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Abstract
Nordström, J. 2021. Quantitative cardiac 15O-water PET. Assessment of left-ventricular
function, remodeling, and impact of patient motion. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1745. 83 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1192-0.

International guidelines advocate the use of noninvasive cardiac imaging as the initial diagnostic
test for coronary artery disease, the global leading cause of death according to the world
health organization. Within the wide spectrum of cardiac imaging, 15O-water PET is the gold
standard for noninvasive quantification of myocardial blood flow (MBF). However, because
15O-water is a metabolically inert and freely diffusible tracer, the net retention of 15O-water
in the myocardium is zero and there is no contrast between the myocardial wall and the
cavity in a standard uptake image of 15O-water. The lack of contrast poses difficulties for the
measurement of cardiac function and remodeling, paramount assessments for coronary artery
disease evaluation along with MBF. Part one of the aim of this thesis is the development and
evaluation of methods for assessment of cardiac function and remodeling in terms of left-
ventricular (LV) volumes and ejection fraction (EF), LV mass (LVM), and LV wall thickness
(WT). Part two is focused on patient motion, which occurs frequently in all cardiac PET studies
and represents a possible source for induced error in the quantification of MBF.

The feasibility of LV volumes and EF calculations was shown in paper I, where cardiac-
gated parametric blood-pool images and first-pass images were imported into a commercially
available software for SPECT. The method was, however, too laborious for clinical practice
but served as an important proof-of-concept. In paper II, LV volumes and EF calculations
were performed using first-pass images in the same software used for standard analysis of
15O-water PET and MBF assessment. The results were improved compared to paper I and the
method was feasible for clinical implementation. In paper III, LVM and WT calculations were
performed using segmentation of perfusable tissue fraction (PTF) images. The results showed
high accuracy compared to cardiac magnetic resonance (MR) imaging, and the method was
highly automated, allowing for ready clinical implementation. In papers IV-V, the impact of
patient motion on the quantitative accuracy of 15O-water PET was investigated. Simulations
showed a minimal impact of PET-CT misalignment on MBF, but did show that impact of
dynamic motion during PET acquisition was more pronounced. Visual inspection of clinical
scans showed frequent motion, but at a small amplitude with generally limited impact according
to the simulations. An automated motion detection algorithm was developed which was highly
accurate in detecting larger types of motion. A clear pattern of motion-induced artifacts were
discovered, which may help improve their visual detection.
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Abbreviations 

ACS acute coronary syndrome 
ATF anatomical tissue fraction  
BPGS blood pool gated SPECT 
CAD coronary artery disease  
CCS chronic coronary syndrome 
CCTA coronary computerized tomography angiography  
CMR cardiac magnetic resonance 
CT computerized tomography  
CZT cadmium-zinc-telluride  
DMI Discovery MI  
DST Discovery ST 
ECG electrocardiogram 
ESC European Society of Cardiology 
EDV end-diastolic volume 
ESV end-systolic volume 
EF ejection fraction 
FP  first pass 
FFR fractional flow reserve   
FOV field of view 
HFrEF Heart failure with reduced ejection fraction 
HFpEF  Heart failure with preserved ejection fraction 
ICC intra-class correlation coefficient 
ICA invasive coronary angiography 
LAD left anterior descending artery 
LCX left circumflex artery 
LV left ventricle 
LVM left-ventricular mass 
LVEF left-ventricular ejection fraction  
MBF myocardial blood flow 
MBFt transmural myocardial blood flow  
MFR myocardial flow reserve 



 

MPI myocardial perfusion imaging 
OSEM ordered subsets expectation maximization 
PET positron emission tomography 
PCI  percutaneous coronary intervention  
PTP pre-test probability 
PTF perfusable tissue fraction 
PTI perfusable tissue index 
PVE partial volume effect 
RCA right coronary artery 
RWT relative wall thickness 
SV stroke volume 
SD  standard deviation  
SPECT single photon emission tomography 
TAC time activity curve 
VB parametric left- and right-ventricular blood pool  
WT wall thickness 
WHO World Health Organization 
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Introduction 

Coronary artery disease (CAD) is a pathological accumulation of atheroscle-
rotic plaques in the coronary arteries. Depending on the clinical presentation, 
CAD is categorized as either acute coronary syndrome (ACS) or chronic cor-
onary syndrome (CCS).1 All presentations of CCS include different risks for 
development of ACS which may increase with a poor lifestyle and insuffi-
ciently controlled cardiovascular risk factors, suboptimal medical treatment, 
or unsuccessful revascularization. CAD is the world’s leading cause of death 
according to the world health organization (WHO) estimates.2 Consequently, 
considerable resources are today focused on developments of detection and 
characterization of CAD. 

For CAD diagnosis, international guidelines advocate noninvasive cardiac im-
aging as the initial diagnostic test.1, 3 Within the field of cardiac imaging, 15O-
water positron emission tomography (PET) is considered the gold standard for 
noninvasive quantification of myocardial blood flow (MBF). 15O-water is the 
ideal tracer for MBF quantification, because it is metabolically inert and freely 
diffusible, with subsequent linearly proportional relationship between the 
tracer uptake rate and MBF. However, one drawback caused by the kinetic 
properties of 15O-water is the lack of contrast between the cavity and myocar-
dium in static uptake images. This poses a challenge for cardiac function and 
remodeling calculations, important assessments in addition to MBF in CAD 
evaluation. Part one of the aims of this thesis was to evaluate methods for 
calculation of cardiac function and remodeling from 15O-water PET. 

One of the largest sources of error in MBF quantification is patient motion. 
Patient motion is frequently occurring in all types of cardiac PET studies and 
may adversely affect the accuracy of MBF quantification in two ways. First, 
patient motion between the PET and computerized tomography (CT) scans 
leads to PET-CT misalignment with subsequent induced attenuation correc-
tion error. Second, patient motion during PET acquisition leads to inconsistent 
time activity curves (TAC), which induce uncertainties in the kinetic modeling 
procedure. Therefore, part two of the aims of this thesis was to assess the im-
pact from patient motion on the quantitative accuracy of 15O-water PET. 
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Myocardial perfusion imaging 

Cardiac imaging is an emerging field in both research and clinical practice. 
The spectrum of the field is wide including PET, single photon emission to-
mography (SPECT), cardiac magnetic resonance (CMR), coronary computer-
ized tomography angiography (CCTA), CT perfusion, echocardiography, and 
invasive coronary angiography (ICA) with fractional flow reserve (FFR). My-
ocardial perfusion imaging (MPI) is a subgroup of the cardiac imaging spec-
trum that utilizes a tracer substance, or contrast agent, injected into a periph-
eral vein. The tracer follows the blood stream to the heart and the hy-
poperfused parts of the myocardium receives a smaller amount of tracer sub-
stance compared to normally perfused myocardium. Each imaging modality 
provides a measurement of the tracer distribution that is used to assess myo-
cardial ischemia by either qualitative relative perfusion imaging or by quanti-
tative absolute measurements of MBF. 

Qualitative vs. quantitative assessment 
Qualitative assessment of myocardial ischemia is based on visual interpreta-
tion of images showing tracer distribution in a relative manner where tracer 
uptake/signal is normalized to the myocardial region with the highest value. 
For this method to be completely accurate, the region with the highest value 
must be normally perfused, which represents a fundamental shortcoming of 
this technique.4, 5 The extent of multivessel disease is often underestimated 
and it is common to only detect the most severe lesion. Balanced triple-vessel 
disease or microvascular dysfunction with global and homogenous impair-
ment of perfusion is challenging to detect. On the other hand, if perfusion of 
the reference region is at the higher end of the MBF spectrum, hypoperfused 
regions relative to the reference may be interpreted as a defect, even though 
they are not below the ischemic threshold in absolute terms, resulting in a false 
positive diagnosis.  

Quantitative assessment of myocardial ischemia is based on dynamic meas-
urement of tracer distribution, kinetic modeling and calculation of MBF in 
absolute terms. MBF is calculated on the voxel by voxel level or in each sep-
arate region independent of other regions. Hence, all shortcomings previously 
described associated with qualitative analysis are overcome and the added di-
agnostic and prognostic value of quantitative over qualitative analysis has 
been shown in many studies.6-11 
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Tracers 
There are a wide range of tracers with inherently different kinetic properties 
varying among the many imaging modalities. Tracer distribution can substan-
tially differ among tracers and modalities. Microbubbles used in echocardiog-
raphy stay intravascular. Iodine and gadolinium, contrast agents used in CT 
and CMR, distribute between intravascular and interstitial space but never en-
ter cellular space. Nuclear tracers in PET and SPECT distribute between in-
travascular, interstitial, and cellular space. Depending on the tracer used, 
transport across membranes is achieved through various active transport 
mechanisms or by free diffusion, and most nuclear tracers are reversibly 
trapped in the myocardium.  

The ideal perfusion tracer for quantification of MBF has 100% first-pass ex-
traction and a linearly proportional relationship between perfusion and tracer 
uptake rate. 15O-water is a metabolically inert, freely diffusible tracer and is 
hence considered ideal. All other perfusion tracers have a nonlinear relation-
ship with a “roll-off” at higher perfusion values, see Figure 1.12-17 For accurate 
MBF quantification, the roll-off effect requires a correction that introduces 
uncertainties in the quantification, especially for tracers with low extraction, 
like 82Rb or 99mTc-sestamibi. Gadolinium and iodine have a relatively linear 
relationship at low perfusion values compared to 82Rb or 99mTc-sestamibi. 
However, for perfusion values above 2 mL/g/min, the relationship is almost 
flat which highly aggravates MBF quantification for values above 2 mL/g/min 
when using gadolinium or iodine.  

 
Figure 1. Tracer uptake rate vs. perfusion for the most common PET perfusion trac-
ers, for 99mTc-sestamibi and 201Tl, and for contrast agents used in CT and CMR.12-17  
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For qualitative analysis, high retention is important in addition to high extrac-
tion. Ideally, the tracer is irreversibly trapped for maximized contrast between 
normal and hypoperfused regions. However, no perfusion tracer has near 
100% retention, and the retention fraction is always lower than the extraction 
fraction. 18F-Flurpiridaz and 13N-ammonia, which have among the highest re-
tentions, are only at about 50% in retention fraction during peak stress.18 

SPECT tracers 
Established perfusion tracers for SPECT are 201Tl, 99mTc-sestamibi, and 99mTc-
tetrofosmin (Table 1).18 201Tl is actively transported over the cellular mem-
brane through the Na+/K+ ion channels and has a higher extraction and reten-
tion compared to 99mTc-sestamibi and 99mTc-tetrofosmin. There are, however, 
two major drawbacks of 201Tl that has limited its clinical use. The photon en-
ergies are low (69-83 keV), making it prone to attenuation artifacts, and the 
relatively long half-life (73 hours) yields high radiation doses for the patient. 
99mTc-sestamibi and 99mTc-tetrofosmin are passively transported over the cel-
lular membrane, but extraction and retention are considerably lower than for 
201Tl. Consequently, the contrast between normal and hypoperfused regions is 
impaired, and perfusion defects are underestimated both in severity and extent. 
Nevertheless, the benefits of the two 99mTc tracers are the simple synthesis 
process, low cost, and availability of generators making these tracers among 
the most widely used. The radiation dose is also substantially lower than for 
201Tl due to the shorter half-life (6 hours), and attenuation artifacts are less 
prominent. 

Table 1. SPECT perfusion tracer characteristics.18 

 201Tl 99mTc-sestamibi 99mTc-tetrofosmin 

Photon energy 69-83 keV 140 keV 140 keV 
Effective dose 10-20 mSv 3-9 mSv 3-9 mSv 
Half-life 73 h 6 h 6 h 
Peak stress extraction 75% 20% 15% 
Uptake mechanism Na+/K+ channels Diffusion Diffusion 

PET tracers 
Established perfusion tracers for PET are 82Rb, 13N-ammonia, and 15O-water 
(Table 2). 82Rb is the most widespread tracer owing to the 82Sr/82Rb generator 
compared to the need for an onsite cyclotron for 13N-ammonia and 15O-water. 
The ultra-short half-life of 82Rb (75.5 seconds) allows for a high patient 
throughput, which is necessary to compensate for the high generator cost. 
However, positron energy from 82Rb decay is high, resulting in lower spatial 
resolution compared to 13N-ammonia or 18F-labelled tracers.19 Retention is 
clearly higher for 13N-ammonia compared to 82Rb and for 15O-water retention 
is zero. The preferred tracer for qualitative analysis among these three is 
thereby 13N-ammonia. For quantitative analysis, 15O-water is the preferred 
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tracer and 15O-water PET is the gold standard for noninvasive quantification 
of MBF.20, 21 15O-water is freely diffusible with an extraction very close to 
100% even at high perfusion values.22 13N-ammonia also passes the capillary 
and cellular membranes through free diffusion but with a slightly lower ex-
traction compared to 15O-water.12 However, the roll-off is minimal and only 
present at high perfusion values well above the diagnostic threshold, and 13N-
ammonia should be considered close to ideal. For 82Rb, on the other hand, the 
uptake mechanism is mediated through the ATP-dependent Na+/K+ ion chan-
nels and extraction is clearly lower than for 13N-ammonia and 15O-water with 
an evident roll-off, even at low perfusion values.  

The short half-life of 15O-water and 82Rb allows for fast scanning protocols 
with little delay between rest and stress and the whole session can be done in 
30 min. For 13N-ammonia, a delay of about 50 min is needed to allow for decay 
between rest and stress, substantially prolonging the whole session.23 Perform-
ing subtraction or stress-only protocols is an alternative that would decrease 
total session time. However, one drawback of a stress-only protocol is the loss 
of differentiation between reversible ischemia and myocardial scarring, which 
requires resting information. A stress-only protocol is, therefore, not appro-
priate for patients with previously known or suspected myocardial infarction. 

