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1. ABBREVIATIONS

The following abbreviations are used in the text

CT
FOV
HPLC
LD50

MRI

MRS
PET
PMT
ROPET
S/N
SPECT
SUV
TAG
TLC
TOF
2-18FDG
2-DG

Computed Tomography
Field Of View
High-Pressure Liquid Chromatography
the dose required to kill 50% of the animals
Magnetic Resonance Imaging
the Metabolic Rate of glucose
Magnetic Resonance Spectroscopy
Positron Emission Tomography
PhotoMultiplier Tube
Rotating PET scanner
Signal-to-Noise ratio
Single-Photon Emission Computed Tomography
Standardized Uptake Value
3,4,6-Tri-O-Acetyl-D-Glucal
Thin-Layer Chromatography
Time-Of-Flight
2- [' 8F]fluoro-2-deoxy-D-glucose
2-DeoxyGlucose



2. INTRODUCTION

The introduction of the positron emission tomography (PET) technique has forwarded
the development of modern nuclear medicine. Several new radiopharmaceuticals have
been introduced, which have made it possible to study physiological and biochemical
processes inaccessible with standard nuclear medicine techniques. The PET technique
is complex and demands radionuclide production facilities, advanced radiochemistry,
a PET scanner, mathematical modelling of biochemical processes and trained
personnel. Significant investments are required to start up a new PET centre.

nC, 13N, 15O, and 18F, are the most commonly used positron emitters in PET (Table
1). The reasons for using these radionuclides are several. Firstly, the broad range of
compounds that trace physiological and biochemical processes can be labelled with
these positron emitters. Labelling with "C, 13N and15 O leads to only a change in
isotope and 18F is useful as a substitute for hydrogen. Secondly, the use of isotopes of
the biologically ubiquitous elements makes it possible to label radiopharmaceuticals
that trace biochemical processes precisely. This is rarely possible with conventional
radiopharmaceuticals for scintillation cameras. Thirdly, the half-life, 2 min to 110 min,
of these positron-emitting radionuclides results in low absorbed doses, while allowing
several PET studies to be made on each patient on the same day.

Table 1. Physical characteristics of the most commonly used positron-emitting
radionuclides (Table of Isotopes, 1978)
Radionuclide

UC
13N
15O
18p

(Min)

20.4
9.96
2.04
109.8

P+ decay
(%)
99.8
100
99.9
96.9

Max. positron energy
(MeV)

0.96
1.19
1.72
0.64

Positron range
(mm)

0.9
1.3
2.4
0.6

The PET technique also offers the opportunity of generating an accurate attenuation
correction due to the physical characteristic of positron annihilation. This results in
more accurate quantitative measurements of isotope concentrations in tissue. Interest
in PET has increased considerably, from being only a research tool for brain imaging,
to being a clinical whole-body imaging modality. Several specific clinical indications
have been defined in cardiology (Schwaiger et al., 1992), neurology (Broich et al.,
1992; Mazziotta et al, 1992; Chugani 1992; Volkow et al., 1992) and oncology
(Hawkins et al., 1994).



Accelerator for
production of 18F
(Papers I & II)
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(Paper VI)

Mathemat ica l
modelling
(Paper V)

PET scanner
(Papers III & VI)

Radiochemistry of
2-18FDG
(Papers I, II, III &
VI)
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Figure 1. Illustration of the different components of a clinical PET facility, and their
relation to this thesis.

Standard commercial PET facilities are very expensive, and it is therefor of interest
to develop less expensive ones, making it possible to introduce the widespread use of
the positron-emitting radiopharmaceuticals mentioned above. The feasibility of using
non-dedicated radionuclide production equipment is described in Papers I and //.
Paper III describes a comparatively inexpensive PET system based on two standard
scintillation camera heads. In Paper IV, the possibility of using an energy window in
the Compton region for the detection of 511 keV photons in single-photon emission
computed tomography (SPECT), a method of increasing the sensitivity of the system
is shown. For quantitative 2-18FDG PET studies, the integrated input function is
necessary (see chapter 6). A simplified method of determining the integrated input
function, using the erythrocytes as reference tissue, has been developed {Paper V).
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The potential of oncological PET as a useful diagnostic instrument has been
recognized. The use of 2-[l8F]fluoro-2-deoxy-D-glucose (2-18FDG) PET as a monitor
of early therapy effects is explored in Paper VI.

This thesis describes the following.

1. The production of [18F]fluoride from the 23Na(y, ocn)18F reaction, suitable for
nucleophilic labelling of 2-18FDG.

2. The production of sufficient amounts of [18F]fluoride by 6 MeV proton irradiation
of an H2

18O target for clinical purposes.

3. The design and construction of a PET scanner based on two scintillation camera
heads for clinical studies.

4. An evaluation of the use of an additional energy window in the Compton region
for imaging 511 keV photons using scintillation camera systems.

5. An alternative method of normalizing measurements in clinical 2-18FDG studies.

6. An investigation using 2-18FDG PET to monitor the effect of therapy in advanced
head and neck cancer patients.

11



3. POSITRON EMISSION TOMOGRAPHY

Radionuclides with excess protons may decay in two ways to reduce the number of
protons in order to achieve a more stable nuclear configuration. The nucleus may either
capture an orbital electron, or emit a positive electron (a positron). The positron is a
particle with the charge e+ with a mass equal to that of the electron, and is the
antiparticle of the electron. When positrons are emitted in radioactive decay, the kinetic
energy of the emitted positrons, for a number of disintegrations, exhibits a continuous
distribution of energies from 0 to E ^ (Table 1). The kinetic energy is lost in matter
similar to that of an electron. After losing most of its kinetic energy, the positron
interacts with an electron and, for a short time, the two particles form an atom-like
structure called "positronium". Positronium has a short lifetime (lus) and the two
particles undergo a process called annihilation. In this process, the masses of the two
particles are converted into electromagnetic radiation in the form of two photons, each
carrying an energy of 511 keV, and travelling in directions nearly opposite to each
other.

keV Photon

(a) (b)

Figure 2. Illustration of the annihilation of positrons in matter, (a) A positron with low
kinetic energy approaches an electron; (b) the two particles interact and the masses are
converted into electromagnetic radiation. The two 511 keV photons travel nearly
collinearly, but in opposite directions.
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The sum of the two photon energies corresponds to the rest mass of the two
particles. The opposite directions of travel of the two photons is demanded by
momentum conservation. A residual energy of the positron at the instant of
annihilation results in a slight deviation from true alignment of the trajectory of the
two photons liberated during annihilation. This resulting angular deviation from 180°
is about ±0.5° and its effect on the reconstructed resolution will depend on the
separation between the detectors operating in coincidence.

In PET, the emission of positrons in tissue is observed through the detection of the
annihilation radiation generated when these particles are absorbed in matter. It is the
simultaneous emission of two photons travelling in opposite directions that renders the
annihilation radiation so effective in positron imaging. If the two annihilation photons
are detected with two radiation detectors in time coincidence, the decay event is known
to have occurred on the line connecting the two radiation detectors. If the annihilation
originates outside the volume between the two detectors, only one of the photons will
be detected, and since the detection of a single photon does not satisfy the coincidence
condition, the event is rejected. The spatial resolution in PET depends primarily on the
physical size and cross-sectional geometry of the detectors. The kinetic energy of the
emitted positron causes the annihilation of the positron to occur a short distance away
from the decay site. This difference in position introduces a source of error in molecule
localization. Most of the positron emitters used for PET have low positron energy and
a short range in tissue. In high-resolution PET scanners, the degradation of overall
spatial resolution can be about 1 mm, due to positron range.

13



4. THE PRODUCTION OF 18F

4.1 Introduction

A number of P+ emitters can be obtained from various machines, such as electrostatic
accelerators, cyclotrons, megavoltage photon sources and nuclear reactors (Table 2).
The most commonly used accelerator for the production of P+ emitters is the cyclotron.
Nowadays, dedicated compact cyclotrons are available from various commercial
companies. This type of cyclotron can generally produce proton and deuteron beams
with a beam current of about 30-65 uA, and with maximum energies of about 10-17
MeV and 5-8 MeV, respectively.

