heart During
Imaging

The circulation maintains an appropriate environment in our body. The function of the
circulation is i.e. to transport substances to and from tissues and to conduct hormones
from one part of the body to another [33]. The heart is the force, a pump, which moves
the blood through the circulation. It is composed of two separate pumps: a right heart
that forces out the blood through the lungs (pulmonary circulation) and a left heart that
forces out the blood through the peripheral organs (systemic circulation). The cardiac
cycle consists of events that occur from the beginning of one heart beat to the beginning
of the next. It has two main phases, relaxation and contraction. The relaxation phase is
named the diastole and the contraction phase the systole. During the diastole, the heart
fills with blood and during the systole the blood is forced out into the circulation. The
heart contracts almost 3 billion times in a life time [33].

The heart is located within the mediastinum in the thorax and bordered laterally by
the lungs. Due to this, the heart also moves because of respiration. Because the position
of the heart is not fixed, like the position of the brain inside the skull, the orientation and
location of the heart may change depending on the position and condition of the patient.
In addition, the position of the heart in the cardiac images may change because of
patient/subject movement during the acquisition. The movement of the heart during the
cardiac emission imaging can be illustrated with a 3-layer coordinate system (Fig. 3.1).
The three coordinates are heart, which defines the contraction motion of the heart,
body, which defines the movement of the heart in the thorax because of respiration,
and img, which defines the heart position in the image field of view (FOV), due to the
position of the patient/subject.

The directions and magnitudes of the motion can be studied with anatomical imag-
ing techniques like MRI with magnetic tagging [4, 112], CT, and echocardiography
[28]. The spatial and time resolution of these imaging techniques are better than in nu-
clear cardiology methods; especially MRI provides good anatomical images even with
1 mm resolution and excellent contrast between the blood and the myocardium. The
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Figure 3.1: Coordinate system for the heart movement during cardiac emission imaging. The
origin for the heart coordination is the apex of the heart, the origin for the body coordination
can be defined in the surface of the thorax, and the origin of the img coordination is the corner
of the first transaxial slice of the 3D image.

aim of this chapter is to provide an anatomical and functional background the the heart,
and to discuss the limitations of the cardiac emission imaging caused by the movement
of the heart.

3.1 Heart Motion During Contraction

The heart forces the blood out into the circulation by contracting. During the contrac-
tion the heart walls thicken, the heart shortens in the long-axis direction from base to
apex, and the heart muscle twists around its long-axis (Fig. 3.2). The heart muscle,
the myocardium, is about 12 mm thick on the left and 5 mm on the right side. The
atria are only 2 mm thick. The whole left side of the myocardium can be considered
to be almost uniform in thickness expecting for the apical region, which is only a few
millimeters thick.

At rest, the volume of the normal ventricle is about 120 ml at end-diastole and
decreases about 70 ml during systole [33] (Fig.3.3). At stress, the end-diastolic volume
increases and the end-systolic volume decreases, producing an almost two times greater
output volume. If the heart would be modeled as a sphere, the change of the volume
would only cause a roughly 1 mm change in the radius at rest and less than a 2 mm
change at stress. But the shape of the heart and its deformation during the cardiac
cycle is much more complex. Using tagged MRI, an average 13 mm move of the
valvular plane from base to apex has been measured. The movement decreases towards
the apex, which can be considered to be almost static along the long-axis. During
contraction, the heart wall thickens in normal subject 3-5 mm in the left ventricle
wall [86], being greatest at the apex [89]. The twisting motion is counterclockwise in



3.1. HEART MOTION DURING CONTRACTION 13

Figure 3.2: The heart motion due to the contraction. Because the apex of the heart is quite
static point during the contraction of the heart muscle, it is defined to be the origin of the heart
coordination system.

the apex during the systole, and at the base, the direction is changed at the end of the
systole. Meanwhile, the middle part of the ventricle is almost static [61]. In addition,
the magnitude of the twisting changes along the left ventricular wall, from 20 degrees at
the lateral wall, to 4 degrees at the septum. There are also differences in epicardium and
endocardium torsion. Patients with cardiac disease have abnormalities in the regional
contraction. It has been show that an abnormal heart twists more than a healthy heart
to compensate for the inability to thicken as much as the healthy heart [75].

The contraction of the heart blurs the images and may cause bias in the regional
estimates of blood flow [38, 93, 95]. In addition, the motion of the heart may lead to
misquantification and causes some artificial defects on myocardial images. Because the
motion is not similar in the whole left myocardium, the effects may vary spatially along
the direction of the motion. In dynamic PET studies, the frame time is longer than one
cardiac cycle, which in a normal person is 1s at rest and during stress the length of the
cycle decreases even further. For this reason, only the average shape and location of the
myocardial wall in dynamic emission tomography images can be seen. The problem
with PET is also that the spatial resolution, which is optimally around 4 mm in cardiac
PET images [35], would make a detection of the contraction motion difficult. It is also
possible to detect the cardiac motion from PET images with cardiac gating, where the
cardiac cycle is divided into shorter time frames based on the electrocardiogram (ECG)
signal [51]. However, the gating is not feasible for O-15-water studies, because of the
short half-life and rapid washout of the tracer from the myocardium.
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Figure 3.3: Events of the cardiac cycle for left ventricular function and anatomy, changes in
the ECG, ventricular volume and shape of the ventricle.

3.2 Respiratory Movement of Heart

Because of the long acquisition times, it is not possible for a patient/subject to hold
his/her breath during the emission tomography acquisition, unlike in X-ray imaging or
cardiac magnetic resonance imaging. The normal breathing cycle, from full expiration
throughout full inhalation back to full expiration normally lasts 3-5 seconds [71]. Due
to the breathing, the heart is moving in a sinusoidal fashion, depending on the depth
and frequency of the breathing. If the breathing frequency changes during the study
also the movement of the heart changes. It has been measured that the heart apex
moves on average 7-15 mm due to the breathing in the direction of the zbody-axis , 3-5
mm in the direction of the ybody-axis, and 2-3 mm in the direction of the xbody-axis
[15, 58, 102]. The movement of the heart in the zbody-axis direction is linearly related
to the diaphragm motion, but is smaller in magnitude. The respiration movement has
greater effect on the apex region, which moves up and down on the top of diaphragm.
However, it has been suggested that the heart movement, because of respiration, is
more complex than just a 3D translation, based on the displacement of the coronary
arteries [90]. In addition, the magnitude of the movement may change locally in the
myocardium.

Another factor related to respiration is called ’cardiac creep’, which has been ex-
plained to be caused by changes in respiration depth and changes in volume and dis-
tribution of the air in the lungs during the acquisition [29, 76, 83]. This phenomenon
has been recognized, especially in the acquisitions after physical exercise, which is
commonly used in stress SPECT studies. The magnitude of the creeping can be a few
centimeters in the direction of the zbody-axis (Fig. 3.1).