18F-flurpiridaz is a novel perfusion tracer that is currently undergoing a second 
phase III trial (NCT03354273). The first phase III trial (NCT01347710) did 
not meet the endpoint of showing noninferiority of 18F-flurpiridaz PET to 
SPECT for detecting significant CAD, defined as ≥ 50% stenosis on ICA.24 If 
the second phase III trial is successful, and the tracer becomes available on the 
market, the longer half-life of 18F would eliminate the need for an onsite cy-
clotron. It could thereby become a strong competitor to the 82Rb generator 
owing to its high extraction, close to that of 13N-ammonia, making it a suitable 
candidate for MBF quantification.15 

 

Table 2. PET perfusion tracer characteristics.18, 25 

 15O-water 13N-ammonia 82Rb 18F-flurpiridaz 

Positron range 1.0 mm 0.6 mm 2.6 mm 0.2 mm 
Effective dose 0.4-0.8 mSv 0.9-2.0 mSv 0.6-1.2 mSv 2-5 mSv 
Half-life 122 s 10 min 75 s 110 min 
Peak stress extraction ~100% 95% 40% 95% 
Uptake mechanism Diffusion Diffusion Na+/K+ channels Competition 

with ubiquinone 
Onsite cyclotron Yes Yes No No 
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MBF quantification 
The basic principle of MBF quantification includes a dynamic scan with meas-
urement of tracer distribution over time, together with tracer kinetic modeling. 
From the dynamic scan, TACs of tracer concentration in arterial blood or 
plasma and myocardial tissue are obtained. These are referred to as the input 
and output functions, respectively. A tissue-response function consisting of 
physiological or biochemical parameters is used to link the measured input 
and output functions through the use of convolution. This forms the basis of 
standard kinetic theory of a linear and stationary system. Stationary in this 
case means that the physiological processes are constant during the PET meas-
urement, i.e., that perfusion is constant during the PET scan for MBF quanti-
fication. Linearity means that the tissue response of several unit inputs can be 
summed to form the total response of all inputs. Nonlinear least squares are 
generally used to obtain the best fit of the model and quantification of physi-
ological parameters, such as MBF, are acquired from the response function.  

All cardiac imaging modalities have the ability to assess MBF in a quantitative 
or semi-quantitative manner, albeit with various challenges with regards to 
measurement accuracy. The capability and methodology of each of the MBF 
quantification methods are described in the following sections. 

PET 
PET is considered the reference standard for MBF quantification, especially 
when using high extraction tracers like 15O-water or 13N-ammonia. PET is in-
herently quantitative and provides accurate measurement of the activity con-
centration. The kinetic models are typically described in the form of compart-
ments. Figure 2 shows a schematic representation of the most common models 
for MBF quantification, the one-tissue and irreversible two-tissue compart-
ment models. 

 
Figure 2. Schematic representation of the one-tissue and irreversible two-tissue 
compartment models. 
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Each box in Figure 2 is called a compartment and can represent a spatial loca-
tion as well as a chemical state of the tracer. For 15O-water that is metaboli-
cally inert, the one-tissue compartment model is sufficient to describe the ki-
netics. For 82Rb, the one-tissue compartment model is also frequently used and 
for the two-tissue compartment model C1 is the interstitial space and C2 is the 
intracellular space. For 13N-ammonia, C1 is the tracer in the interstitial and 
intracellular space and C2 is the metabolically trapped 13N in the form of glu-
tamine. In each compartment the tracer substance is assumed to be homoge-
nously distributed. Ca and CT are arterial blood and tissue TACs, or input and 
output functions, respectively. K1, k2, and k3 are rate constants describing the 
transferal of tracer between compartments.  

The two models are described with a set of first order differential equations 
that are solved using the Laplace transformation, giving the solutions of the 
one-tissue (equation 1) and the irreversible two-tissue compartment model 
(equation 2):  

ሻݐሺ்ܥ ൌ ሻݐ௔ሺܥଵܭ ⊗	݁ି௞మ௧																																										ሺ1ሻ 
 

ሻݐሺ்ܥ ൌ
ଵܭ

݇ଶ ൅ ݇ଷ
ൣ݇ଷ ൅ ݇ଶ݁ି

ሺ௞మା௞యሻ௧൧ ⊗  ሺ2ሻ																								ሻݐ௔ሺܥ

Compartment models quickly increase in complexity as they add more com-
partments and rate constants. It is theoretically possible to solve a three-tissue 
compartment model with six rate constants, but in practice it is too compli-
cated for dynamic PET, making it clinically necessary to reduce the number 
of modeled parameters. The more parameters that is used, the less accurate 
each individual estimate becomes. Thus, it is beneficial to select the smallest 
possible model that contains the kinetic parameters of interest but still fits the 
measured data accurately enough. Addition of more parameters might im-
prove the fit of data, but at the expense of a decreased accuracy of each pa-
rameter estimate.26 

In the PET scanner, the actual tissue concentration CT cannot be measured. 
Concentration is measured in a PET voxel or a region of interest (CPET) that is 
related to CT as: 
 

ሻݐ௉ா்ሺܥ ൌ ሺ1 െ ௔ܸሻ்ܥሺݐሻ ൅ ௔ܸܥ௔ሺݐሻ ൅ ௥ܸ௩ܥ௥௩ሺݐሻ																						ሺ3ሻ 

where Va is the arterial blood volume and left-ventricular spill-over fraction, 
Vrv is the right-ventricular spill-over fraction, and Crv is the venous blood 
TAC. Spill-over correction from the right ventricle is generally only per-
formed in the interventricular septum. By combining equation 3 with 1 or 2, 
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the complete solutions for a PET voxel or region of the two models are ob-
tained: 
 

ሻݐ௉ா்ሺܥ ൌ ሺ1 െ ௔ܸሻܭଵܥ௔ሺݐሻ ⊗	݁ି௞మ௧ ൅ ௔ܸܥ௔ሺݐሻ ൅ ௥ܸ௩ܥ௥௩ሺݐሻ										ሺ4ሻ 
 

ሻݐ௉ா்ሺܥ ൌ ሺ1 െ ௔ܸሻ	
ߙଵܭ
݇ଶ൅݇ଷ

⊗ ሻݐ௔ሺܥ ൅ ௔ܸܥ௔ሺݐሻ ൅ ௔ܸܥ௔ሺݐሻ													ሺ5ሻ 

 
ߙ ൌ ൣ݇ଷ ൅ ݇ଶ݁ି

ሺ௞మା௞యሻ௧൧																																																																		 
 

MBF from K1 
K1 is typically the kinetic parameter used to calculate MBF. It is equal to the 
product of MBF and the first-pass extraction fraction (E):  
 

ଵܭ ൌ ܨܤܯ ∙  ሺ6ሻ																																																						ܧ

where E can be expressed by the Renkin-Crone capillary model:27, 28 
 

ܧ ൌ 	1 െ ݁
షುೄ
ಾಳಷ																																																						ሺ7ሻ 

P is the permeability of the tracer across the capillary membrane and S is the 
capillary surface area per unit of tissue volume. The shapes of all curves in 
Figure 1 are determined by this relationship between K1 and MBF according 
to equations 6 and 7. K1 is obtained from the kinetic modeling and MBF is 
calculated from K1 by correcting for the limited extraction of the tracer by 
using equations 6 and 7. For a tracer with high PS, E is close to one and K1 is 
approximately equal to MBF, which is the case for 15O-water. For 13N-ammo-
nia, E is also high but K1 shows a small roll-off at higher MBF values, which 
requires a small correction. For tracers with low PS, like 82Rb or 99mTc-sesta-
mibi, K1 is highly PS-dependent with a subsequent marked roll-off (Figure 1). 
This decreases sensitivity for detection of small MBF changes, especially at 
higher MBF values, and a large correction for the limited extraction is re-
quired, which amplifies noise and decrease the accuracy of MBF quantifica-
tion. Figure 3 is an example of polar plots for 13N-ammonia and 82Rb, where 
the effects of the limited extraction and retention fractions are shown.  
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Figure 3. Example of polar plots for 13N-ammonia and 82Rb of one patient with a se-
vere defect in the LAD territory. Relative retention is shown in the left column, K1 
(uptake) in the middle column, and absolute values of MBF in the right column. 
Note the underestimated contrast between normal and hypoperfused regions in the 
relative images caused by the limited retention fraction. This contrast is clearly im-
proved in the MBF images. For 13N-ammonia with high extraction fraction, the K1 
image is similar to the MBF image, whereas for 82Rb with low extraction fraction, 
the K1 image is similar to the relative retention image. Reprinted with permission 
from Elsevier, Klein R et al.18 

 

MBF from k2 
In contrast to all other perfusion tracers, MBF from 15O-water is calculated 
using the clearance rate k2 instead of K1. As 15O-water is freely diffusible, both 
diffusion from the blood into the tissue and back into the blood are limited by 
blood flow, and both K1 and k2 can be used. However, K1 is affected by partial 
volume effects, while k2 is not. The model for 15O-water was originally devel-
oped by Kety and Schmidt29 in the 1940s with the solution:  
 

ሻݐሺ்ܥ ൌ ܨܤܯ ∙ ሻݐ௔ሺܥ ⊗	݁
ି
ಾಳಷ	
ೇ೏

௧
																																						ሺ8ሻ 

where Vd is the volume of distribution. This is the solution of the one-tissue 
compartment model with K1 equal to MBF and k2 equal to MBF/Vd. Since the 
exponential term is used for MBF quantification, it is obtained in perfusable 
tissue only. This is because nonperfusable tissue or scar tissue alters TAC am-
plitude but not its shape.  
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K1, on the other hand, determines TAC amplitude, is decreased with increas-
ing scar burden, and MBF calculated from K1 is referred to as a transmural 
perfusion estimate.  

Another parameter that distinguishes the 15O-water model from other perfusion 
tracers is the perfusable tissue fraction (PTF) that relates CPET to CT as:30, 31 
 

ሻݐ௉ா்ሺܥ ൌ ܨܶܲ ∙ ሻݐሺ்ܥ ൅ ௔ܸܥ௔ሺݐሻ ൅ ௥ܸ௩ܥ௥௩	ሺݐሻ																								ሺ9ሻ 

and the complete solution in a PET voxel or region of the 15O-water model is 
obtained as: 
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The PTF includes a correction for the partial volume effect but also contains 
information on scar burden. If PTF is normalized against the anatomical tissue 
fraction (ATF), the perfusable tissue index (PTI) is defined. PTF and espe-
cially PTI has shown good correlation with scar burden measured by late gad-
olinium enhancement with CMR.32, 33 An example of parametric images from 
15O-water PET is seen in Figure 4. 

 
Figure 4. Example of short-axis images of blood volume (a), ATF (b), PTF (c), and 
PTI (d) of a patient without coronary artery disease (De Haan S et al.32).  
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Obtaining the input and output function 
The arterial input function can be obtained by online blood sampling. How-
ever, that requires arterial cannulation, a laborious and invasive procedure. An 
image-derived input function is thereby the preferred choice, for which there 
are several methods. One option is manual drawing of a volume of interest 
(VOI) over the left ventricle (LV), ascending aorta, or left atrium. The draw-
back of manual work is the inherent operator variability and increased analysis 
time. Therefore, automatic methods such as cluster analysis, factor analysis, 
or k-means, for extracting image-derived input functions are preferred.34, 35 

For tracers with recirculating radiolabelled metabolites in blood, e.g. 13N-am-
monia, a metabolite correction has to be applied to the input function. To per-
form a metabolite correction on the individual level arterial blood sampling is 
required. To avoid the invasive procedure, an approximation in terms of a 
population average based metabolite correction is typically used.36, 37 Another 
alternative when using 13N-ammonia is to only fit the first 2 min of the dy-
namic scan were levels of metabolites are still low.38 For tracers that binds to 
plasma proteins, an additional correction factor of the input function is needed. 
That is, however, not the case for 15O-water, 13N-ammonia, or 82Rb.  

Delineation of the myocardial wall for extraction of the output function is typ-
ically performed on late-uptake images showing myocardial retention. For 
15O-water with zero retention in the myocardium, subtraction images between 
late and early time frames or parametric PTF images are used for wall deline-
ation.34, 39, 40 

SPECT 

Quantification of MBF with SPECT is generally performed by obtaining K1 
from the simplified retention rate approach or from the one-tissue compart-
ment model and implementing equations 6 and 7 for 99mTc-labeled traces.17, 41-

45 The challenges involved with dynamic scanning with conventional rotating 
SPECT scanners are the low temporal resolution and changes in tracer distri-
bution as the gantry rotates, leading to inconsistent projection data. Dedicated 
cardiac cadmium-zinc-telluride (CZT)-scanners with several detectors in a 
more enclosing geometry focused on the heart effectively eliminate the tem-
poral resolution problem. Sensitivity, spatial resolution, and energy resolution 
are also higher for CZT-scanners.46, 47 The increased sensitivity can substan-
tially decrease acquisition time and radiation dose compared to conventional 
SPECT. 

