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ABSTRACT

ABSTRACT
Gaber Komar
IMAGING OF TUMOUR MICROENVIRONMENT FOR THE PLANNING OF
ONCOLOGICAL THERAPIES USING POSITRON EMISSION
TOMOGRAPHY
Department of Oncology and Radiotherapy and Turku PET Centre, University of
Turku
Annales Universitatis Turkuensis
Tumour cells differ from normal tissue cells in several important ways. These
differences, like for example changed energy metabolism, result in altered
microenvironment of malignant tumours. Non-invasive imaging of tumour
microenvironment has been at the centre of intense research recently due to the
important role that this changed environement plays in the development of malignant
tumours and due to the role it plays in the treatment of these tumours. In this respect,
perhaps the most important characteristics of the tumour microenvironment from this
point of view are the lack of oxygen or hypoxia and changes in blood flow (BF).
The purpose of this thesis was to investigate the processes of energy metabolism, BF
and oxygenation in head and neck cancer and pancreatic tumours and to explore the
possibilities of improving the methods for their quantification using positron emission
tomography (PET). To this end [18F]EF5, a new PET tracer for detection of tumour
hypoxia was investigated. Favourable uptake properties of the tracer were observed. In
addition, it was established that the uptake of this tracer does not correlate with the
uptake of existing tracers for the imaging of energy metabolism and BF, so the
information about the presence of tissue hypoxia cannot therefore be obtained using
tracers such as [18F]FDG or [15O]H2O. These results were complemented by the results
of the follow-up study in which it was shown that the uptake of [18F]EF5 in head and
neck tumours prior to treatment is also associated with the overall survival of the
patients, indicating that tumour hypoxia is a negative prognostic factor and might be
associated with therapeutic resistance.
The influences of energy metabolism and BF on the survival of patients with
pancreatic cancer were investigated in the second study. The results indicate that the
best predictor of survival of patients with pancreatic cancer is the relationship between
energy metabolism and BF. These results suggest that the cells with high metabolic
activity in a hypoperfused tissue have the most aggressive phenotype.

ABSTRACT
Pancreatic tumours were further studied in a prognostic study comparing the diagnostic
properties of [18F]FDG PET/CT, MRI, and CT in evaluating patients with suspected
pancreatic malignancy. In this study, [18F]FDG PET/CT was shown to be more
sensitive than conventional imaging in the diagnosis of both primary pancreatic
adenocarcinoma and associated distant metastases. In contrast, the sensitivity of
[18F]FDG PET/CT was poor in detecting local lymph node metastasis, which would
have been important for the assessment of resectability.
In addition, a simple method for non-invasive measurement of BF using PET was
developed and validated. The method was shown to be of benefit particularly in tissues
like the cerebellum and resting skeletal muscle, but may also be useful in tissues with
higher and more heterogeneous blood flow like tumours.
The results of all the projects indicate that PET-imaging of the tumour
microenvironment is feasible and could add clinical value to treatment planning of
malignant tumours.
Keywords: malignant tumours, tumour microenvironment, hypoxia, blood flow, PET,
18
F]EF5, [18F]FDG, head and neck cancer, pancreatic tumours, radiation therapy.
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Gaber Komar
KASVAINTEN MIKROYMPÄRISTÖN KUVANTAMINEN
POSITRONIEMISSIOTOMOGRAFIALLA HOITOJEN SUUNNITTELUA
VARTEN
Onkologia ja Sädehoito sekä Valtakunnallinen PET-keskus, Turun yliopisto
Annales Universitatis Turkuensis
Kasvaimen mikroympäristön kajoamaton kuvantaminen on kerännyt viime aikoina
paljon tieteellistä huomiota. Tämä johtuu mikroympäristön tärkeästä roolista
pahanlaatuisten kasvainten etenemisessä ja hoidon suunnittelussa. Hoidon kannalta
kenties tärkeimmät mikroympäristön ominaisuudet ovat hapen puute, verenvirtaus sekä
solujen aineenvaihdunnan aktiivisuus. Nämä vaikuttavat sekä säde- että
solunsalpaajahoidon tehoon.
Väitöskirjatyössä tutkittiin solujen sokeriaineenvaihduntaa, verenvirtausta sekä
hapettumista pään ja kaulan alueen syövässä ja haiman kasvaimissa
positroniemissiotomografialla (PET). Tarkoitus oli kehittää ja parantaa kvantitatiivisia
menetelmiä mikroympäristön ominaisuuksien mittaamiseen. Ensinnäkin työssä
kehitettiin uutta huonosti hapettuvat eli hypoksiset syöpäsolut osoittavaa
positronisäteilevää merkkiainetta [18F]EF5:tä, jota tutkittiin ensimmäistä kertaa
ihmisessä. Uuden hypoksiamerkkiaineen kerääntymisdynamiikka pään ja kaulan
alueen syövässä selvitettiin ja luotiin yksinkertainen kliiniseen käyttöön soveltuva
PET-kuvausprotokolla. Tutkimukset osoittivat myös, että [18F]EF5-merkkiaineen
kerääntyminen
kasvaimessa
ei
korreloi
verenvirtaukseen
tai
solujen
sokeriaineenvaihduntaan, joten hapetuksen kuvantaminen vaatii oman merkkiaineen.
Näitä alustavia tuloksia täydennettiin seurantatutkimuksella, jossa todettiin [18F]EF5merkkiaineen vahvan kertymisen ennustavan lyhentynyttä eloonjäämistä ja paikallista
uusiutumaa.
Toisessa osaprojektissa selvitettiin [18F]-merkatulla fluorideoksiglukoosilla (FDG)
mitatun solujen energia-aineenvaihdunnan ja kasvaimen verenvirtauksen vaikutusta
haimasyöpäpotilaiden eloonjäämiseen. Tulokset osoittivat, että korkea energiaaineenvaihdunnan ja verenvirtauksen suhde on ennusteellisesti tärkeämpi kuin
kumpikaan syöpäsolujen mikroympäristöä kuvaava omaisuus yksinään. Tämä viittaa
siihen, että ne syöpäsolut joilla on matalasta verenvirtauksesta huolimatta korkea
sokeriaineenvaihdunnan aktiivisuus ovat sopeutuneet parhaiten huonosti
hapettuneeseen ympäristöön. Tällaiset syöpäsolut ovat siten geneettiseltä ilmiasultaan
eli fenotyypiltään erityisen aggressiivisia.

TIIVISTELMÄ
Väitöskirjan kolmantena osatyönä vertailtiin tietokonetomografian (TT),
magneettikuvauksen (MK) ja [18F]FDG PET/TT:n kykyä havaita ja määrittää haimassa
todetun muutoksen luonne ja levinneisyys potilailla, joiden muutoksen taustalla
epäiltiin olevan pahanlaatuinen kasvain. [18F]FDG PET/TT osoittautui
tietokonetomografiaa ja magneettikuvausta herkemmäksi sekä paikallisen muutoksen
luonteen että kaukoetäpesäkkeiden havaitsemisessa. Toisaalta PET/TT oli perinteisiä
kuvantamismenetelmiä (TT, MK) huonompi tunnistamaan taudin leviämistä
paikallisiin imusolmukkeisiin.
Lisäksi omana osaprojektina kehitettiin yksinkertainen kajoamaton menetelmä
verenvirtauksen mittaamista varten potilailla, joilla oli todettu pään ja kaulan alueen
syöpä. Menetelmä osoittautui luotettavaksi pikkuaivojen ja kaulan lihasten
verenvirtauksen määrittämisessä, mutta tietyissä sovelluksissa sitä voidaan käyttää
myös pään ja kaulan alueen kasvaimissa. Kaikkien osatöiden tulokset osoittavat, että
kasvainten mikroympäristön PET-kuvantamista eri merkkiaineilla voi käyttää syövän
yksilöllisessä hoidon suunnittelussa, sillä perinteiset kuvantamismenetelmät eivät
kykene antamaan yhtä täsmällistä tietoa ennusteesta tai kudosten toiminnasta.
Avainsanat: Pahanlaatuiset kasvaimet, kasvaimen mikroympäristö, hypoksia,
verenvirtaus, PET, [18F]EF5, [18F]FDG, pään ja kaulan alueen syöpä, haiman syöpä,
sädehoito
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INTRODUCTION

Malignant tumours have a very complex tissue microenvironment which, among other
things, determines how they respond to therapeutic attempts to eradicate them. This
microenvironment can differ greatly between tumours; nevertheless there are some
common characteristics typical for malignant tissues.
The most important alterations in cell physiology are sometimes also referred to as the
hallmarks of cancer. These are self-sufficiency in growth signals, insensitivity to
growth-inhibitory signals, evasion of programmed cell death or apoptosis, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metastasis, along
with two new characteristics recently added to this list: altered energy metabolism and
the tendency to evade the body’s immune system (Hanahan & Weinberg, 2011).
However, while all hallmark-characteristics are almost always present in malignant
tissue, the consequences of these hallmarks may vary in their intensity and extensity in
specific cancers. The specificity of anti-cancer therapies is usually based on one of
these differences between normal and malignant tissues, and the success of the
treatment therefore depends on the presence and prevalence of this specific
characteristic/difference in the treated tumour.
In recent years, it has become widely acknowledged that the presence of the treatmentdefining characteristics is not only associated with a tumour type, but also varies
greatly within tumours of a certain type. Non-specific use of highly specific therapies
has therefore rarely been shown to result in therapeutic success that justifies the great
increase in costs associated with these new therapies. This is, for example,
demonstrated by the established association between KRas mutation and the response
to EGFR-inhibiting drugs such as panintumab and cetuximab in colon cancer. While
tumours with the wild type KRas gene will respond to such treatment, those with a
mutation on this gene will not (Lievre et al., 2006). For these reasons, efforts have
been focused on pre-treatment characterization of malignant tumours, and selection of
therapies based on this characterization and testing patients for the presence of this
mutation have become a routine part of treatment planning in colorectal cancer. In
some trials, this has resulted in higher success rates. Many specific therapies have
already been developed, and in many of these cases the next challenge lies in the
development of diagnostic methods that would be able to reliably and preferably
noninvasively characterize the presence and the extent of such tumour-specific
characteristics in vivo, thereby enabling optimal use of such treatments.
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2

REVIEW OF THE LITERATURE

2.1

TUMOUR MICROENVIRONMENT

The physiology of malignant tissues and in particular that of malignant solid tumours is
significantly different from the physiology of normal tissue. It is determined by the six
hallmarks of cancer which are, according to Hanahan and Weinberg, self-sufficiency in
growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of
programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis,
and tissue invasion and metastasis (Hanahan & Weinberg, 2000). In addition to these six
characteristics, two more have recently been suggested as fundamental traits of cancer
biology warranting their inclusion as hallmarks. These are altered energy metabolism and
the ability to evade the body’s immune system (Hanahan & Weinberg, 2011).
While these complex processes may not be as tightly regulated as they are in normal cells
and tissues, they are in a way guided by the basic enabling circumstances of genetic
instability and tumour-promoting inflammation, as well as the selective pressure on the
mutating cell populations. Due to the lack of strict regulation, these processes may
appear chaotic. In particular, angiogenesis, the process of forming new blood vessels in
malignant solid tumours, results in large numbers of functionally poor blood vessels that
fail to provide the growing tissue with the needed oxygen and nutrients.

2.1.1 Tumour metabolism
In aerobic conditions, most human cells convert glucose to energy with the help of
oxygen in a process called oxidative phosphorylation in mitochondria. The end products
of this process are water and carbon dioxide. This is a complex, but highly effective way
of energy utilization. In anaerobic conditions, however, glucose is converted to lactic
acid. This is a much less effective extraction of energy than oxidative phosphorylation,
which is therefore used in normal cells whenever oxygen is present.
Tumour metabolism is defined by the relative simplicity of malignant cells (as
evidenced by low level of histologic direntiation) and by the insufficient supply of
oxygen due to the dysfunctional vasculature. This results in the glycolytic pathway
being the dominant form of energy metabolism in tumours. In the 1920s, Otto Warburg
and co-workers discovered that despite the presence of oxygen cells in solid tumours
excrete large amounts of lactic acid (Warburg et al., 1927). Since then it has become
clear that tumour metabolism is characterized by much higher glycolysis rates than
those in normal tissues, resulting in production of lactic acid. Metabolism of glucose is
anaerobic also in the presence of oxygen, which Warburg attributed to cells’ inability
to metabolise glucose aerobically, due to dysfunctional mitochondria (Warburg, 1956b,

13

LITERATURE REVIEW
a). Later it has been shown that this is not the true reason in most solid cancers.
Nevertheless, the anaerobic extraction of energy in the presence of oxygen, typical for
solid (malignant) tumours has since become known as the Warburg effect.
The molecular mechanisms leading to increased glycolysis in tumours are not entirely
known. The first and in many ways crucial step is the transport of glucose into cells by
membrane transporter proteins called glucose transporters or GLUTs. The number of
proteins comprising the GLUT family is growing and currently at least 13 different
glucose transporter proteins have been identified. Based on their genetic sequence
similarities these are divided into three classes: Class I (GLUT 1-4), Class II (GLUT 5,
7, 9 and 11), and Class III (GLUT 6, 8, 10, 12 and H+/myoinositol transporter or
HMIT) (Joost & Thorens, 2001). Since normally glucose can only be synthesised in
hepathocytes, glucose has to be actively transported into the cells that use it. GLUT upregulation is therefore necessary in the case of increased glycolysis. Typical for
cancerous tissue is the up-regulation of GLUT-1 and GLUT-3 transporters. GLUT-1 is
widely expressed in different types of cells and is responsible for the basic uptake of
glucose, while GLUT-3 is typical for neurons.
Substantial evidence links high glycolysis rates in cancer cells to an over-expression of
certain types of hexokinases (Gosalvez & Weinhouse, 1976; Weinhouse, 1976;
Christofk et al., 2008) which might be responsible and indeed required for the high
glycolytic rates, as well as the proliferation rates observed in cancer cells.
An important side effect of anaerobic metabolism of cancer cells is also the high
production of lactic acid and the resulting acidosis which also seems to play an
important role in tumour development and treatment resistance (Dhup et al., 2012).
However, regardless of the molecular mechanisms behind the development of the
anaerobic phenotype, it seems that this type of cell is very well adapted to the fast
changing environment of malignant tumours. Relatively simple anaerobic metabolism
is also an advantage when malignant cells are spreading throughout the body, creating
distant metastases. The very unreliable and mostly inadequate supply of nutrients and
most importantly oxygen in cancer might therefore be seen as selective pressure
favouring the simple and robust anaerobic metabolism and providing these cells with
an evolutionary advantage (Graeber et al., 1996).
On the other hand, the high glycolytic rate also has practical implications for use in
cancer diagnostics since Fluorine 18 labeled glucose (FDG) PET has been shown to be
one of the most sensitive tools for differentiating malignant from normal tissues and is
used widely in cancer diagnostics (Fletcher et al., 2008).
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2.1.2 Angiogenesis and vasculature
As cells proliferate, development of new blood vessels providing the emerging tissue
with nutrients and oxygen is a necessary process that enables the growth of the tissue.
In normal tissue, this process is tightly regulated and results in a complex network of
functional arteries, capillaries and veins. Proliferating cells are initially oxygenated by
simple diffusion. When the tissue grows beyond the limit of oxygen diffusion, new
vessels are required. Low level of oxygen or hypoxia is a central impulse triggering
vessel growth. This is achieved through hypoxia-inducible factors or HIFs of which
HIF-1α may be the most important. Normally, vessels expand by sprouting and
protruding into unvascularized tissue. This is followed by the process of maturing
during which vessels acquire the ability to supply tissues with oxygen and other
nutrients in a controlled manner. Growth and maturation are very complex and depend
on the coordinated signalling between vascular cells and tissue cells.
These processes are often derailed in pathological conditions and some of the diseases
characterized by abnormal or excessive angiogenesis are cancer, psoriasis, autoimmune
disorders, endometriosis, primary pulmonary hypertension, and arthritis.
Particularly in malignant neoplasms, with their high proliferative activity and
abundance of growth factors, angiogenesis plays an important role. Tumours cannot
grow beyond the size of a few millimetres, if tissue growth is not accompanied by
growth of blood vessels (Folkman, 1995; Bergers & Benjamin, 2003). At this point a
threshold is reached which is sometimes also referred to as angiogenic switch
(Gimbrone & Gullino, 1976). Further growth can only occur with initiation of
angiogenesis. Those populations of cancer cells that manage to overcome this obstacle
produce large amounts of angiogenic growth factors and release them into their
environment in response to hypoxia. This release is poorly controlled and the ensuing
vessel growth is therefore disorganized and erratic (Figure 1).

Figure 1 – Chaotic and dysfunctional vasculature of malignant tumours (Brown et al, 2004.)
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As early as 1907 Goldman observed that malignant growth is accompanied by growth
of blood vessels (Goldman, 1907), however quite some time passed before this was
seen as having a potentially therapeutic role (Folkman, 1971). Great efforts have since
been invested into identifying the pieces in this network and targeting them to achieve
therapeutic effects.
It is nowadays widely accepted that angiogenesis is orchestrated by a variety of
angiogenic activators and inhibitors (Bergers & Benjamin, 2003). When these are in
balance the resulting vasculature is sufficient and functional. However, in the case of
malignant tissue, angiogenesis activators like vascular endothelial growth factor
(VEGF), fibroblast growth factors (FGFs), platelet-derived growth factor (PDGF), and
epidermal growth factor (EGF) are being over-expressed and prevail over inhibitors
like thrombospondin-1, angiostatin, endostatin, canstatin, and tumstatin. For this
reason, the vessel growth is not only excessive but also results in blood vessels that are
structurally irregular, dilated and tortuous or have dead ends. Also the distinction
between venules, arterioles and capillaries is lost and the networks they form are leaky
and haemorrhagic. The endothelial cell layer of these vessels is dysfunctional and
leaky with cells displaying poor connectivity and multiple protrusions (Jain, 2005).
Defective basement membrane is also characteristic of tumour vasculature (Carmeliet
& Jain, 2000; Tsuzuki et al., 2000). All these changes in vascular architecture impair
tissue perfusion and oxygenation which, in turn, additionally upregulate the already
overexpressed angiogenetic factors. A vicious circle is formed that further exacerbates
tumour hypoxia. It has been suggested that tumour cells try to escape this circle by
increasing invasiveness and metastatic activities (Ebos et al., 2009; Loges et al., 2009).
This would explain the clinically observed increased invasiveness and malignancy of
hypoxic tumours.

2.1.3 Tumour perfusion
As a result of the dysfunctional vasculature described above the blood flow in
malignant tumours is far from efficient. The flow is slower and sometimes even
changes direction. Due to the irregular shape of vessels, blood cells are sometimes not
able to pass and blood flow consists only of plasma with cells stacking into palisades
(Molls et al., 1998). Vascularisation and the ensuing tissue perfusion of tumours are
also very heterogeneous with parts of high vessel density and parts of very low density.
On the other hand, the flow may be interrupted by the sporadic vasospasms. Changes
in vascular permeability also cause changes in interstitial pressure, which in
conjunction with the disrupted vascular architecture, causes occasional vascular
collapse. Due to overproduction of growth factors and the lack of coordination between
them, tumour blood flow cannot be adjusted to the current metabolic demands of the
tissue as is the case in normal tissues. All these changes result in intermittent periods of
insufficient oxygen supply (Brown & Wilson, 2004).
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In malignant tumours, not all blood components delivered to the tissue necessarily
reach the cells. This is best described with the terms blood flow and tissue perfusion.
While blood flow refers to the delivery of a volume of blood in a unit of time, the term
perfusion is sometimes used to describe the physiologically efficient flow of blood
through the tissue, i.e. blood flow per volume of tissue. In practice, however, the two
terms often overlap. For reasons described earlier, these two parameters may differ
significantly in malignant tumours.
This is of particular importance when evaluating methods for measuring these
parameters in vivo. Due to their specific characteristics, some methods are not able to
distinguish between the two while others are.
The values of blood flow vary greatly between studies. The differences are not only a
consequence of the already mentioned high level of heterogeneity of tumour
vasculature, but also due to the use of different methods for quantification of blood
flow. While average blood flow in normal tissues varies depending on the tissue type
from as low as 3 ml/100g /min in adipose tissue (Viljanen et al., 2009) to around 250
ml/100g/min in stressed myocardium (Koivuviita et al., 2009), the blood flow of
malignant tumours seems to be independent of the tissue of origin. Typical for tumour
blood flow is, on one hand, great heterogeneity and large standard deviation while, on
the other hand, this deviation is independent of tissue type of origin. In its great variety,
tumour blood flow usually has an average value between 30 – 50 ml/g/min. This is the
case in head and neck cancer (Lehtio et al., 2004), as well as, for example, in brain
(Leenders, 1994; Mineura et al., 1999; Bruehlmeier et al., 2004) and pancreatic cancer
(Komar et al., 2009).
Perfusion has also been studied in tumours of the breast (Wilson et al., 1992; Mankoff
et al., 2002; Zasadny et al., 2003; Dunnwald et al., 2008), kidney (Kudomi et al.,
2009), prostate (Muramoto et al., 2002; Kurdziel et al., 2003), liver (Yamaguchi et al.,
2000; Burke et al., 2001), and lung (Logan et al., 2002; Groves et al., 2009).