Like heart motion, the respiration movement blurs the cardiac emission tomography
images, and may lead to wrong quantification of the perfusion values. Similarly to
using ECG gating, the respiration motion effects can be decreased with gating. The
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respiratory gating can be done with the use of optical tracking, different kinds of belts,
or oxygen masks [15, 58, 71]. The motion information can then be used to discard part
of the data, to transform the sinogram or the list-mode data, or to perform the movement
compensation during the iterative reconstruction [59].

3.3 Patient Movement During Imaging

Due to the long acquisition times in emission tomography, several minutes in a
[15O]H2O study, it is likely that the patient/subject cannot stay still the whole scanning
time. This voluntary movement is difficult to predict and quantify, because the whole
patient/subject may translate or rotate at various times during the scanning in the img
coordinates (Fig. 3.1). The movement may occur during one time frame, or between
the time frames. This movement directly affects to the heart orientation and also to the
position in the image FOV. With the use of external markers in dynamic O-15-labeled
water cardiac studies it was found that patient movement occurred in 18% of the time
frames at rest, in 45% of the time frames during pharmacological stress, and in 80% of
the time frames when physical exercise was performed during the acquisition [70]. The
heart position may also change between the studies depending on the condition of the
patient. Also the repositioning of the patient to exactly the same position on different
occasions is difficult.

The patient movement can be detected using external markers [53, 70], or using
the acquired data directly [24, 37, 91, 92, 98] In addition, attenuation scans have been
proposed to be used to detect the misalignment of two scans [6, 74]. Especially in
SPECT imaging, the patient/subject movement between camera rotations produces
problems [20, 21, 27, 31, 32]. The patient movement can lead to misquantification and
artificial defects. The visual and quantitative comparison of two image sets becomes
difficult, and the same ROIs cannot be used in the analysis. In this thesis, the main goal
is to correct the misalignment between the repeated studies.

3.4 Transmission - Emission Misalignment

The advantage of PET measurement is the accurate measurement of the absolute ra-
dioactivity concentration, made possible by methods to perform accurate attenuation
correction, together with the nature of positron annihilation. In the thorax, the body
attenuation is non-uniform and constant attenuation factors cannot be used. The atten-
uation has been corrected using transmission scanning [10]. Today, the PET cameras
are combined with a CT camera, which can also be used for attenuation correction [49].
However, the attenuation scan cannot be acquired at the same time as the emission im-
age, and this may lead to misalignment of the scans. The attenuation scanning is usu-
ally performed before emission acquisitions, and if patient movement occurs during the
emission or between the rest and stress studies, the wrong correction may lead to errors
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in the final images and quantitative values.
A lot of studies have been done to show the errors introduced by this misalignment,

both for the transmission [3, 14, 69, 109] and for CT-based methods [49, 54, 60, 68].
When using the CT-based attenuation correction the problem is also the different time
resolution [15,54,68] of PET and CT. The CT scan can be acquired with breath-holding
as the PET scan is usually performed over many breathing cycles. It has been shown
that the misregistration causes artificial defects in the anterolateral or lateral wall, which
do not correspond to any typical territories of coronary distribution [60]. With most
of the PET studies it is easy to visually assess the misplacement by overlaying the
attenuation and emission scans, and then manually correct the misalignment. However,
with O-15-labeled water studies, the problem is the poor contrast in emission images
making it difficult to see this misplacement. In addition, it is rather time-consuming to
visually analyze the whole dynamic image sets for every individual study.



Chapter 4

Simulation of Cardiac PET Data

PET is an in vivo method to study biological processes in a living body. The challenges
in developing and improving image processing and analysis methods is that the refer-
ence values, the golden standards, are not available in real human data on which to base
the comparison. The developed methods can provide more accurate diagnostic results,
shorter computation time, and a possibility for better visualization [48]. The evaluation
of the new method is usually performed using either physical or numerical phantoms
and simulations. In addition, validations with animal experiments are used.

Physical phantoms are especially utilized for validation of the acquisition system
and noise, along with reconstruction and analysis methods. The main limitation with
physical phantoms is the difficulty to build realistic models of the organ motions and
to simulate the dynamic biological behavior of the tissues. The construction of the
numerical data consists of realistic simulations of the acquisition system, the patient
anatomy, and the physiology of the tissues. The simulation of cardiac data should also
include simulation of the heart movement. One of the main goals of the thesis is to
construct realistic dynamic cardiac O-15-labeled water data for the evaluations. In this
chapter, the different methods for the numerical simulation of the anatomy, movement,
and physiology of the heart, and the PET measurement system are reviewed.

4.1 Simulation of Anatomy and Movement of Heart

The anatomy can be modeled by analytical or voxel-based phantoms. The analytical
phantoms describe the shape and motions of the heart very realistically using mathe-
matical functions. The simplest analytical phantoms are based on basic geometrical
shapes, like ellipsoids [Publication I] or cones [5]. However, more realistic phantoms
have been developed to also model the cardiac and respiration motions in the tho-
rax, [78, 79, 87, 88]. The voxel based phantoms are described in 3D matrices, where
every voxel is labeled according to the tissue the voxel belongs to. The segmentation
of the 3D distribution of the tissues is usually done from high resolution anatomical
images obtained with CT or MRI. Popular voxel-based phantoms for the brain are the
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Hoffman brain phantom [36] and the Zubal phantom [113]. The voxel based phantoms
are well suited to the human anatomy, but when the anatomy and spatial resolution are
fixed, the simulation of biological variations and heart movement is difficult.

By using the knowledge about the motion of the heart and respiration obtained
with high resolution imaging techniques, good models of the heart motion can be con-
structed. The MCAT (Mathematical Cardiac Torso Phantom) phantom is an example
of a geometry-based phantom, which uses simple geometrical shapes (e.g. ellipsoids
and cylinders) to model the heart and other organs in the thorax [78,79,88]. It includes
both heart and respiration motions, and it can be used directly to simulate the emission
and attenuation maps for gated SPECT studies. The advantage of the MCAT phantom
is that it can be defined at any spatial resolution, and the anatomy and motions can be
altered. In addition, the phantom can be used to model defects in the myocardium and a
simple abnormal motion, mainly reduced ejection fraction. The NCAT (NURBS-based
Cardiac Torso Phantom) phantom was developed to achieve more accurate and flexible
representation of the human torso [87]. It uses non-uniform rational b-lines, so called
NURBS surfaces. The model of the organs is based on CT data, and the heart motion
parameters are derived from tagged MRI images. Recently, the NCAT phantom has
been extended to include abnormal heart motion, by using finite-element models [100].
The new model of the motion has a more physiological background, and it can be used
to model a variety of motion effects caused by the ischemic myocardium.