When using 15O-water or 13N-ammonia PET as the reference standard, only 
moderate agreement has been reached for the simplified retention rate ap-
proach.43, 44 The one-tissue compartment model, on the other hand, has shown 
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moderate to good agreement with PET.17, 41, 48 Notably, conventional SPECT 
has shown comparable results to CZT-scanners. Incremental diagnostic value 
has been demonstrated for quantitative over qualitative SPECT.49-52  

The limited extraction of established 99mTc-labeled tracers poses one of the 
biggest challenges for MBF quantification with SPECT. There are novel trac-
ers, such as 99mTc-teboroxime, with clearly higher PS that possibly could im-
prove MBF quantification in the future.18 Hence, SPECT could become an 
acceptable second option for MBF quantification after PET and has the poten-
tial to benefit a much larger patient population owing to its greater availability. 
An example image showing qualitative compared to quantitative polar plots 
from SPECT is seen in Figure 5. 

 
Figure 5. Examples of patients with three-vessel disease (a), two-vessel disease (b), 
single-vessel disease (c), apical myocardial infarction (d), and apical hypertrophy 
(e). Stress (upper row) and rest (middle row) qualitative polar plots compared to 
quantitative MBF (bottom row). Reprinted by permission from Springer, Hsu B et 
al.17 

CMR 
Quantification of MBF with CMR faces two nonlinear challenges. First, the 
tracer uptake rate is clearly nonlinearly related to MBF due to the limited ex-
traction of gadolinium. Second, at higher gadolinium concentrations, the sig-
nal intensity is nonlinearly related to the contrast concentration due to T1 sat-
uration, T2* effects, saturation efficiency, and variation in coil sensitivities. 
Conversion of signal to gadolinium concentration requires a number of cor-
rection steps in imaging and reconstruction protocols, including dual sequence 
or dual bolus approaches.53-55 A number of kinetic models have been used for 
quantification of MBF with CMR. A nonspecific model deconvolution ap-
proach with a constrained Fermi function is the most utilized, probably due to 
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its simplicity. The Fermi function describes the expected shape of an intravas-
cular agent’s residue function and contains no physiological parameters ex-
cept for its initial amplitude that is equal to MBF according to the central vol-
ume principle.56 The main limitation of the Fermi function is that most gado-
linium-based agents are not intravascular but extravasate into the interstitial 
space. The Fermi function approach can be applied to a limited time window 
of the first pass, where it still works as a good approximation. To describe a 
more physiological distribution of gadolinium agents, various implementa-
tions of the two-compartment model of intra- and extravascular space have 
been used. The main differences between implementations are different as-
sumptions of intra-compartment spatial distributions.57-61 The capillary bed 
can be modeled as a lumped compartment or as a plug flow model. If a plug 
flow model is combined with a modeled spatial distribution of the interstitial 
volume, the models are referred to as distributed parameter models. Correc-
tion for the limited extraction of gadolinium agents is done intrinsically in 
compartment models that include PS as a modeled parameter or by correcting 
Ktrans (K1) according to equations 6 and 7.  

In general, only moderate agreement has ultimately been reported for MBF 
with CMR compared to PET as the reference standard, probably as a result of 
all of the required correction steps for the two nonlinear relationships. In one 
study that used a single bolus dual-sequence approach and the Fermi function, 
agreement with 15O-water PET was moderate.62 Another study used a one-
tissue compartment model, the same as utilized in PET, corrected K1 for the 
limited extraction and compared the results with 15O-water PET, that resulted 
in moderate agreement.16 Probably the most comprehensive and complicated 
method was used in a study with a single-bolus dual-sequence approach and a 
distributed parameter model including PS as a modeled parameter.63 This 
study achieved good agreement on the global level and acceptable agreement 
on the segmental level, using 13N-ammoina PET as the reference. Neverthe-
less, quantitative MBF with CMR has shown high concordance with PET in 
detecting significant perfusion defects.62 An incremental diagnostic value for 
quantitative MBF over qualitative assessments has still been hard to reach ac-
cording to a recent meta-analysis64 but in a selected cohort of triple-vessel 
disease, the added value of quantitative MBF was demostrated.65 An example 
image of quantitative MBF from CMR compared to 13N-ammonia PET is seen 
in Figure 6.  
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Figure 6. A patient with stress-induced ischemia in the inferior LV wall with a sig-
nificant stenosis in the right coronary artery. In a, rest and stress quantitative perfu-
sion maps in basal, mid-ventricular and apical short-axis of the left ventricle ac-
quired using the dual sequence, single contrast bolus CMR perfusion mapping ap-
proach, showing stress-induced ischemia in the inferior LV wall (arrows). In b, 
quantitative rest and stress polar plots from 13N-ammonia PET showing stress-in-
duced ischemia in the inferior LV wall (arrows) corresponding well with the CMR 
findings. Reproduced under the terms of the Creative Commons Attribution 4.0 In-
ternational License (http://creativecommons.org/licenses/by/4.0/), Engblom H et 
al.63 

CT 
Image attenuation, measured in Hounsfield units (HU), has a linear relation-
ship with iodine contrast concentration but the roll-off between the iodine up-
take rate and MBF is, as for gadolinium, substantial. Iodine contrast agents 
share the same kinetics as gadolinium agents and the same kinetic models can 
thereby be used for MBF quantification with CT as with CMR. The most com-
monly used implementation is a two-compartment model of intra- and extra-
vascular space with maximum slope or Patlak plot approaches. These methods 
do not account for the limited extraction of iodine and a subsequent systematic 
underestimation of MBF has been reported with stress-values in the range of 
1.05 to 1.43 mL/g/min.66-70 In one study, a correction for the limited extraction 
was applied using 15O-water PET as the reference, resulting in moderate 
agreement on the global level, but the regional MBF could not be obtained 
because K1 estimates were too unstable.71 

Other challenges to the quantification of MBF with CT is beam hardening 
artifacts, limited temporal resolution, low contrast-to-noise ratio, and rela-
tively low contrast resolution. Preclinical models have shown a contrast reso-
lution of 56.7±20.2 HU between normal and hypoperfused regions during 
upslope, 40.4±18.9 HU during peak enhancement, and during downslope, 
contrast resolution quickly disappears.72 Beam hardening artifacts can be re-
duced using dedicated correction methods. In-plane temporal resolution can 
be increased with shorter rotation time or dual-source CT. However, dual-
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source CT requires acquisition to be performed in the axial shuttle mode with 
subsequent delay between bed positions of 1 to 3 heartbeats. For single source 
320-row CT with large axial field of view (FOV), the whole heart is covered 
during a single rotation but in-plane temporal resolution is worse than for dual-
source CT. The impact of temporal resolution has been assessed by simula-
tions showing a clear underestimation of K1 in shuttle mode with sampling 
interval rates of 2 RR for the input function and 4 RR for the myocardial TAC, 
a standard protocol used for CT perfusion.70 Furthermore, shuttle mode im-
plies a clear drawback because MBF quantification depends on heart rate. Ide-
ally, every heartbeat should be sampled but that would increase the radiation 
burden and decrease the in-plane temporal resolution, as a single source CT 
would be required.  

An incremental diagnostic value of quantitative MBF over qualitative or semi-
quantitative assessments has yet to be proven.73 The clinical implementation 
of perfusion CT has so far been limited and the main implementation of CT in 
CAD evaluation is CCTA. An example image of quantitative MBF from CT 
compared to SPECT and ICA is seen in Figure 7. 

 
Figure 7. A patient with a fixed defect in the anterior and anterior-septal wall. Quan-
titative CT perfusion images (left panel) show a matching defect compared to quali-
tative SPECT (middle panel). ICA (right panel) shows an occluded proximal left an-
terior descending artery. Reprinted with permission from Elsevier, Ho KT et al.66 
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Echocardiography 
Quantification of MBF with echocardiography is based on a continuous infu-
sion of microbubbles and, when steady state is reached, the signal emanating 
from the microbubbles is related to the myocardial blood volume. A high-
power ultrasound pulse is used to destroy the microbubbles and clear the my-
ocardium from contrast signal. Then the high-power pulse is turned off and 
the replenishment rate of contrast signal is related to microbubble or blood 
velocity. The product of the replenishment rate and amplitude of steady-state 
signal is proportional to MBF, see Figure 8.74 The replenishment of microbub-
ble contrast can also be analyzed in a visual qualitative manner.  

Both quantitative and qualitative assessment of perfusion with echocardiog-
raphy is made challenging by variable image quality and the presence of noise 
and artifacts; thus, a stable quantification of MBF remains elusive.75 Never-
theless, for cases where good image quality could be obtained, an excellent 
agreement with 13N-ammonia PET and good agreement with invasive Dop-
pler, have been shown.76 

 

 
Figure 8. Schematic illustration of MBF quantification using the product of the am-
plitude of the steady state signal (α) and the replenishment rate (β). 
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ICA and FFR 
Measured invasively using a coronary pressure wire, FFR is the ratio of the 
pressure distal to a coronary stenosis with respect to the aortic pressure during 
maximal vasodilation. In other words, FFR is an estimate of the vasodilator 
capacity in a narrowed artery relative to the same artery without stenosis. ICA 
with FFR is currently considered the gold standard for defining the hemody-
namic significance of CAD. Diagnostic accuracy of noninvasive imaging mo-
dalities are generally established using ICA, FFR, or a combination of both as 
the reference standard. In the DEFER trial, the safety of using FFR ≤ 0.75 to 
defer patients with anatomically significant stenoses (ICA ≥ 50%) from per-
cutaneous coronary intervention (PCI) was shown.77 After the DEFER trial, 
the benefit of FFR over ICA-guided interventions was clearly demonstrated 
in the FAME trial.78 The FAME II trial further investigated if PCI together 
with medical therapy of stenoses deemed hemodynamically significant with 
FFR ≤ 0.80 would be superior to medical therapy alone.79, 80 Notably, the 
FAME II trial was prematurely stopped due to a clearly significant higher in-
cident rate of the combined primary endpoint in the medical therapy alone 
group. However, despite the indubitable foundation of FFR utilization from 
these studies, FFR inherently contains several shortcomings that need to be 
taken into consideration. The determinant of ischemia is MBF, not pressure, 
and FFR was originally developed as a surrogate for flow, verified against 
noninvasive imaging modalities such as 15O-water PET in the 1990s.81 During 
maximum vasodilation, coronary perfusion pressure is assumed to be linearly 
proportional to coronary flow, but that is a crude assumption, because the re-
lationship is more accurately described as incrementally linear. The slope is 
not one and the intercept is not zero and these will change with different car-
diac diseases. Achievement of maximal vasodilation is not reached solely by 
the use of an adenosine infusion, because vascular tone is a more complex 
mechanism that is not mediated by adenosine alone.82 Also, the basic hemo-
dynamic relationship between flow, pressure, and resistance states that for 
high flows the pressure drop is high at a constant resistance and at low flows, 
the pressure drop is low. Furthermore, microvascular disease influences the 
accuracy of FFR in two ways. First, in cases where there is an absence of 
epicardial disease and a presence of solely microvascular dysfunction, FFR is 
obviously normal but the myocardium can be significantly ischemic. Second, 
microvascular disease implies lower flow settings, which may lead to a normal 
FFR for a stenosis that would have been abnormal if microvascular disease 
was absent. Ultimately, FFR and flow measurements are not concordant in 30-
40% of cases and the use of FFR as the reference standard for noninvasive 
imaging modalities qualitative and quantitative diagnostic performance could 
be questioned.83 
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Selection of imaging modality 

In CAD evaluation, noninvasive cardiac imaging should be the initial diag-
nostic test for a wide range of pre-test probabilities (PTPs). Its use as a gate-
keeper for ICA is highly advocated, helping to avoid associated costs and risks 
arising from the invasive procedure.1 ICA with FFR should only be the first 
choice at very high PTPs.1 The preferred choice for noninvasive imaging mo-
dality is, however, far from straight forward and will depend on availability, 
local expertise as well as financial considerations. Nevertheless, for each im-
aging modality there is a range of PTPs where the ability to rule in or rule out 
CAD is maximized, see Figure 9.84 This chart can be used to guide the selec-
tion of the most appropriate modality depending on PTP. CCTA has a high 
power to help rule out CAD and should be used for patients in the lower range 
of PTPs with the objective of excluding CAD. The power to rule in CAD is 
typically better for the functional imaging modalities. Best performance is 
seen for PET and stress CMR, which have the ability to both rule in and rule 
out CAD for a certain range of intermediate PTPs. Of note is the poor perfor-
mance of the stress electrocardiogram (ECG), which is no longer recom-
mended as an initial diagnostic test in the most recent 2019 European Society 
of cardiology (ESC) guidelines.1 Importantly, the rule in and rule out power 
of each modality in Figure 9 includes the merged performance from both qual-
itative and quantitative analysis. For PET and SPECT, the performance of var-
ious tracers is also lumped together. Hence, the superior characteristics of PET 
for MBF quantification, especially for high extraction tracers, have most likely 
not fully emerged. In time, if more data on the quantitative diagnostic accuracy 
of all modalities and tracers are obtained, this could potentially be elucidated. 
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Figure 9. Ranges of PTP for each imaging modality where CAD can be ruled in (or-
ange) and ruled out (green). ICA is used as the reference standard in A and FFR is 
used in B. Reprinted with permission from Oxford University Press, Knuuti J et al.84 

Cardiac remodeling  
In addition to MBF, assessment of cardiac remodeling is important not only 
in CAD but in all cardiac diseases. Cardiac remodeling implies changes in 
size, shape, structure, and function of the heart that in many cases, leads to 
adverse long-term consequences for the patient. Cardiac size is influenced by 
many factors such as body habitus, age, sex, ethnicity, exercise, and cardio-
vascular disease. Obese subjects have larger hearts than nonobese subjects and 
men have larger hearts than women.85-87 Age has an inverse relationship to 
cardiac size.88 Exercise leads to increased cardiac size and can be divided into 
two different physiological remodeling patterns depending on exercise type.89 
Isotonic exercise increases the venous return of blood to the heart with an in-
creased volume load, which leads to LV dilation and a proportional increase 
in wall thickness (WT). The relative WT (RWT), defined as the ratio of twice 
the posterior WT and the end-diastolic ventricular diameter, is unchanged by 
isotonic exercise. Isometric exercise, on the other hand, exerts a pressure load 
on the heart, which results in an increased RWT and concentric hypertrophy. 