2.2

TUMOUR HYPOXIA

The importance of oxygen in tumour biology and its role in radiation treatment
resistance were first observed by Gray and co-workers in the 1950s (Gray et al., 1953;
Thomlinson & Gray, 1955; Gray, 1961). They demonstrated that patterns of necrosis in
malignant lung tumours after irradiation are distributed in accordance with vessel
architecture where necrotic cells are surrounding the vessels. This offered the first
evidence in support of their hypothesis that oxygen is required for radiation therapy to
be effective.
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2.2.1 Availability of oxygen in normal and tumour tissue
Oxygen is needed for normal and effective utilization of energy in most tissues of the
human body. As mentioned above, normal partial pressure (normoxia) of oxygen in
well-perfused tissues is around 15-65 mm Hg. This level can be much lower in tissues
like bone marrow or thymus (Vanderkooi et al., 1991). Despite being low, these levels
can still be considered normal, since the tissues function normally.
Hypoxia, on the other hand, is typical for many pathological conditions like wound
healing or ischemic cardiac disease. It is also a typical feature of high altitude
environments and altitude sickness associated with it. Since oxygen is delivered to the
tissues via the red blood cells it is vital that the vasculature in this tissue is sufficient
and functional.
Due to abnormalities in vascular architecture and the following irregular blood
perfusion, the perfusion levels are much lower in solid malignant tumours, and hypoxia
is a typical characteristic of most solid malignant tumours. Tumour hypoxia is usually
defined as pO2 below 10 mm Hg, and clinically significant hypoxia is most commonly
defined as pO2 below 2.5 mm Hg (Vaupel & Mayer, 2007). Level of oxygen in the
tissue is of course continuous parameter and at different levels it affects different
processes in the cell. While the effect of radiotherapy is becoming noticeable at levels
below 15 mmHg, the molecular mechanisms become disturbed at pO2 levels below 10
mmHg, and genetic instability only becomes evident at levels below 5 mmHg or even
lower than 1 mmHg (Hockel & Vaupel, 2001).
Due to this reason, due to the technical limitations in measuring tissue pO2, and due to
the dynamic nature of hypoxia, it is very difficult in vivo to determine any precise,
clinically relevant pO2 level/cut-off value.
The presence of hypoxia has been demonstrated, for example, in head and neck,
cervical, breast, colon, and brain tumours (Molls et al., 1998). Hypoxia gained the
attention of the wider scientific community in the late 1990s when it was recognised
that, in addition to being an obstacle in radiation treatment, it is also an important
factor in the progression of both the genotype and phenotype of malignant tumours
(Osinsky et al., 2009).
Tumour hypoxia can be roughly divided into chronic and acute with several different
subtypes (Bayer et al., 2011). Chronic hypoxia is a consequence of the irregular
vascularisation described above, which results in large distances between blood vessels
and cells. Since oxygen can only diffuse for approximately 150 μm (Horsman, 1998)
from vessels into tissue, cells beyond this distance are in a permanently hypoxic
environment and usually do not survive (Figure 2).
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Figure 2 – Diffusion-limited hypoxia of malignant tumours (Horsman, 1998)

For this reason, chronic hypoxia is often referred to as diffusion-limited hypoxia. On the
other hand, acute hypoxia is a result of tumour vessels’ functional instability which might
cause vessels to suddenly contract in a vasospasm, become transiently occluded for blood
cells (while still allowing the flow of plasma), or become permanently occluded by
thrombosis. For this reason acute hypoxia is also referred to as perfusion-limited hypoxia,
which is believed in most cases to be of a transient or even cyclic nature.
While hypoxia in itself has a negative effect on cell proliferation and survival it is also
a strong selecting factor, favouring the survival of cells that are more likely to survive
therapeutic attempts to eradicate them. Since hypoxia is a consequence of poor
vascularisation and blood flow, hypoxic tumours are harder to reach with
chemotherapeutics via the blood stream. In addition to this, most current
chemotherapeutic agents affect only dividing cells and are therefore less efficient
against rather non-dividing hypoxic cells. As mentioned above, the presence of oxygen
also plays a crucial role in radiation therapy.

2.2.2 Metabolic adaptation to hypoxic environment and its consequences
As mentioned above, low levels of oxygen are not an insurmountable obstacle for
tumour cells and do not even necessarily prevent cells from proliferating (Ljungkvist et
al., 2002). Tumour cells form a population under strong selective pressure, and due to
the relatively high proliferation rate, this may result in the survival of resistant cell
clones. This type of change has been observed in vitro (Smalley et al., 2005) and also
may explain the more aggressive phenotype of hypoxic tumours (Rofstad & Danielsen,
1999; Evans & Koch, 2003).
On the molecular level, hypoxia induces complex coordinated mechanisms often
referred to as hypoxic response. The central role in this mechanism is played by
hypoxia inducible factors (HIF) and, in particular, by HIF-1α, but there are also other
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systems responsive to oxygen levels such as nuclear factor κB (NF- κB), p53,
activating transcription factors (ATFs) and, in particular, AMP-activated protein kinase
(Graeber et al., 1994; Blais et al., 2004; Cummins et al., 2007; Ahn et al., 2012).
These mechanisms eventually lead to the prognostically negative phenotype of hypoxic
tumours. HIF-1α is directly or indirectly responsible for changes in oxygen transport
and delivery, changes in glucose metabolism, changes in cell cycle and proliferation,
transcriptional regulation, and even cell migration. These changes enable cells to
survive in conditions of low oxygen availability or, alternatively, trigger controlled cell
death if hypoxia is too severe.

2.2.3 Molecular markers for the detection of tumour hypoxia
Currently among the most relevant molecular markers for hypoxia are HIF-1α and
carbonic anhydrase IX (CA IX). These are at the moment at the centre of intense efforts
to identify potential molecular markers suitable for diagnostic and prognostic use.
However, there are also many other markers being investigated (Toustrup et al., 2012).
Alongside HIF-1α, the HIF family of transcriptional factors also includes HIF-2α and
HIF-3α. While HIF-1α and HIF-2α have been relatively extensively studied, the role of
HIF-3α is relatively poorly understood. While there is some overlap between the
functionality of HIF-1α and HIF-2α, they also seem to have specific roles. However, as
noted by Mayer et al. (Mayer et al., 2008), it must be kept in mind that despite the
strong correlation of these markers to hypoxia in vitro, this is not transferable to the
clinical assessment of oxygenation status in patients in a clinical setting.
2.2.3.1 HIF-1α
HIF-1 is formed by two subunits α and β. While both units are constitutively
expressed, only the β subunit can be detected in cells in a normoxic environment.
Under these conditions, the α subunit is hydroxylated by prolyl-hydrohylases (PHD) in
an oxygen-dependent manner and later degraded by proteasome (Jiang et al., 1996a).
In hypoxic conditions, on the other hand, hydroxylation and the subsequent
degradation are reduced. The intact HIF-1α enters the nucleus where it combines with
the β subunit to form the final HIF-1 complex. This complex acts as a transcription
factor by binding to hypoxia-responsive elements of the DNA, resulting in expression
of a plethora of hypoxia-related genes producing the hypoxic response. The levels of
HIF-1α increase exponentially as pO2 levels decline (Jiang et al., 1996b), and it could
therefore serve as a molecular marker for hypoxia detectable in tissue samples or even
in blood or plasma samples. This has indeed been investigated in several studies.
HIF-1α is over-expressed in a wide range of malignant tumours raging from head and
neck cancer through breast cancer and pancreatic cancer to melanoma and ovarian
cancer (Semenza, 2010). It correlates with poor prognosis in breast cancer
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(Giatromanolaki et al., 2001) and particularly in head and neck cancer (Aebersold et
al., 2001; Hui et al., 2002; Koukourakis et al., 2002).
Regardless of the results, the method for determining tissue HIF levels requires a
biopsy sample (unless detectable in blood samples) to be obtained, and the method is
therefore poorly suited to routine clinical use in tumours not close to the surface of the
body. Even though biopsy samples are often obtained for diagnostic purposes, the
sample might not be representative due to heterogenous and irregular distribution of
hypoxia inside the tumour. This is additionaly complicated by the complex relationship
between the oxygenation of the subcutaneous metastatic lymph nodes and the primary
tumour, despite some studies reporting a significant effect on treatment and treatment
outcome based on lymph node status (Toustrup et al., 2012). This study, however, is
based on differences in expression of several hypoxia-related genes and not hypoxia
directly which might increase uncertainty in the interpretation of the results.
2.2.3.2 CA IX
In the hypoxic tumour environment, the glycolytic pathway finally results in the
production of lactic acids. Since the intracellular pH has to be tightly regulated to
maintain the integrity of cellular mechanisms, these products are excreted into the
extracellular space (Gatenby & Gillies, 2004; Chiche et al., 2010a). Several
mechanisms are employed by the tumour cell to ensure the constant intracellular pH.
Carbonic anhydrase IX (CA IX), a transmembrane protein that catalyzes a simple but
fundamental reaction, reversible CO(2) hydration to yield bicarbonate and protons. CA
IX is one of the carbonic anhydrase (CA) family members to participate in a variety of
fundamental biological processes, including respiration, calcification, acid-base
balance, and, for example bone resorption. CA’s show great diversity in tissue
distribution and in their subcellular localization, CA IX, however, seems to be the only
tumor-associated carbonic anhydrase isoenzyme known. Its expression and activity
have been shown to directly and robustly correlate with HIF-1α function (Wykoff et
al., 2000; Olive et al., 2001).
The correlation of CA IX with poor prognosis has been studied in many types of
cancer, and most studies have found CA IX to be a negative prognostic factor of
outcome. While this is true for breast cancer and lung cancer, the results found in head
and neck cancer, rectal cancer, bladder cancer, and renal cancer are somewhat
conflicting (for an extensive review see (Chiche et al., 2010b). This might be explained
by a non-straightforward correlation between CA IX expression and direct hypoxia
staining found in some recent studies (Troost et al., 2005; Hoogsteen et al., 2009).
The antybody cG250 (Girentuximab), primarily developed for the therapeutic targeting
of CA IX, has recently also been successfully used for the purpose of detection and
quantification of CA IX in tumours in vivo. The main area of use for this probe is in
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the detection and characterization of clear cell renal cell carcinoma (CCRCC).
Characteristic of this type of cancer is the importance of the mutation of the von
Hippel-Lindau gene which leads to over-expression of HIF-1α which, in turn (in about
95% of CCRCC cases), leads to over-expression of CA IX. This has resulted in a rather
promising diagnostic and, at the same time, prognostic probe in this type of cancer.

2.2.4 Quantification of tumour hypoxia
Due to the growing acceptance of the important role in cancer development, several
direct or indirect methods for detecting tissue hypoxia have been developed during the
last decade. While direct methods aim to measure the level of oxygen in the tissue,
indirect methods are based on detecting changes in tissue related to low levels of
oxygen. Among indirect methods are histomorphometric studies (Mueller-Klieser &
Walenta, 1993), evaluation of tissue’s radiation response (Rockwell & Moulder, 1990),
imaging of vascular endothelial growth factor or vascular density. These changes have
a complex correlation with hypoxia and cannot be used as a simple substitute for
measuring low levels of oxygen.
Measuring hypoxia also differs significantly from imaging, since the purpose of
measuring is to obtain precise values of the level of oxygen present in the tissue at a
certain time point (Raleigh et al., 1996). This is particularly important since hypoxia is
a continuous process and the border for clinically significant hypoxia is set arbitrarily
(Hockel & Vaupel, 2001).
2.2.4.1 Invasive methods
The first method that allowed direct in vivo measurements of pO2 was developed in the
the 1980’s using the computerized polarographic needle electrode system (Kallinowski
et al., 1990; Hockel et al., 1991; Vaupel et al., 1991). The method is based on
mechanically stable O2 sensors and is often referred to as Eppendorf® polarography
after the manufacturer. It comprises the sensor in the shape of a fine needle which is
positioned in the investigated tissue. The readings are made in a systematic manner
with the needle held firmly in position and being automatically retracted in equal steps,
resulting in a matrix-like patern of pO2 readings and, finally, in a histogram of pO2
distribution. The importance of hypoxia for the disease prognosis soon became clear
and the method is still today considered by many to be the gold standard for evaluation
of tissue oxygenation (Vaupel et al., 2007). However, the method does have drawbacks
that have initiated an intensive search for new methods of hypoxia quantification. The
most important drawback is its invasive nature. Despite the electrode needle being very
thin, it has to be inserted into the investigated tissue which, on one hand, prevents it
from being of serial use, and on the other hand, limits its use to easily accessible
tumours. Lymph node metastases of head and neck tumours are comparatively easily
accessible and, for this reason, there are substantial amounts of data which have
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established the high prevalence of low oxygen levels in this type of tumour and its
importance for disease prognosis (Nordsmark et al., 2005). Another important
drawback is the method’s inability to discriminate between hypoxic but vital and
necrotic tissue. Particularly since large areas of tumours are known to be necrotic this
is a relevant problem of clinical importance.
An alternative way of quantifying tissue hypoxia is by analysing tissue samples in
vitro. Prior to obtaining the sample, the patient is given an intravenous dose of a
compound which accumulates in areas with low levels of oxygen. After some time, a
sample of the tissue is obtained and analysed in vitro using immunohistochemical
methods. The most widely available and used compound in this class is pimonidazole
(Varghese et al., 1976; Varia et al., 1998; Olive et al., 2000; Kaanders et al., 2002).
Pimonidazole belongs to the family of nitroimidazole compounds, which have a long
history of use in hypoxia research (Raleigh et al., 1996). The binding of pimonidazole
has been shown to correlate with oxygen levels (Arteel et al., 1995; Arteel et al., 1998)
and with clinical outcome (Kaanders et al., 2002). The binding of pimonidazole can be
quantified with microscopic as well as autoradiographic analysis of the tissue samples
(Wijffels et al., 2000) or flow cytometry (Durand & Raleigh, 1998), with both
producing reliable results. However, significant problems of tumour accessibility and
sample representiveness associated with the methods mentioned above have spurred
intensive investigation into non-invasive methods of hypoxia quantification.
2.2.4.2 Noninvasive methods
Non-invasive methods for measuring hypoxia in vivo are, understandably fewer than
invasive and could be divided into nuclear medicine techniques and magnetic resonance
techniques. All of these clinically relevant techniques are based on labelling of a carrier
molecule with the modality specific probe. This molecule has in almost all cases been a
nitroimidazole compound. This is true for scintigraphy (labelled with m99Tc) (Linder et
al., 1994) and SPECT (123I label) (Groshar et al., 1993) as well as PET (mostly 18F- and
124
I-labelled) (Minn et al., 2008) and magnetic resonance spectrometry (19F-labelled)
(Jin et al., 1990; Li et al., 1991; Cline et al., 1994; Cline et al., 1997).
Of these, PET with its small tracer quantities, quantitative nature and the almost limitless
number of tracer possibilities has turned out to be the most promising tool for the task.
Despite having in general a lower spatial resolution than invasive methods, noninvasive methods have a crucial advantage over invasive ones: they can be used in vivo
in routine clinical settings and can therefore be applied in conjunction with therapy
planning of tumours in almost all parts of the body. In addition they visualise the
heterogeneity of the tumour and can be used repeatedly during the course of treatment
providing information on the changes in these processes and the effects of treatment,
potentially enabling its adjustments.
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2.3

NONINVASIVE IMAGING OF TUMOUR MICROENVIRONMENT

The tumour microenvironment can be investigated using both invasive and noninvasive methods. While invasive methods are more accurate and allow more precise
characterization of tissues, these tissues or tissue samples need to be physically
removed from the patient and for this reason they are not suitable for routine daily use.
In addition, these methods are not able to depict dynamic physiological phenomena
like blood flow. For these reasons, noninvasive methods are being developed that could
successfully identify and quantify physiological processes in tumour microenvironment
prior to therapy. These methods are often referred to as functional imaging, since
instead of anatomical structure they depict the functions of the tissue.
Tissue functionally can be to a varying degree characterized with MRI, CT, ultrasound,
SPECT, and PET. All these methods have their advantages and their weaknesses;
however, PET is widely regarded as currently the most promising non-invasive tool for
molecular and functional characterization of tissues in vivo.

2.3.1 Principles of PET
PET is a non-invasive imaging method using positron-emitting isotopes and gamma
radiation to detect and quantify physiological and pathological processes in vivo (Valk,
2003). This is achieved with the use of compounds normally found in the body, their
synthetic analogues, antibodies or receptor ligands labelled with a positron-emitting
radionuclide. After being injected into the body, these compounds spread throughout
the organism and take part in physiological or pathological processes taking place in
the body. Due to their radionuclide label their fate can be observed with the use of a
PET scanner.
Almost any molecule can be labelled with a radionuclide to form a PET tracer. The
decision about which molecule to use depends on the ability of this compound to
deliver meaningful information about a certain biological process in the body. This
process can be, for example, blood flow (H2O), tissues energy metabolism (FDG),
expression of cell-membrane receptors, activity of brain receptor systems, tissue
hypoxia, or cell proliferation rate.
Positrons are being emitted during the process of nuclear decay where a proton is
converted into a neutron, a positron, and a neutrino. This happens because of the
surplus of protons in the atomic nucleus and the unstable nature of such nuclei.
Positrons are positively charged particles with a mass equal to that of electrons and are
as such antiparticles. Positrons, like antimatter in general, react with their antiparticles
electrons in a process called annihilation in which mass is converted into energy
according to the equation e=mc2. This energy is manifested in the form of two photons
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each with an energy of 511 keV that are travelling in opposing directions from the
point of annihilation at an angle of approximately 180°.
The most commonly used positron-emitting isotopes are
(Table 2).

11

C,

13

N,

15

O,

18

F and

68

Ga

The process of annihilation takes place only once the emitted positron has lost some of
its initial kinetic energy after travelling a certain distance from the point of emission
from the nucleus. This distance depends on the type of medium in which the emission
takes place. Since the energy of the positron varies depending on the isotope, the
distances are different for different isotopes. In the human body, these are comparable
to distances travelled in water which are presented in Table 1 (Valk, 2003).
Table 1 – Properties of clinically most commonly used positron-emitting nuclides

The mean range of the poisitron is an important factor from the point of image quality
by presenting an objective lower limit to the resolution. This limit can be to some
extent compensated for in image instrumentation and processing, but can not be
entirely overcome.
The PET scanner is composed of a ring of detectors surrounding the patient, detects
and registers the gamma photons of a certain time and energy window in order to
separate true events from randoms and scatter to determine lines of response (LOR).
The spatial distribution of annihilation events in the object/body is reconstructed using
mathematical methods common to all tomographic imaging methods like CT and MRI.
The spatial resolution of the final image depends on many factors from the positron
range through detector materials and electronics used in the scanner to reconstruction
methods. Currently, the resolution of the whole-body PET scanners in clinical use is in
the range between 4-6 mm while dedicated micro PET-cameras for use in small
animals have a resolution of 1-2 mm.
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Due to its relatively poor spatial resolution and due to the functional character of its
images, PET has recently been combined with a CT camera to form a hybrid PET/CT
system. This combines the functional information provided by PET with the superior
spatial resolution and anatomical information provided by CT. PET/CT has quickly
become the new clinical standard. Currently, combined PET and MRI cameras are
being developed by most manufacturers.
However the innate low resolution of PET is not only a diagnostic problem, but also
presents a problem in planning specific therapies where spatial distribution inside the
tumour is of great importance. This might be the case also in the use of very precise
irradiation techniques in the case of hypoxia-based target delineation and represents an
issue which must be addressed in future studies.
2.3.1.1 Production of PET tracers
PET tracers are molecules labelled with a positron-emitting isotope. This isotope is
usually one of the nuclides in the Table 1, but also other positron emitting isopotes are
being used. The production of tracers is in the domain of radiopharmaceutical
chemistry. Radionuclides are produced either with cyclotrons (11C, 13N, 15O, 18F, 64Cu,
89
Z) or generators (68Ga). A cyclotron is an accelerator used to propel charged particles
(like protons) to energies that allow nuclear reactions, and alterations of the structure of
the target nucleus. The resulting isotopes are unstable and are used to label the target
molecule. In the case of 18F production, enriched water ([18O]H2O) is bombarded with
hydrogen ions creating 18F. The target molecule can be almost any compound from a
simple water ([15O]H2O) molecule to complex peptides ([68Ga]DOTATOC).
Since the purpose of PET imaging is detection and quantification of a biological
process, the use of a molecule as a PET tracer demands careful pharmaceutical,
pharmacological, and biological characterization of its biological behaviour. This
characterization is performed in cell cultures, animal models, and, finally, in the human
organism.
2.3.1.2 PET image acquisition
As already mentioned the PET image is based on registration of the gamma photons
travelling in opposite directions from the point of annihilation. They are registered
using ring detectors surrounding the imaged object or subject (Figure 3).
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Figure 3 – Photographs of the construction of PET detector rings (Image courtesy of Mika
Teräs, Turku PET Centre)

These detectors are composed of scintilator crystal and photomultiplier tubes which
convert gamma rays into visible light. This light signal is in turn converted to electrical
impulses by photodiodes. The electrical signal is converted into digital information
using analogue-to-digital converters (ADC). This information undergoes signal
processing and the process of image reconstruction in computers to obtain final
tomographic images of spatial and, in the case of dynamic images, also chronological
distribution of annihilation events.
There are several ways of describing the observed biological process using PET
images. These reach from purely qualitative through semi-quantitative to rigorously
quantitative.
The precise quantification of a biological process requires the development of
mathematical models which are used as a link between the observed behaviour of the
tracer in the PET image and the true, quantified values of the process. For this purpose,
images are often acquired in a dynamic fashion allowing for time changes in the
system to be integrated into these models. In parallel to image information, information
on tracer concentration in blood is often needed for complete quantification.

2.3.2 PET imaging of tumour perfusion
Blood flow can be non-invasively quantified to a varying extent by the use of dynamic
contrast-enhanced computed tomography (dCE CT), magnetic resonance imaging
(MRI), ultrasound, single photon emission computed tomography (SPECT), or PET.
Of these methods, PET is considered the most precise in quantification and the most
widely validated (Anderson & Price, 2002). Like any other method measuring blood
flow, PET has advantages as well as disadvantages.
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Among the strongest advantages is its ability to precisely quantify the blood flow,
resulting in direct values of ml/100g/min. This has been validated in the myocardium,
kidney, brain, tumours, and several other organs. This is mostly due to the minute
quantities of tracers which do not interact with the system they measure and therefore
do not influence the measured parameter. The second reason is the nature of [15O]H2O,
which is a freely diffusible molecule and, as a result, does not require complex
modelling assumptions. For the same reason, variations in tumour type, patient size,
vascular structure, etc. have a lesser effect on tracer behaviour and the quantification is
therefore more robust (Anderson & Price, 2002).
A disadvantage is no doubt the above-mentioned relatively poor spatial resolution of
the PET images, which prevent the analysis of very small regions of interest. However,
in the case of perfusion imaging this has to a large degree been compensated for with
the introduction of combined PET/CT machines.
The use of short-lived isotopes for labelling allows repeated studies to be performed in
relatively short succession. However, these isotopes also require on-site and in the case
of 15O even on-line cyclotron production of the tracer, making the method expensive
and logistically demanding.
2.3.2.1 PET tracers for imaging perfusion
The most common PET tracer for imaging blood flow is currently [15O]H2O. As
already mentioned, due to its high permeability, it has several advantages compared to
other tracers when it comes to modelling the data. But it also has some disadvantages.
Due to its very short half-life of approximately 2 minutes (122.24 s), the tracer has to
be produced on-line, meaning that the cyclotron-based production takes place virtually
synchronously with the tracer’s infusion into the patient. This requires the on-site
presence of cyclotron which is expensive and logistically demanding. A second
disadvantage is the relatively high kinetic energy of the positron produced during the
decay of 15O. This means that the distance travelled by its positron before being
annihilated (2.5 mm) by an electron is longer than that of some other isotopes like 18F
(1.5 mm), potentially resulting in lower spatial resolution of the ensuing images (Valk,
2003).
Research on PET perfusion imaging is most intense in the cardiovascular field where
many other tracers have been tested or validated. Among these are [15O]CO2,
[11C]Acetate, [13N]Ammonia (Herzog et al., 2009), 82Rubidium (El Fakhri et al., 2009),
[62Cu]PTSM and isotope-labelled microspheres. However, all these tracers suffer from
some degree of non-linearity of uptake in correlation to blood flow values, particularly
at high blood flow levels (Knuuti et al., 2009).
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Currently several 18F-labelled tracers for imaging perfusion are being developed due to
their advantages in the production and in image quality of the 18F isotope as compared
to short-lived cyclotron-based isotopes (Nekolla & Saraste, 2011).
Also 68Ga-based tracers are being developed due to their advantages in the field of
tracer synthesis and longer tracer half life (Plossl et al., 2008).
2.3.2.2 Modelling and quantifying the [15O]H2O data
The purpose of the modelling of PET data is to be able to obtain precise quantitative
values of a biological process based on information obtained from PET images. The
PET image depends on the spatial and chronological distribution of the PET tracer, and
does not always directly correlate with the magnitude of the investigated biological
process. Therefore, mathematical modelling is often needed to obtain the results. A
mathematical model is a tracer-, tissue- and process-specific equation used to calculate
these values using image and sometimes blood information as input values. Most often
a new model has to be developed and validated for each new tracer before it can be
used in quantification of PET data.
The methods to measure perfusion with [15O]H2O are based on the principle of
exchange of inert gas between blood and tissues. [15O]H2O is a fairly simple tracer
since it is not metabolised in the body and the bond between the radionuclide and the
rest of the molecule is very stable. Additionally, water is a very diffusible tracer that
can freely cross cell membranes and other barriers between tissues. For these reasons a
simple model comprising only a plasma compartment and a tissue compartment can be
used and is therefore referred to as the two-compartment model or one tissuecompartment model. This model is used to describe the kinetics of [15O]H2O (diffusible
tracer) concentration in the tissue, depending on the concentration in arterial blood,
perfusion or blood flow, and the partition coefficient of water (Figure 4).