4.2 Simulation of Perfusion

To simulate the time-dependent behavior of tracer in the tissues, same principals that
are used in the quantification can be used (section 2.2.2). In PET studies with O-15-
labeled water, the behavior of the tracer can be modeled with a one-tissue compartment
model. For the simulation of an input function for the LV, blood flow values for dif-
ferent tissues, values for the partition and extraction coefficient of the water, and the
vascular volume of the tissue are needed. By averaging the measured arterial curves
from real samples and fitting them to the rational or exponential function, good virtual
TAC for the input, LV, can be constructed. The input curve can be also constructed
using the TACs derived from the dynamic images. When using the measured arterial
curve it needs be to taken into account that it is dispersed in the sample tubing, and
the arrival times to the ROI, and to the sampling point, may be different [43, 99]. The
distortion of the TAC is caused by smearing (dispersion) of the tracer bolus in the ves-
sels due to inhomogenous velocity fields. Thus the input curve need to be corrected for
time delay and dispersion. Similarly, there exists dispersion between TACs in the right
ventricle (RV) and LV, because the blood circulates from RV to LV through the lungs.
For this reason, another correction of the delay and dispersion needs to be done to con-
struct a RV TAC. The Virtual TACs for the different structures can then be simulated by
using the constructed input TAC and the desired values of the blood flow in the tissues.
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4.3 Simulation of PET Acquisition

The PET measurement can be simulated numerically by use of analytical or Monte
Carlo-based methods. The analytical methods are based on simple models of true mea-
surements, especially on the noise in the sinogram. The positron emission follows the
Poisson process, but after the corrections made to the raw data, the final data no longer
follow the Poisson distribution exactly [30]. The MCAT and NCAT phantom simula-
tors can be used to analytically simulate 3D distributions of the attenuation coefficient
for a given photon energy, and distribution of emission radionuclide activity for the
various organs [87]. The attenuation coefficients are derived from the known values of
the coefficient of specific tissue, as the emission distributions are generated from the
known uptake ratios of the specific radiopharmaceutical in the organs. The disadvan-
tage of using analytical methods for the simulation of the PET measurement system is
the lack of accuracy compared to the reality, but the method provides the possibility to
produce large amounts of test data quickly.

Due to the development of powerful computers, the Monte Carlo-based methods
have became popular in nuclear medicine [17, 111]. The Monte Carlo techniques are
based on random variable sampling using numerical calculation methods. The Monte
Carlo-based simulation models account for most of the phenomena encountered during
the PET acquisition, like the Poisson nature of the emission, the positron range in tis-
sues, the annihilation photons non-collinearity, scatter, randoms and system dead-time.
This provides the possibility of more realistic simulations of the PET acquisition than
with analytical methods. All the techniques have some common features, like a ran-
dom number generator, rules to sample probability distributions, and sets of probability
functions [111]. The choice of the simulator is based on the application to be used, and
the desired accuracy, flexibility, efficacy and ease of use [17].

When simulating dynamic cardiac PET data, the simulator should enable the sim-
ulation of dynamic behavior of a specific PET tracer, and enable the simulation of
organ and patient movements during the acquisition. Only two simulators have been
designed so that the time-dependent behavior of the tracer can be easily simulated,
PET-SORTEO and GATE [18]. The GATE simulator can also be used with moving
anatomy [25]. The other important feature in the choice of the simulator is the com-
putation time, as the main problem of Monte Carlo simulations has been the required
computation time. When we need as many realizations as possible of the measurement
with biological variation, the computation time becomes important. PET-SORTEO has
been shown to be the most efficient simulator [81], although there is also increasing
interest in and development of parallelizing other simulator codes [18]. In this thesis,
the PET-SORTEO simulator was used, because it provides the possibility to simulate
the dynamic behavior of the O-15-labeled water, and the computation time was short
enough to perform many simulations for the evaluation of the developed methods.
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Chapter 5

Alignment of Cardiac Structures in
[15O]H2O Perfusion PET studies

Alignment is a process which tries to find a mapping, a suitable spatial transformation,
between two images. The alignment of medical images can be used to assist diagnostic
decisions, monitor effects of therapy, or investigate the effects of intervention. The
alignment process is often called registration, which is a step to find the alignment
parameters between two or more images. The challenge in cardiac image registration
is the mixed nonrigid motion of the heart and other thorax structures. In addition,
compared to the brain images, there are no such anatomical landmarks in the cardiac
images, which could be utilized in the registration.

Many methods have been developed for registration [39, 65] and a comprehensive
review of existing cardiac registration methods is given in [67]. The choice of the
registration method is based on the following; the application, what kind of features
can be used (intensity values, surfaces, landmarks), what is the search space (rigid,
affine, elastic), how to optimize the search for the alignment parameters, and what kind
of metric is used to find the optimal result in the selected feature space. No general
automatic alignment method exists to be used for different applications and data.

In this chapter, the alignment methods, which can be used with cardiac PET data,
are briefly introduced. In this thesis, a novel approach to align 3D cardiac structures in
O-15-labeled water PET emission images is developed and is described. Because the
contrast is poor in O-15-labeled water cardiac PET images and no heart structures can
be detected in time frame images, first the cardiac structures need to be extracted from
dynamic images. The developed and studied methods for extraction of cardiac struc-
tures are also briefly introduced in this chapter. In addition, the method to automatically
segment the volumes of interest (VOIs) for quantitative analysis in introduced.
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5.1 Alignment of Cardiac Images

The heart movement due to the contraction of the heart, respiration and possible patient
movement, is a real challenge for registration. In cardiac imaging, the registration can
be used to correct the movement effects, or to align studies for comparison. External
skin markers are not applicable in cardiac image registration since the registration of
these landmarks does not guarantee the registration of the heart within the body. Also
the body surface and lung surfaces have been proposed to be used in the registration.
As with the external skin markers, the problem is the movement of the heart due to
respiration and heart contraction. For these reasons, the best choice is the use of heart
structures in the registration, producing better registration of the area of interest [66].

The image modality, available time and spatial resolution, as well as the objective
of the registration, determine the choice of the search space of the image registration
algorithm. With MRI it is possible to study the motion of the heart, due to the good
spatial and time resolution, as well as the good contrast of the heart structures, the
myocardium and ventricles, in the images. To register the heart structures from the
different phases of the cardiac cycle, elastic registration, which can map lines onto
curves [65], is needed to define the spatial relationship of the images. With dynamic
PET images, where the shortest time frames are longer than one cardiac cycle, only
the average heart shape can be detected. In the alignment of dynamic frame images, or
dynamic studies, the rigid or affine registration can be used. Rigid registration in 3D
is composed of 3 translation and 3 rotation parameters as the affine is composed of 9
parameters, also including the scaling, or 12 parameters, also including sharing in all
dimensions.