The etiology of pathological remodeling is wide. Possible causes are myocar-
dial infarction, cardiomyopathies, infiltrative disease, myocarditis, pressure 
overload, or volume overload.90 Remodeling can be classified according to 
end-diastolic volume (EDV), LV mass (LVM) and RWT.91 A dilated ventricle 
is classified as eccentric geometry and a nondilated ventricle as concentric 
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geometry. Each geometry can then be subdivided further according to LVM 
and RWT, see table 3. 

          Table 3. Remodeling classification based on EDV, LVM, and RWT. 

Classification  LV dilation Increased LVM RWT 

Normal Ventricle  No No 0.32-0.42 
Concentric Remodeling  No No > 0.42 
Concentric Hypertrophy  No Yes > 0.42 

Eccentric Remodeling  Yes No < 0.32 

Eccentric Hypertrophy  Yes Yes < 0.32 

Mixed Hypertrophy  Yes Yes > 0.42 

Physiologic Hypertrophy  Yes Yes 0.32-0.42 

The clinical implications of the different remodeling patterns vary and it 
would, indeed, be misleading to consider all increases in LVM as homoge-
nous. Nevertheless, LV hypertrophy has been shown to be an independent risk 
marker for adverse outcomes and can lead to perfusion disturbance.92-97 LVM 
and WT are increased as a compensatory mechanism to preserve normal wall 
stress and to maintain systolic function. According to the law of Laplace, wall 
stress is defined as wall tension divided by wall thickness: 
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Concentric remodeling and concentric hypertrophy are typically caused by 
pressure overload, e.g. hypertension or aortic stenosis. From equation 11, wall 
stress is increased by the pressure overload with a subsequent increase in WT 
to preserve wall stress. Eventually, however, this compensatory increase in 
WT leads to diastolic dysfunction.  

Eccentric remodeling, eccentric hypertrophy, and mixed hypertrophy are typ-
ically caused by volume overload, e.g. mitral or aortic regurgitation. Volume 
overload leads to ventricular dilation and subsequent increased WT to pre-
serve wall stress. Nevertheless, as the valvular disease progresses, ventricular 
dilation will eventually exceed the compensatory increase in WT, leading to 
systolic dysfunction. 

The classification system in Table 1 covers a wide range of remodeling pat-
terns but it is not totally complete. A nonuniform increase in WT, e.g. isolated 
septal thickening in hypertrophic cardiomyopathy (HCM) or cardiac atrophy 
seen in conditions such as anorexia nervosa, are not included.98 Also, it does 
not include the important assessment of systolic function measured by the left-
ventricular ejection fraction (LVEF). LVEF is on its own a powerful predictor 
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of cardiac mortality, irrespective of etiology.99-102 It is also used to differenti-
ate heart failure with reduced ejection fraction (HFrEF) from heart failure with 
preserved ejection fraction (HFpEF).103 This is an important differentiation to 
make, since there exist clinically proven treatments to improve morbidity and 
mortality in HFrEF but not in HFpEF.104 In Figure 10, examples of different 
remodeling patterns from patients included in Paper III are shown. 

 
Figure 10. Fused parametric PTF and ATF images from 15O-water PET showing dif-
ferent remodeling patterns. A clear LV dilation and eccentric pattern is seen for the 
patient with mitral regurgitation. HCM is not included in the classification (Table3), 
but an obvious isolated septal hypertrophy is seen. Cardiac amyloidosis typically 
displays concentric remodeling patterns but this patient shows a slightly dilated LV 
compared to the healthy volunteer, typical of late-stage disease in light-chain amy-
loidosis. 

Diagnosing cardiac function and remodeling 
Echocardiography or CMR are generally the modalities used for evaluation of 
cardiac function and remodeling. CMR has excellent spatial and temporal res-
olution and is the gold standard for assessment of cardiac function and remod-
eling.105-107 Echocardiography can be performed just about anywhere on bed-
side and is, owing to its ready availability, the cornerstone for assessment of 
cardiac function and remodeling in clinical practice. However, echocardiog-
raphy is limited by image quality, manual beam positioning, and assumed uni-
formed geometrical LV shape when performed in M- or 2D-mode. These chal-
lenges induce uncertainties in geometrical and functional assessments, and the 
reproducibility of echocardiography is thereby poor compared to CMR.108, 109 
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Patient motion in PET 
Two frequent and possible sources for errors in cardiac PET studies are PET-
CT misalignment and patient motion.110-114 The choice of stress agent and pro-
tocol can impact patient motion with more pronounced motion seen when us-
ing adenosine compared to regadenoson.115, 116 In general, patient motion is 
more frequent during stress than rest. Cardiac creep, i.e. the upward motion of 
the heart due to decreasing pharmacological stress effect during the scan, is a 
phenomenon that has been reported to commonly occur in 82Rb PET studies 
when stress is induced using regadenoson.117  

PET-CT misalignment is predominantly induced by respiratory motion or pa-
tient body motion. CT represents a snapshot in time, whereas PET is averaged 
over many respiratory cycles, leading to a misalignment mainly in the cranio-
caudal direction.118, 119 The CT scan is used for construction of an attenuation 
correction map, essential for an accurate estimation of tracer uptake and quan-
tification. PET-CT misalignment induces attenuation correction errors and 
subsequent artifacts in both qualitative and quantitative PET perfusion imag-
ing.111, 120, 121 Artifacts in the anterior and lateral wall are most frequent. 

The impact from dynamic patient motion during PET acquisition can be di-
vided into two parts. First, misalignment between PET and CT is induced. 
Second, misalignment between single dynamic frames and defined myocar-
dial or cavity VOIs affects the shape and amplitude of both input and output 
functions and hence, induces errors in the quantification process.  

Insight and understanding on the impact of PET-CT misalignment and patient 
motion is crucial to be able distinguish an artifact from a true perfusion defect 
in all cardiac PET studies. 
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Aims of the thesis 

The overall aim of this thesis has two parts. The first part aims to assess car-
diac function and remodeling from 15O-water PET in terms of LV volumes, 
EF, LVM, and WT. The second part aims to assess the influence of PET-CT 
misalignment and patient motion on the quantitative accuracy 15O-water PET. 

Paper I 
To investigate the feasibility of calculating LV volumes and EF from 15O-
water PET using cardiac-gated parametric blood-volume images or first-pass 
images imported into a commercially available SPECT software. 

Paper II 
To investigate the feasibility of calculating LV volumes and EF from 15O-
water PET using cardiac-gated first-pass images in aQuant software.  

Paper III 
To investigate the feasibility of calculating LVM and septal WT from 15O-
water PET using parametric PTF images in aQuant software. 

Paper IV 
To investigate the influence of PET-CT misalignment on the quantitative ac-
curacy of MBF calculations from 15O-water PET using simulations. 

Paper V 
To investigate the frequency and magnitude of real dynamic clinical patient 
motion in 15O-water PET using visual inspection and to investigate its impact 
on the quantitative accuracy of MBF and PTF calculations using simulations, 
and to develop an automated motion detection algorithm. 
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Materials and methods 

Research participants 
All research participants in papers I-III were included from studies with other 
primary research objectives and developments in PET methodology were 
hence secondary objectives. The studies were conducted in accordance with 
the Declaration of Helsinki, approved by the regional ethics committee, and 
all patients gave their written informed consent for the studies. In papers IV 
and V, all research participants were anonymized, randomly or consecutively 
selected clinical patients and thereby no ethical permission was required ac-
cording to the Swedish Law on Medical Research in Humans.  

Three different PET scanners were used in this thesis: A GE Discovery ST 
(DST) PET/CT that was replaced by a GE Discovery MI (DMI) PET/CT in 
2017, and a Signa PET/MR (all scanners GE Healthcare, Waukesha, WI). One 
stand-alone 3 Tesla Philips Achieva MR scanner was used. Transthoracic 2D 
echocardiography was performed using a Vivid E90 equipment (GE 
Healthcare, Horton, Norway). In Table 4, the number of patients and type of 
patient cohorts are summarized for each modality and paper.  

In paper I, 16 patients with mitral or aortic regurgitation (“Regurge”) were 
included. None had any history of CAD and heart failure symptoms were min-
imal with New York Heart Association (NYHA) class I-II. All patients were 
scanned using the DST and stand-alone CMR on the same day.  

In paper II, 24 patients with known or suspected CAD (“CAD”) were in-
cluded. All were in the intermediate PTP range and without previously known 
ST-elevation myocardial infarction.16, 122 All patients were scanned using the 
Signa PET/MR.  

In paper III, a total of 139 participants were included. For comparison of LVM 
and WT from PET with CMR, the 24 CAD patients and 56 Regurge patients 
were included. All 24 CAD patients underwent PET/MR and a subgroup of 
10 CAD patients were also scanned using the DST. Since the DST was re-
placed by the DMI in 2017, the Regurge cohort was divided between the DMI 
(n=23) and DST (n=33). All 56 Regurge patients underwent stand-alone CMR 
on the same day as PET. WT from PET was compared to echocardiography 
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in 25 hypertrophic cardiomyopathy (“HCM”) patients and 34 “Mixed” partic-
ipants (18 cardiac amyloidosis, 9 healthy volunteers, and 7 HCM).123, 124 The 
HCM cohort was scanned using the DMI and the Mixed cohort was divided 
between the DMI (n=11) and DST (n=23). In the Mixed cohort, echocardiog-
raphy was performed on the same day as PET and in the HCM cohort, within 
a week of PET. 

In paper IV, 10 anonymized randomly selected patients referred for clinical 
assessment of myocardial ischemia using 15O-water PET (“Clinical1”) were 
included. All patients were scanned using the DMI. 

In paper V, a total of 64 patients were included (“Clinical2”). All were anon-
ymized clinical patients referred for assessment of myocardial ischemia using 
15O-water PET. Data from 10 patients were used for motion simulations and 
data from 50 patients were used for visual assessment of frequency and mag-
nitude of real clinical patient motion. Finally, data from 4 patients were in-
cluded where known large motion artifacts had been noted by the nuclear med-
icine physician reading the scan. All patients were scanned using the DMI. 

Only rest scans were included in papers I-III and only stress scans in papers 
IV and V.  

Table 4. Number of patients and type of patient cohorts for each paper and modal-
ity. 

Paper DST DMI Signa CMR Echo 

I 16 Regurge   16 Regurge  
II   24 CAD   
III 

 
33 Regurge, 10 
CAD, 23 Mixed 

23 Regurge, 25 HCM, 
11 Mixed 

24 CAD 
 

56 Regurge 
 

25 HCM, 
23 Mixed 

IV   10 Clinical1    
V  64 Clinical2    

Regurge: patients with mitral or aortic regurgitation, CAD: patients with known or 
suspected coronary artery disease, HCM: hypertrophic cardiomyopathy patients with 
an ICD, Mixed: cardiac amyloidosis and HCM patients as well as healthy volun-
teers, Clinical: anonymized clinical 15O-water stress scans.  
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Image acquisition 

PET 
For all three PET scanners, a standardized protocol was used with 400 MBq 
15O-water injected into a peripheral vein as an automated fast bolus (5 mL at 
1 mL/s, followed by 35 mL saline at 2 mL/s), see Figure 11. Simultaneous to 
the injection of 15O-water, a dynamic 6 min 3D list mode emission scan was 
started. In papers I and II, ECG data was acquired in parallel to the list mode 
data. To induce hyperemic MBF, adenosine was continuously infused (140 
μg/kgmin) starting 2 min prior the 15O-water injection and continued through-
out the whole PET acquisition. PET data were reconstructed into 20 frames 
(1x10, 8x5, 4x10, 2x15, 3x20, 2x30 s) with a 128x128 matrix size and trans-
axial FOV of 50 cm (DST and DMI) or 53.4 cm (Signa). An ordered subsets 
expectation maximization (OSEM) algorithm was used for image reconstruc-
tion. In Table 5, reconstruction parameters are summarized for each scanner.  

For the DST and DMI, a single low-dose CT scan during normal breathing 
was performed prior to PET acquisition for attenuation correction. For the 
Signa, a two-point Dixon MR sequence during breath hold was acquired sim-
ultaneous to PET acquisition. 

 

 
Figure 11. Schematic representation of rest-stress 15O-water PET/CT protocol. 
 

Table 5. Reconstruction parameters for each scanner. 

Scanner Iterations Subsets Filter width 
(mm) 

Time of flight 

DST 2 21 5 No 
DMI 3 16 5 Yes 
Signa 3 28 6 Yes 
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CMR 
Stand-alone CMR was performed using a single-shot steady-state free preces-
sion (SSFP) cine sequence with the following parameters: TR shortest 3.4 ms, 
TE shortest 1.7 ms, flip angle 45°, bandwidth 1243 Hz/pixel. Retrospective 
ECG-gating was performed with 30 phases per cardiac cycle. Images were 
acquired as 6 mm short-axis slices with 4 mm gaps, a FOV of 320 mm, and a 
matrix size of 160x154. 

On the Signa scanner, a balanced steady-state gradient-echo (FIESTA) cine 
sequence was acquired in short-axis view during breath hold with the follow-
ing parameters: TR 3.16 ms, TE 1.11 ms, flip angle 50°, FOV 380 mm, in 
plane pixel size 1.48 mm, and slice thickness 8 mm. Number of slices ranged 
from 10-12 depending on heart size. ECG-gating was performed by dividing 
the heart cycle into 20 gates. 