Because of the special interest in 18F in this work, the production of that
radionuclide only will be discussed. Using either the 18O(p, n)18F or the 20Ne(d, a)18F
reaction, small cyclotrons can easily produce 50-100 GBq of 18F. Nuclear physics
research accelerators and non-dedicated accelerators for isotope production have been
used.

Table 2.Literature data for the production of 18F from different nuclear reactions.
Reaction
"F(Y, n)"F
2!Na(Y,oen)l8F

18O(p, n)"F

™Ne(d, a)"F
16O(3He, n)"NeE

"O(rt, d)l8F
"O(t, n)"F
23Na(p, oa)"F

Target
Teflon
NaOH

NaSO,

H2"O

"O>
0.1%Fj/Ne
H2O
H2O
Li2CO3

Na

Q-value
-10.4
-21

-2.4

+2.8
+2.0
-18
+1.3
-18.7

Yield
18.5 MBq/nAh g ' F at 60 MeV*
9.60 MBq/nAh g ' Na at 100 MeVB

0.10 MBq/u Ah g' Na at 40 MeVB

0.41 MBq/^Ah g ' Na at 60 MeV

7.92 GBq/(iA at 16 MeVc

l ^ G B q / u A a t e M e V 0

O.lOGBq/uAatSJMeV0

5.55GBq/uAat lOMeV7

0.45 GBq/uAh at 14 MeVD

0.28 GBq/nAh at 36 MeVA

0.11 GBq/uAh at 48 MeV
3.7OGBq/4h at 3 1 0 ' 2 n c m V
4.74 GBq/nAh at 67.5 MeV

Reference
Yagiera/. (1979)
Paper I
Donnerhacke/a/. (1979)
Yagiera/. (1979)

Kilboura ef a/. (1985)
Paper II
Shefere<a/. (1991)
Nicklesera/. (1984)
Casella etal. (1980)
Knasletal. (1983)
Lindner etal. (1973)
Hsiehetal. (1977)
Lagunas-Solaretai (1992)

A Yield per 2.5 h irradiation
B Bremsstrahlung
c Saturation yield
D Yield per 2 h irradiation
E "Ne decays to "F with a half-life of 1.67 s.

14



, ocn)18F reaction has been used to produce [l8F]fluoride for nucleophilic
synthesis {Paper I). Paper II describes an H2

18O target for the production of
[I8F]fluoride using 6 MeV protons. In both cases, the [I8F]fluoride produced was used
for nucleophilic substitution. In radionuclide production, the goal is to optimize the
yield and obtain the radionuclide in a suitable chemical form, i.e. to obtain
[l8F]fIuoride in a reactive chemical form from the target. It is often unclear whether a
poor synthesis yield is due to unreactive [18F]fluoride being obtained from the target,
or if the reaction conditions are sub-optimal. Nucleophilic substitution requires
aqueous [18F]fluoride with no contaminants that would bind the18 F activity into re-
fractory compounds such as CaF+ and AlF(H2O)j+, and with minimal levels of cold
fluorine carrier (Nickles et al., 1986).

4.2 Production of 18F using an electron accelerator

Electron accelerators can be used for the production of 18F via bremsstrahlung beams
generated in special converters. High Z material is usually used; tantalum, tungsten or
platinum, as these materials also have a very high thermal resistance. Calculations of
the radionuclide production rates for electron accelerators are complicated, due to the
complex continuous photon spectrum and the angular distribution of the photons
(Brinkman, 1980), which both depend on the Z and the thickness of the converter.
Also, the dimensions of the target and the distance to the converter influence the
radionuclide production rate. The radioactivity produced with bremsstrahlung photons
can be calculated using the thin-target yield formula:

A(t) = n1(0)o(f>(W-A') (1)

where n,(0) is the number of target nuclei per unit volume; o is the total interaction
cross-section; (|) is the fluence of the photons; A is the decay constant and t is the
activation time.

The activity yield at saturation, t » T,A, will be:

As = n,(0)o<j> (2)
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Interest in using electron accelerators for the production of 18F for nuclear medicine
has been very limited with only a few reports on their use (Donnerhack et al, 1979;
Yagi et al, 1979; Brinkman 1988). The production of 18F as fluoride and for labelling
organic compounds has previously been described in a paper by Donnerhack et al.
(1979). The highest yield of I8F can be obtained from the 19F(y, n)18F reaction. Irradi-
ations of organic fluoro-compounds and recovers of [18F]fluoride by aqueous
extraction of fluorocarbons have been carried out (Brinkman, 1988). However, the
[I8F]fluoride recovered by extraction may contain some of the organic compound as
well as other recoil products labelled with 18F, and the specific activity is not higher
than 37 GBq 18F per 10-40 mmol of fluoride. In Paper I the procedure employed to
obtain [18F]fluoride from the 23Na(y, ct n)18F reaction is described. The [18F]flouride
is then used for nucleophilic labeling of 2-18FDG. The 23Na(y, a n)18F reaction was
chosen in order to obtain [18F]fluoride, with as high a specific activity as possible. The
bremsstrahlung photons were generated with 100 MeV electrons. A 4-mm platinum
bremsstrahlung target was used as converter, and the activation target consisted of
sodium hydroxide pellets. The sodium hydroxide target was placed immediately behind
the converter. The 18F was produced at a yield of 9.6 ± 0.4 MBq/uAh g ' of sodium.
The production of [18F]fluoride was higher than previously reported (Donnerhack et
al, 1979; Yagi et al., 1979). After purification and reduction of volume, the aqueous
solution was used for synthesis the synthesis of 2-18FDG. This was done using the
method described by Hamacher et al. (1986), with a decay-corrected yield of 24 ± 6%
in a total time of 110 min (including purification and evaporation). The 2-18FDG
produced has been used in animal experiments (Ohlsson et al., 1988).

4.3 Production of 18F using an electrostatic accelerator

There are numerous nuclear reactions involving charged particles for the production
of 18F, as can be seen in Table 2. The18O(p, ny8F and20Ne(d, ay8F reactions are of
major practical interest, as they require only moderate particle energy and a moderate
beam current to obtain a high yield (Guillaumeef al., 1991). The 18O(p, n)18F reaction
shows the highest practical yield of the two reactions. This reaction makes it possible
to use either a gas target, 18O2, or a water target, H2

18O. The design and performance
of different target systems for the production of [18F]fluoride have been described
extensively elsewhere (Nickles etal, 1983 and 1984; Kilbourn et al, 1984 and 1985;
Keinonen et al., 1986; Vogt et al, 1986; Mulholland et al, 1990).

Because of the continuous loss of kinetic energy of the charged particles in the
target, the yield is described by the thick-target yield:

16



max

Production yield = 3 7 6 ' 1 0 f -^-dE(\-eXt) (3)
Z • M J (dEldx)

where Z is the charge of the irradiation particles; M is the mass number for the target;
Emax is m e maximum energy of the irradiation particles in the target; o(E) is the cross-
section for the nuclear reaction as a function of E; (dE/dx) is the stopping power of the
target; A. is the decay constant and t is the activation time. The production yield is
given as MBq/uA.

The principles and problems behind all water targets are the same. The target water
must be kept cool enough to prevent it from excessive boiling. The gases produced by
radiolysis must be removed from the target (either vented or recombined) to prevent
a rise in pressure during bombardment. The target body must not absorb the 18F
produced but allow it to be removed with the water. Due to the high cost of enriched
H^O, as low a volume as possible (0.4-2.5 ml) is used for the irradiation. This small
volume increases the above described problems due to heating and the production of
gas by radiolysis. Due to the small target volume, the working temperature is reached
within less than 1 s after commencing irradiation, as the heat transfer is limited in such
a small layer of water (Steinbach et al., 1990). Steinbach et al. recommend careful
degassing of the water target with a low beam current before the production run, to
avoid the water from being expelled from the target. The small target volume limits
the area of the target foil. The local heat load on the foils can be severe and it is
important that the beam has a uniform density cross-section. Lack of uniformity and
the presence of hot spots can cause foil rupture. An oscillating beam can improve the
foil performance. When double-foil beam windows are used, additional cooling can be
supplied by forced convection of helium between the two foils.