The alignment of multimodality images brings complementary information for the
diagnoses as the alignment of one modality images can be used in the comparison of
the rest and stress images, to study the effects therapy, and the causes of intervention for
the studied metabolism or function. In this thesis, the concentration is on the alignment
of cardiac emission tomography images. External skin markers and optical tracking
have been proposed to solve the registration of misaligned time frame images, caused
by patient movement [70] [103]. As described above, the disadvantage of external
methods is that knowledge of the heart position is missing, and the correction may
lead to misregistration of the heart region. Attenuation scans have also been proposed
to align the cardiac PET images, either using thorax surfaces [74] or correlation of
intensity values [6]. The problem in this approach is the possible misalignment between
the emission and transmission image. Moreover, because the heart structures cannot be
detected from the transmission image, the registration does not lead to the best match of
different heart structures. Methods which use the heart surface or intensity values of the
emission image have been designed for both static SPECT images [24,91,92] and PET
images [51, 98]. In [51] a registration method to compensate for the cardiac motion
in a gated FDG study was developed, and in [98] an alignment method to correct the
motion of dynamic N-13-labeled ammonia cardiac PET images was presented.
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Figure 5.1: Schematic representation of the developed approach to align two dynamic studies.

5.2 Developed and Evaluated Methods Applied to Segmen-
tation and Alignment of Cardiac Structures

There are no studies to align O-15-labeled water cardiac PET image sets. The challenge
is the low contrast compared to the static SPECT images, or FDG PET images and for
this reason the existing registration methods cannot be directly applied. In this thesis,
a novel approach to align 3D dynamic O-15-labeled water cardiac PET images was
developed and evaluated [Publications IV,V]. First, the cardiac structures are separated
with independent component analysis (ICA) using the time-dependent behavior of the
tracer in different tissues, and second, this separation result of the cardiac structures is
used for the alignment of two image sets (Fig.5.1) [Publications I,III,IV,V]. Before the
ICA method is applied to the dynamic [15O]H2O emission data, the cardiac region is
restricted using a segmentation algorithm developed in this theses [Publication II].

The final goal is to improve the quantification of the perfusion and decrease the
variability of the results due the manual phases in the analysis. The alignment enables
the use of the same ROIs for the quantitative analysis of the perfusion values in the
intervention studies. The ROIs for the quantitative analysis can be derived from the
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reference study either manually [Publication IV] or automatically [Publications I,V].
The competing strategy for the alignment would be to automatically segment the ROIs
from the intervention studies without alignment [Publication V].

5.2.1 Segmentation of Cardiac Structures

Segmentation is a process that separates objects in an image. The automatic segmen-
tation of PET images is a challenging task, because the images are usually noisy com-
pared to their contrast. The segmentation can be performed manually, like traditionally
the ROIs have been defined [Publications III,IV]. However, the problem is the large
amount of data to be segmented in 3D or even 4D, which is difficult to perform manu-
ally, and is a time-consuming process. The results are also dependent on the observer.
Furthermore, the results may vary between different observers (inter-observer variabil-
ity), and also differ on different days with the same observer (intra-observer variability),
resulting in decreased reproducibility of the results. In this thesis, a new method to ex-
tract the heart region from the PET transmission images was developed. In addition,
the ICA separation of the cardiac structures from dynamic [15O]H2O PET data was
evaluated. For the extraction of the ROIs with human data, a manual approach was
used. Preliminary tests to automatically extract the volumes of cardiac structures from
simulated data were also performed in this study.

Segmentation of PET Transmission Images for Heart Volume Extraction

A transmission measurement is performed to compensate for the effect of the attenu-
ation of annihilation photons in the subject’s body. The contrast between soft tissue
and lungs is high in transmission images compared to the emission images. Because of
this, the transmission images have been used for motion detection and correction [7].
The segmentation of the transmission images has also been used to calculate more ac-
curate attenuation factors [2, 108, 110]. In this thesis, the transmission image was used
to produce a rough heart region mask. The mask is used to restrict the emission im-
age, so that the assumption of the number of components in the ICA model becomes
more valid, and also the restriction of the data decreases the computation time. In ad-
dition, the liver is problematic for the ICA separation, because its functional behaviour
is similar to that of the myocardium. With the anatomical heart volume mask it can be
eliminated from the ICA separation. First, the transmission image is segmented to soft
tissue, lungs and background, and second, the segmentation result is used to extract
the heart region as seen in the transmission image [Publication II]. The segmentation
was based on the Markov Random fields [13], and the heart region was extracted using
the DM-DSM (Deformable Models with Dual Surface Minimization) surface extrac-
tion algorithm [50, 97]. Because of the possible movement between the emission and
transmission scanning, the obtained mask was enlarged to ensure that the whole heart
was inside the mask during the dynamic emission image.
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Separation of Cardiac Structures from Dynamic [15O]H2O Cardiac PET Data

The challenge of dynamic O-15-labeled water images is the low contrast between the
tissues. The radiopharmaceutical is at the beginning mainly present in the blood pools
and at the end of the study also in tissues like the liver and the myocardium [8]. This
makes it difficult to extract the different tissues automatically from individual time
frame images. However, the separation of cardiac structures from dynamic images can
be performed utilizing the time-dependent behavior of the tracer in the tissues. ICA
[41] is a method which uses this information and has shown its capability to separate
cardiac structures from dynamic data [55–57, 63, 64] [Publication I,III,IV,V]. For this
reason, we used the ICA method for the separation.

The advantage of using ICA is that no additional scan for the blood pool is needed
[10], only the number of components needs to be defined in advance. The results of the
separation are component images, which are showing the most probable position of the
different structures in the dynamic scan [Publication III]. Therefore, it was assumed
that only a little or no patient movement occurs during the acquisition. To solve the
ICA model in dynamic cardiac PET data, the FastICA algorithm was used [40]. The
choice was based on the fast computation time of the algorithm. To obtain a valid
guess of the number of the components, the image space was restricted [Publications
I,III,IV,V]. The construction of the mask is described in more detail above.