Quantification  
Kinetic modeling 
In papers II-V, all modeling and calculations were performed in aQuant soft-
ware (MedTrace Pharma AS, Lyngby, Denmark) and its predecessor Cardiac 
VUer was used in paper I.34 Dynamic 15O-water PET data was modeled using 
the single-tissue compartment model with correction for partial volume effect 
and spill-over from left and right ventricle.30, 31, 125 The partition coefficient 
was fixed at 0.91 ml/g. For construction of parametric images the basis func-
tion implementation of the model was used.126, 127 Segmentation of the myo-
cardial wall was performed on parametric PTF images and regional MBF was 
calculated by minimizing nonlinear least squares between the model and 
measured PET data. The input function was extracted using cluster analysis.34 

LV volumes and EF 
PET 
In paper I, PET data was first sorted into 8 cardiac gates containing the whole 
dynamic sequence. Kinetic modeling was then performed separately in each 
gate for construction of gated parametric images of the right- and left-ventric-
ular blood-pools (VB). Due to the low count statistics in each gate, cluster 
analysis for extraction of the input function was performed on nongated data. 
Gated first-pass (FP) images were constructed by summation of frames from 
10-50 seconds. For two patients with low cardiac output, frames from 20-70 
seconds were summed. Gated transaxial FP and VB images were imported into 
a Xeleris work station and the application blood pool gated SPECT (BPGS) 
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of Myovation (GE Healthcare, Chicago, United States) and QBS (Cedars Si-
nai, Los Angeles, United States). BPGS performs automatic segmentation of 
the blood pool and provides calculations of EDV, end-systolic volume (ESV), 
stroke volume (SV), and EF.  
In paper II, LV volumes and EF were calculated in aQuant software by seg-
mentation of 8-bin cardiac-gated FP images. Summation of frames from 10-
50 seconds were used for construction of the FP images. In short, the segmen-
tation algorithm in aQuant defined seed points as local maximum in activity 
and all points that follows the steepest path to a seed point were included in a 
seed image.128 Seed points were included in the LV if Va > Vrv and in RV if Va 

< Vrv. Indentations in the blood pool were identified and those close to the LV 
outflow tract were selected and used to estimate the location of the atrioven-
tricular plane in each bin of the gated FP images. All seed points on the ven-
tricular side were identified and corresponding seed images were included in 
the LV. LV volumes were calculated using a counts-based approach. The au-
tomatically defined position of the atrioventricular plane position was manu-
ally adjusted when needed. 

LV volumes and EF from PET were compared to CMR as the reference in 
both papers I and II.  

CMR 
In paper I, LV volumes and EF were calculated in ViewForum software 
(Philips, Best, Netherlands). Slices for the apex and most basal slice was cho-
sen manually and the most basal slice was chosen where at least 50% myocar-
dial circumference could be included. Using short-axis slices, the endocardial 
borders were automatically traced in end-diastole and end-systole, and manu-
ally adjusted when needed. Papillary muscles, trabeculae as well as the LV 
outflow tract were included in the blood volume. 

In paper II, CMR images were analyzed using the freely available software 
Segment.129 In short-axis view, endocardial borders were manually contoured 
and the most basal slice was chosen where at least 50% myocardial circum-
ference was displayed. The LV outflow tract, trabeculae and papillary muscles 
were included in the blood volume. 
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LVM and WT 
PET 
In paper III, LVM and mid-septal WT were calculated in aQuant software 
using segmentation of parametric PTF images. The apex and most basal slice 
were automatically determined by the software and were manually adjusted 
when needed. Endo- and epicardial borders were automatically delineated and 
manually adjusted, especially in the inferior regions, when needed. The auto-
matic segmentation algorithm, developed and validated in a previous study 
using 11C-acetate, used radial profiles from the center of the cavity for every 
tenth degree on short-axis images.130 A threshold at 67% was used to set an 
endo- and epicardial point on each profile and by connecting the points 360 
degrees around, endo- and epicardial borders were delineated for each slice. 
LVM was calculated as the volume occupied by all fully enclosed voxels by 
the endo- and epicardial borders in each slice multiplied by the density of soft 
tissue (1.05 g/mL). Mid-septal WT was calculated as an average of the dis-
tance between the endo- and epicardial points of 5 profiles close to the line 
connecting the center of gravity of the right and left ventricles. LVM from 
PET was compared to CMR, and WT was compared to both CMR and echo-
cardiography as the reference. 

CMR 
In paper III, LVM and WT were calculated in ViewForum software. The semi-
automatic segmentation procedure described above for LV volumes was used 
with additional epicardial border delineation for segmentation of the LV wall 
in end-diastole. Papillary muscles and adnexal tissue were not included in 
LVM. An end-diastolic 4-chamber cine view was used for maximal mid-septal 
WT measurement. 

Echocardiography 
In paper III, mid-septal WT was measured using 2D mode in parasternal long-
axis view for the mixed cohort. In the HCM cohort, maximal mid-septal WT 
was measured in short-axis view. 
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PET-CT misalignment 
In paper IV, clinical PET/CT scans were visually inspected in the QCAC soft-
ware (GE Healthcare, Waukesha, WI, United states) for PET-CT misalign-
ments, and scans with visible shifts were excluded. Misalignments were in-
duced in 6 different directions for 10 and 20 mm amplitudes before image 
reconstruction. Using a right-handed coordinate system, the following misa-
lignments were induced with PET shifted with respect to CT: caudal (+Z, 10 
and 20 mm), cranial (-Z, 10 and 20 mm), lateral (±X, 10 and 20 mm), anterior 
(+Y, 10 mm), and anterior combined with cranial (10 mm +Y and 10 mm -Z, 
10 mm +Y and 20 mm -Z). The use of stress agents like adenosine can induce 
patient discomfort, leading to a stiffening reaction, which is simulated with 
the combined anterior and cranial shifts. The same misalignment was applied 
to all dynamic PET frames, simulating motion between scans. All misaligned 
and original scans were analyzed in aQuant software as a complete clinical 
case. Standard clearance-based MBF was calculated on the global level and 
for the three coronary territories: left anterior descending artery (LAD), left 
circumflex artery (LCX), and right coronary artery (RCA). To calculate an 
uptake-based transmural MBF (MBFt), similar to what is used for all other 
perfusion tracers except for 15O-water, MBF was multiplied with PTF and 
scaled with (1-Va): 

ݐܨܤܯ ൌ
ܨܤܯ ∙ ܨܶܲ
ሺ1 െ ௔ܸሻ

																																															ሺ12ሻ 

For all misalignments, MBF and MBFt were compared to the original scan 
without misalignment as reference. 

Patient motion 

Clinical motion  
In paper V, the frequency and magnitude of real clinical patient motion was 
visually studied by an experienced nuclear medicine physician frame by frame 
in transaxial, coronal, and sagittal plan views using aQuant software. A three-
point scale was used where a score of zero was defined as no visually existing 
motion, 1 as motion less than half the left-ventricular WT, and 2 as motion 
larger than half the left-ventricular WT.  
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Simulations 
Dynamic patient motion during PET acquisition was simulated using an in-
house developed tool in Matlab (The Mathworks, Natick, Massachusetts). 
Simulations were performed by moving the PET matrix frame by frame ac-
cording to four different motion types for 5-20 mm amplitudes, giving a total 
of 17 different motions (M1-M17), see Figure 12 and Table 6. The four dif-
ferent motion types were: 
1. A stress agent reaction. The use of stress agents like adenosine may induce 

patient discomfort and a stiffening reaction with gradual relaxation back 
to the original position as the patient gets accustomed. This was simulated 
as an initial displacement in anterior and cranial direction with an expo-
nential slide down toward the original position. 

2. A continuous caudal linear slide through the whole scan. 
3. A cough in the anterior direction simulated as a single-frame displacement 

at peak first pass and after 1 min. 
4. Cardiac creep simulated as a continuous linear slide in the cranial direc-

tion, starting after 1 min and continuing throughout the rest of the scan. 

To include the effect of PET-CT misalignment from dynamic patient motion, 
attenuation correction was un-applied prior to motion simulations and then re-
applied after the PET matrix had been moved. This resulted in a simulated 
movement of the dynamic PET scan with attenuation correction based on the 
original position. In addition to motion simulations of clinical data, a synthetic 
patient was created to study the effect of motion without any influences of 
existing pathology of the clinical patients. This was done by using coordinates 
from one patient and adding homogenous kinetics to the myocardium, LV and 
RV cavity, as well as extracardiac regions.  

All motion simulated and original scans were analyzed in aQuant software as 
a complete clinical case. MBF and PTF were calculated on the global level 
and for the three coronary territories. For all simulated motions, MBF and PTF 
were compared to the original scan without motion as the reference.  
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Figure 12. Graphical representations of all simulated motions showing deviations 
from the original position as a function of time from the start of PET acquisition. 
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Table 6. Description of all simulated motions. 

Motion Simulation Motion type 

1 0.5exp(-log(2) t /0.2) Type 1: 5 mm stress agent, fast recovery 
2 1.0exp(-log(2) t /0.2) Type 1: 10 mm stress agent, fast recovery 
3 2.0exp(-log(2) t /0.2) Type 1: 20 mm stress agent, fast recovery 
4 0.5exp(-log(2) t /0.5) Type 1: 5 mm stress agent, slow recovery 
5 1.0exp(-log(2) t /0.5) Type 1: 10 mm stress agent, slow recovery 
6 2.0exp(-log(2) t /0.5) Type 1: 20 mm stress agent, slow recovery 
7 
 

Caudal linear slide during 
whole scan 

Type 2: 5 mm linear slide 
 

8 
 

Caudal linear slide during 
whole scan 

Type 2: 10 mm linear slide 
 

9 
 

Caudal linear slide during 
whole scan 

Type 2: 20 mm linear slide 
 

10 
 

Anterior displacement at 
peak first pass 

Type 3: 5 mm cough 
 

11 
 

Anterior displacement at 
peak first pass 

Type 3 : 10 mm cough 
 

12 
 

Anterior displacement at 
peak first pass 

Type 3: 20mm cough 
 

13 
 

Anterior displacement  
after 1 min 

Type 3: 5 mm cough 
 

14 
 

Anterior displacement  
after 1 min 

Type 3: 10 mm cough 
 

15 
 

Anterior displacement  
after 1 min 

Type 3: 20 mm cough 
 

16 
 

Cranial linear slide after 1 
min 

Type 4: 5 mm cardiac creep 
 

17 
 

Cranial linear slide after 1 
min 

Type 4: 10 mm cardiac creep 
 

17 Cranial linear slide after  
1 min 

Type 4: 10 mm cardiac creep 
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Motion detection 
An automated motion detection algorithm was developed based on residual 
analysis and some hallmarks that had been discovered during analysis of the 
simulated data. The algorithm consisted of five different criteria and if one of 
them were fulfilled, the test was considered positive. Performance of the al-
gorithm was assessed in the 50 clinical patients with visual inspection of mo-
tion used as the reference, in all simulated motions, and in the four clinical 
cases with known severe motion artifacts. The five criteria of the algorithm 
were: 
1. A single TAC point after peak first pass in any of the three coronary ter-

ritories with a standardized residual larger than 3. 
2. A significant linear trend in fit residuals in any of the three coronary ter-

ritories. 
3. A difference between the right- and left-ventricular forward cardiac out-

puts larger than 10%. Forward cardiac output was calculated as the area 
under curve of the right- and left-ventricular first-pass TACs, corrected 
for recirculation.131 A large difference in right- and left-ventricular cardiac 
output only occurs during significant intracardiac shunts and may be an 
indication of motion.  

4. A difference between left- or right-ventricular TAC and the average my-
ocardial TAC larger than 10% during the last two dynamic frames. Since 
15O-water is freely diffusible, once myocardial and blood equilibrium is 
reached, activity concentration should converge. A lack of convergence 
between TACs is an indication of motion. 

5. A left-ventricular spill-over fraction larger than 30% in any segment of 
the 17-segment model.132 Motion during the first pass of the scan with an 
overlap of the blood pool and myocardial region leads to a high spill-over 
fraction in the modeling procedure. Hence an abnormally high spill-over 
fraction is a sign of motion during the early parts of the scan.  

 
The thresholds in 3-5 above were established using the patients in the clinical 
cohort who had been visually evaluated to be without motion. 
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Statistical analysis  
Data are presented as mean ± standard deviation (SD). Test for normality was 
done using a Shapiro-Wilk test in papers I-III. To analyze mean differences, a 
student’s paired t-test was used in papers I and III, and the non-parametric 
Wilcoxon signed-rank test was used in the remaining papers. Bland-Altman 
analysis was used to test for proportional bias and to assess limits of agree-
ment. Linear regression analysis was used to calculate Pearson’s correlation 
coefficient (r). LVM residuals were investigated using multivariate analysis. 
Diagnostic accuracy of 15O-water PET in identifying increased LVM was de-
termined toward indexed institutional normal CMR-values of LVM (g/m2) > 
81 for women and > 85 for men. Diagnostic accuracy of identifying increased 
WT was determined toward both 2D echocardiography and CMR, where WT 
< 12 mm was defined as normal and WT > 15 mm was defined as severely 
increased. Receiver operating characteristics (ROC) curve analysis was used 
to compute an area-under-the-curve (AUC) and define best cutoff values. Sen-
sitivity, specificity, and accuracy were calculated using contingency tables. 
Diagnostic accuracy was assessed for the combined results of the DMI and 
Signa scanners.  