In the production of [18F]fluoride it is very important to avoid contamination of
cationic, metal ions, and radiolytic products, which may cause difficulties in the
nucleophilic synthesis of labelled compounds (Blessing et al., 1986; Tewson et al.,
1988; Solin et al., 1988). The bombardment of protons on the entrance foil and
chamber walls introduces metal ions into the water. Therefore, the choice of chamber
material and foils is of great significance. Metals are capable of forming complex oxy-
ions in aqueous base, preventing the utilization of the fluoride in nucleophilic
substitutions (Tewson, 1988). The occurrence of metal ions can prevent the fluoride
ion from being dissolved in the organic solvent used for nucleophilic substitution. The
use of a silver chamber and a silver foil seems, at the moment, to be the most advisable

17



choice. Nucleophilic reactions with [18F]fluoride have been performed successfully in
the presence of both silver and silver oxide (Tewson et al., 1978; Gatley et al., 1980),
furthermore, silver is an excellent heat conductor.

Most of the literature describes H^O targets constructed for irradiation by protons
of 10 MeV or higher energy. Our target system design is optimized for production with
6 MeV protons {Paper II). At a proton energy of 6 ± 0.5 MeV, a 0.1 MeV decrease
in the proton energy results in a 5% lower yield of 18F (Ruth et al, 1979). The
thickness of the foils is reduced to a minimum to reduce the energy losses, but not to
a level where foil failure jeopardizes the production. Thin foils are advantageous
because the power deposited in a foil by a proton beam is proportional to the thickness
of foil, while the surface area available for convective cooling is constant (Votaw et
al., 1989). The total energy loss in the foils and in the cooling helium flow between the
foils is about 400 keV (Paper IT). The flow of helium in our target system is so low
that the cooling capacity is comparable to free convection, keeping the temperature of
the exit window below 500°C. Apart from cooling, the helium atmosphere also
prevents the production of ozone, and the energy loss is small compared with other
gases.

In our experiments, 450 (il of 97% enriched H2
18O were used for a 60-min irradiation

with 6 MeV protons, at a beam current of 10 ^A. This gave a yield of 3.5 ± 0.3 GBq.
A 150 (il water excess is used to compensate for losses during irradiation. For 120-min
irradiations at a beam current of 10 \xA an additional amount of 150 |il water is used.
The yield from 120-min irradiations was 5.7 ± 0.1 GBq. In Figure 3, our production
yield, at a beam current of 5 uA, from an H2

I8O target is compared with the yield
obtained from an 18O gas target. The [18F] fluoride produced has been utilized for the
synthesis of 2-18FDG. Three different labelling methods have been used (Hamacher
etal, 1986;Toorongiane/a/., 1990; Mock et al., 1995)

18
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Figure 3. Production yield at saturation for the 18O(p, n)18F reaction as a function of
proton energy. The two data sets represent our results obtained using a water target
(B) and those from a study using an enriched 18O gas target, Ruth et al. (1979) (•).
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5. RADIOCHEMISTRY OF 18F

5.1 Introduction

Some of the radioisotopes of the halogen group were among the first to find medical
applications. All halogens form covalent bonds to carbon. Radiolabelling generally
involves organic compounds in which the halogen replaces a hydrogen atom.
Consequently, these radiopharmaceuticals are often analogues of natural physiological
substrates. There are few suitable positron-emitting radiohalogens for PET. 18F has
found the widest application and research on the possibility of using it as a label for
organic radiopharmaceuticals began in the early 1970s. The [18F]fluoride ion was, at
one time, the standard bone scanning agent (Blau et al., 1962). The labelling
developments of 18F parallelled those of the other positron-emitters, ' 'C and 13N. One
of the advantages of 18F is the relatively long half-life. This makes it extremely suitable
for many PET studies where imaging may continue for several hours after
administration of the radiopharmaceutical, providing a complement to "C and 13N.
However, the long half-life of 18F is a disadvantage when the "test-retest technique"
(Brooks et al., 1987) is used. 18F labelling usually involves a modification of the
natural compound's biological properties, and it is important to consider the position
of the labelling atom. The labelling of the two glucose analogue 3-[18F]fluoro-3-deoxy-
D-glucose and 2-[18F]fluoro-2-deoxy-D-glucose is an example of how important the
position of 18F is. 2-[l8F]fluoro-2-deoxy-D-glucose is used in the 2-18FDG model for
measuring the metabolic rate of glucose, while 3-[18F]fluoro-3-deoxy-D-glucose only
mimics the rate of glucose transport through the plasma membrane, and is negligibly
metabolized in the cell (Vyska et al., 1984).

The chemistry of 18F has a reputation of being "difficult", but nowadays we better
understand and control these difficulties. The chemistry of 18F can be divided in two
areas; electrophilic reactions and nucleophilic reactions. [18F]F2 and [18F]CH3COOF
are probably the most widely used electrophilic 18F-labelled reagents. Since fluorine
is a very reactive gas, it reacts indiscriminately with organic molecules, resulting in
mixtures of products. A dilution of the fluorine gas with an inert gas, such as Ne,
makes a selective reaction with organic compounds possible. The reactivity of
electrophilic fluorine is decreased for the fluorinating agent, [18F]CH3COOF. Many
different methods of synthesis using electrophilic reactions have been reported. The
[18F]fluoride ion can only be used as a nucleophilic fluorinating reagent and this is the
only available method for non-carrier-added reactions with 18F. For applications which
require a very high specific activity, such as some receptor ligands, a nucleophilic
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reaction is the best approach.

5.2 2-[18F]fluoro-2-deoxy-D-glucose

2-[18F]fluoro-2-deoxy-D-glucose (2-18FDG) is an analogue of glucose in which the
hydroxyl group on the number 2 carbon has been replaced by 18F. Glucose and 2-
18FDG use the same transport system into the cell. Inside the cell, 2-8 FDG is phos-
phorylated to 2-18FDG-6-PO4 by the enzyme hexokinase. Because of the substitution
in the second carbon position, 2-18FDG is not metabolized further, and becomes
metabolically trapped in the cell. 2-18FDG is the most important radiopharmaceutical
in PET, and is used to measure the metabolic rate of glucose (MR^) in different
tissues.

Figure 4. Structure of 2-[18F]fluoro-2-deoxy-D-glucose.

5.3 Labelling of 2-18FDG

The first synthesis of 2-18FDG was described by Ido et al. (1978), starting from
[18F]F2 and 3,4,6-tri-O-acetyl-D-glucal (TAG). Since then, a large number of methods
of synthesizing 2-18FDG have been developed (Table 3). The goal of these new
methods was to increase the radiochemical yield and to simplify the method. Shiue et
al. (1982) doubled the yield by introducing the new precursor CH3COO18F. By
obtaining CH3COO18F as a gaseous product from F2 by means of a gas-solid reaction
and reacting it in water with unprotected sugar, the radiochemical yield increased to
40% and the synthesis time was reduced further (Ehrenkaufer et al., 1984). The above
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mentioned methods, starting from [18F]F2 give a maximal radiochemical yield of 50%
and will also give some [18F]deoxymannose epimere. The one-pot reaction using the
action of gaseous [18F]acetyl hypofluorite on TAG in freon is not a high-yield
synthesis, however, the contamination of 2-[18F]fluoro-2-deoxymannose is only about
5% (Bida et al., 1984). Based on the purity of the product and the ease of preparation,
Coenen et al. (1987) state that this is the only recommendable electrophilic synthesis
of2-18FDG.