Figure 4 – A simple graphic depiction of the one tissue-compartment model

To obtain the parametric blood flow image a dynamic [15O]H2O image and the input
plasma curve are needed. The duration of the dynamic image varies somewhat between
methods, but usually a 5-10 minutes dynamic image with an initial 5 s framing is needed.
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To minimize the inter-patient variations, automated injection methods are often used.
These aim to deliver the same amount of tracer activity in the same time frame. This
minimizes differences in the shape of the initial tracer peak after injection which plays
a role in the subsequent modelling. The plasma curve can be obtained either invasively
using arterial sampling or by arterialized venous blood sampling. Sampling is most
often performed with the help of a blood pump providing a steady blood flow rate (6
ml/min) through the activity meter. This measured curve is then corrected for delay and
dispersion (Iida et al., 1986) before being used as the input function in model fitting.
Due to the invasive nature of the arterial sampling, several alternatives have been
developed. The most commonly used are image-derived curve extractions and
population-based curves.

2.3.3 PET imaging of tumour energy metabolism
Energy metabolism can be imaged using the glucose analogue [18F]FDG. This is an
acronym for 2-deoxy-2-[18F]fluoro-D-glucose. Glucose is most often the primary
source of energy (also) in tumour cells. Since 2' hydroxyl group (-OH) in normal
glucose is needed for further glycolysis, [18F]FDG cannot be used as an energy source.
Even though phosphorylation of FDG is a reversible process, due to the high rateconstant [18F]FDG is effectively trapped inside the cell. For this reason [18F]FDG is
well suited to evaluate glucose uptake and the energy metabolism of these cells.
However there are some differences between [18F]FDG and glucose which need to be
taken into account when doing so.
2.3.3.1 Quantifying the [18F]FDG data
As mentioned above, glucose is actively transported into cells by a group of glucose
transporter proteins called GLUT. [18F]FDG has a slightly higher affinity for these
transporters than glucose. Once inside the cell both glucose and [18F]FDG undergo
phosphorylation by hexokinase which favours glucose over [18F]FDG. These
differences are compensated for by the use of the so-called lumped constant (Sokoloff,
1977; Wu et al., 2003). This constant is, for example affected by obesity and diabetes
(Peltoniemi et al., 2000). In tumours this relationship between uptake and
phosporylation can be deranged, and the processes of glucose transport and
phosphorylation can become uncoupled somewhat decreasing the predictability and
precision of quantification of glucose metabolisms by [18F]FDG PET (Herholz et al.,
1988).
Another factor affecting the imaging properties of [18F]FDG is the plasma glucose
level, which primarily affects the transport of both tracer and glucose into cells. Higher
plasma levels of glucose slow down this uptake, while low levels facilitate it. This
needs to be taken into account particularly when comparing values between different
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subjects (Minn et al., 1993; Kroep et al., 2003; Krak et al., 2004). Blood glucose levels
should be checked prior to a [18F]FDG PET scan. These levels are most often
normalized (4-7 mmol/L) by a standard 4-hour fast before the scan. If this is not the
case and the glucose levels remain high (> 8-11 mmol/L) the scan should be
rescheduled (Boellaard, 2009).
[18F]FDG images can be used in several different ways with a varying degree of
quantification covering the entire above-mentioned spectrum from qualitative to
quantitative. Since [18F]FDG is clinically most widely used tracer in PET scanning,
qualitative visual interpretation is the most often used way of describing these images
in clinical diagnostic work. In some cases, qualitative evaluation even has diagnostic
advantages over quantitative methods (Lapela et al., 2000).
Semi-quantitative methods (SUV and fractional uptake ratio or FUR) are often used in
simpler applications. Since they do not require advanced image acquisition protocols or
image and data manipulation, their great advantage is their simplicity. The
standardized uptake value (SUV) is an example of such a simplified measure, and it is
now probably the most
widely used method for the quantification of [18F]FDG PET studies, although other
measures have been developed as well (Hunter et al., 1996; Graham et al., 2000). The
SUV represents the [18F]FDG uptake within a tumour, measured over a certain interval
after [18F]FDG administration and normalized to the dose of [18F]FDG injected and to
a factor (such as body weight) that takes into account distribution throughout the body
(22,23). The SUV normalized to body weight is given by the following equation
(Equation 1):
SUV

A kBq/ml
ID MBq / BM kg

Eq. 1

Equation 1 – The equation for calculation of SUV: A - measured activity in the region of
interest; ID - injected tracer dose; BM - body mass.

The normalization factor BM can be substituted with body surface area or lean body
mass to produce more accurate results (Graham et al., 2000). These methods, however,
have not gained wider clinical acceptance.
SUV is commonly used in clinical imaging; however, despite its advantages it is to
varying degrees affected by technical, biological, and physical factors (Reviewed in
(Boellaard, 2009), and therefore standardization is required when comparing values
from different time periods or centres (Westerterp et al., 2007).
The most rigorous quantitative methods also require most effort in terms of image
acquisition and post acquisition processing. Among these, Multiple-time graphical
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analysis (MTGA) also known as Patlak analysis (Patlak & Blasberg, 1985) and
compartmental model fitting are most commonly used (Reivich et al., 1979). They
provide quantitative measures of true physiological processes. MTGA provides a
combined uptake rate of glucose while compartment model fitting provides
quantitative values for each of the rate-limiting steps (included in the model) in the
process of glucose uptake and metabolization. For the quantification of glucose
metabolism a three-compartment model with four rate constants K1*, k2*, k3* and k4*
is most often used (Minn et al., 1995). The calculation of these values requires not only
modified imaging protocols usually including dynamic image acquisition, but most
often also blood sampling. This makes the process of obtaining these values not only
more time-consuming and expensive, but also less patient-friendly. For this reason,
these methods are used primarily in scientific work exploring the functioning of
different tissues and tumours and much less in diagnostic work. It was also observed
that these methods add little in terms of improved diagnostic differentiation between
malignant and normal tissues compared to qualitative and semi-quantitative methods
(Graham et al., 2000; Lapela et al., 2000).

2.3.4 PET imaging of tumour hypoxia
Due to its non-invasive and functional nature PET is ideally suited for imaging hypoxia
in tumours and in recent years, great efforts have been invested in developing new
imaging tracers, imaging protocols, and quantification methods for detection of tissue
hypoxia in vivo.
2.3.4.1 PET tracers for imaging hypoxia
In order for a compound to be used as a PET hypoxia tracer it should have highly
specific binding to viable hypoxic tissues, as well as low non-specific binding and
rapid washout in normoxic tissues providing a high target-to-background signal. This is
particularly important due to the relatively low spatial resolution of PET cameras,
which decreases the activity of small uptake areas due to the partial volume effect.
The compound should also be able to readily diffuse between different tissues, to cross
the blood brain barrier and cell membrane. This is important for the even distribution
of the tracer in the body. The diffusibility is usually achieved by the high lipophylicity
of a compound which is often measured using octanol-water partition coefficient or the
logarithm of this value also referred to as log-P. The higher the log-P the more
lipophilic a compound is. Due to differences in methodology, these values may differ
in different reports; nevertheless some examples are given in Table 2.
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Table 2 – Log-P values of most hypoxia tracers studied in humans (Modified based on
(Gronroos, 2006)).

However, the high lipophilicity and the resulting high tissue penetration also mean that
there is more undesirable non-specific binding to larger lipid and protein molecules
which might in fact reduce the amount of freely available tracer in the blood. For these
reasons, high logP values were in the recent past seen as negative characteristic of a
potential PET-tracer. Wong and Pomper, for example, suggest the value of logP 5 as
the upper limit (Wong & Pomper, 2003). However, recent studies have somewhat
undermined this assumption and Pike suggests that high logP values may not be as
important a hindrance as previously thought if other properties of the molecule are
right (Pike, 2009).
In addition to lipophilicity, reduction potential (also called redox potential) also plays
an important role. Redox potential decribes the tendency of a compound to acquire
electrons from the environment and thereby be reduced. This is relevant since most
hypoxia markers use the principle of controlled, hypoxia-dependent reduction and
oxygenation as the mechanism for the detection of the oxygen levels and intracellular
trapping. The higher the redox potential of a compound the greater its tendency to
obtain electrons from the environment.
Another important consideration is the chemical stability of the compound. If the
compound is not being metabolized by the organism, it is possible to obtain a hypoxiaspecific signal even several hours after the tracer has been administered to the patient.
The chemical stability of the compound is also important in the case of
pharmacokinetic analysis and should be taken into account in the process of hypoxia
quantification.
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2.3.4.2 Nitroimidazole compounds
Imidazole compounds were initially used as antibiotics for the treatment of anaerobic
bacterial infections. A member of this group, metronidazole, for example, is still to
date used for the treatment of Clostridium difficile infections. Later, imidazoles were
also used as radiosensitizers of hypoxic cells and as hypoxic cytotoxins (Varghese et
al., 1976). However, the high doses of these agents required to achieve a hypoxiaspecific cytotoxic effect resulted in unwanted side-effects and prevented their clinical
application (Dische et al., 1982). Because of the much lower doses needed, it was soon
proposed that these agents could, in trace amounts, be used as hypoxia markers and the
use of radiolabelled nitroimidazole-based compounds for the imaging of hypoxia was
proposed by Chapman as early as 1979 (Chapman, 1979).
While new, non-nitroimidazole hypoxia markers are emerging, for these historic
reasons, most of the currently available PET hypoxia tracers belong to the group of
nitroimidazole compounds. Nitroimidazole compounds have a common structure based
on the imidazole ring which is a 5-membered planar nitroheterocycle (Figure 5).

Figure 5– a) Imidazole ring structure and the b) nitro-imidazole

Nitroimidazole-based compounds enter the cell by free diffusion in which the
compound’s lipophilicity plays a crucial role. The more lipophilic the compound the
more easily it crosses the cell membrane. The hypoxia specific binding of these
compounds is achieved by intracellular reduction which, in normoxic conditions, is
quickly reversed. In the absence of oxygen, however, the compound remains in its
reduced state and undergoes further reductions resulting in highly reactive products
(Workman, 1992). These, in turn, bind to intracellular macromolecules, probably to
DNA (Edwards, 1993). However, the precise mechanism is not yet entirely clear.
[18F]FMISO
The nitroimidazole was further developed to achieve better pharmacokinetic and
pharmacodynamic properties, and several compounds have undergone the early stages
of testing. Of these, the most extensively studied PET tracer is 18F-labelled
fluoromisonidazole ([18F]FMISO) (Lee & Scott, 2007). [18F]FMISO has been studied
in animals as well as in humans and is currently the most widely used PET hypoxia
tracer (Figure 6).
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Figure 6 – The imidazole-derived structure of FMISO.

FMISO has several unfavourable characteristics that limit its performance as a hypoxia
PET tracer, the most important of which are the relatively fast metabolism of the
compound and the relatively slow tissue penetration (Krohn et al., 2008). Due to the
resulting relatively low signal-to-background ratios, it has not fully satisfied the needs
of researchers and clinicians. Since these two important drawbacks are believed to be
modifiable the search for better hypoxia-imaging agents has resulted in a growing
number of nitroimidazole-based hypoxia-imaging agents.
[18F]FETNIM
[18F]Fluoroerythronitroimidazole or [18F]FETNIM is a nitroimidazole compound that
has been intensively studied as a potential hypoxia PET tracer in the Turku PET
Centre. Due to its low log P value it was believed to have less non-specific binding and
more favourable biodistribution than other more lipophylic compounds. This was
partly confirmed in preclinical studies where lower uptake was observed in all normal
tissues and, in particular, in subcutaneous fat tissue (Gronroos et al., 2004a).
Unfortunately, clinical studies showed that tumour uptake of [18F]FETNIM is governed
primarily by blood flow and only a weak correlation between [18F]FETNIM uptake in
tumours and clinical outcome could be demonstrated (Lehtio et al., 2004).
[18F]FETA
Etanidazole or ETA has been used primarily as a hypoxia sensitizer for radiation
therapy (Overgaard, 1994; Lee et al., 1995; Brown et al., 2010). Due to its lower
LogP-value it was, similarly to [18F]FETNIM, suggested that it might serve as a better
hypoxia tracer than [18F]FMISO. The first synthesis was reported in 1997 (Tewson,
1997). Subsequent animal studies confirmed that the non-specific uptake in most
tissues is similar to that of FMISO; however, the uptake in liver and lung was lower
compared to FMISO, and the compound is also more stable with less metabolite
formation (Rasey et al., 1999). In the same study the authors were also able to show an
oxygen-dependent level of binding in rodent cell lines, suggesting that it might be
potentially suitable as a clinical hypoxia marker. These findings were confirmed by
Barthel et al. (Barthel et al., 2004).
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[18F]FAZA
Azomycin arabinoside or AZA is a nitroimidazole compound that has been shown to
have more favourable biokinetic properties than FMISO. As a gamma camera/SPECT
tracer it was initially developed in a radioiodinated form as [125I]IAZA (Mannan et al.,
1991). For PET applicationes 125I was initially substituted by 124I (Urtasun et al., 1996).
However, due to its more favourable imaging characteristics 124I was exchanged for
18
F. Mostly due to its faster background clearance, [18F]FAZA was found have better
biokinetic properties and higher tumour-to-background uptake ratios compared to
FMISO. However, this only seems to be the case in mice, but not rats (Piert et al.,
2005; Reischl et al., 2007). It has, for example, been used in several tumour models
(Busk et al., 2008; Picchio et al., 2008), as well as human studies (Garcia-Parra et al.;
Maier et al., 2011), and is still considered to be a potential candidate for substituting
FMISO in clinical applications.
With the shortcomings of most of these tracers in mind, a new group of etanidazole-based
compounds, EF1 (2-(2-nitroimidazol-1-[H]-y)-N-(3-flouropropyl)acetamide) (Evans et al.,
2000), EF3 (2-(2-nitroimidazol-1-[H]-y)-N-(3,3,3-tryflouropropyl)acetamide) and EF5 (2(2-nitroimidazol-1-[H]-y)-N-(2,2,3,3,3-pentaflouropropyl)acetamide) has been developed
with the intention of improving tissue penetration by increasing lipophilicity and decrease
non-specific binding by the resulting faster clearance from non-hypoxic tissues, potentially
resulting in increased tumour-to-background ratio.
[18F]EF3
2-(2-nitroimidazol-1-yl)-N-(3[18F],3,3-trifluoropropyl)acetamide or EF3 is a similar
compound to FMISO with a slightly different structure and higher lipophilicity,
belonging to the subgroup of etanizols (Busch et al., 2000). Based on the results of its
preclinical testing in tumour models, it was believed that it might potentially offer
improved biokinetic and hypoxia-imaging properties compared to FMISO (Mahy et al.,
2004). 18F-labelled EF3 was recently tested in humans and demonstrated that the
tumour-uptake dynamics were slower compared to FMISO, and that the maximum
uptake was significantly lower than that of [18F]FMISO. The authors therefore
conclude that while it is suitable for use as a PET tracer, its hypoxia-imaging properties
are not superior to those of [18F]FMISO (Dubois et al., 2008).
2.3.4.3 [18F]EF5
The slow tissue penetration is a significant problem in the case of FMISO also because
of its relatively fast metabolic decay and due to the time restrictions posed by the
relatively short half-life of radionuclide labels in PET. This was in part addressed with
the development of FAZA; however, only improved wash-out kinetics were observed,
while tissue penetration remained problematic. EF5 (Figure 7) with its very high
lipophilicity and LogP-value is an additional step, aimed at specifically improving
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tissue penetration because of which it was hypothesised to have imaging properties
superior to thos of FAZA (Dolbier et al., 2001; Koch et al., 2001; Ziemer et al., 2003).

Figure 7 – 2-Nitroimidazole-based structure of EF5

The compound has been developed both as a biopsy-based (Evans et al., 2006) and a
PET-based agent. Radiolabelled [18F]EF5 has been synthesized by Dolbier et al.
(Dolbier et al., 2001), as well as in our centre (Eskola et al., 2011). Due to its
lipophilicity, the tracer is expected to have a faster and more uniform tissue
distribution. A potentially limiting step remains of course the relatively slow nature of
the hypoxic trapping common to all nitroimdazoles; however, this can most likely not
be modified with this family of drugs. The biodistribution of the PET tracer and the
comparison of the uptake of the 18F-lebelled compound to the distribution of binding of
the cold EF5 have shown that the high lipophilicity and the compound’s high level of
stability ensure even distribution in the body and make it very suitable for clinical
applications (Koch et al., 2010).
[18F]HX-4 – Recently, a new hypoxia tracer, 2-nitroimidazole nucleoside analogue
[18F]HX-4 has been presented and suggested as a potential hypoxia PET tracer (Doss et
al.). It is a result of the novel, “click chemistry” approach aimed towards a generation
of compounds with preferred pharmacokinetic and clearance properties. Click
chemistry is based on the concept of modular units joined by standirdized reactions to
form the final product/compound. This enables fast generation of new molecules with
the desired properties. Initial results in a rat rhabdomyosarcoma tumour show some
uptake which seems to be governed by the level of oxygen in the tissue (Dubois et al.).
The first results of human studies and correlations with current hypoxia tracers have
recently been presented with similar uptake T/M values to those of [18F]FMISO (Chen
et al., 2012) in head and neck cancer. The authors of the study, however, speculate that
[18F]HX-4 might have higher sensitivity and specificity, faster clearance, and shorter
injection-acquisition time compared with [18F]FMISO, making the compound a
superior PET tracer for in vivo use. These assumptions, however, would have to be
verified in a larger study.

37

LITERATURE REVIEW
2.4.4.4 Other compounds
[64Cu]ATSM – Copper(II)diacetyl-di(N4-methylthiosemicarbazone) or ATSM is a
copper-bisthiosemicarbazone complex that was designed and synthesized with the
intention of creating a hypoxia marker (Dearling et al., 1998). With its low redox
potential and high membrane permeability it was shown to have a high hypoxiaspecific binding in tumour cells (Obata et al., 2001). Its low redox potential means that
the process of reduction and intracellular trapping is enzymatically controlled. It has
been demonstrated that the pO2 threshold for initiation of cellular retention is lower for
Cu-ATSm than for FMISO (Lewis et al., 1999; Lewis et al., 2001).
Initial clinical data obtained from non-small-cell lung cancer and in cervical cancer
suggested that it could be used for hypoxia detection in a clinical setting (Dehdashti et
al., 2003a; Dehdashti et al., 2003b). However later studies demonstrated that the
uptake correlated with perfusion and not hypoxia, and that the uptake did not decrease
after the administration of carbogen throwing a shadow on the compounds ability to
detect hypoxia (Yuan et al., 2006).
Recently, a slightly different compound, generator-based 62Cu-ATSM (t1/2 = 9.7 min)
has been presented (Wong et al., 2008) and used with the intention of detecting brain
ischemia and misery perfusion, defined as decreased cerebral blood flow and decreased
ratio of cerebral blood flow to blood volume in the brain typically associated with
blood vessel disease (Isozaki et al., 2011). The uptake of the same compound also
seems to have a negative correlation with FDG uptake and a prognostic value in head
and neck cancer (Okazawa et al., 2011)
[89Zr]cG250-F(ab’)2 – The above-mentioned G250 IgG is a monoclonal antibody
against CA IX (Oosterwijk et al., 1986). Due to the correlation of the expression of CA
IX with hypoxia it has been hypothesised that it might be used as a hypoxia marker in
in vivo studies. Recently, this compound has been labelled with 124Iodine for PET use
(Lawrentschuk et al., 2011; Pryma et al., 2011) showing promising results. Labelled
with 89Zr (t1/2 = 78.4 h) it was recently tested in an animal model for head and neck
cancer. The authors established that the uptake of the tracer demonstrates a significant
level of correlation with CA IX expression has favourable tumour uptake
characteristics, and might be suitable for use in humans. The authors suggest that the
concept shows promise and further studies are warranted (Hoeben et al., 2010).
The field of hypoxia imaging is currently in the focus of intense research and a large
number of new candidate compounds are being presented.
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2.4

HEAD AND NECK CANCER

Head and neck cancers (HNCs) form a group of malignant neoplasms of the lip,
tongue, oral cavity, salivary glands, and pharynx (ICD-10 C00-C14) as well as the
larynx (ICD-10 C32) and nasal cavity with paranasal sinuses (ICD-10 C30-31).
Around 90% of all HNCs are squamous cell carcinomas (HNSCC). According to the
Finnish cancer registry, 724 new cases (470 male and 254 female) were diagnosed in
Finland in the year 2009 with the vast majority of cases occurring after the age of 50
(http://www.cancer.fi/syoparekisteri/en/). This represents 2.5% of all new cases of
cancer in Finland. Due to its relatively high therapy-response rate, it accounts for a
relatively small part of cancer-related deaths; 250 deaths due to HNC were registered
in 2009. Treatment is based on surgery and/or chemoradiotherapy with both having a
curative potential.
According to the European Cancer Observatory (http://eco.iarc.fr/), europewide (EU
27) 95,367 new cases of HNC and 39,960 deaths due to HNC were registered in 2008.
According to Siegel et al. (Siegel et al., 2012), squamous-cell head and neck cancer
(HNSCC) with its estimated yearly incidence of 40,250 in 2012 accounts for about 3%
of all adult malignancies in the USA. Despite advances in therapy, an estimated 7,850
patients will die in the US of this disease this year.
The main risk factors for the development of HNSCC are tobacco and alcohol, which
combined account for around 75% of all cases of HNSCC (Conway et al., 2009).
Conway et al. have also shown that a family history of HNSCC plays a role in the
developing of the disease, thereby confirming the (epidemiologically minor) role of
genetic background in HNSCC. The role of Epstein-Barr virus aetiology of HNSCC
(nasopharingeal cancer) has been known for many years (Raab-Traub, 2002). The role
of this virus also to some extent explains the higher incidence of HNSCC in south-east
Asia compared to the rest of the world. Recently, a connection between human
papilloma virus (HPV) and HNSCC (manly oropharingeal cancer) has been confirmed
(Mehanna et al., 2010), and a lot of attention has been focused on understanding the
role of HPV in the etiology of HNSCC. This is particularly interesting since the HPVrelated HNSCC is from an epidemiological (most cases younger non-smokers) and
clinical point of view a distinct entity with a better prognosis (Ang et al., 2010), and as
such it may shed new light on the mechanisms underlying the development of HNSCC.
HNSCC has also been at the centre of intense investigation for reasons related to its
physiology. Several studies have, namely, demonstrated that HNSCC is among the
solid tumours with high levels of hypoxia (Vaupel & Mayer, 2007), and that hypoxia
has a significant effect on the prognosis of this disease (Nordsmark et al., 2005). The
high prevalence of detected hypoxia as compared to other malignant tumours might be
explained in part by the relatively easy accessibility of HNSCC which, in turn, enables
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the use of invasive methods for detecting/measuring hypoxia. As such, HNSCC serves
as a good model for studying the phenomenon of tumour hypoxia and its impact on
resistance to therapy and disease prognosis.