Automatic Volume Extraction of Cardiac Structures

To quantify the myocardial perfusion, the TACs for the arterial blood pool and the my-
ocardial tissue are measured from the dynamic image. The TACs are derived from the
ROIs or VOIs, which defines the region or volume of the myocardium and LV. Con-
ventionally, the ROIs are drawn manually to the differential images. The differential
images are constructed by the subtraction of the first time-frame images from the last
time-frame images to enhance the contrast of the myocardium. In this thesis, the man-
ually derived ROIs were used to evaluate the developed alignment method with human
data. Because the construction of the differential images is subjective, we tested to
improve the ROI drawing by the use of ICA separation result images instead of the
differential images [Publications III,IV]. The good contrast of the cardiac structures
in the ICA separation images also provided the possibility to automatically derive the
VOIs for the quantitative analysis. For the automatic segmentation of the VOIs, the
same surface extraction method, which was used for the extraction of the heart volume
from the transmission image, was tested in this thesis with simulated data [Publications
I,V] [50, 97].
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5.2.2 Alignment of 3D Cardiac Structures in [15O]H2O PET Emission
Images with Mutual Information

To align the ICA component images, a second segmentation could be performed to ex-
tract the surfaces of the separated cardiac structures for surface-based registration, or
use the segmented component images directly with intensity-based registration. The
segmentation of the myocardium is difficult, and the extraction of the surface is de-
manding, especially from stress images, because of the cardiac movements, spillover
and partial volume effect. For this reason a normalized mutual information (NMI)
based method for the alignment was chosen [Publications IV,V].

Mutual information (MI) based registration methods have shown promising results,
especially in multimodal registration [1, 101], and have been used in many clinical ap-
plications [77]. MI is an information theory based measure of the statistical dependence
between two random variables [62,105]. In other words, mutual information measures
how much one image describes the other, and assumes that when these two images are
perfectly aligned, one image provides the most information about the other. The advan-
tage of MI is that only few assumptions are made regarding the nature of the relation
between the image intensities. Mutual information can be defined as

MI(A,B) = H(A) + H(B)−H(A,B), (5.1)

where H(A) and H(B) are entropies of the images A and B, and H(A,B) is the
joint entropy of these images. This means that the mutual information is maximized
when the joint entropy of the images A and B is minimized. The problem is that the
joint entropy can be really low even when the images are totally misregistered. For this
reason, NMI was proposed [94], which is less sensitive to changes in overlap:

NMI(A, B) =
H(A) + H(B)

H(A,B)
. (5.2)

The joint entropy distribution of intensities in two images can be estimated from
a joint histogram of intensities [77]. Each entry h(a, b) in the histogram denotes the
number of times intensity a in one image coincides with b in the other image. The
probability distribution is the division of the entries by the total number of entries. By
summing over the rows and columns the probability distribution for the each image can
be estimated.

Based on the ICA theory [41], there is no way to retain the magnitudes of the origi-
nal intensities in the segmentation, and for this reason it is important that the similarity
measure is not dependent on the actual intensity values. It was assumed that there
would be only rigid registration between the image sets, because the image sets to be
aligned were from the same subject, and the dynamic frame images were assumed to
represent the average position and orientation of the heart motion. Additionally, the 9
parameter affine registration was tested [Publication IV]. The novel idea in the devel-
oped approach is also that not all cardiac structures need to be used in the alignment.
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It was tested using only the RV, both ventricles and all three structures for the align-
ment. The idea is that if the myocardium is not well segmented or the shape has been
deformed due to a disease, like in ischemic dilation, the ventricles alone could be used
for the alignment. When using more than one structure in the registration algorithm,
the histogram to be used for the NMI calculation was constructed using voxels from
all structures. To avoid possible interpolation errors in the final quantitative values,
the found transformation parameters were applied to the ROIs drawn on the reference
image instead of reslicing the original dynamic images.
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Chapter 6

Experiments and Results

In this chapter the evaluation results of the developed and evaluated methods are sum-
marized. In addition, the construction of the simulation data is described, and the
human data used for the evaluations is presented.

6.1 Simulated Data in this Work

The simulation of realistic dynamic cardiac O-15-labeled water data was composed of
the simulation of the physiology, anatomy, and movement of the heart, and the realistic
simulation of the measurement system. In [Publications I,IV,V] different simulations
were carried out, and the simulated data are now briefly described.

Two different anatomies were used in the simulations; simple 2D representation of
the thorax [Publication I], and 3D MCAT based anatomy [Publications I,IV,V] (Fig.
6.1). In addition, normal heart and respiration motion was included in the simulation
process [Publications I,V]. Because, in the PET-SORTEO simulator, it was not possible
to include moving anatomy in the simulations, we needed to construct the movement
into the static 3D anatomical volume. The motion was included in the simulation in two

Figure 6.1: Example of transaxial slices of the anatomical phantoms used for the simulations:
2D phantom (left), 3D MCAT phantom (middle), 3D MCAT motion phantom (right).

29
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Figure 6.2: An example of the construction of the motion phantom in [Publication V]. Differ-
ent time phases over cardiac and respiratory cycle were summed together and averaged. The
anatomical volume was labeled according to the fraction of the tissue present in a voxel. The
TAC for that voxel was averaged from the pure tissue TAC of the tissues present in the voxel.

different ways. In [Publication I], the study was constructed so that we had at the same
time cardiac and respiratory gated time-frames with dynamic behavior of the tracer,
meaning that every time frame image was simulated separately with different anatomy.
In [Publication V], the motion was averaged over four time phases of the cardiac and
respiratory cycles, and the final phantom image was labeled on the basis of the fraction
of the tissues present in one voxel over time (Fig. 6.2). In [Publication V] also one case
with a hypoperfused region was simulated.

The TACs for the tissues were simulated on the basis of the one-tissue compartment
model of the O-15-labeled water. The input, the LV curve, was generated by correcting
the delay and dispersion from the measured arterial sampled blood TACs and then
fitting them to the rational function [Publications I,IV,V]. In [Publications IV,V] also
the right ventricle TAC was simulated by removing the dispersion from the left ventricle
curve and moving the curve 10 seconds towards the start of the scan. By changing the
flow values, different conditions (rest and stress) of the myocardium, and also the time-
dependent behavior of the other tissues (body, lungs, liver) were simulated (Fig. 6.3).

Both analytical and Monte Carlo simulations were used to simulate the PET ac-
quisition. The analytical method was based on [30], and the noise was added to the
sinogram bins before reconstruction [Publication I]. The Monte Carlo simulations were
based on the PET-SORTEO simulator [81,82]. The reconstruction of the sinogram data
was performed with the use of the ordered-subsets expectation maximization (OSEM)
algorithm [Publication IV] and the filtered back projection (FBP) algorithm [Publica-
tions I,V].

6.2 Human Data in this Work

The PET data were acquired with a GE Advance scanner (General Electric Medical
Systems, Milwaukee, Wisconsin, USA) at the Turku PET centre from healthy fe-
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Figure 6.3: Simulated TACs used for the numerical phantom simulations.

male volunteers [Publications II,III,IV]. A transmission scan was acquired before an
emission scan. For every positron emission tomography study, 700 to 900 Mbq of
[15O]H2O was injected over 20 seconds. The number of time frames collected was
(14x5s, 3x10s, 3x20s and 4x30s). After a 10-minute period to allow for radioactiv-
ity decay, the adenosine infusion (140 µg/min/kg) was started, and a dynamic PET
scan similar to that at rest was performed. The reconstruction of the sinogram data
was performed by use of ordered-subsets expectation maximization (OSEM) algorithm
[Publication III, IV].