Table 3. Comparison of different methods of synthesis of 2-18FDG.
Method

[18F]F2 + TAG' in Freon
[18F]F2 + glucal in H2O
CH3COO18F + TAG1 in

CH3COOH
Xe18F2 + TAG1

CH3COO18F (gaseous) +
glucal in H2O

CH3COO18F (gaseous) +
TAG' in Freon

[18F]F +meth..b

[!8F]F + cyclic sulphate ester
[18F]F+1,3,4..°+ Kryptofix
[18F]F+1,3,4..c + amino-
polyether resin

[1 8F]F+l,3,4. . c + TMAd

Radiochemical
yield
(%)

10
30
20

20
40

20

10
40
50
60

52

Synthesis
time

(Min)

90
30
70

45
15

60

120
40
50
40

48

Reference

Idoetal. (1978)
Bida etal. (1984)
Shiue etal. (1982)

Shiueetal. (1983)
Ehrenkaufer et al. (1984)

Bida etal. (1984)

Levy et al. (1982)
Tewsonefa/. (1983)
Hamacher et al. (1986)
Toorongian et al. (1990)

Mock et al. (1995)
' 3,4,6-Tri-O-acetyl-D-glucal
b Methyl 4,6-o-benzylidene-3-o-methyl-2-0-trifluoromethanesulphonyl-P-D-mannopyranoside
c 1,3,4,6-Tetra-O-acetyl-2-O-trifluoromethanesulphonyl-p-D-mannopyranose
d Tetramethylammonium carbonate

A nucleophilic synthesis of 2-18FDG should be much simpler because it does not
require the use of violently reactive reagents like fluorine gas. The reaction can be
more efficient because, in principle, all the I8F can be utilized. It is also easier to obtain
high amounts of [18F]fluoride than [18F]F2. However, there are other problems in the
nucleophilic synthesis of 2-18FDG that have delayed the development of this method.
It is not easy to perform simple nucleophilic substitution at the 2 position of hexoses.
[18F]fluoride is also notoriously intractable, with many reactions reported giving low
and erratic yields. The first nucleophilic syntheses of 2-18FDG were not suitable for
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routine labelling work, due to difficult reagents and the formation of secondary
fluorinated products. The method developed by Hamacher et al. (1986) represented
a great breakthrough in the nucleophilic synthesis of 2-18FDG. This synthesis gives 2-
18FDG at a purity >98% and a radiochemical yield of about 50%. In a study using
high-performance anion exchange chromatography, the impurity 2-deoxy-2-chloro-D-
glucose was detected, in an amount up to 100 ug per preparation (Alexoff et al.,
1992). The amount of 2-18FDG was between 1 and 40 ug, glucose between 1 and 6
mg, and mannose between 10 and 18 ug. The small quantity of 2-deoxy-2-chloro-D-
glucose does not limit the application of this labelling method. The main drawback is
the use of Kryptofix. This is a toxic substance, with a LD50 of 30 mg/kg in mice. It is,
however, possible to remove the Kryptofix impurity from the final product (Moerlein
et al., 1989). Tewson (1989) is of the opinion that the potassium carbonate/Kryptofix
complex is the most tolerant to all impurities introduced by the target system,
compared with the other complexes used in nucleophilic substitution of 2-18FDG.

Due to the high cost of enriched H^O water, several methods have been developed
to recover the enriched target material (Alexoff et al., 1989; Schlyer et al., 1990;
Jewett 1991; Chaly et al., 1992). The custom-synthesized polymeric anion exchange
resins for the synthesis of 2-18FDG allow the combination of separation and recovery
of the [18O] water, drying, and nucleophilic substitution reactions into a single
procedure (Toorongian et al., 1990). The use of a polymeric reagent eliminates the
need to remove phase transfer reagents, cryptands or crown ethers. Such reagents are
usually toxic. High yield has been reported for the synthesis and the method is quite
simple. However, our experience is that the yield is only about 20% and is erratic;
probably due to contamination from the irradiated target water.

Another method of synthesis of 2-18FDG using the less-toxic, tetramethyl-
ammonium carbonate as a phase-transfer reagent instead of Kryptofix is described by
Mock et al. (1995). This is a one-pot synthesis method with no need to remove the
phase-transfer reagent, resulting in a shorter synthesis time and higher yield. Our
results from labelling work using this method are encouraging, giving about a 30%
yield.

We have used the three above mentioned methods for labelling 2-18FDG. The
Hamacher-method was first used for animal experiments and development work
(Ohlsson et al., 1988; Paper /). The resin method for labelling 2-18FDG has been used
for human studies (Paper V). The method described by Mock et al. (1995) has been
investigated with the purpose of replacing the method developed by Toorongian et al.
(1990).
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5.4 Quality control of 2-18FDG

Thin-layer chromatography (TLC) and high-pressure liquid chromatography (HPLC)
are commonly used methods for determining radiochemical purity, and for
identification of the labelled product. HPLC is a chromatographic method that
combines speed and high resolution. This technology has been applied to normal and
reverse-phase as well as ion-exchange separation and has wide applications in the
purification and analysis of short-lived radiotracers. When using HPLC for
measurements of radiochemical purity, it is essential to have a method of comparing
the radioactivity that elutes from the column with the radioactivity injected. Without
this, impurities retained on the column will not be detected, and a misleadingly high
radiochemical purity will result (Tewson, 1989).

It is very convenient to supplement HPLC with TLC, which allows the
determination of the radioactivity distribution on the TLC plate. TLC is a simple, rapid
method for determining radiochemical purity , especially when its efficiency in
determining the radiochemical purity of a given radiotracer has been verified by HPLC.
The use of plastic or aluminium supported TLC sheets allows a simple, accurate
determination of the radioactivity distribution by cutting the sheets into strips and
measuring the radiation on each strip in an automatic gamma counter. It is possible to
determine the radiochemical purity, using both TLC and HPLC, within 15-20 min after
the completed synthesis.

The radiochemical purity of the 2-18FDG has been ascertained using TLC (eluent
CH3CN:H2O, 95:5, v/v) and HPLC (Lichrosorb-NIf columns 300 mm x 4.6 mm;
eluent CHJCMHJO, 95:5, v/v; 2.0 ml/min). TLC of the 2-18FDG has shown that more
than 95% of the 18F was present as 2-l8FDG (RpO.4). The 18F activity was located at
the starting point. The retention time for the HPLC was 5.8 min.

After-the-fact testing for sterility and apyrogenicity has been carried out, on small
samples of the 2-18FDG solution for injection, at frequent intervals.
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6. SCANNERS FOR POSITRON EMISSION TOMOGRAPHY

6.1 Introduction

The suggestion of using positrons for medical imaging purposes was first made in the
early 1950s. Brownell et al. (1953) and Anger (1959) described the first imaging
devices. These devices produced planar images in a format similar to single-photon,
gamma-camera imaging. In the early 1960s the first tomographic PET device designed
to produce transverse section images was built at Brookhaven National Laboratories.
The PET scanner consisted of a single ring of 32 Nal(Tl) detectors. The first positron
tomograph that functioned on a practical level was developed at Washington
University, St Louis, USA (Phelps et al., 1975). PETT m had 8 cylindrical Nal(Tl)
detectors per bank giving a total of 48. The spatial resolution was 25 mm FWHM,
both in-plane and axially, and the slice sensitivity was 1622 cps/(kBq/ml) for a 20-cm
phantom. The image reconstruction from projections was similar to that used for
transmission CT. Other single-slice tomographs followed shortly after this (see Table
4). The first commercially built tomograph, the ECATII, was based on the design of
the PETT III scanner, using Nal(Tl) detectors.

In the next generation of scanners, other scintillation materials were used, such as
Bi4Ge3O12 (BGO) and CsF (see Table 5). BGO has become the most commonly used
detector material in conventional PET scanners. It has high density, and an effective
atomic number of 75, resulting in a high detection efficiency for 511 keV photons,
with short radiation length in the detector. These properties have enabled the
development of PET scanners approaching the theoretical limit of resolution (Dormer
600). However, BGO has a relatively low light output, 15% of Nal(Tl), and a long
photofluorescent decay time. These sub-optimal properties limit the count rates that
can be handled and lead to relatively poor energy resolution, making it difficult to
effectively separate scattered from true full-energy photon events. BaF2 and CsF have
rapid decay times and have been used in the design of time-of-flight (TOF)
applications, and are also useful in systems designed for high count rates (Ter-
Pogossian et al., 1982b; Mullani et al., 1983). In TOF systems, the time difference
between the arrival of each 511 keV photon in the respective detectors of coincidence
pairs is measured. The time resolution is finite, at best 200 ps, corresponding to a
position uncertainty of 3 cm. Therefore, TOF information is incorporated into the
image reconstruction algorithm as a relative weight describing the probability that an
event occurred in a given region of the image. This process increases the signal-to-
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Table 4. Comparison of design parameters and performance characteristics for some PET scanners.