Inter- and intra-observer agreement were assessed using the intraclass corre-
lation coefficient (ICC). In paper I, inter-observer agreement of LV volumes 
and EF were assessed for VB images. In paper II, inter- and intra-observer 
agreement of LV volumes and EF were assessed for both PET and CMR. In 
paper III, inter-observer agreement of LVM and WT were assessed using all 
patients scanned on the DMI and Signa scanners (n=83). In paper IV, inter- 
and intra-observer agreement of MBF and MBFt were assessed. 

Statistical analysis was performed in JMP 14 (SAS Institute, San Diego, CA), 
GraphPad Prism 9 (Graphpad Software Inc, CA), and Matlab. 
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Results 

LV volumes and EF  
In paper I, four patients had to be excluded from the results due to uncertain-
ties in the modeling procedure when constructing gated parametric images, 
explained in detail in the discussion. In paper II, one patient had to be excluded 
from the results due to technical issues during gated analysis of PET. Corre-
lation and relative mean bias between PET and CMR are shown in Table 7 
and Figures 13 and 14 are corresponding linear regression and Bland-Altman 
analysis. Correlations were strong and comparable between all PET methods 
for volumes. For EF, correlations were moderate which probably can be ex-
plained by the small range of values. Agreement was high and superior using 
aQuant compared to BPGS, clearly displayed by the Bland-Altman analysis. 
Inter-observer agreement was high for both PET methods, slightly higher for 
BPGS compared to aQuant (table 8). For volumes, inter-observer agreement 
was comparable between PET and CMR, and for EF it was slightly higher for 
PET. Intra-observer agreement was highest for CMR.  

Table 7. Correlation and relative bias between PET and CMR for LV volumes and 
EF.  

 BPGS VB BPGS FP aQuant FP 

Parameter r Bias (%) r Bias (%) r Bias (%) 
EDV 0.85 14.1±13.6** 0.87 1.5±12.1 0.91 5.2±10.5* 
ESV 0.89 7.6±20.6 0.89 13.6±21.2 0.84 8.3±15.5 
SV 0.74 17.9±17.6** 0.57 -5.5±19.9 0.85 4.0±14.1 
EF 0.72 3.3±9.0 0.65 -7.2±12.5 0.52 -1.5±8.1 

* p < 0.05, ** p < 0.005, VB: parametric blood-pool images, FP: first-pass images. 

Table 8. ICC for intra- and inter-observer agreement of LV volumes and EF.  

 Inter-observer agreement Intra-observer agreement 

Parameter BPGS VB aQuant FP CMR aQuant FP CMR 

EDV 0.99 0.93 0.97 0.94 0.99 
ESV 0.94 0.85 0.89 0.93 0.96 
SV 0.93 0.91 0.93 0.86 0.98 
EF 0.78 0.68 0.50 0.68 0.82 

VB: parametric blood-pool images, FP: first-pass images. 
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Figure 13. Linear regression analysis for parametric VB-images (left panel) and FP-
images (middle panel) using BPGS application and for FP-images using aQuant 
(right panel). LV volumes showed overall strong correlations but EF resulted in 
moderate correlations. Note the narrow range of EF-values that probably explains 
the weaker correlations.   
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Figure 14. Bland-Altman analysis for parametric VB-images (left panel) and FP-im-
ages (middle panel) using BPGS application and for FP-images using aQuant (right 
panel). Agreement using FP-images in aQuant was superior compared to the two im-
plementations of BPGS, clearly demonstrated by the more narrow limits of agree-
ment. 
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LVM and WT 
In Table 9, correlation and relative mean bias between PET and CMR or echo-
cardiography are shown and Figures 15 and 16 illustrate the corresponding 
linear regression and Bland-Altman analysis. Correlation and agreement were 
high, and in the main, superior for the DMI+Signa compared to the DST. 
There was a proportional bias of LVM where PET in general overestimated 
LVM in the CAD cohort and underestimated LVM in the Regurge cohort. In 
multivariate analysis, this could be explained (p << 0.01) by cavity size meas-
ured as EDV on CMR. Inter-observer agreement of LVM and WT calculations 
from PET were excellent with an ICC of 0.93 and 0.97, respectively.  

In terms of increased LVM or WT, PET diagnosed hypertrophy with high ac-
curacy (Table 10). When using CMR as the reference, AUC for increased 
LVM was 0.97 and for WT > 12 AUC was 0.91. When using a combination 
of CMR and echocardiography as the reference, AUC for WT > 12 was 0.95 
and for WT > 15 mm AUC was 0.997. 

Table 9. Correlation and relative bias between PET and CMR or echocardiography.  

                                                             DMI+Signa                                     DST 

Parameter Reference r Bias(%) r Bias(%) 
LVM CMR 0.91 4.8±20.4 0.84 -2.1±16.1* 
WT CMR 0.87 -1.9±11.2 0.58 25.8±27.3** 
WT 2D-echo 0.88 7.1±16.5* 0.78 1.6±20.2 

* p < 0.05, ** p < 0.005. 
 

Table 10. Diagnostic accuracy of PET to defined increased LVM or WT. 

Parameter 
True pos/ 

total AUC 
Best PET 

cutoff Sensitivity Specificity Accuracy 

LVM 10/47 0.97 85.1 g/m2 0.90 0.97 0.96 
WT1>12 11/47 0.91 11.9 mm 0.82 0.92 0.89 
WT2>12 39/83 0.95 12.1 mm 0.90 0.89 0.89 
WT2>15 22/83 0.997 15.5 mm 1.0 0.95 0.96 

WT1: reference CMR, WT2: reference CMR+echo. 
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Figure 15. Linear regression and Bland-Altman analysis for the DMI and Signa 
scanners showing an overall strong correlation and agreement. Note the proportional 
bias of LVM caused by an underestimation in the Regurge cohort and an overesti-
mation in the CAD cohort.   
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Figure 16. Linear regression and Bland-Altman analysis for the DST scanner show-
ing an overall strong correlation and agreement but below the performance of the 
DMI+Signa scanners. The proportional bias of LVM is also evident for the DST 
scanner as for the DMI+Signa scanners. 
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PET-CT misalignments 
Five patients had to be excluded from the results of the 20 mm left-lateral 
misalignment (X+20) because of severe artifacts in the PTF images, making 
wall delineation impossible. Relative deviation from the original scan of clear-
ance-based MBF and uptake-based MBFt for all misalignments are shown in 
Tables 11 and 12, respectively. Corresponding scatter dot plots are shown in 
Figure 17. Misalignment had a minor impact on MBF but large effects were 
seen on MBFt. 

Table 11. Relative deviation from the original scan of MBF for each misalignment. 

                MBF, relative deviation (%) 

Misalignment LV LAD RCA LCX 
X+10 -1.0±2.5 -1.0±2.0 -0.8±2.1 -0.7±4.8 
X-10 1.3±1.6 1.2±1.2* 1.1±4.3 1.9±0.9* 
Y+10 -0.4±1.3 -1.8±1.3** -0.1±1.5 -0.1±1.7 
Z+10 1.0±1.1* -0.2±2.8 2.1±2.8 1.4±2.6* 
Z-10 0.1±1.4 -0.4±1.8 -0.03±1.5 0.2±2.9 
X+20 -3.7±0.5 -1.5±4.7 -3.1±1.8 -4.8±5.8 
X-20 2.9±1.2** 1.5±2.1 3.7±4.2* 3.3±1.9** 
Z+20 2.2±2.9* -1.4±3.2 2.8±3.6 2.6±5.0* 
Z-20 -0.2±2.1 -0.8±2.7 -0.4±4.2 -0.1±3.3 

Y+10Z+10 -0.3±1.7 -1.6±3.1 0.5±3.1 -0.3±2.4 
Y+10Z+20 0.5±2.6 -1.2±3.9 1.0±3.7 1.2±4.3 

*p < 0.05, **p < 0.005. 
 
Table 12. Relative deviation from the original scan of MBFt for each misalignment. 

                 MBFt, relative deviation (%) 

Misalignment LV LAD RCA LCX 
X+10 -5.3±2.8** -3.0±1.9** -0.5±2.8 -10.3±4.7** 
X-10 5.0±2.5** 4.7±1.4** -1.5±6.2 8.1±2.7** 
Y+10 -1.5±1.6* -5.0±1.2** 0.3±1.4 2.9±6.3** 
Z+10 -2.6±3.4* -3.3±3.8* -1.4±6.8 -1.5±4.9 
Z-10 2.4±2.8* 0.9±2.0 4.3±7.3* 2.1±4.2 
X+20 -11.0±5.6 -6.1±6.2 -2.8±6.9 -19.3±9.6 
X-20 10.5±1.7** 8.7±1.7** 5.5±7.5* 13.9±3.0** 
Z+20 -7.8±4.8** -9.0±5.2* -3.2±8.4 -7.7±7.3 
Z-20 3.5±5.3 1.2±3.7 6.8±15.6 3.4±5.8 

Y+10Z+10 -5.3±3.4** -9.5±2.7** -1.8±6.2 -1.4±2.8 
Y+10Z+20 -10.6±5.6** -16.3±4.5** -3.6±9.4 -7.3±5.3* 

*p < 0.05, **p < 0.005. 
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Figure 17. Scatter dot plots showing relative deviation from the original scan for 
each misalignment of MBF (left panel) and MBFt (right panel) as well as intra- and 
inter-observer variability on the global and regional level. In general, a minor impact 
was seen on MBF whereas MBFt was substantially more affected. 
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Figure 18 is an example of polar plots of one patient, clearly showing the 
larger impact on MBFt compared to MBF in the lateral region induced by an 
X+20 misalignment. 

 

 
Figure 18. MBF polar plots of one patient’s original scan in A compared to X+20 
misalignment in B showing negligible impact. MBFt from the original scan in C 
compared to X+20 misalignment in B showing a clear decrease of MBFt in the lat-
eral region. 
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Patient motion  

Clinical motion  
Real clinical patient motion was detected by visual inspection in 34 of 50 pa-
tients (68%). All motions were small with a score of 1. The four patients with 
known severe motion artifacts were all scored as 2. 

Simulations 
One patient had to be excluded from the results of M12, the 20 mm cough at 
peak first pass, due to large PTF artifacts making wall delineation impossible. 
Relative deviation from the original scan for all simulated motions of MBF 
and PTF are shown in Tables 13 and 14, respectively. Figures 19 and 20 are 
corresponding scatter dot plots. Small motions of 5 mm had a minor impact 
on MBF with an absolute average deviation of 3.1% ± 1.8% compared to 7.3% 
± 6.3% for large motions of 20 mm. 

Table 13. Relative deviation from the original scan of MBF and percentage of suc-
cessful automated motion detection of each simulated motion.  

 MBF, relative deviation (%)  

Motion LV LAD RCA LCX 
Automated  

detection (%) 
1 -3.5±1.5 -1.6±2.2 -4.4±2.0 -4.1±2.2 40 
2 -2.5±3.9 1.1±3.3 -5.9±6.9 0.5±4.5 100 
3 -4.3±3.9* 5.2±14.0 -11.6±7.9** -0.7±6.3 90 
4 -5.4±2.0 1.4±4.1 -9.0±3.3 -7.8±3.1 40 
5 -6-3±8.2* 5.5±18.4 -11.5±10.1* -6.4±15.7 100 
6 -10.1±8.4** 19.1±23.0* -23.3±11.2** -10.1±9.0** 100 
7 -3.6±1.8 2.2±4.0 -7.6±3.4 -2.6±2.9 40 
8 -3.5±3.9** 7.5±7.0* -12.1±9.5** 2.1±5.6 90 
9 -5.0±7.9* 12.0±10.5* -15.9±16.0* 0.3±6.7 100 
10 -1.2±1.5 2.1±5.0 -0.5±2.9 -4.5±4.5 20 
11 6.1±6.2** 11.7±12.2* 5.6 ±5.5* 5.5±12.9 80 
12 13.3±3.8** 35.3±30.1* 12.5±5.4** 6.1±7.9 90 
13 -2.5±1.5 -1.6±2.2 -1.3±3.3 -2.7±3.9 30 
14 -2.1±9.3 0.7±2.2 0.6±5.2 0.9±4.7 70 
15 -2.0±9.6 0.7±3.0 0.3±6.7 1.0±5.9 90 
16 2.1±2.5* -3.3±5.7* 7.3±6.9* 5.2±4.1** 100 
17 2.5±5.0 -8.6±11.3* 13.8±11.2* 6.8±5.9* 80 

*p < 0.05, **p < 0.005. 
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Table 14. Relative deviation from the original scan of PTF. 

 PTF, relative deviation (%) 

Motion LV LAD RCA LCX 

1 2.0±2.0  -0.3±1.8 1.0±2.6 2.7±3.2 
2 3.0±2.1** -3.1±4.8 8.7±3.5** 5.2±4.3** 
3 4.1±3.8** -6.8±7.5* 11.8±5.1** 6.0±5.9** 
4 2.9±2.0 -1.5±2.3 3.2±2.5 5.3±3.3 
5 2.8±4.7* -8.8±5.6** 10.8±6.1** 6.1±6.6  
6 5.4±8.0 -18.6±8.7** 17.1±8.5** 13.4±8.1** 
7 1.9±2.1 -0.4±3.0 1.8±2.5 3.0±3.6 
8 3.2±3.1** -1.9±2.6 10.4±6.8** 4.6±4.9 
9 3.4±4.0** -3.8±4.6* 15.0±11.3** 2.8±6.0 
10 2.8±2.5 -0.6±3.4 0.4±4.5 6.7±3.9 
11 1.5±2.7 -8.9±15.9 6.6±4.0** 6.7±5.8* 
12 2.1±5.3 -5.1±18.8 5.8±2.9** 6.4±7.8 
13 1.6±3.0 1.8±2.6 -0.7±3.2 1.6±5.3 
14 -1.5±4.3 -0.5±2.6 3.6±1.5* 1.3 ±5.1 
15 -2.3±4.4 -1.2±2.8 2.6±1.9* 0.3±6.3 
16 0.5±1.2 -0.2±3.0 2.3±3.2 3.2±3.8* 
17 -1.9±2.2* -0.1±6.1 -0.5±5.4 2.2 ±3.8 

*p < 0.05, **p < 0.005. 