2.5

PANCREATIC TUMOURS

On the basis of their pathological properties, malignant tumours of the pancreas can be
divided into adenocarcinoma, inflammatory tumours, cystic neoplasms, and
neuroendocrine tumours (NET). By far the most common of these is ductal
adenocarcinoma, a very aggressive tumour with very poor survival rates. It spreads
locally early in its development, but also distant spread is quite common for larger
tumours. Others, while still malignant, are less aggressive (Li et al., 2004).
In 2012, it is the 10th most common newly diagnosed cancer in the USA among men
and women, representing roughly 3% of all new cancer cases. As already mentioned it
has a very high death rate and while an estimated 43,920 new cases will be diagnosed
in USA in 2012, 37,390 people will die in the same year due to this disease (Siegel et
al., 2012).
In Finland, 1,021 new cases (508 females and 513 males) of pancreatic malignancies
were diagnosed in 2009, which represents about 3.6% of all new cases of malignant
proliferative disease (http://www.cancer.fi/syoparekisteri/en/). This makes pancreatic
cancer the 9th most common cancer according to incidence in Finland. In the same year,
1,004 deaths due to this disease were registered and due to its high mortality rate, it is the
3rd most common cancer type when it comes to cancer-related deaths. According to the
Finnish Cancer Registry, the incidence of pancreatic cancer will have a slightly
increasing tendency in the near future. These numbers also demonstrate the very high
mortality rate typical for this malignancy with only 3 % of the patients still alive 5 years
after the diagnosis (http://www.cancer.fi/syoparekisteri/en/statistics/newest-survivalratios/).
Europewide (EU 27) the incidence of pancreatic cancer was 69,661 (9.9/100,000) and
the mortality 71,116 (9.9/100,000) in 2008 (http://eco.iarc.fr/).
The well known risk factors are tobacco smoking, alcohol, family history and chronic
pancreatitis. Renehan et al (Renehan et al., 2008) have recently identified obesity as an
additional independent risk factor for the development of the disease.

2.5.1 Imaging of Pancreatic Tumours
The objective of imaging is not only to confirm the presence of a pancreatic lesion, but
also to characterize these lesions: benign, premalignant, or malignant. The potential
treatment depends also on the local and distal spread of the disease in the case of
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malignant lesions. In the case of benign lesions, there is also the possibility of
endocrine activity and in this case surgical treatment is warranted as well.
This differentiation is also aided by the molecular markers and biochemical analyses.
The most common marker associated with pancreatic adenocarcinoma is Ca 19-9
which has been observed to be elevated in about 80% of pancreatic cancers (Gattani et
al., 1996). As it also elevated, for example, in hepatocellular carcinoma, gastric
carcinoma and ovarian cancer, it does however lack specificity with values reported as
low as 43% (Ni et al., 2005).
Among imaging modalities used in the diagnosis of pancreatic lesions are ultrasound,
MDCT, MRI, and PET. Both MDCT and MRI are well established tools for the
diagnosis of pancreatic lesions.
Due to its wide availability and fast scanning times, (Contrast Enhanced) CT is the
first-line imaging modality when pancreatic pathology is suspected. The administration
of intra-venous contrast agents combined with the fast imaging protocols allows image
acquisition during the venous as well as the arterial phase in the course of a single
session. Typically, pancreatic tumours have a slower uptake of contrast agents than the
surrounding pancreatic tissue making them appear hypo-dense. This is indicative of
lower vasculature compared to the highly perfused normal pancreas. However, this is
not always the case and in around 10% of pancreatic malignancies an iso-dense pattern
is observed. In this case indirect signs have to be identified (ductal dilatation or
interruption, atrophy of the tail or abnormal shape of the pancreas) (Prokesch et al.,
2002).
MRI, on the other hand, is most often used as a second-line imaging tool in the cases of
unclear findings in CT. As MRI imaging in general has become more technically
sophisticated and complex, also MRI imaging of pancreatic lesions has advanced.
Particularly with the use of stronger magnetic fields, improved coils and application of
gadolinium-based contrast agents, important steps forward have been made. Typically,
pancreatic tumours appear hypo-intense in T1 weighted, and iso-intense or rarely
hyper-intense in T2 weighted images (Sahani et al., 2008).
A meta-analysis of 68 CT and MRI studies concluded that for primary diagnosis,
sensitivities of helical CT, conventional CT, MRI, and US were 91%, 86%, 84%, and
76% and specificities were 85%, 79%, 82%, and 75%, respectively, with sensitivities
for MRI and US being significantly lower than that of helical CT (Bipat et al., 2005).
In their extensive review of pancreatic cancer imaging, Schima et al (Schima et al.,
2007) also onclude that MDCT is the method of choice for detecting and staging
pancreatic cancer, while contrast-enhanced MRI has a role as a problem-solving tool in
patients with equivocal findings on CT.
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2.5.2 PET(CT) Imaging of Pancreatic Tumours
As has been the case with many other malignancies, PET has emerged as a promising
imaging method also in pancreatic cancer.
Avid uptake of [18F]FDG in pancreatic cancer was demonstrated in the 1990s (Reske et
al., 1997) and, since then, PET has been studied extensively particularly in the primary
diagnosis of pancreatic adenocarcinoma (for a recent extensive review see (De Gaetano
et al., 2012)).
However, the sensitivity of [18F]FDG PET has been repeatedly demonstrated to be
similar to that of CE CT. In one of the earliest studies, Bares et al. (Bares et al., 1993)
have found it to be 92% versus 95% for CT. Later, Keogan et al. (Keogan et al., 1998)
confirmed this with a sensitivity of 88% for PET versus 75% for CT. Also Diederichs
et al. found in a much larger prognostic study (Diederichs et al., 2000) sensitivies of
88% for both PET and CT. Also several other larger studies, among them Kasperk et
al. (Kasperk et al., 2001) and Lytras et al. (Lytras et al., 2005) found sensitivity and
specificity values for diagnosis of pancreatic adenocarcinoma to be comparable to
those of CT, while Borbath et al. found these values to be comparable to those obtained
using MRI (Borbath et al., 2005).
With the onset of hybrid PET/CT imaging these results had to be re-examined since it
was expected that the addition of CT would have a significant impact on the diagnostic
accuracy of the modality (Wahl, 2004). In line with this development, several
retrospective and a few prospective studies have been conducted. Some of these studies
confirmed the high diagnostic accuracy of [18F]FDG PET/CT (Lemke et al., 2004;
Schick et al., 2008), while others found the combined PET/CT significantly
outperformed CT alone (Farma et al., 2008). This improved performance of PET/CT
has been confirmed in a recent study by Asagi et al. (Asagi et al., 2012). This
development has led Strobel et al. to suggest that [18F]FDG PET/CT could indeed
become the only required imaging modality in the assessment of resectability of
pancreatic cancer (Strobel et al., 2008).
These high sensitivity and specificity values, however, have not been obtained in
neuroendocrine tumours (NET) of the pancreas. [18F]FDG is only taken up by more
aggressive NETs with high proliferation rates and low levels of differentiation (Sundin
et al., 2007). In these cases other, more specific tracers, such as [18F]DOPA have been
shown to be more successful (Rufini et al., 2012).
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2.6

CLINICAL IMPORTANCE OF TUMOURAL
MICROENVIRONMENT

As already mentioned, the microenvironment plays a crucial role in the susceptibility
of tumours to therapeutic attempts to eradicate them. This is a consequence of factors
directly influencing tumour growth as well as factors influencing the efficacy of
therapy.
Hypoxia has been repeatedly associated with more aggressive tumour phenotype and
has a negative prognostic value also in head and neck cancer (Brizel et al., 1997;
Nordsmark et al., 2005). Blood flow, on the other hand has a more complex role in
that, on one hand, normal blood supply is necessary for the effectiveness of chemoand radiotherapies, while, on the other hand, normal blood flow also enables the
development and growth of tumour tissue. For this reason different strategies are being
developed to overcome this obstacle.

2.6.1 Chemotherapy
Targeting malignant tumours with chemical agents depends greatly on the ability of the
agent to reach the target cells. For this reason, tumour vasculature and blood flow play
crucial roles in the effectiveness of chemotherapies regardless of their mechanisms of
action.
Dysfunctional angiogenesis while being part of the cause of these problems on one
hand can also be part of the solution on the other. This is particularly true for the overexpression of vascular growth factors and, in particular, vascular endothelial growth
factor (VEGF). This is well demonstrated by bevacizumab, a monoclonal VEGF-A
inhibitor, which has been shown to be effective in some type of colorectal cancers
(Tappenden et al., 2007) and gliomas (Burkhardt et al., 2012).
Another approach receiving a great deal of attention is the use of hypoxia-activated
prodrugs. This mechanism is based on controlled enzymatic reduction of prodrugs in
hypoxic cells, resulting in active cytotoxic agents. In normoxic conditions, the reduced
compound is usually re-oxidezed by oxygen. An important requirement is of course
that the reduced compound is more toxic than the initial prodrug (for an extensive
review see (Wilson & Hay, 2011)).
This characterist of hypoxic activation was first observed in the 1960’s for the drug
mitomycin C and other quinone compounds (Bachur et al., 1978). This property of
hypoxic reductive activation has been demonstrated for five chemical moieties: nitro
groups, quinones, aromatic N-oxides, aliphatic N-oxydes, and transition metals (Chen
& Hu, 2009). Very few compounds have made it to the clinical testing stage and the
first results of phase III clinical trials have only recently been presented. Most
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experiments have been made using aromatic N-oxydes and 2-nitroimidazoles of which
Tirapazamine and TH-302, respectively, are the best known representatives (Brown,
1993; Weiss et al., 2011).
Tirapazamine is the best known of these compounds and has been tested extensively in
preclinical conditions. In 2006, the first results demonstrating the ability of the PET
hypoxia probe [18F]FMISO to identify tirapazamine-sensitive tumours were published
(Rischin et al., 2006). The success of tirapazamine treatment was later not confirmed in
a larger phase III study by the same group. In this study, however, the important
[18F]FMISO-based stratification was not used (Rischin, 2010).
In addition to tirapazamine, a nitrobenzamide mustard prodrug PR-104A and several 2nitroimidazole-based compounds have recently entered clinical testing and
encouraging results have been reported.
PR-104 has been tested quite extensively in a preclinical setting (Guise et al., 2007;
Patterson et al., 2007; Houghton et al., 2011) as well as in humans (Jameson et al.,
2010), and currently the first phase-I trial results are being reported (McKeage et al.,
2011; McKeage et al., 2012).
Also two 2-nitroimidazole compounds, TH-302 (Liu et al., 2012; Sun et al., 2012) and
CEN-209 (Hunter et al., 2012; Wang et al., 2012) are currently showing promising
potential and are entering clinical testing.
This is an exciting and very rapidly evolving field; however, results of larger clinical
trials are still awaited and judgement on the efficacy of such treatments has yet to be
passed. The fast evolution of the field, nevertheless, only emphasises the need for pretreatment identification of hypoxic tumours.

2.6.2 Radiotherapy
Radiotherapy used in cancer treatment works by damaging the cell’s DNA. The
damage can be caused directly by photons or indirectly by charged particles or free
radicals. Direct damage is produced by photons hitting DNA and causing either singlestrand breaks or double-strand breaks. Most single-strand breaks can be, and most
often are, successfully repaired by the cell’s DNA repair mechanisms. Double-strand
breaks, on the other hand, are more damaging to the cell, since repair mechanisms do
not have a repair template provided by the opposing, intact DNA strand, and are
therefore unable to repair them. These double-strand breaks, however, are very rare.
In general, the damage caused by radiation can be classified into lethal, sub-lethal, and
potentially lethal. While lethal damage causes instant cell death, sub-lethal changes
cause delayed cell death, but only if they could not have been successfully repaired.
Potentially lethal damage to DNA, on the other hand, does not cause direct cell death,
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but instead causes damage that is initially repairable, but results in genotype mutations
that later change the cell’s functionality.
Most of the damage caused by radiation is produced indirectly by free radicals through
interaction of radiation photons and small molecules in the cell, in most cases water,
the most abundant molecule in the cell. A proton is knocked from the water molecule
by the photon, producing highly reactive hydroxyl radicals. These free radicals react
with DNA (and other macromolecules) and thereby damage it. This damage, however,
accumulates with time and only becomes obvious when cells are unable to produce a
vital protein or are unable to pass through the process of division. By binding to the
exposed reactive sites and thereby stabilizing or “fixing” them, reactive oxygen
radicals play an important role in the accumulation of DNA damage caused by free
radicals by preventing the repair of this damage, thereby making it permanent.
Consequently, cells in an anoxic (complete absence of oxygen) environment are almost
three times more resistant to radiation damage than cells in the presence of oxygen
(Steel, 2002). As described above, hypoxia is a common phenomenon in malignant
tumours and oxygen or more precisely the lack of it has been at the centre of oncologic
research ever since Thomlison and Gray pointed to its potential role in radiotherapy
(Thomlinson & Gray, 1955).
For this reason, different strategies for modifying the levels of oxygen in malignant
tumours have been investigated (Horsman & Overgaard, 2002). Since the level of
oxygen in tissue is dependent on the level of red blood cells, anaemia is usually
corrected before the start of radiotherapy, even though there no direct correlation
between anaemia and locoregional control in radiotherapy has been established. A
way of compensating for the lack of oxygen is the use of radiosensitizers, chemical
agents that, to some, albeit a lesser extent than oxygen, intensify the effect of radiation
on cells. These compounds accumulate in all, not only hypoxic, cells. During
radiotherapy they act in a similar fashion to oxygen by fixing the DNA strand breaks.
For this reason, they have no significant effect in normoxic tissues where the same role
is performed by oxygen. The best known radiosensitizer is misonidazole, a compound
from the large group of nitroimidazoles (Brown & Siim, 1996). Misonidazole has
shown promising results in cell cultures, but was less effective in clinical trials where
its usability was strongly limited by the compound’s pronounced neurotoxic effects.
Other compounds from the same group are metronidazole, nimorazole, and
etanidazole. This strategy was demonstrated to be beneficial in head and neck cancer in
some trials (Overgaard et al., 1998) and, in Denmark, it is even being used as part of
standard HNSCC treatment.
An additional strategy for overcoming the hypoxic barrier is the use of carbogen gas
(95% O2 plus 5% CO2) breathing during irradiation to combat the diffusion-limited
(chronic) hypoxia with the addition of nicotineamide, a vasoactive agent combating the
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acute or perfusion-limited hypoxia (Chaplin et al., 1990; Martin et al., 1993; Bussink
et al., 1999). A Danish study recently demonstrated that the use of nimorazole resulted
in improved outcome in patients with confirmed hypoxic tumours but not in patients
with normoxic tumours (Toustrup et al., 2012).
A way of turning the presence of hypoxia in tumours into a potential therapeutic target
is the use of hypoxic cytotoxins. These compounds are only toxic in an environment of
low oxygen concentration, where they are transformed into the effective, toxic form. A
very promising compound in this group was tirapazamine (Gandara et al., 2002). It
showed very good results when used in hypoxic tumours in the first clinical study
published in 2006 (Rischin et al., 2006). In 2010, the results of the same group
demonstrated that the use of tirapazamine, in patients with advanced head and neck
cancer not selected for the presence of hypoxia, does not improve the overall survival
of patients (Rischin et al., 2010). In addition, as in misonidazole, strong toxic effects
were observed that prevent it from being used on a larger scale.
Hypoxic toxins are a field of intensive research and new tirapazamine-related
compounds are being investigated for potential clinical applications. Some of these are
Q39 (Zhu et al., 2010), NLCQ-1 (Papadopoulou et al., 2011), and the most recent and
most promising agent, TH-302 (Sun et al.; Liu et al., 2012).
Nevertheless, the results of both tirapazamine (hypoxic toxin) and nimorazole (hypoxic
sensitizer) studies demonstrate the importance of selective use of these toxins in
hypoxic tumours and emphasize the role of pre-treatment hypoxia detection.
With the development of new radiotherapy techniques, the precision of dose delivery
has improved significantly and higher levels of radiation can be delivered to smaller
areas without affecting the surrounding tissues, thereby reducing the side-effects of
therapy. This higher dose can also be three-dimensionally moulded and the approach is
known as intensity-modulated radiotherapy or IMRT. Since hypoxic areas would need
higher irradiation doses to achieve the same therapeutic effect, IMRT could be
combined with imaging information on tumor microenvironment to identify the most
resistant/hypoxic areas of the tumour and, accordingly, to deliver higher doses to these
areas. This, currently only experimental approach is sometimes also refered to as “dose
painting” and will be discussed in more detail later.

2.7

INTEGRATION OF FUNCTIONAL IMAGING AND THERAPY IN
HNC

Delineation of dose delivery in radiotherapy has for a long time been based on the
morphological information provided by conventional imaging techniques, mostly on
CT. However, as discussed above, the role of functional characteristics (blood flow,
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metabolic activity, oxygenation, etc.) in diagnosis, prognosis and treatment response is
gaining importance, emphasising the need to incorporate this information into
treatment planning. However, the delivery of the therapeutic irradiation dose has been
to a great extent limited by the poor spatial resolution of the irradiation technology.
During the last decade, technical progress in this field, with the development of
intensity modulated radiotherapy (IMRT), has enabled a greater precision of spatial
dose delivery (Kuppersmith et al., 1999; Teh et al., 1999). With this possibility of
delivering higher doses of irradiation to particular areas of the tumours, the question of
functional tissue heterogeneity inside the otherwise morphologically uniform tumour
mass has emerged (Grosu et al., 2009). This, however, is an area where morphological
imaging cannot provide the necessary information, and functional target volume
delineation is gaining importance (Bentzen, 2005).
While the benefits of FDG PET/CT in diagnosing and particularly in staging HNC are
well established, its role in the planning of radiotherapy is far from simple (MacManus
et al., 2009). While it does provide good diagnostic sensitivity and specificity, its
integration into IMRT is rather complex (Koshy et al., 2005; Paulino et al., 2005). The
reliability of FDG PET/CT-based GTV-delineation compared to CT-based GTV
(current gold standard) varies greatly (Wang et al., 2006) making it hard to draw any
clear conclusions. This is mostly due to PET’s relatively low spatial resolution and
high noise in images which together make automatic volume definition or
segmentation very demanding (Thorwarth & Schaefer, 2010). Currently, the most
commonly used method is visual contouring of PET images; however this method has
a high level of inter-individual variability posing problems of repeatability and
reliability. To solve this problem, several different approaches have been developed
ranging from using fixed absolute (usually SUV of 2.5 (Hellwig et al., 2007)) or
relative (usually 40% or 50% SUVmax (Erdi et al., 1997; Ford et al., 2006) threshold
values through methods integrating background uptake values (Daisne et al., 2003) all
the way to very complex iterative segmentation methods (van Dalen et al., 2007) and
segmentation based on dynamic data (Janssen et al., 2009). The methods are also
reported to have greater correlation with histo-pathological findings (Daisne et al.,
2004) and applicability in fields of non-FDG PET imaging, particularly in hypoxia
imaging (Thorwarth et al., 2007).
Despite this great research interest, there is no clear consensus on the methodology and
the extent of FDG PET use in radiotherapy planning in HNC at the moment (Minn et
al., 2010). To achieve this, larger clinical studies with correlation to histological
findings and clinical outcome are needed (Thorwarth & Schaefer, 2010). Therefore, the
use of FDG PET is currently limited to smaller experimental projects and plays a
supporting role to CT-based contouring. A lot of work is still needed before it can be
routinely incorporated into therapy planning. The same is true for the use of other PET
tracers (such as hypoxia tracers) where the way to this goal is even longer (Astner et
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al., 2010; Thorwarth & Alber, 2010; Troost et al., 2010). However, as already
mentioned, a recent study emphasized that the effects of non-selective use of
radiosensitizers are insignificant, so identification of hypoxic tumours might be of
crucial importance for the success of such treatment (Rischin et al., 2010).
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OBJECTIVES OF THE STUDY

Microenvironment plays a crucial role in determining the phenotype of malignant
tumours and in the response of these tumours to therapy.
The purpose of this work was to investigate and develop new non-invasive PET
methods for imaging tumour blood flow, energy metabolism, and hypoxia and to
evaluate their impact on patient prognosis.
The specific aims of the four performed studies were:
1.

To
evaluate
2-(2-nitro-H-imidazol1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide (EF5) labeled with 18 F-fluorine to image hypoxia in patients with
squamous cell carcinoma of the head and neck (Study I).

2.

To non-invasively quantify the BF and metabolic activity of pancreatic tumours
using [15O] H2O and [18F]FDG PET/CT imaging, to compare these findings in
malignant tumours to those in normal pancreatic tissue and benign lesions, as
well as to assess the effects of these functional variables on the survival of
patients with confirmed cancer (Study II).

3.

To prospectively compare the accuracy of [18F]FDG PET/CT, MDCT and MRI
in the diagnosis, staging, and assessment for surgery in patients with suspected
pancreatic malignancy (Study III).

4.

To develop a simple non-invasive method of measuring blood flow (BF) using
[15O]H2O PET/CT for the head and neck area applicable in daily clinical
practice (Study IV).

5.