Scanner

PETTm
Positome I
Donner-280
PETTV
PETTVI
PC384-7B
SuperPETT I
TOFPET
ECATm
PC2048-7WB
PC4096-15WB
ECAT931
ECAT 953B
Donner-600

PENN-PET
Rota system
ROTA-PET

Crystal
material
Nal(Tl)
Nal(Tl)
Nal(Tl)
Nal(Tl)
CsF
BGO
CsF
CsF
BGO
BGO/GSO
BGO
BGO
BGO
BGO

Nal(Tl)
Nal(Tl)
Nal(Tl)

Crystal
dim.A

50x76
30x25
8x30x51
30x140x70
20x24x65
12x20x30
25x45
18x45
5.6x30x30
6x20x30
6x12x30
5.6x12.9x30
5.6x6.15x30
3x10x23-30

500x150x25
39 cm diam.
230x90x13

No. Rings/
No. Slices

1/1
1/1
1/1
1/7
4/7
4/7
4/7
5/9
2/3
4/7
8/15
8/15
16/31
1/1

1/-25
1/16
1/-11

No. Crystal/
Ring

48
32
280
48
72
96
96
144
512
2x256
512
512
384
600

6
2
2

Ring
diam.B

111
40
90
60
57
48
90
99
100
107
101
102
76.5
60

84
50
70

Spatial resolution0

In-plane

25
35
9
15
11.7
7.6
12
8.1
4.4
5.0
4.9
5.1
4.6
2.6

5.5
7.5
6.0

Axial

25
15
15
15
13.9
11.6
12
9
10
11.2
6.0
6.2
4.3
5.0

5.5
7.5
6.0

Sensitivity0

1622
1757
757
1351
1081
595
405
270
405
335
132
162
116
216

141
2.7E

15

Reference

Hoffman et al. (1976)
Yamamoto et al. (1977)
Derenzoefa/. (1979)
Ter-Pogossian et al. (1978)
Ter-Pogossian et al. (1982a)
Eriksson et al. (1982)
Ter-Pogossian et al. (1982b)
Mullaniefa/. (1983)
Hoffman et al. (1983)
Holtee/o/. (1987)
Kopse/a/. (1990)
Spinkse/a/. (1988)
Mazoyere/a/. (1991)
Derenzo^a/. (1987)

Karp etal. (1990)
Paansefa/. (1985)
Paper UI

' Dimensions are in millimetres, B Ring diameter is reported in centimetres, c FWHM, units are in millimetres, D cps/(kBq/ml) per slice for a 20-cm phantom , " cps/kBq for a point source



noise ratio (S/N) which is the purpose of using the TOF technique in PET. A density
of 4.64-4.88 and an effective atomic number of 51-52, make CsF and BaF2 less
suitable as a radiation detector in conventional PET system.

Table 5. Physical properties of inorganic scintillators used in PET scanners (Koeppe
etal, 1992)

Density (g/cm3)
Effective atomic no.
Index of refraction
Relative emission int.
Peak wavelenght (nm)

Decay constant (ns)

Hygroscopic

Nal(Tl)

3.67
51
1.85
100
410

230

Yes

BGO

7.13
75
2.15
15
480

300

No

GSO

6.70
59
1.85
25
440

56,600

No

BaF2

4.88
51
1.50
10
310 (slow)

430, 620 (slow)

No

CsF

4.64
52
1.48
5
390
220 (fast)
5
0.6, 0.79 (fast)
Yes

The generation of PET scanners based on BGO detectors employed smaller crystals
to improve image resolution (see Table 4). Multislice imaging capabilities were also
introduced. The design goal of current state-of-the-art PET scanners is to decrease the
complexity of the scanner without sacrificing its performance, making the scanner
practical for routine clinical work. One way to simplify the design is to use position-
sensitive photomultiplier tubes to localize coincidence events, instead of one-to-one
coupling between crystal and photomultiplier tube (PMT). The use of BGO detector
blocks, has made it possible to reduce the detector size, resulting in increased
resolution. The spatial resolution of an image is affected primarily by the size of the
detectors. Some newer PET scanner designs use 3-4 mm wide detectors, which should
result in a theoretical spatial resolution of 1.5-2 mm. However, the spatial resolution
is determined by the penetration of the photons from one crystal to another rather than
the crystal size.

It is possible to obtain many imaging planes using BGO detector blocks. The
whole-body PET scanner Advance, produced by GE Medical Systems, consists of 18
rings, giving 35 two-dimensional image planes, through an axial field of view of 15.2
cm. The small axial size of the detectors in modern PET scanners has, however,
significantly reduced their sensitivity. A five-fold increase in sensitivity for true events
has been reported (DeGrado et al., 1994). When performing PET scanning without
septa, accepting coincidences between planes and using 3D-reconstruction However,
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the contribution from accidental events and scattering significantly increased the noise.

The Lund PET laboratory has had a PC384-7B scanner (Scanditronix, Sweden)
since 1994. This is a head scanner consisting of four detector rings, with 96 BGO
crystals per ring. One scan generates seven slices with thicknesses of approximately
13 mm, with sensitivities of 675 cps/(kBq/ml) for the main slices and 945
cps/(kBq/ml) for the cross slices. The reconstructed spatial resolution is 8 mm. The
FOV is 100 mm in the axial direction and 260 mm in the transaxial direction. Because
of the thickness of the slices, we have developed a method of reducing the thickness
to 6.5 mm (Erlandsson et al., 1996). To achieve this, an additional scan is performed,
with a shift of half a slice thickness. Two hollows for the patient's shoulders, have
been milled into the front face of the collimator, to enable the examination of patients
with head and neck cancer.

6.2 Use of large position-sensitive detectors in PET systems

The use of double-headed scintillation cameras in PET systems has been described
previously by various groups (Anger 1967; Muehllehner et al., 1976; Paans et al.,
1985). The early design of Muehllehner et al. (1976) using large position-sensitive
NaI(Tl) detectors has been used in the PENN-PET scanner, the state-of-the-art of PET
system among scanners based on position-sensitive Nal(Tl) detectors. This design is
a very interesting low-cost alternative to the more common multi-ring BGO detector
block systems. The PENN-PET design is based on the use of large-area, position-
sensitive Nal(Tl) scintillators in a hexagonal array (Muehllehner et al., 1986). Each
crystal has the dimensions 500 x 150 x 25 mm, and is coupled to 30 PMTs. The
spatial resolution is the same in all dimensions, and the FWHM is 5.5 mm in the
centre. Operation without septa shielding increases the sensitivity, but also increases
the proportion of scattered events and degrades the spatial resolution at the edge of the
field of view. Scatter reduction is well handled in the PENN-PET scanner due to the
fact that NaI(Tl) has eight times more light output than BGO, and its energy resolution
is so much better, making the scattering correction smaller. Sampling is continuous in
all dimensions, which gives true 3D volume imaging capability. Since there are no
slice-defining septa, the slice thickness is software selected. The use of only six large
NaI(Tl) detectors limits the system's suitability for high count rates, and the sensitivity
is rather low, due to the use of Nal(Tl) scintillators.