 
Figure 19. Scatter dot plots of relative deviation of MBF from the original scan. Im-
pact was overall minor for small motions but substantial for the most severe cases. 



 57

 
Figure 20. Scatter dot plots of relative deviation of PTF from the original scan. In 
general, impact was minor for small motions but more pronounced for large mo-
tions. PTF was affected to a smaller degree compared to MBF in figure 19. 

 

A typical pattern of the influence of patient motion could be observed in the 
results, showing a decreased MBF in the region toward which motion was 
directed. PTF trended in the opposite direction. Figures 21 and 22 show polar 
plots of the synthetic patient for all motion types where this pattern is clearly 
seen. Note the substantial difference of impact from the large cough (type 3) 
when it occurred at peak first pass compared to at 1 min. 
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Figure 21. Polar plots showing MBF of the synthetic patient with zero motion (M0) 
and for all motion types using the most severe case of each type. Type 1: stress agent 
reaction, type 2: caudal linear slide, type 3: chough, type 4: cardiac creep.  

 

 
Figure 22. Polar plots showing PTF of the synthetic patient with zero motion (M0) 
and for all motion types using the most severe case of each type. Type 1: stress agent 
reaction, type 2: caudal linear slide, type 3: chough, type 4: cardiac creep. 
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Motion detection 
The algorithm for automated motion detection was able to identify 74% of all 
simulated motions with a detection rate ranging from 20% to 100%, see Table 
11. The detection rate of large motions was high, but the algorithm struggled 
with the smaller 5 mm motions. Hence, real clinical patient motion, all with a 
motion score of 1, was also challenging for the algorithm, resulting in a sen-
sitivity of 53%, specificity of 38%, and accuracy of 48%. However, the algo-
rithm detected all of the four clinical cases (i.e. 100%) with known severe 
motion artifacts and a motion score of 2. 
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Discussion  

The most recent 2019 ESC guidelines for diagnosis and management of CCS 
have raised a strong class I recommendation for noninvasive functional car-
diac imaging or CCTA as the initial test in CAD diagnosis.1 The field of car-
diac imaging is emerging and will likely continue to advance in the future. 
Quantitative perfusion assessments are slowly making their way from being 
an esoteric research tool into real-world clinical practice. There exists clear 
scientific evidence for the added diagnostic and prognostic value of quantita-
tive over qualitative perfusion assessment, especially in selected cohorts of 
multivessel or microvascular disease.6-11 The importance of MBF quantifica-
tion is also seen in the research community through the spread of the method 
to CMR, SPECT, CT, and even echocardiography. Hence, quantitative MBF 
should constitute an essential part of cardiac imaging and CAD evaluation in 
the future. However, the field is wide and all cardiac imaging modalities have 
the ability to quantify MBF with various challenges, benefits and drawbacks 
of each modality and tracer. Among all possible choices, 15O-water PET is 
considered the gold standard for noninvasive quantification of MBF.20, 21 PET 
is inherently a quantitative imaging modality with good image quality for pa-
tients with both low and high BMI. 15O-water is the ideal perfusion tracer for 
MBF quantification due to its free diffusibility and metabolic inertness with 
subsequent linearly proportional relationship between MBF and tracer uptake 
rate. The use of k2 for MBF quantification limits partial volume effects and 
segmentation of PTF images for myocardial wall delineation can be performed 
in a highly automated fashion, essential for high reproducibility of the method. 
Altogether, 15O-water PET constitutes the characteristics needed for being 
considered the true gold standard for MBF quantification.  

With the kinetic properties of 15O-water follow challenges for cardiac function 
and remodeling assessment as well as patient motion detection and correction, 
two important areas of cardiac imaging in addition to MBF. Measurement of 
structural changes of the heart is crucial in all cardiac diseases and it can be 
clinically important that treatment is initiated before symptoms develop.103 
Patient motion is highly frequent in all cardiac PET studies and is one of the 
biggest sources for error in MBF quantification.110-114 Consequently, the work 
in this thesis was focused on cardiac function and remodeling assessment as 
well as patient motion influence in cardiac 15O-water PET.  
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Cardiac function and remodeling 
In papers I and II, the feasibility of LV volumes and EF calculations from 15O-
water PET was assessed. Paper I was an important first step toward LV vol-
umes and EF calculations where cardiac-gated parametric blood-pool images 
and first-pass images were generated and imported into an available SPECT 
software for blood-pool segmentation. The method showed promising results, 
demonstrating the feasibility of LV volumes and EF calculations but was too 
laborious and time consuming to take into clinical practice. For each patient, 
20 manual reconstruction assignments were required on the PET console to 
reconstruct each frame into 8 cardiac gates. All images were then sorted using 
a tool in Matlab into a complete dynamic series for each cardiac gate before 
kinetic modeling and construction of parametric blood-pool images could be 
performed. Due to the low count statistics in each cardiac gate, cluster analysis 
for input function extraction was performed on nongated data. In the image 
reconstruction process, data were deleted in cardiac cycles that ended up fall-
ing between two dynamic time frames in the re-binning procedure. Unfortu-
nately, this led to a significant drop in peak amplitude of the output function 
in four patients. During this early phase of the scan, time frames are only 5s 
long and if data from one or two cardiac cycles were deleted this led to a sub-
stantial decrease in counts for that frame. Since the input functions were based 
on nongated data without decreased amplitude, this induced errors in the mod-
eling procedure with spurious values of both Va and PTF for these four pa-
tients. Therefore, these patients were removed from the results in this thesis. 
In the published paper I, results including all patients are also presented for 
comparison.  

The use of gated first-pass images is a more straightforward method that does 
not require manual reconstruction assignments, re-sorting of frames and gates, 
and kinetic modeling with the risk of induced errors from loss of counts. The 
results versus CMR of the two methods were comparable, but the first-pass 
image approach is the preferred method due to its simplicity, making it more 
feasible for clinical practice. 

In paper II, LV volumes and EF calculations were performed in aQuant soft-
ware using segmentation of cardiac-gated first-pass images. In contrast to pa-
per I, this method is fast, highly automated with an inter-observer variability 
similar to CMR, and it is feasible for clinical implementation. Correlation was 
strong for LV volumes but moderate for EF. However, the patients included 
did not have transmural myocardial infarction and did have preserved systolic 
function, and the moderate correlation can probably be explained by the rela-
tively narrow range of EF-values. Also, there was one outlier with a clearly 
underestimated EF from PET compared to CMR. For this patient, the results 
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showed high inter-observer agreement for both PET and CMR, and no expla-
nation for the underestimation of values by PET could be found. If the outlier 
was removed from the results, both correlation and agreement were improved 
for EF (r=0.52 to r=0.70, ICC=0.51 to ICC=0.69) and SV (r=0.85 to r=0.91, 
ICC=0.84 to ICC=0.89) but were roughly unchanged for EDV and ESV. 
Agreement was high with no proportional or systematic bias for any parame-
ter, except for EDV, which on average was slightly overestimated. Limits of 
agreement were in the same range as inter-observer variability of the method, 
smaller than in paper I and smaller than in another previous study that calcu-
lated LV volumes and EF from 15O-water PET using segmentation of cardiac-
gated LV first-pass images.133  

In nuclear cardiology clinical practice, assessment of LV volumes and EF are 
typically performed by segmentation of the myocardium on cardiac-gated 
late-uptake images. This method has been used by SPECT in clinical practice 
for a long time and has shown good agreement with CMR.134, 135 Agreement 
between PET and CMR in paper II, in terms of systematic bias and limits of 
agreement, was similar or superior to the previous studies comparing SPECT 
to CMR. Segmentation of late-uptake images can be challenging in patients 
with severe perfusion defects that induce errors in LV volumes and EF calcu-
lations.136 Blood-pool-based methods, as described in in paper I or II, have the 
benefit of eliminating this error. 

In paper III, the feasibility of both LVM and septal WT calculations from 15O-
water PET was assessed. Calculations were performed in aQuant software us-
ing segmentation of non-ECG-gated PTF images which, despite the cardiac 
motion, yielded good results. The segmentation was highly automated and re-
quired minimal manual adjustments, resulting in excellent precision with high 
inter-observer agreement of LVM and WT. Correlation and agreement of both 
LVM and WT to CMR was high with superior results for the contemporary 
DMI and Signa scanners compared to the low-end DST scanner. There was a 
negative proportional bias of LVM for all PET scanners which, in multivariate 
analysis, could be explained to a large degree by cavity size. Hence, PET 
seems to overestimate LVM in smaller hearts and underestimate LVM in di-
lated hearts when a uniform segmentation threshold of 67% is used. A specific 
threshold depending on cardiac disease and the remodeling pattern could po-
tentially be used to improve LVM agreement with CMR. However, septal WT 
was equal in agreement with CMR both in the Regurge and CAD cohorts. This 
means that the over- or underestimation of LVM occurred in nonseptal regions 
or emanates from other causes, like a suboptimal positioning of the atrioven-
tricular plane. The increased valve plane motion in dilated hearts will likely 
be challenging in valve plane positioning. Furthermore, CMR excludes the 
papillary and trabecular regions in LVM measurements. Abstraction of these 
regions is beyond the performance of the state-of-the-art PET scanners, which 
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inevitably impairs the agreement to CMR not only for LVM and WT but also 
for LV volumes and EF. Finally, as shown in papers IV and V, PTF is affected 
by both PET-CT misalignments and dynamic patient motion, for which there 
was no control in any of the included cohorts. Nevertheless, PET diagnosed 
increased LVM and WT with high accuracy (AUC ≥ 0.91) and reached a best 
cutoff for LVM at 85g/m2, similar to what is clinically used in our institution, 
and close to 12 mm (12.1 mm) and 15 mm (15.5 mm) for increased and se-
verely increased WT, respectively.  

The combined work of papers I-III provides an assessment of cardiac function 
and remodeling in addition to quantification of MBF, all from a single 15O-
water PET examination. Since PTF segmentation is one of the analysis steps 
for MBF quantification using aQuant, calculation of LVM and WT requires 
no additional user intervention beyond that of the standard analysis of 15O-
water PET. LV volumes and EF calculations requires one additional analysis 
step for the segmentation of first-pass images but is not time consuming and 
is similar to current practice in the field for 13N-ammonia and 82Rb. The anal-
ysis takes no more than a few minutes, similar to or shorter than the time for 
a standard CMR analysis. The algorithms for segmentation of both PTF and 
first-pass images are highly automated and require only small manual adjust-
ments in some cases. Ultimately, the methods in papers II-III could easily be 
implemented in clinical practice, which would yield a more comprehensive 
evaluation of the examined cardiac disease compared to MBF assessment 
alone.  

Cardiac imaging for diagnosis of myocardial ischemia is typically performed 
late in the diagnostic process and it is recommended that echocardiography or 
CMR for measurement of concomitant structural heart disease be performed 
prior to ischemic assessment in CAD evaluation.1 In spite of this, there are 
several clinical scenarios where cardiac function and remodeling measure-
ments from PET would be clinically relevant. These scenarios are: when suf-
ficient image quality is not reached in echocardiography and CMR is unavail-
able or contraindicated, when PET is performed prior to or long after echocar-
diography or CMR, and PET could be used for both functions when therapy 
aims at revising both microvascular dysfunction and structural remodeling. 
Furthermore, the recommended use of echocardiography prior to PET for LV 
function and remodeling assessment could be discussed, at least at those sites 
where PET is available. The reproducibility of echocardiography is poor com-
pared to the gold standard of CMR.108, 109 Echocardiography is challenged by 
variable image quality and the manual beam positioning inherently introduces 
operator variability. The image contrast of PET is superior to echocardiog-
raphy and segmentation algorithms in PET, as in CMR, can be made highly 
user independent and thus more accurate. In these ways, PET possesses the 
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properties needed for high reproducibility superior to that of echocardiog-
raphy. 

Patient motion  
The influence of patient motion on the quantitative accuracy of cardiac 15O-
water PET was assessed in papers IV-V. In-between scan motion, leading to 
PET-CT misalignment, was shown to have a minimal impact on MBF. In the-
ory, this was expected since attenuation correction affects only TAC ampli-
tude but not its shape. Since K1 mainly affects TAC amplitude and k2 TAC 
shape, using k2 to estimate MBF, as for 15O-water, makes the approach less 
sensitive to TAC amplitude errors. Actually, MBF quantification has been 
shown to be feasible with the absence of attenuation correction.137 Here, we 
went a step further and showed that MBF quantification is accurate even when 
an erroneous attenuation correction is applied. This suggests that in clinical 
practice, PET-CT image co-registration could be omitted if MBF is the only 
parameter of interest. This is an advantage of 15O-water over other perfusion 
tracers, since K1 or MBFt, as shown here and in several other studies, are af-
fected to a substantial degree by PET-CT misalignment. 110, 111, 138 Another 
advantage of 15O-water is the PTF, which provides information on scar bur-
den. PTF is, in contrast to MBF, affected by attenuation correction errors and 
PET-CT image co-registration is necessary for an accurate estimate of scar 
burden. Further on, image co-registration is warranted if attenuation correc-
tion errors induce large PTF artifacts at the level where wall delineation is 
challenged. This would have been the case for the five patients that were ex-
cluded from the results of 20 mm left-lateral misalignment (X+20) due to un-
reliable wall delineation. Note, however, that a 20 mm misalignment can be 
considered very severe and should be corrected for during PET reconstruction. 