The test data set for the segmentation of the transmission images consisted of
25 transmission images. The ICA separation was tested with 25 rest studies and 6
adenosine-induced stress studies. To evaluate the developed alignment method six
rest-stress images sets and 10 rest-rest images acquired on different time occasions
were used.

6.3 Evaluation of Results

To select one method over another is not an easy task. Visual analysis of the result
has been shown to be a reliable method to detect even small inaccuracies in the image
registration of brain PET images [106]. The visual evaluation can also be used with
real patient data, but the results are dependent on the observer and it is an informal way
to evaluate the results. With the simulated data, the accuracy of the results achieved
with different methods can be quantified. The quantitative values of e.g. segmented
volumes, shapes, different size measures, computation time, and the needed capacity
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of computer power to run the algorithm, can be calculated. In the alignment approaches
the found alignment parameters can also be compared to the ground truth values. How-
ever, the difficulty is to distinguish errors of translation from rotations, and the accuracy
of the results may vary in different locations of the images in 3D [107]. The mean and
root-mean-square errors in different locations of the image are also commonly used to
assess the accuracy of the alignment [67].

The accuracy of the alignment results was tested by comparing the similarity of
the aligned volumes to the ground truth volumes with a volume similarity measure, the
Jaccard coefficient [46,47] [Publications I,II,IV,V]. It is defined as |A∩B|/|A∪B| and
it measures the similarity of two binary volumes (A and B) in the scale from 0 to 1. This
means that if the coefficient gets the value 0, the two volumes do not share any common
voxels in 3D space and similarly, if the coefficient gets the value 1, the two volumes
are identical. The coefficient with simulated data was also used to compare image
segmentation and registration-based methods for analyzing misaligned dynamic image
sets [Publication V], similarly as we have proposed to be done with brain images [96].
The volume measure provided the possibility to compare the two different methods
with each other. In addition, the Jaccard coefficient was used to evaluate the accuracy
of the ICA separation result in [Publication I].

The final goal is to improve the quantitative analysis of the perfusion studies and
decrease the variability of the results due to the manual phases. For this reason, the
perfusion values were also calculated with real human studies. The results were com-
pared to values obtained with traditional manual methods [Publications III,IV]. When
working with real human data, where the ground truth values are not know, the com-
parison of the methods provides an answer to the question of whether the two methods
perform similarly or not. It can also give information about the variances in the results.
In [Publications III,IV] we assumed that the manual definition of the ROIs gave us the
ground truth about the perfusion values. Additionally, visual evaluation of the results
were performed in all studies.

6.4 Results

Segmentation of PET Transmission Images for Heart Volume Extraction

An example of a visual result of the segmentation and extracted heart region mask is
shown in Figure 6.4. The segmentation of the transmission images were excellent in
all cases in visual inspection. The automatically extracted heart volumes covered the
whole heart region, but in some cases the volume also covered the chest wall. The
extracted anatomical heart volume mask provided the possibility to eliminate most of
the liver tissue from the ICA separation.
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Figure 6.4: An example of the segmentation of PET transmission image and the extracted heart
region mask. The black arrow is pointing to the liver.

Separation of Cardiac Structures from Dynamic [15O]H2O Cardiac PET Data

On visual inspection, the different cardiac structures were well separated with ICA in
all test cases with the simulated and human data [Publications I,III,IV,V]. A typical ex-
ample of the separation of the cardiac structures from the human data is shown in Fig-
ure 6.5. For comparison, the corresponding conventional differential image is shown.
Clearly, the cardiac structures are better visualized in the ICA separated component
images in the differential images [Publication III] (Fig. 6.5). In Monte Carlo-simulated
phantom data, the separation of the myocardium was not optimal, but the challenge of
this data was the really high noise compared to the resolution [Publications I,IV,V].

Figure 6.5: An example of the ICA separation of the cardiac structures from O-15-labeled
water images with human data (left to right: RV, LV, myocardium), transaxial slices from the
rest study (top) and from the stress study (bottom). For comparison, the manually defined
differential images for corresponding studies (right).
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Figure 6.6: Visual result of the alignment with the human data. The two component images are
overlaid so that every other box is from the other image, (left) before the alignment and (right)
after the alignment.

Alignment of Cardiac Structures in [15O]H2O PET Emission Images with Mu-
tual Information

Examples of the visual result of the alignment for the simulated phantom data and
human data are given in Figures 6.7 and 6.6. The perfusion values calculated using
automatically aligned ROIs were found to be similar to the values calculated using
conventional method [Publication IV]. The phantom results showed that the developed
method is excellent in the alignment of translational misalignments, but with rotational
movement the results were not as good. The reason for this could be the small amount
of information about the rotation in the ICA-separated images. In [Publication IV], it
was found that the alignment performed well with different anatomies, including one
simulated ischemic heart case. It was also found that the alignment could be done
without the use of information from the myocardial compartment. The rigid and affine
registration yielded similar results.

The alignment of the studies decreases the total analysis time and the manual phases
in the analysis, thus improving the repeatability of the results. In addition, the align-
ment can assist the visual analysis of the studies (Fig. 6.8). The visual comparison of
equivalent myocardial segments is easier when the corresponding transaxial slices are
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Figure 6.7: Visual result of the alignment with the simulated phantom data, the ROIs before
the alignment (left) and after the alignment (right).

showing the same anatomical regions.

Figure 6.8: ICA component images of the myocardium from the same transaxial slices of the
reference study (left), the floating study before the alignment (middle), and the floating study
after the alignment (right).

Automatic Volume Extraction of Cardiac Structures

The automatic extraction of the ventricle volumes for quantitative analysis from ICA-
separated images was tested with simulated data [Publications I,V]. As mentioned
above the separation result of the myocardium was not optimal with the simulated
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Figure 6.9: An example of the automatically extracted ventricle volumes with simulated data,
(left) ICA component image of the RV (top) and LV (bottom), the extracted surfaces for the RV
and LV (middle), and the 3D visualization of the extracted volumes (right).

data and for this reason the myocardial component was not used for the automatic vol-
ume extraction. Visually, the volumes of the ventricles were extracted well (Fig. 6.9)
[Publications I,V]. The quantitative evaluation also supported the good correspondence
between the extracted volumes and the true volumes of the ventricles [Publication I,V].