Multi-wire proportional chambers have also been used in rotating scanners
(Townsend et al., 1987; Ott et al., 1988). The low sensitivity is, however, a serious
problem in this type of position-sensitive detector.
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At the Department of Radiation Physics, Lund University, we have constructed a
rotating PET scanner (ROPET) based on two scintillation cameras (Paper III; Sandell
et al., 1996a). The position-sensitive NaI(Tl) detectors are 27 cm in diameter and 1.27
cm thick, and are coupled to 19 PMTs. Parts of the cylindrical crystals are shielded
with 4 cm lead, leaving a rectangular field of view (FOV) of 23 x 9 cm. The reason for
reducing the FOV is that events outside this area are not used in the reconstruction of
transaxial images and will only increase the singles count rate. Axial lead shielding,
2-3 cm thick, extending perpendicularly 20 cm from the crystals, was also added to
prevent photons outside the FOV from reaching the crystals. The gamma camera heads
are mounted with ball-bearings on a gantry, and opposite crystal are separated by 70
cm. The software required for quantification has been described by Sandell et al.
(1996a). The image reconstruction for ROPET is performed with a 3D method
(Erlandsson et al., 1992 and 1994). The reconstructed spatial resolution is 6 mm
(FWHM) and the measured scattered fraction is 25%. The main drawbacks of the
ROPET system are its low sensitivity, 15 cps/(kBq/ml) per slice, and the poor count
rate capability. The spatial resolution is comparable to most commercial multi-ring
BGO detector block systems. In spite of the low sensitivity of the ROPET system, the
scanner can give useful, high-spatial-resolution images when the activity is localized
to small regions, such as tumours. In studies with wider activity distributions, e.g.
brain scans, the images must be smoothed, resulting in lower resolution. However, this
procedure gives a higher signal-to-noise ratio than a system with poorer spatial
resolution.

Both the ROPET system and the PC384-7B scanner are used for human studies
(Paper VI).
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Figure 5. Illustration of our rotating PET scanner, based on two scintillation camera
heads.

6.3 Whole-body PET imaging

Standard PET imaging is limited by the axial FOV of the scanner but this does not
present a problem in imaging of the heart or the brain. The increased use of 2-'8FDG
PET in oncology, the interest in screening for occult metastases and identification of
the primary tumour site in patients with cancer of unknown primary location, have
made large FOV techniques desirable. A group in Los Angeles (USA) have developed
a whole-body PET technique that generates tomographic images of the entire patient
(Dahlbom et al., 1992). These images are obtained in one-hour acquisition, using a
sequence of transaxial images at 16 longitudinal bed positions for the upper half of the
body followed by images of the lower half of the body. The total axial FOV with this
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technique is 162 cm, using a Siemens/CTI 931/08-12 whole-body PET system. The
spatial resolution is 10.8 mm in all dimensions. The whole-body PET technique is
often qualitative rather than quantitative, since imaging is usually performed without
attenuation correction.

6.4 Quantification in PET

Quantification in PET is very important, as the PET technique is capable of generating
physiological data for functional quantification in vivo. The determined value in each
voxel of a PET image corresponds to an activity concentration in the patient's body.
The spatial resolution of PET is one of major limitations for accurate quantification.
The object of interest must be greater than twice the FWHM to correctly estimate the
activity concentration. In smaller objects, the activity concentration will be
underestimated. This is called the partial volume effect. The spatial resolution is
uniform in the centre of the FOV but, especially for PET scanners with small
diameters, the spatial resolution is non-uniform 10-12 cm from the centre. Two of the
major sources of background noise in PET are scattered and accidental events. The
scattered events depend on the distribution of activity in the body and vary inversely
with the square of the system radius. The scatter is measured with line sources in a
lucite phantom. Accidental events occur when the system is triggered by unrelated
photons that are detected by the two detectors within the coincidence time x. The
frequency of accidental events is expressed by the equation

NA = 2x-Na-Nb ( 4 )

where NA is the frequency of accidental coincidences and N, and ty are the singles
rates for each of the detectors. Both scattered events and accidental events show
uniform distribution. High count rates in PET cause dead-time losses, particularly for
multi-detector systems where multiple coincidences are the largest source. For PET
systems using large-area position-sensitive detectors, the primary source of dead time
is the detector itself.

It is important to perform accurate attenuation corrections. A great advantage of
PET over SPECT, is that the attenuation of the annihilation photons along the
trajectory is independent of the position of the annihilation. The correction for
attenuation can be calculated or measured. A combination of theoretical and
experimental methods can also be used. To achieve a high-quality PET image, a high
value of the signal-to-noise ratio (S/N) is necessary. The S/N depends on the number
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of true coincidences that are detected. A higher sensitivity to true coincidences
increases the S/N.

6.5 511 keV Single-photon emission computed tomography

The major disadvantages of PET continue to be high cost and limited availability.
With the access to single-photon emission computed tomography (SPECT) cameras
and increasing availability of 2-18FDG, the potential clinical use of 2-18FDG SPECT
has become an attractive alternative to PET. Myocardial viability study with 2-'8FDG-
SPECT has been reported (Drane et al., 1994). Interesting oncological studies using
this technology have also been reported (Martin et al., 1995 and 1996). Performance
characteristics and design parameters for various 511 keV-SPECT systems can be
found in Table 6. Modern scintillation cameras are designed to measure photon
energies around 100 keV, using only 9.4 mm thick NaI(Tl) crystals. Thin Nal(Tl)
crystals are not optimal for the detection of 511 -keV photons and increasing the
thickness will increase the sensitivity of the system. However, this will reduce the
performance, i.e. spatial resolution, of the scintillation camera when detecting photons
with lower energies. Changing the design of the collimators can increase the
sensitivity, but the resolution would deteriorate. The sensitivity of a 511 keV-SPECT
system is less than one tenth of the sensitivity of a PET scanner. The sensitivity may
be increased by using dual energy windows., a Compton window around 320 keV and
a photopeak window, and a suitable scattering correction for the Compton photons
(Paper IV). Most of the standard scintillation cameras use thin crystals, resulting in
a low sensitivity of 511 keV photons. Many correctly positioned events will appear in
the Compton region of the pulse-height distribution as a result of full-energy photons
that are scattered in the detector and then escapes. Using a Compton window around
320 keV will give a spatial resolution comparable to a photopeak window (Paper IV).

Table 6. Comparison of design parameters and performance characteristics for
different 511 keV-SPECT systems.
Reference

Martin et al. (1996)
Drane etal. (1994)
Leichner er a/. (1995)
Macfarlane et al. (1995)
Paans etal. (1996)

Crystal
Thickness

(mm)

9.4
9.4
9.4
9.4
9.4

Collimator dim.
Core/Hole/Septa

(mm)

80/4.0/2.5
78/3.8/1.7
77/5.173.4
77/5.173.4
76/3.4/3.0

Resolution
(FWHM)

(mm)

17"
12C

17C

20d

l l c

Sensitivit/

(cps/MBq)

58
14
54
40
20

* 13 cm radius of rotation; SPECT resolution,b per camera head, c 10 cm distance; planar resolution,
6 reconstructed resolution,e Hexagonal holes
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7. MATHEMATICAL MODELLING OF BIOCHEMICAL
PROCESSES

7.1 The 2-[18F]fluoro-2-deoxy-D-glucose model

Kinetic tracer techniques are generally used in physiology and biochemistry to trace
dynamic processes, such as blood flow, substrate transport or biochemical reactions.
Such studies require a measurable tracer to be introduced into the system. The
measured activity concentration can provide quantitative information on a biological
process, if the metabolic pathways of the radiopharmaceutical are known, and a kinetic
model can be constructed. The 2-fluorodeoxyglucose (2-I8FDG) model has become
generally accepted and widely used for the in vivo determination of the metabolic rate
of glucose consumption (MR^) in various tissues. The method is derived from a
model based on the biochemical properties of the glucose analog 2-deoxyglucose (2-
DG), labelled with 14C (Sokoloff et al, 1977) (Figure 6). 2-DG is an analogue of
glucose in which the hydroxyl group on the number 2 carbon atom has been replaced
by hydrogen. In 2-I8FDG, this hydrogen atom is replaced by I8F. 2-I8FDG must cross
the capillary wall and the cell membrane to be phosphorylated to 2-18FDG-6-PO4. 2-
18FDG competes with glucose for facilitated transport in the capillaries and with
hexokinase for phosphorylation to 2-18FDG-6-PO4. However, unlike glucose-6-PO4,
which is further metabolized, eventually to CO2 and water or lactate, and to a lesser
degree via the hexose monophosphate shunt, 2-I8FDG-6-PO4 cannot be converted to
fructose-6-phosphate and is not a substrate for glucose-6-PO4 dehydrogenase. This is
because the substitution is in the second carbon position. Hexokinase, which catalyses
the phosphorylation, is found only in the cytosol of cells. There is very little glucose-6-
phosphatase activity in brain and even less deoxyglucose-6-phosphatase activity. In
other organs, the glucose-6-phosphatase activity is higher, resulting in a higher rate of
dephosphorylation. 2-18FDG-6-PO4 can be converted into fluorodeoxyglucose-1-PO4

and then into undine diphosphate-fluorodeoxyglucose and eventually into glycogen,
glycolipids, and glycoproteins, but these reactions are slow, and in mammalian tissues
only a very small fraction of the 2-18FDG-6-PO4 formed proceeds to these products.