The impact of dynamic patient motion on MBF during PET acquisition was 
shown to be generally minor for the smaller types of simulated motion, with 
an amplitude of 5 mm. For larger types of motion at 10 and 20 mm amplitudes, 
the impact was more pronounced, and for some of the worst simulated cases, 
the impact was severe. Fortunately, visual assessment of real clinical patient 
motion showed that even if motion was frequent, the magnitude was smaller 
than half the left-ventricular WT. This falls in the same range as the smaller 
simulated motions, implying that motion generally has a limited impact in 
clinical cases but can in certain instances be more pronounced.  

Motion detection is largely challenged by the free diffusibility of 15O-water, 
since there is no visible myocardium in static uptake images to be used as a 
reference. We developed an automated motion detection algorithm for 15O-
water based on residual analysis and hallmarks that were discovered during 
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analysis of motion-simulated data. The algorithm was highly successful in de-
tecting the larger types of simulated motion, but was limited when dealing 
with the smaller simulated types as well as clinical scans with a motion score 
of 1. However, the algorithm was able to detect all of the four clinical cases 
with a large motion score of 2 and previously known severe motion artifacts. 
Ultimately, the algorithm could be used in clinical practice to alert the reader 
when a motion of significance occurs. Unfortunately, the algorithm cannot be 
used to completely rule out the impact from motion, since even the smaller 
types of simulated motion occasionally resulted in a significant effect on MBF 
and these small motions are likely to go undetected by the algorithm. Reader 
training will therefore remain a key element in an accurate assessment of mo-
tion artifacts for 15O-water PET.  

A clear pattern of the impact from motion was observed in the simulated re-
sults. It is important for the reader to be aware of these patterns as they can 
assist in the visual detection of motion. MBF was decreased in the region to-
ward which motion was directed and increased on the opposite side. Hence, 
an inferior motion leads to a decrease of MBF in the inferior wall and an in-
crease in the anterior wall. PTF showed the opposite pattern to MBF. This 
implies that if there is a mismatch between a PTF and MBF defect, it is likely 
a sign of motion. Also, if there exist a gradient of MBF or PTF reaching from 
one side to the other of a polar plot, it is a clear sign of motion. In Figure 23, 
three typical visual signs of motions are shown. 
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Figure 23. In A, a gradient in the PTF from top left to bottom right and a mismatch 
of the PTF and MBF defect. In B, a substantially smeared inferior wall caused by an 
inferior motion. In C, a substantially smeared anterior wall caused by an anterior 
motion. 

Future perspectives 
Cardiac size varies with body habitus, age, sex, ethnicity, and cardiovascular 
disease. To use these methods for assessing cardiac function and remodeling, 
more studies on more diverse types of hearts are needed. One obvious but 
important next step is to verify the calculations of LV function in patients with 
decreased systolic function and impaired EF. Paper III included a relatively 
wide range of remodeling patterns, but LVM calculations were not verified in 
concentric hypertrophy. WT calculations were only verified in the septal wall 
and further verification in the remaining parts of the myocardium is needed. 
Bland-Altman analysis of LVM compared to CMR showed a negative propor-
tional bias related to cavity size. This suggests that a specific segmentation 
threshold, depending on cardiac disease or remodeling pattern, could poten-
tially be used to obtain a closer agreement to CMR, but that requires further 
validation. It is also likely that different PET scanners and reconstruction pro-
tocols will require specific segmentation thresholds for an optimized agree-
ment to CMR. Since PET-CT misalignment was shown in paper IV to have a 
clear impact on PTF, PET-CT co-registration could potentially increase the 
accuracy of LVM and WT calculations, which should be investigated in fur-
ther studies. 
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The segmentation algorithm for LV volumes is not optimal in separating the 
ventricle from the atria. Since entire seed images are included in the LV vol-
ume, this can lead to uncertainties in the calculations when a seed point is 
located close to the atrioventricular plane. If the seed point is located on the 
LV side, it can lead to inclusion of voxels of the atria in the LV volume. If the 
seed point is located on the atrial side, it can cause voxels of the LV to be 
missed. The algorithm could be optimized by including all voxels on the LV 
side instead of entire seed images.  

The gated analyses in this thesis are all based on rest scans. Assessment of 
EDV and EF during stress could add information on transient ischemic dila-
tion or a reduced EF during stress, two markers of advanced cardiac disease. 
The reconstruction of first-pass images during rest were done using a stand-
ardized time window of 10 to 50s, which would not be applicable during 
stress. Also, increased vale plane motion and patient motion may be induced 
by stress, so further evaluation of the current method’s feasibility during stress 
is needed. 

In paper V, important new knowledge of impact patterns from patient motion 
was gained. These can be used to assist the reader in visual detection of motion 
and an automated motion detection algorithm was developed. However, the 
final and missing step would be to correct for motion when it has been de-
tected. Motion correction in all cardiac PET studies is challenged by the fast 
kinetics during the earlier parts of the scan, resulting in images with substan-
tially different activity distribution between frames which highly aggravates 
image co-registration. In 15O-water PET, image co-registration is further chal-
lenged by the absence of tracer retention in the myocardium. For 82Rb, prom-
ising results of motion correction have been published139 but no motion cor-
rection method for 15O-water has been presented. Development of a motion 
correction technique for 15O-water PET is of great importance to further in-
crease the accuracy of MBF quantification. Preferably, motion correction 
should be developed on the list-mode or sinogram level to be able to include 
a correction for the induced attenuation correction error. 

Finally, the concept of standardization cannot be stressed enough. Quantifica-
tion of MBF is the future for perfusion assessment. However, the ability to 
calculate MBF in absolute terms with PET has been available for a long time 
and the question is, why has it not been utilized more? One obvious reason is 
financial, related to the high upfront costs of a cyclotron or the expense of a 
generator, but it may also be related to the lack of standardization of methods 
for MBF quantification. When defining the hemodynamic significance of a 
perfusion defect, a cutoff for stress MBF or for the myocardial flow reserve 
(MFR) is used. The range of reported cutoffs in the literature is wide, e.g. 
MFR ranging from 1.44 to 2.74 for 13N-ammonia.140, 141 For 15O-water, the 
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reported cutoffs for stress MBF ranges between 1.86 to 2.5.142-144 A cutoff for 
MFR at 2.0 has been shown in several previous studies to separate lower- from 
higher-risk individuals for cardiovascular events using 13N-ammonia or 82Rb.7, 

145-147 Reviewing these different cutoffs, clinicians may wonder how the same 
metric can have such wide range of values and which one to use. The different 
cutoffs for different tracers are unavoidable due to different kinetics. How-
ever, the range of cutoffs within each tracer could, at least in theory, be ad-
dressed. Ultimately, there may be too many different software tools for quan-
tification of MBF. For 82Rb, there are at least 10 different software tools 
providing MBF results which can differ as much as twofold.148 The differences 
mainly emanate from the methods used for extracting input and output func-
tions as well as which kinetic model and extraction fraction correction that is 
used. There is a very simple solution to this problem: a single software tool 
for each tracer must be developed under the guidance of expert consensus. 
However, this might be difficult to obtain, because there are many players in 
this field with various commercial and noncommercial interests as well as in-
stitutions with their own proprietary software. As such, it is unlikely that a 
streamlined single approach for each tracer can be developed. Notwithstand-
ing these factors, it must be recognized that this lack of standardization puts 
the brakes on the spread and utilization of MBF quantification in clinical prac-
tice. 
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Concluding remarks 

The overall focus of this thesis has been to evaluate the feasibility of LV func-
tion and remodeling assessment from 15O-water PET and to investigate the 
impact of patient motion on the quantitative accuracy of 15O-water PET. The 
main findings were the following: 

 
 LV volumes and EF can be calculated from 15O-water PET with high ac-

curacy and comparable precision as with CMR using a method that could 
be implemented in routine clinical practice. 
 

 LVM and septal WT can be calculated from 15O-water PET with high ac-
curacy and precision using a method that could be implemented in routine 
clinical practice. 

 
 PET-CT misalignment has a minor influence on the accuracy of MBF 

quantification from 15O-water PET, whereas MBFt is much more affected.  
 
 Dynamic patient motion is frequent in clinical 15O-water PET studies, but 

with a small amplitude and generally limited impact on MBF. The impact 
of patient motion on MBF and PTF follows a clear pattern, which consti-
tutes important knowledge for improved visual detection of motion. An 
automated motion detection algorithm was developed, which could be 
used to alert the reader when severe and clinically impactful motions oc-
curs. 
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Populärvetenskaplig sammanfattning  

Kranskärlssjukdom är idag den vanligaste dödsorsaken enligt världshälsoor-
ganisationen (WHO). För diagnos av kranskärlssjukdom rekommenderas en-
ligt internationella riktlinjer användning av icke-invasiva bildgivningstekni-
ker som första steg i utredningen. Fältet är brett och inkluderar många moda-
liteter som datortomografi (DT), magnetkamera (MR), ekokardiografi, singel-
foton-emissions-tomografi (SPECT) och positron-emissions-tomografi 
(PET). Grundprincipen för alla modaliteter bygger på att ett radioaktivt 
spårämne eller kontrastmedel injiceras i blodet och följer blodbanan till hjär-
tat. Fördelningen av ämnet i hjärtmuskeln kan mätas av modaliteterna och di-
agnos av kranskärlsjukdom kan göras via kvalitativ eller kvantitativ analys. 
Kvalitativ analys är det klart vanligaste tillvägagångssättet i klinisk praxis. 
Denna analys innebär att en visuell tolkning görs av bilder som visar en relativ 
fördelning av ämnet i hjärtmuskeln och områden som har låga värden relativt 
det högsta området antas vara sjukt. Problemet med denna metod är att den 
endast fungerar om området med högsta värdena är friskt. Osäkerheter uppstår 
därför vid globala och homogena förändringar som vid trekärlssjukdom eller 
mikrovaskulär sjukdom. Om man istället tillämpar kvantitativa analys så be-
räknas absoluta blodflödesvärden i alla områden av hjärtmuskeln oberoende 
av varandra och således löser det problemen som uppstår vid kvalitativ analys. 
PET med 15O-vatten som spårämne är idag bästa referensmetod för kvantitativ 
beräkning av absoluta blodflöden i hjärtmuskeln. 15O-vatten är ett idealt 
spårämne för kvantifiering av blodflöde eftersom ämnet är metaboliskt inert 
och fritt diffunderbart i hela kroppen och därmed är upptagshastigheten i väv-
naden proportionellt-linjärt mot blodflödet. Detta linjära förhållande förenklar 
beräkningen av blodflöden. För alla andra spårämnen eller kontrastmedel är 
förhållandet icke-linjärt vilket kräver en korrektion och det skapar osäkerheter 
i beräkningarna. Nackdelen med 15O-vatten är dock att det inte har någon re-
tention i hjärtmuskeln och därmed ses ingen kontrast mellan hjärtmuskeln och 
kammaren. Detta försvårar beräkning av hjärtats kammarvolymer, pump-
funktion och hjärtmuskelstorlek. Beräkning av dessa parametrar är av yttersta 
vikt utöver blodflödet för en mer komplett utredning av kranskärlssjukdom. 
Hjärtat förändrar nämligen sin strukturella form som en del i sjukdomens pro-
gress. Syftet i denna avhandling är uppdelat i två delar och den första delen, 
inkluderad i artiklarna I-III, var inriktad på beräkningar av strukturella para-
metrar av hjärtat från 15O-vatten PET. Resultatet från PET jämfördes mot MR 
som är bästa referensmetod för att mäta hjärtats volym och struktur. Andra 
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delen av syftet, inkluderat i artiklarna IV-V, var inriktad på patientrörelse un-
der PET-undersökningen vilket är ett vanligt förekommande problem. Pati-
entrörelser inducerar artefakter i bilderna eller osäkerheter i beräkningarna av 
blodflöden vilket kan leda till att man ställer en felaktig diagnos. Med hjälp 
av simuleringar av olika patientrörelser undersöktes därför hur stora osäker-
heter som inducerades i beräkningarna av blodflöde, hur artefakterna kunde 
se ut och en algoritm för att automatiskt detektera patientrörelser utvecklades. 
Kliniska PET-undersökningar studerades också visuellt för att ta reda på hur 
frekventa och hur stora kliniskt förekommande patientrörelser var. 

Resultaten i denna avhandling har bidragit till en påvisad möjlighet att beräkna 
strukturella förändringar av hjärtat från en enda PET-undersökning med 15O-
vatten. Undersökningen är bästa referensmetod för icke-invasiv blodflödes-
mätning men skulle således kunna inkludera även fler diagnostiska och pro-
gnostiska parametrar av stor vikt. Patientrörelser visade sig vara kliniskt van-
ligt förekommande men med en liten amplitud där simuleringarna visade på 
en generellt liten påverkan av blodflödesberäkningen. Vidare kan patientrö-
relser leda till en felaktig samregistrering av PET- och CT-bilder men påver-
kan av blodflödesberäkningarna från detta var minimal. Algoritmen för auto-
matisk detektion av rörelser fungerade bra vid större rörelser och kan således 
implementeras som en varningsfunktion för större rörelseartefakter. Simule-
ringar av patientrörelser visade på ett tydligt mönster av inducerade artefakter 
vilket har bidragit med viktig kunskap för att lättare visuellt kunna detektera 
artefakter inducerade av patientrörelser.  
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