Chapter 7

Discussion

In this thesis, a novel process to align [15O]H2O perfusion PET studies using cardiac
structures was developed. To separate the cardiac structures from [15O]H2O perfusion
PET studies, the ICA method was evaluated. In addition, to quantitatively evaluate the
developed approach, realistic simulated data was constructed.

In clinical and research use, reliability and accuracy of the images processing
method has to be confirmed before using the method. The evaluation can be done
using simulated data. There are publicly available data bases of simulated brain PET
data, which researchers can use to evaluate their methods [81]. Such data bases were
not available for cardiac perfusion PET studies, and for this reason there was a need
to construct realistic data for the evaluations. Because there were no publications,
in which realistic numerical cardiac PET data were constructed, the simulations were
started with simple 2D representation of the anatomy and analytical model of the PET
measurement [Publication I]. The simulation process was made more realistic during
the thesis, and the last version of the simulated data also included the cardiac and respi-
ration motion with the dynamic behavior of tracer by using the realistic Monte Carlo-
based simulator [Publication V]. Once the evaluation of the simulated data against the
real data has been made, it can be made publicly available.

A great challenge in the cardiac region is to realistically simulate the functional and
anatomical features of the heart. Until now, only one report has been recently presented,
where both have been taken into account during the simulation of PET acquisition
[25]. The problem is the complexity of the simulation and time required to perform it.
Because, with PET-SORTEO it was not possible to use moving anatomy, a novel idea
to construct the anatomical volume so that the cardiac movements were included in the
static 3D anatomy was developed [Publication V]. However, to make the simulation
more realistic also the movement between the time frames should be considered.

The O-15-labeled water in the myocardium can be modeled with a simple one-
tissue compartment model. It was found that the real challenge is to realistically model
the physiological behavior of the other tissues in the thorax region, as in the lungs and
liver. The lungs contain a lot of air and vessels which have a high radio activity concen-
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tration in the blood. Because of this, the homogenous model of the lungs, which was
available in the MCAT phantom, is not realistic enough. The problem in simulating
the time-dependent behavior of the liver, is that only part of the blood input is coming
through the arterial side; most of the blood is flowing form the portal side. In our sim-
ulations, only the arterial side was taken into account, and for this reason the simulated
perfusion in the liver is lower than in the real studies.

Simulations, however, are only models of reality. For this reason it is important to
test the developed methods with real human data. In this thesis, the developed approach
was also tested with human studies from healthy subjects at rest (25 studies) and at
pharmacological stress (6 studies). However, more extensive tests and evaluations with
real patient data need to be done, to show the feasibility of the methods for wider use in
drug development and clinical diagnostics. In addition, it would be interesting to test
the alignment method in a real drug study, and evaluate qualitatively the effect of the
alignment on the reproducibility of the results.

O-15-labeled water is an attractive tracer, because of its short physical half-life
and because its kinetics permits accurate quantification of the myocardial perfusion
in absolute terms. However, the disadvantage has traditionally been the low contrast
between the tissues. In this thesis, ICA was applied to separate the cardiac structures
from the dynamic study. It was found that the method is capable of automatically and
reliably separating the ventricles and the myocardium with different blood flow levels
[Publication I], at rest and at pharmacological stress [Publications III,IV], under cardiac
and respiration motion [Publications I,V], and patient movement [Publications IV,V].
However, patient movement during the study could affect the ICA separation. In [80] it
was shown that the movement in the beginning of the study, where the activity is high
in the ventricles, affected the separation result more than the movement in the later
time frames. The high noise also affects the ICA separation [64], as was seen in the
phantom data results. The separation of the myocardium was better with real human
data [Publications III,IV] than by using the Monte-Carlo simulated phantom data. The
reason for this could be that the simulation was based on the technical parameters of a
PET scanner designed for brain studies, and not commonly used for cardiac imaging.

To better meet the prior assumption of having a certain amount of independent
components, the image space was restricted by masking out the regions which did not
include the heart. In this thesis, a new method to construct the mask automatically using
transmission images was developed [Publication II]. Earlier the mask has been defined
manually [57]. Due to the nature of the transmission images, the exact heart volume
cannot be extracted, only a rough region where the heart is located. The problem in
using transmission images to localize the heart is also the possible misalignment of the
emission and transmission scans. However, it was found that the extracted mask was
applicable to spatially restrict the emission image for the ICA segmentation process.

The quantitative and visual results proved that the developed alignment approach
finds the misalignment between the image sets under rest and stress conditions [Pub-
lications IV,V]. Studies have been done to try to compensate for the movement in dy-
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namic [15O]H2O cardiac PET images [70, 103]. These methods are based on external
markers or optical tracking, and the aim of the methods is to compensate the patient
movement between the time-frame images. To use external motion tracking for the
alignment of two studies would require that the studies are performed during the same
day without detaching the markers. This is not practical when monitoring therapeutic
or drug interventions over a long time period. The advantage of our method is that
cardiac structures as seen in the emission images are used in the alignment that more
accurately defines the position and orientation of the heart. For the registration phase,
the intensity-based method was used. The idea was, at the beginning of the study to seg-
ment the surfaces of the cardiac structures for the alignment task [Publication I]. The
problem of using the tissue surfaces is that one extra segmentation is needed, which
increases the total time used for the registration.

In the developed approach, the movement during the dynamic study was not taken
into account, because the contrast in the time-frame images is low, and it is extremely
difficult to correct the movement between the time-frame images by using only the
emission data. In addition, the transmission-emission misalignment was not corrected.
However, we found translations of even 30 mm between the rest and stress image sets,
which were corrected with the same attenuation scan. This affects the final quantifica-
tion of the perfusion values, but we believe that the alignment of emission studies can
be performed well even with this misalignment. Usually, the misalignment of emission
and transmission affects especially the quantification of the perfusion values in the my-
ocardium [3, 14], however, our approach performed well using only the RV structure
in the alignment. In this way the possible abnormalities in the myocardium can be
discarded in the alignment.

Using the alignment, the comparison of the studies can be done in equivalent my-
ocardial segments using the same ROIs. This increases the accuracy and repeatability
of the quantitative analysis. In addition, the visual comparison of the studies becomes
easier when the corresponding transaxial slices are representing the same cardiac struc-
tures. Commonly, the cardiac data are re-orientated into the short axis image with
semi-automatic methods, before calculating the regional perfusion values. Similarly,
as by drawing the ROIs to the transaxial images, the variability of the results can be de-
creased by aligning the studies before re-orientation, because after alignment the same
transformation parameters can be used to orient the data to short-axis images.

In [Publication IV] it was also suggested that instead of reslicing the original data,
the ROIs are translated and rotated to avoid possible interpolation errors in the quantita-
tive values. It has been shown that if the axial resolution is not good, the re-orientation
may cause some errors in the final results [34]. To find out the real effect of the reslic-
ing, further studies are needed.