The 2-18FDG model is simplified to include only three compartments: a blood
compartment, a compartment for metabolic precursors (glucose, 2-18FDG) in tissue,
and a compartment for metabolic products (glucose-6-PO4 and 2-18FDG-6-PO4) in
tissue (Figure 6). The boundary between the blood compartment and the compartment
for metabolic precursors is the capillary membrane. There is no physical barrier
between the compartment for 2-18FDG and the compartment for 2-18FDG-6-PO4, but
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a phosphorylation reaction catalysed by hexokinase.

Plasma Tissue

K*
FDG

K

Glucose

Precursor Pool

FDG

*; (C*J

Glucose
K

Metabolic Products

FDG-6-P0,4

Glucose-6-PQ4

C0 + Hg

Figure 6. Compartment model used to describe the kinetics of 2-18FDG and glucose
in tissue.

The rate of transfer of 2-18FDG across cell membranes has been shown not be rate
limiting compared with the rate of its phosphorylation within cells by hexokinase. In
this model, if 2-I8FDG-6-PO4 is trapped in the compartment for metabolic products,
its concentration is directly related to MRg,. Since the extraction of glucose is small,
the model describing MR^ is considered to be flow independent.

Sokoloff et al. (1977) developed the deoxyglucose model for autoradiographic
measurements of glucose metabolism in the brain. For single-scan measurements,
average rate constant values have to be used. MR^ is calculated from:
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where C*(t) represents the tissue concentration of 2-18FDG plus 2-18FDG-6-PO4 in a
region i at a time t; C^t) is the plasma concentration of 2-18FDG as a function of time
(t); k,*and k^are the rate constants for forward and reverse capillary membrane trans-
port of 2-l8FDG, respectively; kj is the rate constant for phosphorylation of 2-18FDG
and LC is the lumped constant. The asterisk denotes symbols for 2-18FDG and
symbols without asterisks for glucose. The derivation of this operational equation for

is similar to that of the equation of Phelps et al. (1979), described below.

Phelps et al. (1979), extended the original autoradiographic model for
measurements of the local cerebral metabolic rate of glucose with 14C. They included
the hydrolysis of 2-18FDG-6-PO4 back to 21-8 FDG and extended the method to
measure the local cerebral metabolic rate of glucose with 2-l8FDG in humans.
Sokoloff s model assumes that once 2-18FDG is phosphorylated by hexokinase to 2-
18FDG-6-PO4, it is not cleared to any great degree during the period of the study
because the activity of phosphatase, which hydrolyses 2-18FDG-6-PO4 to 2-18FDG +
PO4, is low in the brain. Phelps and colleagues warned that the loss of 2-18FDG-6-PO4,
although slow, is sufficient to cause significant errors, depending upon how long a
time after injection MRg, is measured and the level of glucose-6-phosphatase activity
in the studied organ. They have developed an extension of Sokoloff's model which
allows for dephosphorylation, (i.e. k^.

The rate of change of C^t) and C^(t) in the compartmental model can be expressed
as:

dCE(t) . , _ , + . .

dt ' P 2 + 3 £ +
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For Cg(0) = C^(0) = 0, these equations have the following solutions in terms of
Cp*(t):

(8)

(9)

where

K

and denotes the operation of convolution.

The total amount of tracer in tissue, C*(t), is equal to the sum of Cg(t) and C^(t).

C,\t) = CE{t) + C^t) (11)

Substituting C^t) and C^(t) from the above equations, the equation for C*(t)
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becomes:

(12)

The individual rate constants can be determined from equation 12. In a steady state,
is equal to the net phosphorylation of glucose, i.e.:

MRgl = k^CE-k4CM (13)

can then be expressed as:

0 4 )

where LC is the lumped constant (see below). This equation is used for calculations
when using dynamic scanning.

By multiplying both the numerator and the denominator by C^(T), MR^ can be
expressed as:

Substituting Cg(t) and C^(t) from equations (8) and (9), equation (15) becomes:
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MRgl =

g, can be calculated according to equation 16 from the measured quantities Cp,
Cjjtt), and C*(T), in a single scan. Average rate constant values are used. The symbol
t is used in equation 16 to denote the requirement of the full time course of C*(t) up to
time T. C*(T)is the tissue concentration of 2-18FDG plus 2-18FDG-6-PO4 in region i
at time T.

7.2 The lumped constant

The lumped constant (LC) represents the difference in transport and phosphorylation
between glucose and deoxyglucose, under steady-state conditions and when k4* is small
(Sokoloff et al., 1977). The LC is composed of six parameters:

k2 + ft.
(17)

where; A is the ratio of the distribution volumes of glucose and deoxyglucose, <\> is the
fraction of glucose which, once phosphorylated, continues down the glycolytic pathway
and is very close to unity, Vm and V^ are the maximum velocity of phosphorylation of
glucose and DG, respectively, K,,, and K^ are the Michaelis-Menten constants for the
phosphorylation of glucose and DG, respectively. The LC can also be expressed in
terms of rate constants (Huang et al., 1980). The rate constants with asterisks refer to
2-l8FDG and those without to glucose.

The value of the LC for 2-18FDG in cerebral and myocardial tissues under various
conditions has been extensively studied, and for these tissues the metabolic rate of
glucose is predictable from the kinetics of 2-18FDG. The LC for normal brain tissue
has been reported to be 0.52 (Reivich et al., 1985). Depending on the plasma glucose
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level, the LC can range from 0.42 in hyperglycaemia up to 0.67 in hypoglycaemia
(Schuier etai, 1990). It is difficult to determine the absolute glucose metabolism for
tumours, because the value of the lumped constant is often unknown. LC values for
intracerebral gliomas and rat ascites tumours have been reported to be 1.17 and 0.65,
respectively (Kapoor et al., 1989; Kato et al., 1985). The lumped constant is usually
set to 1.0 in oncological 2-18FDG PET for convenience. As mentioned above the
lumped constant is composed of six parameters, and a change in any of these
parameters may alter its value. However, it has been argued that, as most of the
parameters are ratios of properties of glucose and 2-I8FDG, it is unlikely that a change
in one parameter for one of the substrates would not result in a corresponding change
for the other, leaving the LC unchanged (DiChiro et al., 1985). This argument is based
on the presence of only type I hexokinase, and not type II hexokinase found to be
overexpressed in malignant cells (Mathupala et al., 1995). Since type I and type II
hexokinase have different affinities for 2-18FDG, a change in the ratio between the two
types during therapy will change the value of the LC. Considering this, measurements
of the absolute glucose metabolism in tumours with 2-I8FDG are unreliable. A
fluctuating value of the lumped constant will make the interpretation of serial 2-18FDG
studies performed during a course of chemo- or radiation therapy very difficult.