To determine the predictive value of pre-treatment PET/CT imaging using
[18F]FDG, the hypoxia tracer [18F]EF5, and the perfusion tracer [15O]H2O in
patients with squamous cell cancer of the head and neck treated with chemoradiotherapy (Study V).
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All studies were performed after approval by the Ethical Board of Turku University
Central Hospital and in accordance with the Helsinki Declaration. Informed consent
was obtained from each patient. Permission to use [18F]EF5 in human studies was
granted by the Finnish Medicines Agency (Fimea). Patients participating in these
studies were recruited through the Department of Oncology and Radiotherapy of the
Turku University Hospital (Studies I, III and IV) and the Department of Abdominal
Surgery of the Turku University Hospital (Study II).
In studies I and IV, 15 patients (11 male and 4 female) with newly diagnosed,
untreated HNSCC referred to Turku University Central Hospital for
chemoradiotherapy between December 2005 and January 2007 participated in this
study. The average patient age was 55.5 ± 14 years (24 – 77). Detailed information
about patients participating in studies I, III and IV can be found in Table 3.
Table 3 - Detailed information on patient demographics, tumour location, TNM, Stage, and
histological grade.
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In study II, 26 consecutive patients (14 male, 12 female, age 64.8±12.5 years) with
clinical suspicion of pancreatic malignancy were, prior to any treatment, prospectively
enrolled in the study between September 2006 and October 2007. Criteria for
enrolment in PET/CT imaging was a suspicion of malignant biliary stricture at ERCP
(n=15), or a suspicious pancreatic lesion on US or CT in a referring centre (n=11).
Validation of diagnosis was based on the findings at operation with biopsy (n=11),
operation without biopsy (n=4), percutaneous/cytological brush biopsy (n=2), autopsy
(n=1), or follow-up of a median of 20.1 months (range, 16-27 mo) (n=8). Patients were
divided into three groups as follows: Group A, no anatomical tumour (n=7); Group B,
benign lesion (n=8), and Group C, malignant pancreatic tumour (n=11). More detailed
information on patients in Group C can be found in Table 4.
Table 4 – Gender, age, and TNM status of patients with malignant lesions in Study II (Table
adopted from publication II).

In study III, out of a total of 40 enrolled patients with pancreatic cancer, 38 were
included in the final analysis. Of these patients, 26 also participated in study II.
Alongside the PET imaging all the patients underwent both comparative MDCT and
MRI imaging. The therapeutic work-up was performed according to the usual
procedures of our institution (Figure 8). Results of these imaging methods were
compared to operative and histopathological findings or follow-up.
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Figure 8 – The diagnostic work-up of patient participating in study III (Figure adopted from
publication III).

In study V, in addition to the 15 patients with HNSCC studied in study I, 7 new
patients were recruited according to the same inclusion criteria. For details see Table I
(Patients 16 – 22). In total, 22 patients were scanned and followed for a median period
of 40 months (range 3 – 53).

52

SUBJECTS

5

METHODS

5.1

POSITRON EMISSION TOMOGRAPHY

All studies were performed on a Discovery VCT PET/CT scanner (General Electric
Medical Systems, Milwaukee, USA) which combines a helical 64-slice CT scanner and
a Bismuth Germanate Oxide (BGO) block PET tomography. The PET scanner part
consists of 13 440 BGO crystals arranged in 24 rings yielding 47 transverse slices
spaced axially by 3.27 mm. The PET imaging field of view (FOV) was 70 cm in
diameter and 15.7 cm in axial length. Attenuation correction was performed using a
low-dose ultra-fast CT protocol (80 mAs, 140 kV, 0.3 mSv per FOV). The voxel size
of the PET image is 3.5 x 3.5 x 3.27 mm. The 128 x 128 matrix size was used in all
PET images. For detailed scanner performance data see Teräs et al. (Teras et al., 2007)

5.1.1 Tracer Production
5.1.1.1 [15O]H2O
A low-energy deuteron accelerator Cyclone 3 (IBA Molecular, Louvain-La-Neuve,
Belgium) was used for production of 15O. To synthesize radiowater for blood flow
imaging, a diffusion membrane technique in a constantly working water module was
applied (Radio Water Generator, Hidex Oy, Finland). For each examination, an online
radioactivity recording of products was performed using a low voltage ionization
chamber.
5.1.1.2 [18F]EF5
[18F]EF5
(18F--2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide) was synthesized from 2-(2-nitro-1H-imidazol-1-yl)-N-(2,3,3-trifluoroallyl)acetamide using high specific radioactivity 18F-F2 as the labelling reagent (Bergman &
Solin, 1997). The specific radioactivity of [18F]EF5, decay corrected to the end of
synthesis, exceeded 3.7 GBq/µmol. Radiochemical purity was higher than 98.5 % in
every production. For a more detailed description of [18F]EF5 synthesis see Eskola et
al. (Eskola et al., 2011).
5.1.1.3 [18F]FDG
[18F]FDG was synthesized from mannosyl triflate using a nucleophilic method.
Radiochemical purity exceeded 95% and specific radioactivity was approximately 74
GBq/μmol at the end of the synthesis.
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5.1.2 Imaging protocols
Study I - Measurement of tumour blood flow with [15O]H2O was followed by PET/CT
imaging with [18F]EF5. On a separate day, [18F]FDG PET/CT was performed. Both
studies were performed in random order within an average of 6 days (range, 1 -16
days). The sequence of events for the combined [15O]H2O [18F]EF5 study is shown in
the flow-chart (Figure 9).

Figure 9 – Time sequence of acquisition of [15O]H2O and [18F]EF5 images (Figure adopted
from publication I).

All patients fasted at least 6 hours prior to tracer injection. A venous line was inserted
in the forearm for injection of the tracer and another catheter was placed in the contralateral radial artery for the frequent blood sampling during the image acquisition.
Patients were positioned on the tomograph couch in supine position, arms alongside
the body, with a head support (combined [15O]H2O and [18F]EF5 study) or a custommade thermoplast mask used in radiotherapy (RT; FDG study) stabilizing the head.
The study began with CT imaging followed by an injection of [15O]H2O (median dose
1205 MBq or 16.8 ± 3.2 MBq/kg) and an immediate 6 minute dynamic emission image
acquisition. Arterial blood was withdrawn with a pump (Alitea, Stockholm; Sweden) at
a speed of 6 ml/min to obtain the input function. Blood radioactivity was measured
with an online detector (GE Medical Systems, Uppsala, Sweden). After the completion
of the [15O]H2O blood flow study, a slow (approximately 15 seconds) bolus of
[18F]EF5 was injected (median dose 250 MBq or 3.9 ± 1.5 MBq/kg). In six patients,
following the tracer injection, a set of dynamic images over 60 minutes was acquired to
demonstrate the early tracer distribution, after which patients were removed from the
scanner. Late images (2 frames of 300 s) were acquired at 2, 3, and 4 hours after the
tracer injection. Patients were allowed to relax quietly in the preparation room between
these late acquisitions.
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During the [18F]EF5 image acquisition, 28 blood samples were obtained through the
arterial catheter to measure the time-course of tracer concentration and presence of any
tracer metabolites in plasma. A total of 9, 14, 15 and 3 images were acquired at 1h, 2
h, 3h, and 4h post-injection, respectively.
The [18F]FDG study was performed according to the routine [18F]FDG protocol used
for RT planning in our centre (Minn et al., 2010). The median injected FDG dose was
369 MBq (4.8 ± 0.9 MBq/kg) and a static image was acquired approximately one hour
after the tracer injection.
In study II, all patients fasted at least six hours and their plasma glucose (GlcP) was
measured before the start of the acquisition. Measurement of tumour BF with [15O]H2O
was followed by PET/CT imaging with [18F]FDG. Patients were positioned on the
tomography couch in supine position, arms alongside the body. The study started with
CT imaging for attenuation correction followed by a bolus injection of [15O]H2O (mean
dose 1100±81 MBq, range 960–1280 MBq) and an immediate dynamic emission
image acquisition of 6 minutes (26 frames). After this the patient was removed from
the scanner. [18F]FDG images were acquired according to a standard diagnostic
scanning protocol 57±5 (range 49-70) minutes post-injection (mean dose 367±17 MBq,
range 316-386 MBq).
In study III, PET imaging was done using the Discovery [18F]FDG PET/CT STE
scanner (General Electric Medical Systems, Milwaukee, WI) at Turku PET Centre.
Patients fasted 6 hours before the study. Plasma glucose levels ranged from 5 to 11
(mean: 6.7 ± 1.8) at the time of intravenous FDG injection (366 ± 15 MBq).
Approximately 60 minutes after injection, static [18F]FDG PET/CT imaging in 3D
covering the upper torso from eyebrows to mid-thighs (3-minute emission
scan/position) started. Attenuation correction was performed using a low-dose ultra
fast CT protocol (80 mAs, 140 kV, 0.3 mSv/FOV). In addition, delayed PET emission
images of the upper abdomen were acquired at approximately 110 minutes. Transaxial,
coronal, and sagittal images for visual and semi-quantitative analysis of the data were
corrected for deadtime, decay, and photon attenuation, and reconstructed in a 128 x
128 matrix. Images were reconstructed using 2 iterations and 28 subsets with a 6.0 mm
FWHM postfilter and a fully 3D maximum likelihood ordered subset expectation
maximization reconstruction algorithm. Any focal tracer accumulation exceeding
normal regional tracer uptake was considered a pathological finding (tumour
manifestation). PET images were analyzed visually and semiquantitatively by
calculating mean and maximum standardized uptake values (SUVs) defined as the ratio
of activity per milliliter of tissue to the activity in the injected dose corrected by decay
and by patient’s body weight. The region of interest with a diameter of 1 cm (0.77 cm3)
was placed on the area of the lesion with the highest FDG uptake, and when there was
no uptake in the normal pancreas, the region of interest was placed on the region of
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suspected lesion based on referral. The retention index (RI) SUV was calculated from
the results of 1-hour (early scan) and 2-hour (delayed scan) imaging, according to the
following equation: RI = (SUV[delayed scan] – SUV[early scan]) x 100/SUV[early
scan].
In study IV, the same [15O]H2O images as acquired in Study I were used. Framing for
the dynamic image acquisition is as follows 12 x 5 s, 6 x 15 s, and 7 x 30 s.
In study V, [18F]EF5 images were acquired according to a simplified protocol only 3
hours after the tracer injection.

5.1.3 Image processing
In studies I, II and V, dynamic 2D [15O]H2O images were reconstructed using two
iterations, 20 subsets, a 6.0 mm FWHM (full-width half-maximum) postfilter, and a
5.47 mm loop filter.
Parametric blood flow images were calculated using the one-tissue or twocompartment model, which was linearized (Blomqvist, 1984). Lawson-Hanson nonnegative least squares analysis was used to solve general linear least squares functions.
The input function for the tissue was corrected for the measured external dispersion in
the tubing by deconvolution with an exponential function. The delay was corrected by
fitting the input curve into the measured tissue curve (Meyer, 1989; van den Hoff et al.,
1993).
[18F]FDG and [18F]EF5 images were reconstructed using two iterations and 28 subsets
with a 6.0 mm FWHM postfilter and a fully 3D maximum likelihood ordered subset
expectation maximization (ML-OSEM) reconstruction algorithm.
In study II, the [18F]FDG activity concentration values were corrected for radioactive
decay, and standardized uptake value (SUV) was calculated as SUV=activity
concentration in a ROI / (injected dose / body mass). The resulting values were
normalized to GlcP levels according to the formula SUV*(GlcP/5) [21]. Finally,
SUVmax normalized to GlcP was divided by BF to obtain the SUV/BF ratio.
In study IV, one invasively obtained (Blood-IF) and two non-invasive, populationbased curves were compared (SUV-IF and BSA-IF). The Blood-IFs were corrected for
physical decay. Equation 2 was used for the calculation of BSA (Mosteller, 1987).

BSA 

BM ( kg )  Height (cm)
3600

Equation 2
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In order to calculate the population-based curves (SUV-IF and BSA-IF), measured
activity curves were first converted to standardized uptake values (SUV) and BSAcorrected values according to equations 3 and 4, respectively.

SUV - IF 

BM ( g )  Activity( Bq / mL )
ID( Bq )

Equation 3

BSA - IF 

BSA ( m 2 )  Activity( Bq / mL )
ID( Bq )

Equation 4

These converted curves were realigned to ensure the same time position of the
ascending slope in all curves. Using these realigned curves, average SUV-IF and BSAIF curves were then calculated. The two curves were rescaled back to activity (kBq/ml)
values using each patient’s BM and injected dose (ID) in the case of SUV-IF and BSA
and ID in the case of BSA-IF.
The IFs of all three methods were individually corrected for tissue delay by using the
same tissue curve in all three cases. After delay correction, dispersion correction was
performed for each curve (Iida et al., 1986). BF images were calculated using a
linearized one-tissue compartment model (Blomqvist, 1984) using the three evaluated
input functions. The Lawson-Hanson non-negative method was used to solve general
linear least squares functions (Lawson & Hanson, 1987).

5.1.4 Image analysis
Study I
Calculation of Metabolically Active Tumour Volume (MATV), Hypoxic Subvolume
(HS) and percent hypoxic area (PHA)
The manufacturer’s proprietary software ADW (Advanced Workstation 4.3, GE
Healthcare, Buc, France) was used for the analysis of tumour volumes, uptake volumes
for FDG and [18F]EF5 tracers, and calculation of percent hypoxic area (PHA).
a) FDG images – Metabolically active tumour volume (MATV) was identified visually
on the basis of anatomical CT guidance and FDG accumulation. 3D regions of interest
(ROI) were positioned to cover the entire FDG-avid volume of the uptake region.
These ROIs were drawn manually in all planes in which the accumulation was visible
and then automatically summed to create one 3-dimensional ROI and obtain the
metabolically active tumour volume.
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b)[18F]EF5 images –ROIs generated from the FDG study were transferred to the
combined blood flow and [18F]EF5 study by carefully aligning the corresponding
image planes of the two PET/CT acquisitions using non-commercial research imaging
software (Vinci, Max-Planck-Institut für neurologische Forschung, Cologne, Germany;
http://www.mpifnf.de/vinci/). Using this software, we were able to draw equal-sized
ROIs and position them in the same portion of the tumour in images obtained with all
three tracers. [18F]EF5 tumour-to-muscle uptake ratios (T/M) at 1, 2, and 3 hours were
determined as the ratio between the resulting 3D tumour ROI and a large ROI covering
a dorsal neck muscle area contralateral to the tumour in three consecutive planes.
Maximum T/M for all time points was defined by comparing the highest activity in a
tumour ROI against a whole muscle ROI. In the 6 patients receiving dynamic [18F]EF5
scans, the same ROIs were applied throughout the long acquisition protocol. The
[18F]EF5-avid volume at 3 hours was determined using three arbitrarily selected T/M
thresholds: 1.4, 1.5 and 1.6, which were evaluated against the voxel-by-voxel
correlation between the blood flow and [18F]EF5 images (see below). The thresholds
formed cut-off values for 3D tumour regions presumably presenting significant
hypoxia within the MATV. The PHA was calculated by dividing the summed volume
of voxels above the selected T/M threshold by the MATV.
Analysis of Blood Flow Images, Correlation between [15O]H2O,[18F]EF5 and
[18F]FDG, Time Course of [18F]EF5 uptake
A comparative analysis of the global uptake of the tracers in the corresponding regions
of tumours was performed with Vinci software. The size and location of ROIs was of
particular importance in this comparative analysis, since a larger (MATV/FDG-sized)
ROI in [18F]EF5 and [15O]H2O images would result in much lower average values.
Under these circumstance, the information regarding the potentially different
localization of high-uptake areas inside the tumour could not be accurately extracted. A
ROI was therefore drawn according to visible [18F]EF5 uptake and then copied onto
FDG and [15O]H2O images for each patient. In case there was no visible sub-region of
[18F]EF5, the [18F]FDG image was used to determine the size and position of ROI in
[18F]EF5 and [15O]H2O images.
Voxel-by-voxel analysis was also performed in order to determine the relationship
between spatial distributions of tumour blood flow as measured by [15O]H2O scan and
[18F]EF5 uptake, presumably representing hypoxia. The co-localization of blood flow
and hypoxia images was the primary method used to validate an appropriate threshold
for calculation of PHA. The voxel-by-voxel analysis was performed using the freely
available open source image analysis tool AMIDE (Loening & Gambhir, 2003). Both
blood flow and hypoxia images were carefully aligned using the CT image, and an
identical ROI covering the whole tumour was positioned on both images. The
individual voxel values (including the localization information) were extracted from
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both images and the values for each voxel compared. [18F]EF5 tumour values were
divided by the average [18F]EF5 muscle value of the respective image to obtain T/M
ratios for each voxel. Voxel values for both tracers including all 18 lesions were
plotted on one graph to obtain an expression of the relationship between blood flow
and hypoxia in HNSCC, as evaluated with [15O]H2O and [18F]EF5 PET.
Study II
Images were analysed on computer using the same Vinci software as in study I.
Perfusion and [18F]FDG values for different tissues were obtained by positioning a
round 3-plane region-of-interest (ROI) with a diameter of 1 cm (0.77 cm3) on the area
of the lesion with the highest [18F]FDG uptake and copied onto the corresponding
region in the perfusion image using the CT image as anatomical reference. This was
facilitated by the good co-registration of PET and CT images from the PET/CT
scanner.
One example of the SUV/BF image (Figure 10) was calculated by careful realignment
of tumours in both images and re-slicing. To obtain the resulting ratio image, the
individual [18F]FDG SUV voxel values were divided by the BF values of voxels of the
same anatomical position in the BF image.

Figure 10 - Combined axial BF and [18F]FDG PET images superimposed on corresponding CT
slice in a patient with high-grade neuroendocrine carcinoma. Tumour located in the head of
the pancreas is indicated with white arrow. Note the differential pattern of regional uptake in
images representing metabolism ([18F]FDG), BF and the SUV/BF ratio illustrating the
incremental information provided by each functional measurement (Figure adopted from
publication II).

Study III
Diagnostic [18F]FDG PET images were qualitatively analysed using the scannermanufacturer’s own dedicated work station ADW (Advanced Workstation 4.3, GE
Healthcare, Buc, France), by the nuclear medicine specialist.
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Study IV
The parametric perfusion images were analyzed using Vinci software. Perfusion values
for tumour, cerebellum and muscle tissues were obtained by positioning a 3-plane
region-of-interest (ROI) over each tissue, identified using the corresponding patient’s
CT image. The tumour ROIs were positioned in order to cover the whole area of the
tumour visible on the CT image. The same size and position of ROI were used for each
of the three images from the same patient. The muscle values were obtained from the
dorsal neck muscles usually visible in the same image plane as the tumour, and the
cerebellum values from the part of the cerebellum in the field of view.
Study V
The perfusion images were calculated using the same compartment model and
methodology as in study I. In addition, [18F]EF5 and [18F]FDG images were coregistered with the CT-based radiotherapy treatment plan delineated by an experienced
oncologist.
To gain information about hypoxia, the tumour-to-muscle ratio 1.5 (T/M 1.5) was
determined. This was achieved by delineating the neck muscle on the [18F]EF5-CT
image, moving the ROI to the [18F]EF5-PET-image and inspecting the average activity
of the tissue ROI. This value was then multiplied by 1.5, and the resulting value was
regarded as the threshold of the hypoxic regions. Because the PET and CT images
were acquired subsequently with the same patient positioning, the images shared the
same DICOM coordinates and no image fusion was required.
The T/M 1.5 region was then delineated using the auto segmentation tool in iPlan 4.5
and the threshold value described above. After auto segmentation, an experienced
oncologist removed parts that were not pathological from the structure. The resulting
structure was regarded as the hypoxic area.

5.2

COMPUTED TOMOGRAPHY IMAGING

In study III, diagnostic abdominal MDCT with a dedicated pancreas protocol was
performed according to clinical routine. A 4-phase MDCT examination was performed
with a 64-slice PET/CT scanner (GE medical Systems, Milwaukee, WI) as follows:
non-enhanced MDCT of the upper abdomen with 5-mm section thickness and 5-mm
spacing. Intravenous contrast agent (Iomerol 400 mg/mL, 1.5 mL contrast/kg patient
weight) was administered at 3.5 to 4 mL/s, and arterial phase imaging of the upper
abdomen started half-automatically using the bolus tracking method. Arteriography
(CTA) and pancreatic parenchymal phase imaging were scanned with collimation of 64
± 0.625 mm, while venous imaging used 5 mm slice thickness and a scan area from
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above the diaphragm to below the symphysis. Tube voltage was 120 kV, while current
was determined individually using an automated modulation system.

5.3

MAGNETIC RESONANCE IMAGING

MRI of the pancreas and MRCP in study III were performed using a 1.5 T system
(Gyroscan Intera Nova Dual, Philips Medical System, Best, The Netherlands) with a 4channel SENSE-body surface coil. T1-weighted coronal and axial fast field (dual) echo
images were obtained. In addition, axial T2-weighted fat-saturated images and coronal
2D- and 3D-MRCP were acquired before contrast agent administration, all using a
turbo spin echo technique. Axial T1weighted fast field echo 3D-images of the pancreas
were obtained before and after administration of a routine dose of gadolinium contrast
media (0.2 mL/kg patient weight, Dotarem; Guerbet, Aulnay-sois-bois, France).
Dynamic contrast-enhanced imaging was performed in 3 phases (arterial, parenchymal,
and venous) concentrating on the pancreatic parenchyma.

5.4

STUDY ENDPOINTS

In studies II and V, statistical correlation of PET findings and clinical parameters was
performed.
Eleven patients in study III with pancreatic malignancy were followed for at least 13
months after the diagnosis, and five of these patients were alive at the time of analysis.
One patient with low-grade NET died due to complications related to surgery, and
therefore we excluded him from the survival analysis. The remaining ten patients were
divided into two groups using survival at 12 months after diagnosis as cut-off point.
In study III, the diagnostic accuracy of the PET studies was assessed by analyzing the
operative findings or histopathological reports and when these results were unavailable,
by consensus based on the other imaging procedures and follow-up examinations. Data
on primary tumour site and diameter were collected from the pathology reports and/or
operative findings and from other imaging studies. UICC TNM classification (Sobin,
2002) was assessed using findings from each of the imaging methods, and these were
compared with histopathological (pTNM) and clinical TNM classification. Analysis
and TNM classification of [18F]FDG PET/CT were based on consensus of two
independent observers (M.S. and S.K.) with no knowledge of the MDCT or MRI
findings. MDCT and MRI/MRCP images were interpreted blindly by an abdominal
radiologist from a different institute (I.RK). All the readers had the same referral
information on the patients. Validation of diagnosis was based on the findings at
operation without biopsies (n = 4), operation with biopsies (n = 19),
percutaneous/cytologic brush biopsies (n = 3), autopsy (n = 3), and follow-up (n = 9).
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Clinical TNM classification was based on the description of the tumour at operation or
on the histologic specimen.
In study V, overall survival and local control were used as the end-points. Local
control was defined as sterilization of primary tumour and/or metastases by
radiochemotherapy (RCT). Local relapse was determined. The overall survival was
calculated for the period between the first scan of the patient and the conclusion of the
follow-up period. The median follow-up time was 40 months (range 3 – 53).