In this thesis, it was shown that by using the cardiac structures extracted from the
emission scan, two image sets can be aligned so that the same ROIs could be used.
Nevertheless, the found information about the misalignment of ICA component images
could also be used to correct the transmission-emission misalignment or align the O-
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15-labeled water study to an anatomical image, like CT. In the future, the feasibility of
these possibilities will be further investigated .

Manually defined ROIs were used for the quantitative analysis of human data,
which were then aligned by using the proposed alignment approach. By use of volume
extraction with deformable models, the 3D volumes of the ventricles were automati-
cally extracted, which could then be used as a 3D ROI for the input function [Publica-
tions I,V]. The challenge is still to extract the surface of the whole myocardium from
the component images. In the future, the idea is to automatically extract the ROIs from
the baseline study and use them for the intervention study after the alignment.

7.1 Author’s Contribution

The author designed the new approach to improve the analysis of the O-15-labeled
water perfusion studies by alignment of cardiac structures and was responsible for the
concatenation of the algorithms. However, all the publications included in this thesis
are the result of a group effort. Especially, the ICA separation part was done in col-
laboration with M. Magadan-Mendez. This thesis is covering the evaluations of the
ICA method to extract reliably the cardiac structures. As the first author of the [Pub-
lications I,II,IV,V], A. Juslin was responsible for the writing, and overall preparation
of the publications. The author performed and designed all the simulations and evalu-
ations in [Publications I,II,IV,V]. In [Publication II] the idea of using the transmission
images for the construction of the mask for the ICA separation was originally the au-
thor’s, as was the use of deformable models for the extraction of the heart surface. The
author also participated in the implementation of the method. In [Publication III], as
a second author, A. Juslin had an important and active role in designing and writing
the publication. In addition, the masking of the data was performed by the author. In
[Publication IV], specifically, the ideas of using different structures for the alignment
and realignment of the ROIs were the author’s.

7.2 Concluding Remarks

The quantification enables an objective and exact way to compare studies acquired
on different time occasions, under different conditions, and with different subjects. To
perform the visual and quantitative comparison of the studies, we need to ensure that the
analysis is done in equivalent myocardial segments. In addition, because only a limited
number of PET studies can be performed with humans, it is important that all the studies
can be analyzed. In this thesis, a novel process to align [15O]H2O cardiac perfusion
studies was developed. The evaluation results proved that the developed approach can
be used in practise with real human studies. The alignment provided the possibility to
use the same ROIs for the repeated studies, which decreases the operator time needed
for the analysis. The developed approach can facilitates the quantitative and visual
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analysis of the studies. With the automatic image processing and analysis methods
the variability of the results can be decreased and the repeatability and accuracy of the
quantification increased.
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Chapter 8

Summary of Publications

I A. Juslin, A. Reilhac, M. Magadan-Mendez, E. Alban, J. Tohka and U. Ruot-
salainen, “Assessment of separation of functional components with ICA from
dynamic cardiac perfusion PET phantom images for volumes extraction with
deformable models,” in Third International Conference on Functional Imaging
and Modeling of the Heart (FIMH’05), Lecture Notes of Computer Science, vol
3504, 2005, pp. 338–347.

The ICA method was tested for the separation of the cardiac structures with dif-
ferent blood flow levels of the myocardium in a simulation study. In addition,
the effect of the motion of the heart, due to the cardiac contraction and respi-
ration, was tested. For the evaluation realistic 2D and 3D phantom data were
constructed. The visual results of the separation of cardiac structures were good
with different flow levels and with motion, although the segmentation result of
the myocardium was not optimal with motion phantom. The extraction of the
ventricle volumes with deformable models was also demonstrated.

II A. Juslin, and J. Tohka, “Unsupervised segmentation of cardiac PET transmis-
sion images for automatic heart volume extraction,” in Proceedings of the 28th
Annual International Conference of the IEEE Engineering in Medicine and Bi-
ology Society (EMBC’06), New York, USA, August 30 – September 3, 2006,
pp. 1077–1080.

An automatic and unsupervised segmentation method to extract the rough heart
region from the transmission image was developed. The obtained heart region
can be used to mask the corresponding emission image, so that the heart region
is only used for the further processing, like ICA separation. The method was
tested with 25 patient images, and visual results were good in all cases.

III M. Magadan-Mendez, A. Juslin, SV. Nesterov, J. Knuuti, and U. Ruotsalainen,
“Automatic ICA segmentation and Analysis of Dynamic H15

2 O cardiac PET im-
ages,” in IEEE Transaction on Information Technology in Biomedicine, submit-
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ted, 2007.

The automatic ICA-based separation of the cardiac structures was introduced
and tested with human data (25 rest studies and 6 pharmacological stress stud-
ies). The results were visually good in all cases, and showed that the cardiac
structures can be extracted from real human data with ICA. The separation of
cardiac structures also improves the positioning of the ROIs in the [15O]H2O
cardiac PET images.

IV A. Juslin, J. Lötjönen, SV. Nesterov, J. Knuuti, and U. Ruotsalainen,“Alignment
of 3-dimensional cardiac structures in O-15 labeled water PET emission images
with mutual information,” Journal of Nuclear Cardiology, vol 14, no.1, 2007,
pp. 82-91.

A novel approach to align two dynamic O-15-labeled water images was intro-
duced. First, cardiac structures from the dynamic O-15-labeled water images are
separated using ICA, and second, the resulting component images are aligned
with the normalized mutual information-based registration. The developed ap-
proach was shown to be applicable for the alignment task with both simulated
phantom data as human data with two different conditions (10 rest study pairs
and 6 pharmacological stress study pairs). The alignment of the studies assists
the visual analysis,and it may decrease the variation in the quantitative results.

V A. Juslin, J. Tohka, J. Lötjönen, and U. Ruotsalainen, “Comparison of image
segmentation and registration based methods for analysis of misaligned dynamic
H15

2 O cardiac PET images ,” in Proceedings of the IEEE Medical Imaging Con-
ference (MIC2006), San Diego, USA, December 1–4, 2006, pp. 3200-3204.

The developed alignment approach was further evaluated and compared to the
image segmentation-based method to analyze misaligned dynamic [15]H2O car-
diac PET images. For the evaluation, simulated phantom data was constructed
with different anatomies and perfusion levels. In addition, a novel way to include
cardiac and respiratory motion in the simulation was developed. The alignment
method was shown to be accurate to detect misalignment of two image sets. The
results also showed that the segmentation-based approach was capable of ex-
tracting ventricle volumes well. In the future, the aim is to automatically extract
the ROIs from the baseline study and use them for the intervention study after
the alignment.
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