5.5

STATISTICAL ANALYSIS

In study I, Student’s t-test was used to test the difference between the [18F]EF5 SUVs
at different time points. Pearson’s correlation coefficient was calculated to test the
correlation between the uptake values of different tracers.
In study II, Pearson’s correlation coefficient was calculated to test the correlation
between BF values of different parts of the pancreas. Unpaired Student’s t-test was
used to test the difference between SUVmax, BF values and SUV/BF ratio of normal
pancreas, benign, and malignant lesions. P<0.05 was considered statistically
significant. All statistical analyses were performed with Statview (version 5.0; SAS
Institute, Cary, NC).
In study III, sensitivity, specificity, positive predictive value (PPV), and negative
predictive value, as well as accuracy of [18F]FDG PET/CT, MDCT, and MRI were
evaluated. Specificity and sensitivity of PET for pancreatic tumour detection were
calculated using pathology results and clinical follow-up as the gold standard using a 2
x 2 contingency table. A McNemar test was performed to compare [18F]FDG PET/CT,
MDCT, and MRI findings. For the receiver operating characteristic (ROC) analysis,
sensitivities and specificities for different cut-off points were calculated within the
group of patients with pancreatic adenocarcinoma and patients with a benign tumour or
a normal pancreas. P < 0.05 was considered statistically significant. All statistical
analyses were performed with SAS (Version 8.2; SAS, Cary, NC).
In study IV, the input curves were compared in terms of area under the curve (AUC).
To create a slightly more detailed picture of the possible differences in the shapes of
the curves, AUC values were compared for the whole duration, the first 90 s, and the
period of 90-350 s.
After obtaining the BF values from the images, these were compared using the
Pearson’s correlation coefficient, and the difference between the values was compared
using the paired Student’s t-test. The agreement between the two non-invasive methods
and the Blood-IF method was tested using Bland-Altman analysis (Bland & Altman,
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2003). P<0.05 was considered statistically significant. All statistical analyses were
performed using StatView (Version 5.0; SAS Institute, Cary, NC).
In study V, the Shapiro-Wilk test was used to test the distribution of the data. Due to
the non-normal distribution of the data, Spearman correlation coefficients were
calculated to determine the correlations between the uptake of FDG, EF5, and blood
flow. The differences between the groups were determined using the non-parametric
Wilcox signed-rank test. For the survival analysis, the Log-rank test and the Cox
proportional hazards model were used. Positive predictive value (PPV) and negative
predictive value (NPV) of pre-treatment PET uptakes were calculated in the analysis of
localization of local relapses. Kappa-coefficient was calculated to determine the
relationship between the ideal and observed division between the groups of recurrent
and non-recurrent tumours. P-values of less than 0.05 were considered statistically
significant. SAS Version 9.2 software was used to perform the statistical tests (SAS
Institute Inc., Cary, NC).
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RESULTS

In study I (15 patients), a total of 18 lesions were identified and further analyzed.
These included 13 primary tumours and 5 lymph node metastases. In one patient (No.
2) only the lymph nodes could be imaged because the primary tumour was excised
prior to scanning. Additionally, in patient No. 12, a radiologically and clinically
undetectable, but histologically confirmed mass, designated as a T1 lesion in the base
of the tongue, was not seen on the FDG scan (nor the [18F]EF5 scan) and was therefore
excluded from quantitative analysis. Furthermore, FDG positive lymph node
metastases measuring < 1 cm in four patients were considered too small for
quantitative analysis and four more patients had undetectable nodal micrometastases
found only at elective neck dissection after RT.
As mentioned above in study II, 26 patients were divided into three groups as follows:
Group A, no anatomical tumour (n=7); Group B, benign lesion (n=8), and Group C,
malignant pancreatic tumour (n=11).
In studies IV (n = 15) and V (n = 22) only the primary tumours were included in
further analyses.

6.1

Blood flow of tumours of head and neck and of pancreas

In study I In all patients except No. 12 the primary or metastatic lesion was clearly
visible on both the blood flow ([15O]H2O) and FDG images (Figure 11).

Figure 11 - Examples of both PET and CT images for all three tracers for three patients.
[18F]EF5 images are obtained at 3 hours post injection. Arrow indicates the primary tumour
(Figure adopted from publication I).
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Tumour blood flow and uptake of [18F]FDG and [18F]EF5 are presented in Table 5
below.
Table 5 - Tumour blood flow, metabolism expressed as Standardized Uptake Value (SUV) of
FDG, and hypoxic fraction (PHA) as a percent of voxels above tumour-to-muscle uptake ratio
(T/M) = 1.5 three hours after injection of [18F]EF5. LN designates the lymph node metastasis of
the preceding patient (Table adopted from publication I).

* Patient No. 2 had the primary tumour excised prior to scanning
** The Input curve was lost due to technical difficulties
SUV = Standardized Uptake Value; PHA = Percent Hypoxic Area

The average mean blood flow measured in all analysed lesions was 41.3 ml/100g/min
(SD = 15.4) with median being 36.7 ml/100g/min and the range 23.3 – 78.6
ml/100g/min. When looking only at the primary lesions the average mean value was
40.3 ± 14.1 ml/100g/min (median 38.3).
In study V, we concentrated only on the maximum blood flow values. In the 22
analysed patients the mean blood flow of the primary tumours was 102.5 ± 52.2
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ml/100g/min with values ranging from 31.9 to 207.2 ml/100g/min. Median value was
92.8 ml/100g/min.
The results of average blood flow in malignant and benign pancreatic lesions, as well
as in normal pancreatic tissue obtained in study II are presented in Table 6 and
graphically in Figure 12.
Table 6 - Blood flow (BF) values for normal pancreas, benign lesions and malignant lesions, as
well as values for the non-tumoural part of the pancreas in the respective patient groups (Table
adopted from publication II).

Figure 12 – Blood flow values for normal pancreas, benign lesions, and malignant lesions, as
well as values for the non-tumoural part of the pancreas in the respective patient groups with
statistically significant differences indicated (Figure adopted from publication II).

6.1.1 Differences between the invasive and the noninvasive methods (Study
III)
In study III, the blood flow of 15 tumours, posterior neck muscles and cerebellum was
measured using three different methods. The invasive method was used as reference
method and the values obtained with it are equal to those obtained in study I.
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6.1.1.1 Individual input curves
Comparing the AUC of individual curves (as opposed to the compared average curves
above) of the three methods reveals, that on average, both non-invasive methods
slightly overestimated the peak values. The average percentage increase in the total
AUC of individual SUV-IFs and the corresponding Blood-IFs was 3.6% ± 19.9%,
while the total AUCs (from 0 to 350 seconds) of BSA-IFs were on average greater by
2.1% ± 14.8% than the respective Blood-IFs. This difference for the first 90 seconds
after injection, which represents the period of the peak value, was 4.7% ± 22.9% and
3.6% ± 18.2% for SUV-IFs and BSA-IFs, respectively. Slightly smaller average
differences were observed for the period from 90 to 350 seconds after injection (3.8%
± 21.0% and 2.0% ± 15.8% for SUV-IFs and BSA-IFs). As evidenced by the relatively
large SD values, the relative differences varied substantially.
Because of these substantial variations, we also performed basic correlation testing for
the AUC values (Figure 13). We observed fairly good correlations between the
invasive and the two non-invasive methods, with SUV-IF showing slightly steeper
slopes and BSA-IF stronger correlation coefficients. However, all the P-values were
below the limit of statistical significance.
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Figure 13 - Correlation of AUC of individual curves between the invasive Blood-IF method on
the X-axis and SUV-IF (left column) and BSA-IF (right column) on the Y-axis. Top row
represents the AUC for the whole duration of the study, the middle row the time from injection
to 90 s, and the bottom row the time between 90 s post-injection to the end of the study (Figure
adopted from publication IV).

6.1.1.2 Comparison of perfusion values
Due to their higher perfusion, tumours were clearly distinguishable from the
surrounding muscle tissue in the parametric perfusion images of all three methods as
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demonstrated in Figure 14. Also, heterogeneity within the tumours was clearly visible,
but this heterogeneity was not quantified.

Figure 14 - Sample images of one patient obtained using all three input functions. A clear
contrast between muscle and tumour tissue is visible, as well as intra-tumoural heterogeneity
(Figure adopted from publication IV).

The median and range of BF values for all three methods in the three analysed tissues
are presented in Table 7.
Table 7 - Median blood flow and range of values measured with the invasive (Blood-IF) and the
two non-invasive methods in all 15 patients (Table adopted from publication IV).

Graphical analysis of values obtained in all tissues indicates that both non-invasive
methods produce statistically significant correlations with the invasive method.
However, BSA-IF (R2=0.813 and P<0.0001) seems to perform slightly better than
SUV-IF (R2=0.786 and P<0.0001) (Figure 15). The paired T-test did not reveal any
significant differences between the values measured with the Blood-IF method and
those of the two non-invasive methods (P=0.259 for Blood-IF vs. SUV-IF and P=0.326
for Blood -IF vs. BSA-IF).
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Figure 15 - Blood flow values of all tissues obtained with both non-invasive methods (Y-axis)
plotted against the values obtained using the invasive method (X-axis). A tendency towards
greater scattering can be observed with the increasing values (Figure adopted from publication
IV).

Looking at the correlations for individual tissues, we noticed the strongest correlation
in resting muscle (Figure 16). In this tissue, both SUV-IF (R2=0.810 and P<0.0001)
and BSA-IF (R2=0.863 and P<0.0001) showed statistically significant correlations. In
contrast, in tumour and the cerebellum, only BSA-IF correlated significantly with the
gold standard of Blood-IF (tumour R2=0.307, P=0.032 and cerebellum R2=0.441,
P=0.007).
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Figure 16 - Scatter charts of non-invasively obtained values plotted against those obtained
invasively for tumour (top), muscle (middle), and the cerebellum (bottom). The correlation is
weakest for tumour tissue in both methods (Figure adopted from publication IV).

Plotting the relative difference against the mean value of the invasive method and
either SUV-IF or BSA-IF (Figure 17) did not reveal any value-dependent bias, as
indicated by extremely low correlation coefficients (R2=0.0007 for SUV-IF and
R2=0.0001 for BSA-IF) and highly insignificant P-values (P=0.863 for SUV-If and
P=0.937 for BSA-IF) in both methods. Also, BSA-IF performs slightly better than
SUV-IF with most values within 20% of the average.

71

RESULTS
We observed a similar, if somewhat weaker trend when looking solely at the tumour
tissue values (R2=0.0011 with P=0.905 for SUV-IF and R2=0.0018 with P=0.880 for
BSA-IF) (Figure 17, red dots).

Figure 17 - Bland-Altman plots depicting relative deviation of the non-invasive value from the
mean of both non-invasive method and the invasive method plotted against this mean value for
all values. The relative deviation does not change with the magnitude of the mean value as
witnessed by the low R2 and high P-value of their correlation. Red dots represent tumour values
(Figure adopted from publication IV).

6.2

Metabolic activity of pancreatic and head and neck cancer

The metabolic activity was studied using the [18F]FDG PET (Studies I, II, III and V).
Due to its simplicity and wide familiarity in clinical applications we used the semiquantitative method of standardized uptake value (SUV).
The results obtained in Study I are presented in Table 8.
The average maximum SUV (SUVmax) was 8.21 ± 4.22 g/ml with the range between
4.8 and 22.06 g/ml. Median SUVmax value was 7.72 g/ml. The average mean SUV
value (SUVmean) was 5.61 ± 2.85 g/ml with the range between 3.74 and 14.08 g/ml.
Median SUVmean value was 4.82 g/ml.
The results obtained in study V with the five additional patients and the total number of
22 are presented in Table 8 (all the PET values). The average SUVmax here was 12.56 ±
6.92 g/ml with the range between 2.97 and 32.66 g/ml. The median SUVmax value was
11.74 g/ml.
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Table 8 – All the PET values obtained in study V.

In study II, glucose metabolism of pancreatic benign and malignant lesions was
evaluated using SUVmax. The [18F]FDG average values obtained are presented in Table
9.
Table 9 - FDG values obtained in malignant and benign lesions of the pancreas, as well as
normal pancreatic tissue (Table adopted from publication II).

Average SUVmax for normal pancreas was 2.7±1.3 (range, 1.8 – 5.1). SUVmax values for
malignant lesions were significantly higher compared to those for normal pancreas
(P=0.01) or benign lesions (P=0.01). Instead, SUVs of benign lesions were not
significantly different compared to those for normal pancreas (Figure 18). The GlcP
values were 6.7±1.7, 5.6±0.6 and 7.1±1.8 mmol/L for patients with normal pancreas,
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benign, and malignant lesions, respectively. Only the difference between GlcP values
of patients with benign and malignant lesions was statistically significant (A vs. B,
P=0.11; A vs. C, P=0.61; B vs. C, P=0.03). To account for this difference, SUVmax was
normalized to GlcP levels as explained above. The GlcP-normalization had the
strongest effect on the statistical differences between groups A and B (non-GlcP
P=0.12), but less effect on other values. The time between injection of [18F]FDG and
start of imaging did not differ significantly among the three groups (A: 58.1±5.9; B:
56.5±3.0; C: 57.2±5.7 min, respectively).

Figure 18 - FDG values obtained in malignant and benign lesions as well as in normal
pancreas. Statistical significance of the differences is indicated above the bars (Figure adopted
from publication II).

6.3

[18F]EF5 (Studies I and V)

6.3.1 Dynamics of [18F]EF5 uptake and maximum T/M ratios
In the very early phase (minutes post-injection) we observed a pattern in the[18F]EF5
uptake resembling the [15O]H2O blood flow images. This was most likely due to the
high concentration of tracer in the blood and consequently also in the hyperperfused
areas of the tumours. The activity in these areas decreased over time and a slow but
steady increase of the activity in other tumour regions became visible (Figure 19).
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Figure 19 - Combined blood flow and early and late (3 hours from injection) [18F]EF5 images
(A) in patient No. 1 who presented with a right T4N0 base of tongue HNSCC. Note the
similarity of blood flow and early [18F]EF5 images (2 minutes from injection) showing a
doughnut-like appearance of tracer uptake in tumour. In contrast, the [18F]EF5 image obtained
3 hours post-injection shows uptake in the central, less perfused area. Time Activity Curves (B)
from the same tumour demonstrating the differential uptake kinetics of [18F]EF5 of the
peripheral (non-hypoxic) and central (hypoxic) parts of the tumour. In the well-perfused area,
initial uptake of [18F]EF5 is higher than in the more hypoxic area; after the first 15 minutes, the
reverse is the case. With the exception of the first 90-second image, the uptake in dorsal neck
muscle and arterial blood remains lower than that in both tumour parts throughout the 3-hour
acquisition time (Figure adopted from publication I).

We also observed a similar early-stage, presumably blood-flow-dependent, pattern in
tumours that did not show [18F]EF5 uptake at later time points.
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To determine the optimal imaging time point, we compared the [18F]EF5 T/M for all
the static emission image acquisition time points after injection (1, 2, and 3 hours)
(Figure 20).

Figure 20 – Maximum and mean [18F]EF5 T/M ratios over all static emission image acquisition
time points. Mean T/M ratios increase from 1 through 3 hours post-injection (A). Higher max
T/M ratio and lower mean T/M ratio at 4 h p.i., when compared to 3 h p.i. could be explained
by the increasing image noise (and decreasing overall image quality) (B) (Figure adopted from
publication I).

Due to a steady increase of T/M values from 1 to 2 hours (mean T/M p=0.005; max
T/M p<0.001) and from 2 to 3 hours (mean T/M p=0.01; max T/M p=0.005), a
decision was made to scan three additional patients at 4 hours post-injection. In these
three patients, we observed a small decrease in the mean T/M ratio (p=0.29), a small
increase in max T/M ratio when compared to 3 hours images (p=0.32, Figure 3b) and a
noticeable degradation of overall image quality.

6.3.2 Hypoxic sub-volume and Percent hypoxic area (PHA)
To determine the MATV, a “brush” tool was used and the entire visible tumour was
selected in all planes and summed. The average measured MATV was 9.02 cm3 (0.4 –
55.35 cm3). Because of to the lack of previous clinical experience using 18F-EF5, three
T/M thresholds were applied in the 18F-EF5 images. The volumes composed of voxels
above this threshold were considered hypoxic and these volumes varied with the
applied thresholds (Figure 21). The lowest threshold of 1.4 resulted in the largest HS
(average HS 48.9%; range 25% – 97%) such that 14 out of 18 tumours (78%)
displayed some degree of hypoxia. As expected, these values decreased with the
increased thresholds. For the threshold of 1.5, the average HPA was 30.5% (range 8% 87%) and the percentage of hypoxic tumours remained at 78%. With the highest
threshold of 1.6, the average HPA dropped to 16% (range 1% - 74%) and areas above
this threshold were found in 11 out of 18 lesions (61%). Comparison of individual
thresholds with the blood flow data depicted in Figure 5 supported the T/M threshold
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of 1.5 as representing clinically significant hypoxia, since all tumour regions with high
blood flow fell below this value.
In lesions with areas above the T/M ratio of 1.5, no correlation between the size of the
lesion and the HPA was observed.

Figure 21 - Comparison of percentages of tumour sub-volumes representing HPA using three
different T/M 18F-EF5 uptake threshold values. Metabolically active tumour volume (MATV) is
determined from FDG study performed on a separate day (Figure adopted from publication I).

6.4

Correlations between [18F]EF5 uptake, metabolic activity and blood
flow

Study I
The lesion uptake values for FDG and blood flow, as well as for [18F]EF5 at 3 hours
p.i. are shown in Table 8.
The global tumour uptake did not show significant correlation between any of the three
tracers although the patterns of regional uptake in the blood flow and early [18F]EF5
images were similar. Voxel-by-voxel analysis revealed a complex picture of the
relationship between tumour blood flow and tumour hypoxia, as monitored by
[18F]EF5. Three visually distinct trends were observed. All regions with high blood
flow had T/M <1.5 (Figure 22, region A) and showed a positive correlation between
blood flow and [18F]EF5 T/M (R = 0.621, P<0.0001). In regions with blood flow
values less than 30 ml/100g/min (Figure 22, region B), we observed a negative
correlation (R = -0.042, P=0.259) between blood flow and [18F]EF5 T/M. Between
these two expected extremes (Figure 22, regions C), blood flow and hypoxia increased
at approximately the same rate (R = 0.295, P<0.0001). Analysis of all the tumour voxel
values above T/M = 1 showed an inverse relationship between the two tracers (r = 0.2).
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Figure 22 - Relationship between uptake of 18F-EF5 at 3 hours expressed as T/M and blood
flow on a voxel-by-voxel basis in all 18 primary and metastatic tumours. The y-axis indicates
the threshold value of 1.5, tentatively representing the PHA. The x-axis indicates the perfusion
value of 30 ml/100 g/min, which represents the border between poorly and well perfused areas.
As a result, areas of high perfusion with good oxygenation (trend A), low perfusion with low
oxygenation (trend B), and the intermediate (trend C) (Figure adopted from publication I).

Also in study V with the additional five patients we did not observe any significant
correlations between any of the relevant PET parameters.
In study II, SUVmax values were also divided by BF to obtain the SUV/BF ratio. The
values for this parameter are presented in Figure 23.
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Figure 23 – SUV/BF values obtained in malignant and benign lesions, as well as in normal
pancreas. Statistical significance of the differences is indicated above the values (Figure
adopted from publication II).

We did not observe any significant correlation between [18F]FDG uptake and BF
measured in any part of the pancreas.
As expected, the SUV/BF ratio was significantly different between normal pancreas
and malignant lesions (P=0.01), as well as between benign and malignant lesions
(P=0.01). In contrast, no difference was observed between SUV/BF of normal pancreas
and benign lesions (P=0.08) (Figure 23). When we plotted the SUVmax against the BF
values of the same lesion we observed a clustering of values according to the lesion
pathology (Figure 24). However, there were no significant correlations between
[18F]FDG SUVmax and BF in any of the three groups.
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Figure 24 - The relationship between uptake of [18F]FDG and BF in individual patients
presenting with a malignant lesion (squares), benign lesion (crosses), and normal pancreas
(triangles) (Figure adopted from publication II).

6.5

The correlation between pre-treatment tumour characteristics and
PET values (Study V)

Table 10 – Most relevant information regarding tumour location and therapy in Study V

Dividing the patients into two groups according to disease stage (I+II + III vs. IV) did
not result in any significant difference in any of the PET parameters. When dividing
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patients according to the T-classification (T1+T2 vs. T3+T4), only MATV values of
the two groups were significantly different (p=0.009); however, none of the most
relevant uptake parameters (FDG SUVmax, EF5 T/M max and Blood Flow) showed
statistically significant differences between the groups. These results are graphically
presented in Figure 25.

Figure 25 – Even though there was a visible trend for higher Stage, larger T-value and tumours
with post-treatment local control failure to have higher values of all three PET parameters, the
differences were not statistically significant.

No significant results were observed between these compared groups with regard to
received treatment.
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6.6

Correlations between uptake of PET tracers and Clinical end-points
(Studies II and V)

The results obtained in studies II and V were also correlated with the clinical endpoints.

6.6.1 Correlation between PET parameters and overall survival in pancreatic
cancer (Study II)
The PET parameters and the survival of patients in study II are presented in Table 11.
Table 11 - Blood flow (BF), [18F]FDG uptake and survival of patients with malignant
pancreatic lesion (Figure adopted from publication II).

Eleven patients with pancreatic malignancy were followed for at least 13 months after
the diagnosis, and five of these patients were alive at the time of analysis. One patient
with low-grade NET died due to complications related to surgery, and therefore he was
excluded from the survival analysis. The remaining ten patients were divided into two
groups using survival at 12 months after diagnosis as cut-off point. The SUVmax or BF
between the groups living less or longer than 12 months was not significantly different
(10.6±5.7 vs. 6.7±2.7, P=0.20 and 34.2±14.3 ml/100g/min vs. 55.6±18.7 ml/100g/min,
P=0.08, respectively). In contrast, when the SUV/BF ratio was compared between
these two groups, a high SUV/BF was associated with poorer prognosis (0.3±1.6 vs.
0.1±0.5; P=0.02, Figure 26).
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Figure 26 - [18F]FDG SUVmax, BF and the SUV/BF ratio in patients with pancreatic
adenocarcinoma that had died (Group 1) and those still alive at the time of analysis (Group 2)
(Figure adopted from publication II).

6.6.2 Correlation between PET parameters and local relapse and overall
survival in HNC (Study V)
Dividing the patients into two groups according to Local control (+ vs. -) at follow-up,
PET values of the two groups did not differ significantly (Figure 25).
When divided into two groups according to the median value of each of the
pretreatment PET parameters, the groups did not have significantly different overall
survival. The difference was closest to significant when the two groups were formed
according to the median EF5 T/M (Log-rank, p=0.109). (Figure 27).

Figure 27 – Log-rank charts for the three tracers/parameters. Patients were divided into two
groups based on the median value. Red line represents the patients with values above the
median and blue line the patients with uptake values below the median.

Analyzed using Cox proportional hazards model, only MATV (p=0.008; HR=1.11),
EF5 T/M (p=0.015; HR=4.08) and HTV (p=0.005; HR=1.12) had significant
correlation with overall survival. None of the other PET values crossed the threshold of
statistical significance.
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6.7

Diagnostic accuracy of [18F]FDG PET compared to MDCT and MRI
(Study III)

6.7.1 [18F]FDG PET/CT, MDCT, and MRI /MRCP in the Diagnosis of
Primary Pancreatic Tumour (T-Staging)
In the diagnosis of primary tumours, [18F]FDG PET/CT achieved a sensitivity of 85%
and a specificity of 94%. Corresponding sensitivities and specificities for MDCT were
85% and 67%, and for MRI 85% and 72%, respectively (Table 12).
Table 12 – The performance of the three different imaging modalities in the diagnosis of
primary pancreatic tumor (n = 38) (Figure adopted from publication III).

When three patients with neuroendocrine tumour (NET) were excluded, [18F]FDG
PET/CT accurately detected 16 out of 17 cases with both pancreatic adenocarcinoma (n
17) and benign tumours (n 18) with a sensitivity of 94% and a specificity of 89%,
while sensitivities and specificities were 82% (14/17) and 66% (12/18) for MDCT and
82% (14/17) and 72% (13/18) for MRI; repsectively. [18F]FDG PET/CT was
significantly more accurate in detecting pancreatic adenocarcinoma than MDCT (P =
0.008) or MRI (P 0.014). Twenty-one patients with jaundice underwent ERCP by
experienced endoscopists, and in all cases the stricture was suspected to be malignant.
[18F]FDG PET/CT T was able to distinguish between a benign and a malignant
stricture with a sensitivity of 85% and with a PPV of 92% (Table 13).
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Table 13 – Positive (PPV) and negative (NPV) predictive values of [18F]FDG PET/CT for
malignant biliary stricture (Figure adopted from publication III).

The corresponding sensitivities of MDCT and MRI were 77% and 86%, respectively.
In 12 cases out of 17 with malignant disease, clinical T-staging could be assessed on
the basis of either operative findings or histopathologic analysis (clinical TNM-stage)
(Table 14).
Table 14 – Alterations in TNM Status (Different Imaging Methods vs. Clinical/Pathological
TNM Staging) in 17 Patients with malignant disease. T-staging: assessment was possible in 12
patients based on operative findings (n = 8) and histopathological analysis (n= 4). N-staging:
assessment was possible in 8 patients based on operative findings (n =2) and histopathological
analysis (n = 6). M-staging: assessment was possible in 14 patients based on operative
findings (n = 7) and histopathological analysis (n = 7) (Figure adopted from publication III).
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Clinical T-stage was altered in nine patients after [18F]FDG PET/CT (8 underestimated,
1 overestimated), in six patients after MDCT, and in seven patients after MRI. None of
the four patients with mass-forming chronic pancreatitis had uptake in [18F]FDG
PET/CT. In addition, in six patients with cystic lesions of the pancreas, [18F]FDG
PET/CT accurately detected four out of five benign cysts and one malignant cystic
lesion (Figure 28).

Figure 28 - A representative patient with malignant cystic lesion of pancreas seen on [18F]FDG
PET/CT: A 56-year-old man, who had been treated for diabetes and had had excessive alcohol
consumption for several decades. He developed jaundice, and suspected malignant stricture
was observed on ERCP. Serum tumor markers (CA19-9, CEA) were normal. Several cystic
lesions were seen in head of pancreas on MRI (arrow) (A) and also calcification on MDCT
(arrow) (B). Both MRI and MDCT findings were considered to be caused by pancreatitis.
Instead, [18F]FDG PET/CT showed focal uptake in head of pancreas (arrow) (C). Physical
condition of the patient was very poor, and therefore operation was not possible. He died 14
months later, and autopsy verified pancreatic adenocarcinoma grade 2, as well as metastatic
lesions in liver (Figure adopted from publication III).

In one patient with pancreatitis-related cystic lesions of the pancreas, all three imaging
methods produced a false positive result. The patient was operated on and laparoscopy
revealed benign findings. This has been reconfirmed by follow-up of 26 months
without evidence of malignancy. Further, there were three false negative findings on
[18F]FDG PET/CT; two patients had a diagnosis of low-grade NET in the pancreas,
while one patient showed inoperable adenocarcinoma in the head of the pancreas.
Distributions of SUVs in the normal pancreas, benign and malignant pancreatic lesions
are shown in box-blots (Figure 29). The SUVs were significantly higher in malignant
lesions (4.85 ± 2.77) compared with benign lesions (2.25 ± 0.75) or the normal
pancreas (2.02 ± 0.57). Retention index of SUV was borderline significant between the
groups (P = 0.071).
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Figure 29 - Distributions of FDG SUVmax in early and delayed images in pancreatic normal
pancreas, benign lesions, and pancreatic adenocarcinoma (Figure adopted from publication III).

A cut-off point of 2.6 for the SUVmax of the primary tumour showed the best
discriminative value in receiver operating characteristic analysis (Figure 30).

Figure 30 - Receiver operating characteristic (ROC) analysis comparing pancreatic
adenocarcinoma (n = 17) with benign lesion or normal pancreas (n = 18). With cut-off of
SUVmax 2.6, sensitivity was 83.3% (CI: 66.1–100) and specificity 86.7% (CI: 69.5 – 100)
(Figure adopted from publication III).
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6.7.2 [18F]FDG PET/CT, MDCT, and MRI in the Diagnosis of Metastatic
Disease (N-Staging and M-Staging)
All 17 patients with pancreatic adenocarcinoma had disseminated disease. Clinical Nstage changed in five out of eight patients after [18F]FDG PET/CT or MDCT and in six
patients after MRI, based on either operative findings or histopathological analysis
(Table 13). Instead, [18F]FDG PET/CT correctly identified the presence of distant
metastasis in the liver in six out of seven patients (88%), while both MDCT and MRI
only demonstrated liver metastasis in three patients. One of the liver lesions with a
diameter of 1 cm was not detected in any of these imaging methods. In addition,
[18F]FDG PET/CT showed focal uptake in the region of the splenic flexure which was
not detected on MDCT or MRI, although histological verification of this lesion was not
carried out. Overall, clinical M-staging was falsely estimated in one of 14 patients after
[18F]FDG PET/CT compared with four patients after MDCT and MRI.

6.8

Impact of [18F]FDG PET on treatment of patients with pancreatic
malignancy (Study III)

In 10 out of 38 patients (26%) with suspicion of pancreatic cancer, the result of the
preoperative [18F]FDG PET/CT scan would have significantly influenced treatment
protocol when compared with conclusions from the findings of MRI, and in 11 patients
(29%) when compared with the findings of MDCT. Six patients’ operations would
have been avoided (3 benign lesions, 3 liver metastases), if [18F]FDG PET/CT findings
had been relied on. Two patients with adenocarcinoma had correctly positive [18F]FDG
PET/CT, but showed false negative MDCT and MRI. In two other patients with biliary
stricture, both MDCT and MRI revealed a tumour in the head of the pancreas, while
[18F]FDG PET/CT was negative. These patients are still well without operation and no
signs of malignancy have been observed during the 14 and 16 months of follow-up. If
[18F]FDG PET/CT had been used as a first-line imaging method, the additional use of
conventional imaging would have had a positive impact on management in only two
patients (5%) with low-grade NET.
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7

DISCUSSION

PET is currently considered to be the most suitable imaging method for quantifying the
function of tissues in vivo. With the use of short-lived radioisotopes, the radiation
exposure of the studied subjects is comparable to exposure in modern radiological
tomography studies. However, the relatively short half-life also limits the time period
in which good quality images can be obtained. For this reason, it is crucial that the
optimal imaging protocol is determined prior to the routine use of a new tracer.
Another disadvantage of PET is the relatively long acquisition times required to
achieve good image quality. This is usually in the range between 2 and 5 minutes for
static, “snap-shot” images acquired several hours (1-3) after the tracer injection for
[18F]-labelled tracers. All imaging sessions were also part of multi-tracer studies, with
some images being acquired on separate days, and some of the acquisitions being
accompanied by blood sampling. Despite this and despite the very long imaging
protocols lasting up to several hours (required for reasons mentioned above), the
patients tolerated the imaging protocol quite well and none of the imaging sessions was
interrupted due to patient discomfort or lack of compliance.
Relatively low numbers of patients have been studied in all studies. This is a particular
problem concerning follow-up studies correlating pre-treatment findings with clinical
end-points or even survival as we did in studies II and V. However, this was done, on
one hand because we wanted to obtain multi-tracer information on the same tumour
which requires multi-tracer, long imaging protocols and are therefore difficult to
perform in larger cohorts. On the other hand this has invariably decreased the statistical
power of our study. Multi-tracer protocols are costly, resulting in low number of
patients studied.
The aim of this study was to explore the microenvironment of malignant tumours of
the pancreas and head and neck in vivo using positron emission tomography (PET),
and to test a new hypoxia PET tracer [18F]EF5 in humans. With this in mind, five
separate studies were performed each of them concentrating on a particular aspect of
these issues.
In study I, we performed the first in vivo PET studies of tumour oxygenation using a
new tracer [18F]EF5. We evaluated the tumour uptake dynamics of the tracer and
determined the most appropriate imaging protocol for the tracer. We also established
that the tracer is safe for use in human subjects and appropriate for routine clinical use.
In addition, we also compared the uptake of this tracer to the uptake of [18F]FDG and
blood flow.
In study II, we imaged patients with strong clinical suspicion of pancreatic malignancy
using [18F]FDG and [15O]H2O. We compared the uptake of glucose and blood flow in
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malignant to those in benign pancreatic lesions and in normal pancreas. Study III was
designed to compare, in a prospective fashion, the diagnostic properties of [18F]FDG
PET/CT, MD(CE)CT, and MRI in patients with suspicion of pancreatic malignancy.
In study IV, we aimed to develop a new non-invasive, population-based method for
blood flow quantification using [15O]H2O PET in head and neck cancer.
And in the final study (V), we compared the uptake of [18F]EF5, [18F]FDG, and blood
flow in head and neck cancer to the clinical end-points, and tried to determine the
prognostic value of pre-treatment PET imaging with [18F]EF5.

7.1

Uptake of [18F]EF5 in head and neck cancer (I and V)

In our study, patients with untreated HNSCC were studied with the novel tracer
[18F]EF5 as a hypoxia imaging agent. Our data corresponded to previously published
results in cells, animals, and humans using quantitative immunohistochemical
detection of non-18F-labelled EF5 (Evans et al., 2007; Ljungkvist et al., 2007), and
supported our hypothesis that [18F]EF5 would be an accurate PET marker of hypoxia
with uniform access to all tissues, dominantly excreted via the kidneys, and having no
detectable metabolism. These observations had been previously confirmed in
preclinical studies we conducted where an almost complete absence of [18F]EF5
metabolites in blood was demonstrated (Gronroos et al., 2004b). Based on these
preclinical PET studies and many studies based on immunohistochemical detection of
EF5, we predicted that [18F]EF5 would display very favourable biokinetic properties
for a PET tracer to be used in humans (Laughlin et al., 1996; Koch et al., 2001). Since
there was very limited information on uptake of [18F]EF5 in human tissues, our study
included a long scanning protocol. Specifically, we sought to determine an optimal
time point for detection of specific binding in hypoxic tissues; we predicted that 2 – 4
hours from injection would be optimal, based on previous data from other 2nitroimidazole compounds. Our data showing increasing T/M over the first three hours
and slight degradation of the image quality at four hours supports the recommendation
that three hours after the injection of [18F]EF5 is the optimal acquisition time for
clinical protocols.
This allowed us to modify the scanning protocol when we were scanning seven
additional patients included in the follow-up study (IV) where we only acquired static
images at three hours p.i. We believe this to be a simple protocol that can be applied
routinely in clinical practice, not unlike a typical [18F]FDG scan.
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7.2

Correlations between [18F]EF5 uptake and [18F]FDG and Blood flow
(I and V)

In addition to [18F]EF5 imaging, blood flow studies with [15O]H2O and [18F]FDG
imaging were performed to evaluate the interrelationship between tumour blood flow
and metabolic activity. The measured blood flow values for tumours were significantly
higher than those found in muscles of adjacent neck areas, varying between 23 and 78
ml/100g/min, while the muscle values remained considerably lower, between 2.5 and
12 ml/100g/min. These results are in accordance with previous studies in HNSCC
performed in our centre (Lehtio et al., 2001).
As expected, we could not find any significant correlation between the three tracers
either in studiy I or in study IV with the slightly higher number of patients. This again
emphasizes the need for a multi-tracer approach through which relevant information
can be obtained on different aspects of tumour biology.

7.3

Relationship between glucose metabolism and blood flow in
pancreatic tumours (II)

In study II, the focus of our investigation was the relationship between glucose
metabolism and blood flow in malignant and benign pancreatic lesions. To our
knowledge, this was the first prospective study where BF and metabolism were
measured in parallel using [15O]H2O and [18F]FDG PET/CT in such lesions. We found
average BF to be significantly decreased and metabolism significantly increased in
malignant pancreatic lesions compared to normal pancreas. Based on our initial
findings, we hypothesise that a high ratio of metabolism to BF may predict survival
better than either functional measurement alone.
At a time when the possibilities and limitations (Nalluri et al., 2008) of new therapeutic
agents targeting angiogenic mechanisms of tumours are being recognized, it is
becoming obvious that careful classification and selection of patients prior to treatment
is necessary for these therapeutic strategies to be successful. This is of particular
importance in malignancies with a low likelihood of response, such as pancreatic
cancer (Longo et al., 2008). In this respect, tumour perfusion and metabolism seem to
be among the most relevant clinical parameters (Hoekstra et al., 2002; Miles &
Williams, 2008). Several methods have been proposed for non-invasive measurement
of pancreatic perfusion in humans. Contrast-enhanced US (Sofuni et al., 2005; Bize et
al., 2006) and DCE-CT (Miles et al., 1995) have been used to assess pancreatic
perfusion in inflammatory and malignant lesions with encouraging results. Park et al.
observed that high perfusion in pancreatic cancer detected on DCE-CT was associated
with increased response to chemo-radiotherapy. Also the role of DCE-MRI has
evolved in the field of perfusion imaging, and several groups have used it in evaluating
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the perfusion of benign and malignant pancreatic lesions (Coenegrachts et al., 2004;
Tajima et al., 2004; Bali et al., 2008; Lee et al., 2008). Nevertheless, [15O]H2O PET
has been studied more extensively than either DCE-CT or MRI and is regarded by
some authors as a gold standard in perfusion imaging (Rajendran & Mankoff, 2007).
As previously demonstrated (de Langen et al., 2008; Lodge et al., 2008), it is a
reproducible and reliable method for the quantification of BF in tumour and other
tissues such as brain and heart. In addition, CT combined with PET studies has
provided the added benefit of precise anatomical localization, the lack of which was
often used as an argument against PET in studies of inaccessible abdominal organs like
the pancreas. The recent developments have also enabled extraction of the input curves
directly from the images, making the procedure more patient-friendly compared to
previously used invasive arterial blood sampling (Liukko et al., 2007). This new noninvasive technique has been found to be suitable for routine clinical applications, and
the findings of pancreatic tumour BF obtained in our study are in line with some of the
previous studies of BF in abdominal tumours with [15O]H2O PET (Wells et al., 2003).
Also the results from the normal pancreas seem to be in line with BF measurements
obtained in some other highly perfused abdominal organs such as the spleen (Wells et
al., 2003). The higher uptake of [18F]FDG in malignant tumours compared to benign
lesions and normal pancreas is well established and seen also in the current study.
Relative to other techniques, there are some advantages in measuring tumour perfusion
using [15O]H2O PET. First, PET is currently the most quantitative and best validated
method with applications in several tissue and tumour types. An additional advantage
of PET imaging is the possibility to concurrently measure metabolic activity using
[18F]FDG. Studies on the relationship between metabolism of tumours and their BF
have provided quite variable results. Some of the studies were not able to demonstrate
any correlation between these two parameters (Hoekstra et al., 2002), while others
found a positive (Zasadny et al., 2003) or a negative (Hirasawa et al., 2007)
relationship, depending on tumour type and grade. In the current study, we were not
able to demonstrate any correlation between these two parameters. The diverse
findings in different tumour types and sizes reflect the heterogeneity of malignant
tissues and also the limited specificity of [18F]FDG to depict neoplastic transformation.

7.4

Impact of [18F]FDG PET imaging on diagnosis and treatment of
pancreatic cancer (III)

This is, to our knowledge, the first prospective study that has compared combined
[18F]FDG PET/CT to both dedicated MDCT and MRI in the detection and assessment
of pancreatic malignancies. In this study of 38 patients, the accuracy of PET/CT was
89%, compared with 76% and 79% for MDCT and MRI, respectively. In 17 patients
with advanced pancreatic adenocarcinoma, one adenocarcinoma was missed on
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[18F]FDG PET/CT and a sensitivity of 88% was achieved for M-staging while three
adenocarcinomas were missed on both MDCT and MRI, when sensitivities were 38%
for M-staging. Furthermore, the clinical management of 10 patients (26%) was
changed after [18F]FDG PET/CT. Due to the restrictions of the different imaging
modalities, tissue diagnosis, staging, and assessment of pancreatic tumor resectability
are all currently carried out during primary exploratory laparotomy. During this
procedure, determination of the pathological stage and the relationship of the tumour to
adjacent vessels, as well as resectability are estimated (Fritscher-Ravens et al., 2005).
In this context, whole-body PET imaging is an interesting imaging modality, and
several studies have already shown [18F]FDG PET without CT to be more accurate
than conventional imaging techniques for initial diagnosis of pancreatic cancer,
although conflicting results have also been published (Sendler et al., 2000; Lytras et
al., 2005).
In our study, [18F]FDG PET/CT had a sensitivity of 85% and a high PPV of 92% in
differential diagnosis of biliary stricture. In agreement with our findings, Wakabayashi
et al. reported a sensitivity of 91% and a specificity of 78% in evaluating malignancy in
30 patients with biliary stricture by [18F]FDG PET. Our study included only four
patients with mass-forming pancreatitis, and in all cases, no uptake was observed in
[18F]FDG PET/CT images. A study conducted to investigate the differential diagnosis
of chronic pancreatitis by [18F]FDG PET/CT showed that in 77 patients with longstanding chronic pancreatitis without carcinoma, [18F]FDG PET was negative in 67
cases (van Kouwen et al., 2005). Concerning the usefulness of [18F]FDG PET in earlystage pancreatic malignancy, encouraging results have been reported in the diagnosis
of intraductal papillary mucinous neoplasms of the pancreas with better sensitivity than
conventional imaging (Sperti et al., 2007). In addition, a study by Seo et al. (Seo et al.,
2008) showed a high sensitivity of 91% for the detection of resectable pancreatic
cancer using [18F]FDG PET, while among tumours with a diameter of less than 2 cm,
the sensitivity exceeded 81% In our study, using additional [18F]FDG PET/CT was not
able to assess the resectability of the tumor any better than MDCT or MRI. This was
caused by the poor sensitivity to show local invasion of disease due to the high signal
intensity of the primary tumour, and the low sensitivity to detect small lymph-nodes. In
line with this, there are no previous data supporting the usefulness of [18F]FDG PET in
detecting local spread of pancreatic cancer because of the lack of detailed anatomical
information (sensitivities: 46%–71%, specificities: 63%–100%) (Bares et al., 1994;
Diederichs et al., 2000; Wakabayashi et al., 2008).
In our study, [18F]FDG PET/CT detected distant disease with a sensitivity of 88%. In
support of our results, several studies (Jadvar & Fischman, 2001; Nishiyama et al.,
2005; Wakabayashi et al., 2008) have shown that whole-body [18F]FDG PET has a
complementary role in M-staging. [18F]FDG PET leads to a more accurate preoperative
diagnosis and avoids unnecessary non-curative operations with sensitivities ranging
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from 70% to 81.8%, and specificities from 95% to 98.4% (Diederichs et al., 2000;
Nishiyama et al., 2005).
In addition to its diagnostic relevance, several studies have shown a correlation
between high SUV in pancreatic tumour and poor survival (Nakata et al., 2001; Sperti
et al., 2003). In contrast, in a recent study, Wakabayashi (Wakabayashi et al., 2008) did
not observe any correlation between histology and SUV. They did, however, report a
statistically significant difference in the SUV between patients with resectable and
non-resectable disease. Our sample size was considered to be too low to draw reliable
conclusions concerning survival and resectability with respect to SUV.
Recently, the [18F]FDG PET/CT era has brought significant improvements also to the
diagnostic imaging of abdominal organs. In 2000, Hosten et al (Hosten et al., 2000)
reported a case study of a patient with adenocarcinoma in the head of the pancreas seen
in retrospective fusion of PET and CT images. Later, the same group (Lemke et al.,
2004) evaluated the clinical benefit of retrospective [18F]FDG PET/CT image fusion in
the diagnostic workup of pancreatic cancer. In their retrospective study, 104 patients
with suspected pancreatic lesion underwent preoperative MDCT and [18F]FDG PET.
The sensitivity of the MDCT and PET imaging was 77% and 84%, respectively, and
with retrospective fusion of these two imaging modalities, the sensitivity rose to 89%.
So far, only two prospective studies have been conducted to evaluate the value of
combined [18F]FDG PET/CT in the diagnosis of pancreatic malignancy. In his study
group of 59 patients, Heinrich et al. (Heinrich et al., 2005) demonstrated a PPV of 91%
for [18F]FDG PET/CT, but a negative predictive value of only 64% for pancreatic
cancer, they still, however, estimated that [18F]FDG PET/CT was a cost-effective
method in this patient group. Later, Schick et al. (Schick et al., 2008) prospectively
compared [18F]FDG PET/CT, EUS, ERCP, and US in a series of 46 patients. [18F]FDG
PET/CT CT had a sensitivity of 89% and a specificity of 74% in the evaluation of solid
pancreatic lesions of over 1 cm in diameter, a finding which was not significantly
different from conventional imaging methods. According to the recent study by Strobel
et al. (Strobel et al., 2008), in assessing the resectability of pancreatic cancer, contrastenhanced [18F]FDG PET/CT seemed to be superior to non-enhanced [18F]FDG
PET/CT, or PET alone. Moreover, it was observed that the frequency of severe
artefacts in the area of the diaphragm can be decreased by half if optimized breathholding protocols are used (Beyer et al., 2003). A new gating technique to account for
respiratory motion during the PET/CT scan could further improve the diagnostic
accuracy of pancreatic imaging, although prospective studies have not yet been done.
In addition, former studies have shown the advantage of delayed scanning in the
differentiation of malignant and benign lesions (Nakamoto et al., 2000; Lyshchik et al.,
2005); our also study showed a borderline significant difference in the retention index
between the groups. In future, [18F]FDG PET/CT CT could prove to be a reliable
method among patients with suspicion of malignant biliary stricture and inconclusive
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findings in conventional imaging. At the moment, based on this and previous studies,
[18F]FDG PET/CT combined with contrast-enhanced MDCT could be used as a firstline imaging method in patients with suspicion of pancreatic cancer to detect optimally
unexpected metastatic lesions and [18F]FDG-negative histological types (i.e. low-grade
NETs).

7.5

Suitability of [18F]EF5 for imaging of tumour hypoxia (I)

To validate [18F]EF5 as a hypoxia marker, we compared both global and regional blood
flow in tumour with the uptake of the radiolabelled 2-nitroimidazole during early and
late phases of biodistribution. Both [18F]FMISO and [18F]FETNIM show some degree
of positive correlation with blood flow within the first minutes after injection; this was
also the case for [18F]EF5 (Lehtio et al., 2001). In 12 out of 15 patients, [18F]EF5
distribution changed over time from highly perfused into less perfused areas of the
tumour. This is in accordance with the cumulative character of covalent binding of
[18F]EF5 in hypoxic cells, which is typical for all 2-nitroimidazole-based compounds.
As expected, global blood flow did not show any distinct relationship with uptake of
[18F]EF5 during the period of hypoxia-specific binding. We therefore performed a
voxel-by-voxel analysis for evaluation of regional differences in blood flow and
hypoxia 3 hours after injection of [18F]EF5. During this time period, regions of several
tumours showed high uptake, consistent with the presence of hypoxia. The cumulative
findings from all 18 tumours showed striking correlation between blood flow and
hypoxia. Under circumstances of low blood flow and high [18F]EF5 binding (hypoxia)
and high blood flow and low [18F]EF5 binding (normoxia), a clear inverse correlation
could be seen; the slopes of the best fit lines for these relationships were significantly
different. Interestingly, in tumour regions where the [18F]EF5 T/M was between 1.5
and 2.2, a relationship with an intermediate slope was identified where slightly
increased blood flow and moderate PET values were observed.
Since all tumour regions with high blood flow fell below [18F]EF5 T/M of 1.5, we
propose this level as a cut-off point for determination of PHA. Of course, this T/M
value as an indicator of significant hypoxia in head and neck cancer (and other tumour
types) needs further validation, especially in outcome studies, before it can be
generally accepted. The intermediate zone in our study suggests a more complex and
heterogeneous relationship between blood flow and hypoxia, and may signify the
presence of hypoxia in some well-perfused tumour regions. A number of biological
explanations for this phenomenon have been proposed including acute changes in
blood flow, plasma flow without red blood cells, retrograde flow, longitudinal
gradients and flow in arteriovenous malformations. Interestingly, a similar observation
was made by Thorwath et al. who used [18F]FMISO to evaluate both blood flow and
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hypoxia at the same time point but using different data modelling approaches than
those described here (Thorwarth et al., 2005).

7.6

Reliability of noninvasive blood flow measurement in tumours (IV)

In study IV, we aimed to develop and validate a simple, non-invasive method of
measuring blood flow using [15O]H2O PET/CT in malignant tumours of the head and
neck area. We believed this to be of importance and relevance based on the invasive
nature of current methods, making them unsuitable for routine use in diagnostic
imaging. In addition, it is well documented that angiogenesis plays an important role in
the progression of cancer, and the validation of methods monitoring changes in blood
flow is important for the development of drugs targeting the vasculature. Third,
radiation oncology may also benefit from volumetric maps of tumour blood flow,
especially when they are combined with metabolic maps such as [18F]FDG PET
images. Due to the need for patients to wear immobilization masks during radiation
therapy planning studies, it is essential to keep patient comfort as high as possible to
minimize patient movement due to discomfort.
Our approach was to apply two population-based methods to derive the input function,
which were based on patients’ injected dose and body weight (SUV-IF) and injected
dose and body surface area (BSA-IF). We were able to demonstrate a fairly good
correlation between the population-based methods and measured Blood-IF, in
particular for BSA-IF, which resulted in R2 = 0.8131 and P<0.05. This method
performed best in resting muscle tissue, which has relatively low blood flow, but it also
produced statistically significant correlations in tumours and the cerebellum. BlandAltman analysis did not reveal any value-dependent change in the size of relative
deviation from the mean, while paired T-tests did not show any significant differences
between the values of the compared methods, thus offering additional support for the
use of this non-invasive approach.
The focus of this study was to compare blood flow values, and as such the comparison
of individual input curves was considered less important. We did, however perform a
basic analysis of individual input curves, which offers some insight into the basic
differences in the shape and size of the input curves obtained by the three methods. The
curves were similar in shape; however the non-invasive methods did on average
slightly overestimate the peak values, BSA-IF by 3.6%, and SUV-IF by 4.7%.
Based on the results of the current study we believe that, keeping the limitations of the
method in mind, BSA-IF may be useful for monitoring acute or short-term changes in
tumour blood flow when repeated cannulation of radial or other forearm artery is
inconvenient. The non-invasive nature of the procedure is a big step forward for the
routine use of blood flow measurement for planning and evaluating the effects of
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therapy in patients with head and neck cancer. This is particularly important given the
increasing number of drugs targeting the tumour’s vasculature and angiogenesis, as
well as the advances made in intensity modulated radiation therapy (IMRT).
Furthermore, when comparing the same patient’s images during the course of therapy,
the relative differences due to a constant BSA and other physiological parameters
influencing the shape of the curve might be decreased; this would make the noninvasive methods even more reliable.
Another advantage of the presented method over image-derived methods arises from
the fact that it is independent of the image reconstruction method. Different
reconstruction methods deal differently with the above-mentioned partial-volume and
spill-over effects, and can therefore strongly affect blood activity values in smaller
vessels (Brix et al., 2002). Since the population-based IFs used in this study are
calculated using blood data rather than image-derived data, the values are independent
of the method used for image reconstruction.
One limitation of the non-invasive methods is the need for a repeatable injection
procedure with the same speed and volume of injection, providing a similar shape of
the arterial input curve. A high level of repeatability is achieved using computercontrolled injection as in our case. Without computer control, the variability of
injection procedures might introduce a significant change in the shape of the average
curves, which might in turn produce perfusion values with a lower degree of
correlation and lower reliability, and thus reduce the benefit provided by constant BSA
in the follow-up of patients.
As already mentioned in the introduction, a similar approach was developed by
Tsuchida et al. (Tsuchida et al., 1999; Shiozaki et al., 2000) to calculate the metabolic
rate of glucose. This is important because the shape of the input curve of glucose is
influenced by more factors than the [15O]H2O input curve, which is metabolically
rather simple. Another similarity between our findings and those from glucose
metabolism lies in the semi-quantitative nature of the standardized uptake value (SUV)
itself. SUV, while being a very simple value, provides good levels of correlation with
tissue glucose metabolism. For this reason, it is very often used as a substitute for other
parameters of tissue glucose consumption, which are more precise but require more
complex imaging protocols and data analysis (Boellaard, 2009). The level of
correlation between the simple SUV and more complex glucose measurements is
similar to those between BSA-IF and Blood-IF in our study (Eary & Mankoff, 1998).
This level of correlation, despite being statistically significant, is not optimal and could
therefore be described as semi-quantitative.
In contrast to tissue, we found very good correlations of both non-invasive methods in
resting muscle. This might also be true for other tissues with similar levels of blood
flow such as subcutaneous and visceral fat tissues, which have become the focus of
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intense investigative efforts in recent years due to their role in metabolic syndrome and
other disorders (Viljanen et al., 2009). This, however, would require further validation.
Finally, with the increased use of dynamic contrast-enhanced computed tomography
(dCE-CT) for the purpose of blood flow imaging, our results should be compared with
the performance of dCE-CT. Although the extraction of the input curve in CT may be
superior to that in PET, given the superior resolution and negligible partial-volume
effect and spill-over, the quantification of blood flow with dCE CT is inferior to that
with [15O]H2O PET. CT contrast agents are intravascular tracers and BF quantification
is based on first-pass kinetics, which is inferior to the kinetic modelling of dynamic
PET imaging of freely diffusible [15O]H2O.

7.7

Correlations between uptake of PET tracers and clinical end-points
(II and V)

7.7.1 Pancreas (II)
Recently, several studies have combined findings on metabolic activity and perfusion
to demonstrate their impact on prognosis in different types of cancer. Mankoff et al.
(Mankoff et al., 2002) have described, in patients with breast cancer, the importance of
the relationship between BF and metabolic activity of the tumour for treatment
outcome. Recently, Groves et al. (Groves et al., 2008) demonstrated that combining
[18F]FDG PET and perfusion measurement helps to predict the histological grade of
breast tumours. In accordance with this, Hermans et al. (Hermans et al., 2003) reported
that high glucose metabolism and low vascularity measured by [18F]FDG PET and
DCE-CT, respectively, predicted poor local control in head and neck cancer. Our
results provide new evidence that pancreatic tumours with high metabolic activity and
relatively low BF are aggressive and may be more refractory to treatment than those
with higher perfusion. We suggest that high metabolic activity combined with low BF
indicates adaptation of tumours to a hypoxic microenvironment. Hypoxia, in turn, has
been shown to be an important factor of selection in the development of aggressive
phenotype (Smalley et al., 2005). This is also demonstrated by differential regional
distribution of areas of high perfusion, high [18F]FDG uptake, and high SUV/BF ratio
within the tumour (Figure 1), with areas of overlap where the ratio is high being
potential targets for hypoxia-directed radiotherapy. In addition to its prognostic value,
our study demonstrated that the SUV/BF ratio could provide a potentially useful tool
for differentiating benign pancreatic dysfunction and normal pancreas, which otherwise
show substantial overlap in uptake of [18F]FDG.
What is common to all studies applying diverse methodologies is the observation that
perfusion in normal pancreas is higher than in pancreatic tumours. An early CT study
investigating the vascularity of pancreatic lesions showed that malignant lesions are
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hypovascular compared to normal pancreas (Hosoki, 1983). We observed that BF in
benign lesions is significantly reduced compared to normal pancreas. However, benign
lesions do not seem to have a similar detrimental effect on the BF of the non-tumoural
parts of the pancreas as malignant lesions do. As first reported by Kubo et al. (Kubo et
al., 1991), this reduction seems to be present only in the case of lesions located in the
head of the pancreas as confirmed by our findings. This finding might be explained by
the fact that tumours located in the head of the pancreas can cause obstruction of the
pancreatic duct, followed by formation of fibrotic tissue with low BF in the body-tail –
region of the pancreas.
Since some parameters related to BF have been shown to correlate with microvascular
density (Folkman, 2002), the use of drugs targeting angiogenesis could be optimized
by pre-treatment measurement of BF. Both BF and vascularisation of tumours vary
greatly, and therefore poor selection of patients might also explain why many clinical
trials have failed to demonstrate any significant benefit of antiangiogenic therapies in
the case of pancreatic malignancy. Recently Jain et al. reported that when
antiangiogenic therapy is given, tumour vessel permeability and, subsequently,
peritumoural edema decrease. These changes lead to improvement in the effectiveness
of tumour perfusion in a process called vessel normalization (Jain, 2005). Other
authors have also suggested that normalizing the tumours’ vasculature might improve
the response to oncological therapy (Stockmann et al., 2008).

7.7.2 Head and neck cancer (V)
The results obtained from studying 22 patients indicate that the metabolically active
tumour volume (MATV) is an important prognostic factor. This value is similar to
anatomical tumour size, which was also confirmed in our study by the significant
influence of T-classification on MATV. This is in line with previous findings (Haerle
et al.).
We also explored the correlations between individual PET parameters, as well as
pretreatment tumour characteristics, and PET parameters. The most relevant results,
however, were obtained in the analysis of the correlation between PET parameters and
clinical end-points, in our case overall survival. With Log-rank test we observed only a
borderline significant effect of pretreatment [18F]EF5 uptake and over-all survival.
However, using the Cox proportional hazards model we detected a significant
correlation between [18F]EF5 maximum pretreatment uptake and over-all survival of
patients.
While previous studies have established the importance of hypoxia in disease
progression and treatment outcome, this is the first study, to our knowledge, to detect a
positive correlation between a non-FMISO hypoxia PET tracer and survival of patients.
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We believe this to be an interesting and important finding, particularly since neither of
the other two PET tracers showed similar correlations. This is of course in line with the
lack of correlation between the PET parameters and once again emphasizes the need
for multi-tracer imaging in pretreatment tumour evaluation and treatment planning. We
are, however, also aware of the very low number of patients investigated in this study
which might affect the results. In particular, [18F]FDG PET uptake values have been
shown to have a positive correlation with treatment outcome in studies with a large
number of patients, and it is reasonable to speculate that a similar correlation would
have emerged also in our study had we been able to increase the number of patients.
While we are aware of these limitations, on the other hand, one could also speculate
that the small number of patient in our study only further emphasizes the importance of
the significant correlation between [18F]EF5 uptake and over-all survival. This,
however, remains a speculative statement; for any definitive conclusions regarding a
potential routine clinical use of [18F]EF5, a far greater number of patients needs to be
investigated.

7.8

Problems of using PET imaging in therapy planning and other open
issues

Study I – Perhaps the most important drawback of this study is the lack of direct
quantification of the level of tissue hypoxia which would enable a clearer correlation
between the uptake of [18F]EF5 and the tissue oxygenation. However, as already
mentioned, these methods are also very much operator-dependent and a correlation
between them and the PET findings is far from straightforward.
When investigating tumour hypoxia, time always plays a role. As mentioned above,
there are several mechanisms of tumour hypoxia and it is reasonable to assume that
unless images are acquired at the same time point some changes in the distribution of
hypoxia within the tumour has taken place. When looking at the correlations between
different tracers in images not acquired at the same time point (as [18F]EF5 and
[18F]FDG in our case) this should be kept in mind.
Study II - Among the limitations of our study are the small sample size and the
heterogeneous group of patients with malignant lesion, including two patients with
NETs. It is well known that NETs have a different biology and better prognosis
compared to pancreatic adenocarcinoma. We included only one patient with high-grade
NET in the survival analysis since the second patient with low-grade NET died from
postoperative complication after imaging. As observed in former studies, especially
less aggressive forms of NETs show a lower uptake of [18F]FDG and might not be
detected on [18F]FDG PET/CT (Adams et al., 1998). The lowest SUVmax of the
malignant lesions in the current study (1.6) was indeed observed in a low-grade NET.
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Additionally, it has been shown that hyperglycemia (Zimny et al., 1998; Delbeke et al.,
1999) affects the uptake of [18F]FDG. In spite of the requirement of a six-hour fast, we
found a significantly higher glucose concentration in patients with pancreatic
malignancy compared to other patients. As suggested by others (Kroep et al., 2003;
Krak et al., 2004), we therefore consider the normalization of [18F]FDG SUVs to
plasma glucose to be of particular importance when using [18F]FDG SUVs to quantify
the metabolic activity of malignant and benign pancreatic lesions. This might not be
needed in purely diagnostic imaging but may be helpful if serial imaging is performed
to monitor treatment effects.
For the purpose of this study we decided to use a fixed small-size ROI in comparison
between regional perfusion and metabolism. This was a pragmatic decision and
necessary to limit errors associated with organ movement and transfer of ROIs from
one image set to another where differential analytic software was applied.
Study III – Also this study is limited by the fairly heterogeneous and the relatively
small group of patients with malignant lesions (n 20). Additionally, only one patient
had R0-resection, one patient had R1-resection, and two patients R2-resection.
Twenty-five of the 38 study patients had histological confirmation of the disease,
although it is ethically unfeasible to do extensive sampling in the case of strong
suspicion of either benign or disseminated disease. The study protocol also did not
include endoscopic US. This was mostly due to the lack of experience in this field in
our institute, while the benefit of EUS is based on extensive usage of this method. As
observed in former studies, both hyperglycaemia (Zimny et al., 1998; Delbeke et al.,
1999) and inflammation (van Kouwen et al., 2005), including pancreatitis
accompanied by tumour or stricture could affect the sensitivity of [18F]FDG PET. In
addition, an increased rate of glucose intolerance represents a potential limitation to
[18F]FDG PET in the diagnosis of pancreatic lesions. This was indirectly also observed
in Study II. On the other hand, all patients in this study had normal C-reactive protein
and amylase levels before [18F]FDG PET/CT scanning.
Study IV – One of the most important drawbacks of the current study is no doubt the
lack of direct comparison of the population-based methods with the image-derived
method. While it does represent a potentially essential reference point, such a method
would probably require a high level of modelling making it unsuitable for simple
clinical applications.
Another potential problem is the lack of quantification of BF heterogeneity produced
by the three methods. Also this is related in part to the general aim of the study which
is to offer the clinician a simple method for quantification of BF not unlike SUV in
FDG imaging. This method is used mostly in a semi-quantitative, semi-visual manner.
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Study V – Again, the low number of patient must be mentioned as an important
drawback of this study. While we did aim for a higher number of patients than in study
I, we only had the possibility to include a further seven patients. Although this is far
from enough to draw any significant conclusions, we do believe the study adds
additional weight not only to the role of hypoxia in tumour biology, but also confirms
the suitability of [18F]EF5 as a hypoxia tracer.
Additionally, a direct comparison with another hypoxia tracer, preferably [18F]FMISO,
would be beneficial in demonstrating any potential advantages (or disadvantage) in
tumour uptake.

7.9

Future perspectives

Blood flow, metabolic activity and hypoxia all play an important part in
tumourigenesis and tumour susceptibility to cytotoxic tumour therapy. Our studies
show that functional imaging of malignant tumours in vivo is feasible not only in the
diagnostic workup of patients with cancer, but might in the near future also become a
part of tumour characterisation and treatment planning. This is true for chemotherapy
and application of biological targeted therapy but, first and foremost, it is true for
radiotherapy and in particular IMRT.
Before these principles and techniques can be translated into routine clinical practice,
further tracer development, optimization of imaging protocols, and image
quantification will most likely be necessary.
With our work we have tried to address some of these issues and I believe we have
made a step towards this goal. Nevertheless, important questions remain unanswered,
the most import of which would be the direct comparison of currently available
hypoxia tracers with regard to their target-to-background ratios and upake kinetics.
This should be studied in vivo within a short time window due to the dynamic nature
of tumour blood flow and hypoxia. These studies should no doubt also be expanded to
include larger numbers of patients with possibly different tumour types. A multi-centre
setup would need to be included as well.
With regard to blood flow imaging in routine clinical practice, it would, in my opinion,
be necessary to strive for even further simplification of imaging protocols and image
analysis. Due to the poor availability of [15O]H2O generators, a comparison between
PET and DCE CT should be performed in order to determine the feasibility of using
widely available CE DC as a substitute for the more precise [15O]H2O PET. For the
same reason, the possibility of extracting, and maybe even quantifying, blood flow
information from the early-stage [18F]EF5 images should be explored.
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Clinical evaluation of [18F]EF5 showed that it is a safe PET tracer with favourable
biokinetic properties suitable for use in human subjects. Its uptake properties in head
and neck cancer demonstrate that it is governed by low tissue oxygen levels or
hypoxia. The uptake of this new tracer was also shown to be indicative of a negative
prognostic factor for overall survival and local control in this type of cancer. We also
demonstrated that [18F]FDG PET is a viable alternative to other imaging modalities in
diagnosis and staging of pancreatic cancer, and that the mismatch between glucose
metabolism and blood flow is a negative prognostic factor in this type of cancer. This
suggests that cancer cells that are able to maintain high glucose metabolic levels
despite low blood flow and, consequently, presence of hypoxia signals a more
aggressive phenotype. This provided us with an additional motive to develop a simple
method for quantifying blood flow using [15O]H2O PET which we believe might be of
use in routine clinical settings.
Functional imaging of tumours and in particular of tumour hypoxia using PET remains
an extremely interesting field of research and many questions remain open. The search
for an optimal hypoxia PET tracer is far from over.
The specific conclusions of the studies are:
I.

The first human study of [18F]EF5 PET hypoxia marker was successfully
conducted. We compared uptake of [18F]EF5 with blood flow as measured by
radioactive water, and metabolism measured with [18F]FDG in patients with
HNSCC. Our data suggest that the initial uptake of [18F]EF5 is governed by
blood flow, while in the later phase, uptake and binding seem to be hypoxia
specific. The [18F]EF5 binding distributions and patterns in primary tumours and
cervical lymph node metastases are heterogeneous, which is consistent with
clinical expectations and previously published data using immunohistochemical
analyses of EF5. Uptake of [18F]EF5 increased until 3 hours p.i. after which time
the quality of the image decreased. We propose that the 3-hour time point is the
optimal time for detecting hypoxia-specific binding in human head and neck
cancer. By comparing regional blood flow and [18F]EF5 T/M at 3 hours we
identified T/M= 1.5 as an appropriate threshold for determining the presence of
clinically significant hypoxia.

II.

The differences in BF and its relationship to metabolic activity both in
pathological pancreatic lesions and normal pancreas have been evaluated for the
first time using combined [15O]H2O and [18F]FDG PET/CT. We found both
malignant and benign lesions to be associated with decreased perfusion and, in
patients with malignant disease, a high ratio of metabolism to BF seemed to
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predict poor survival. Our preliminary findings in this study with a limited
number of patients may shed light on the general resistance of pancreatic cancer
to oncological treatments. Finally, we suggest the implementation of combined
imaging of perfusion and metabolism in pre-treatment evaluation in clinical
trials where anti-angiogenic targeting is planned.
III.

We found [18F]FDG PET/CT a highly useful method to characterize suspicious
pancreatic masses in patients with inconclusive MDCT or MRI. [18F]FDG
PET/CT influences the surgical strategy in a quarter of patients by revealing
metastases that are not observed by MDCT and MRI, or by identifying primary
tumours not identified by MDCT or MRI. It was also useful in patients with
biliary stricture and tumour suspicion on MDCT or MRI. [18F]FDG PET/CT was
not, however, able to assist in the evaluation of resectability of malignant
lesions. On the basis of the encouraging results of our study, combined wholebody [18F]FDG PET/CT together with contrast-enhanced MDCT is promising as
an ‘all-in-one’ imaging technique for the detection of primary tumour, and for
showing the distant metastases of pancreatic cancer. Optimized scanning
protocols including control of blood glucose and motion of organs in the upper
abdomen can further improve the diagnostic sensitivity of [18F]FDG PET/CT
and might enable more accurate detection of early-stage pancreatic cancer,
although more extensive studies are needed to confirm the results of this study.

IV.

Blood flow in low-perfusion tissues in the head and neck area (resting muscle)
can be quantified using both of the non-invasive methods presented here. The
higher and more variable BF of malignant tumours and the cerebellum makes
the use of non-invasive techniques more challenging, yet the BSA-IF method
seems to perform reasonably well even considering the limited number of
patients in our study. This method also seems to perform best in all three tissues
studied. Despite its relative simplicity, it allows the safe determination of high
and low perfusion areas inside the tumour and a fairly reliable comparison with
the surrounding muscle tissue. This makes the method suitable for the planning
of therapies and the evaluation of treatment response.
Our initial experience warrants further validation of the non-invasive methods
with the emphasis on repeatability over time and over treatment-induced
changes.

V.

Despite the small number of patients that participated in our study, the results
clearly show that hypoxia represented as [18F]EF5 uptake seems to be a
negative prognostic factor, possibly predictive of radioresistance. As such,
[18F]EF5 remains a strong potential candidate for pretreatment patient
stratification and treatment planning. However, definite clarification of this
question would require a larger study. Also [18F]FDG showed a trend that might
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have been significant had the number of patients been higher. On the other hand,
the lack of correlation between the uptakes of the three evaluated tracers
confirms the need for multi-tracer imaging in order to obtain all the significant
information on tumour biology.
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