7.3 The input function

The general procedure in a 2-18FDG PET study, is that after intravenous injection of
2-18FDG, numerous blood samples are taken for determination of the plasma glucose
and tracer concentrations as a function of time. During a 2-18FDG PET study,
approximately 25-35 blood samples are collected. The first simplification to obtain
the integrated input function was performed by Sokoloff et al. (1977). The mean
capillary plasma concentrations of glucose, Cp, and 2-18FDG, C*(t), were approximated
by arterial values. A further simplification to avoid undue trauma to the patient during
2-I8FDG PET examination was validated by Phelps et al. (1979). They showed that
the arterial samples could be replaced by venous samples taken from a hand heated to
about 44°C to "arterialize" the venous blood. The heating of the hand increases the
blood flow without increasing metabolism. The blood flow can be low in a peripheral
vein, particularly in older patients, so this increased blood flow can make blood
sampling easier. Venous samples are less traumatic for the patient, but the number of
samples remains the same. To reduce the numbers of blood samples, other methods
of measuring the integrated input function have been developed. When the aorta is
included in the field of view, the blood activity in the aorta can be measured with the
PET scanner to obtain the integrated input function (Germano et al., 1992).
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7.4 Single-scan methods

Single-scan methods are those most often used to determine MR^. This approach is
called autoradiographic measurement. The imaging technique does not employ
sequential scans, as in the dynamic method, but only one scan, 45-60 min post-
injection. Using average values for the rate constants, k*, MR^ can be calculated
according to equation 5, or equation 16 if dephosphorylation of 2-18FDG is included.
These equations demand average values of the rate constants and have been developed
for use in brain and heart tissues. Using average normal values for the rate constants
in calculations of MR^ in malignant tissues may lead to erroneous results. Brooks
(1982), developed an equation for the calculation of the MR^, which is less sensitive
to the difference between the rate constants in individual subjects and average values
of the rate constants.

MRgl - % ^ (18)

fCp(t)dt>

The rate constants occur only in the correction term in the numerator. This term
corrects for the amount of free 2-18FDG in the tissue at time t. The value of the
correction term is about 10-20% of the total tissue activity 60 min post-injection. In
this equation, k4* is set to zero, i.e. the dephosphorylation of 2-18FDG-6-PO4 is not
included.

Omitting the free 2-18FDG in tissue, sets the correction term to zero. In this case,
the equation is independent of the rate constants and is reduced to equation (19)
(Rhodesia/., 1983).

C , C/(7)
MR ( = -*!- ^~—

8 LC T (19)
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where C*(T), the tissue concentration of 2-l8FDG activity, is composed solely of 2-
18FDG-6-PO4 and the dephosphorylation of 2-18FDG-6-PO4 back to 2-18FDG is small.
This equation is very suitable for 2-18FDG PET studies on tumours, since the values
of the rate constants in tumours are rarely known. This approach to calculating
in tumours has been used in Paper VI.

7.5 Dynamic methods

Two different methods of calculating MR^ can be used when sequential scans are
performed. Using either the equation derived by Sokoloff et al. (1977) or the equation
developed by Phelps et al. (1979), the individual rate constants can be determined by
repeated measurements of the tissue radioactivity concentration in rapid succession.
The very early phase of the uptake curve determines the value of k*. To achieve an
accurate value of k*, short scan times during the first phase are necessary. A rapid
bolus injection is required for high time resolution, and blood volume correction
should be included in the model. Arterial blood sampling is required in order not to
introduce an uncontrolled time lag and variable dispersion of the bolus. This
experimental protocol is very demanding and not very suitable for clinical 2-'8FDG
PET (Schmidt et al., 1996).

Patlak et al. (1983) developed a theoretical model of blood-brain exchange and
developed a procedure that can be used to plot multiple-time tissue uptake data. The
model is general, but has been extensively used in several 2-18FDG studies. It consists
of a blood plasma compartment, a reversible tissue region with an arbitrary number
of compartments, and one or more irreversible tissue regions.

Upon plotting C*(t)/Cp*(t) versus /C*(f)dt7Cp*(t), part of the graph will yield a
straight line. If the uptake is unidirectional, the slope will be Kj, where:

Ki - - T - 2 ? (20)
h k

The intercept of this straight line on the ordinate is positive, and is smaller than the
steady-state space of the exchangeable region plus the plasma space, i.e. free 2-18FDG.
The model assumes that if a metabolite is produced it is trapped in the irreversible
region. In other cases the method can generate large errors. Applied to 2-18FDG PET,
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this method allows only investigations shorter than 60 minutes, due to
dephosphorylation. MR^ can be calculated from:

MRg, -. - * * , (21,

The great advantage with a Patlak plot is that the individual rate constants do not
have to be determined, since a ratio is used. Neither does the method require rapid
scanning sampling in the early phase of the uptake curve. Arterialized venous blood
samples are sufficient. The slope, Kj, is determined by the later part (t > 15 min) of the
uptake curve. In routine 2-I8FDG PET, Kj is probably more accurately estimated than
the individual rate constants. The graphic method is also much easier to use.

7.6 Semi-quantitative analysis of 2-18FDG uptake

The standardized uptake value (SUV) or differential uptake ratio (DUR) are
extensively used, especially in 2-18FDG PET for imaging of tumours (Adler et al.,
1991 ;Haberkorn et al., 1991 a).

„.,. . average concentration of radioactivity in region of interest (Bqlmt)
ij LJ v " • • [ 221

injected activity (Bq)l body weight of patient (g) v '

The SUV method is a nonkinetic method of measuring of tumour 2-18FDG uptake,
having the advantage of technical simplicity, since no plasma samples are required.
The normalization is based on injected activity per unit body weight. Body surface area
and lean body mass have also been used instead of body weight (Kim et al., 1994).
The use of body surface area has been found to be less dependent on individual patient
characteristics (Schomburg et al., 1996). This normalization is independent of time,
resulting in lower SUV values, if the measurements are performed before maximum
2-18FDG uptake (Fischman et al., 1993). The SUV is highly dependent on the timing
of the measurement. Hamberg et al. (1994) found that the SUV at 60 min post-
injection was only about half of the maximum value. The time required to reach
maximum level also changed depending on treatment. After a waiting period of 60 min
post-injection, about 10-20% of the measured activity corresponded to free 2-'8FDG.
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Typically, SUV measurements have been performed 45-60 min post-injection when
adopting the technique for brain imaging. A study performed by Langen et al. (1993),
on bronchial carcinomas shows that the SUV of 2-18FDG uptake is dependent on the
plasma glucose level. Sometimes, the glucose concentration in blood is included to
obtain better normalization, C^-SUV (Lindholm et al., 1993b; Langen et al., 1993).
However, both these studies showed considerable differences in individual patients
even after glucose correction. The C^ SUV method assumes that there is a universal
constant, independent of patient or physiological status, which defines the injected
activity per unit body weight of patient to be equal to the integrated plasma activity.
Changes in the overall glucose metabolism in the body, high or low glucose
metabolism in other organs and disturbance in kidney function may alter the integrated
plasma activity. High-dose chemotherapy may decrease the overall glucose
metabolism. The cerebral glucose metabolism was observed to decrease by 25% in
animal experiments with high-dose methotrexate (Phillips et al., 1989). The SUV
method implicitly sets the lumped constant to 1.0.

A positive correlation between SUV and MRg, has been reported (Lindholm et al.,
1993b; Minn et al., 1993; Hamberg et al., 1994). The degree of correlation for the
population is inadequate for individual patients. Our study reported in Paper VI
showed that the SUV index can introduce significant errors for individual patients. The
SUV approach is therefore not recommended for monitoring therapy effects in
individual patients.

Several oncological 2-18FDG PET studies have employed different kinds of ratios
for normalization of the 2-18FDG uptake in the tumour (Di Chiro et al., 1988;Wahl et
al., 1991;Bares et al., 1994). Muscle, normal tissue or cerebellum have been used
extensively for normalizations. There is, however, a high risk of using insulin-
dependent tissues, e.g. muscle, as a reference because the 2-18FDG uptake is related
to the insulin level in the bloodstream. The use of cerebellum as a reference tissue is
a much better alternative, because it is insulin independent. A disadvantage is that it
often demands an additional PET scan. A method of estimating the integrated input
function using a population-based arterial blood curve has been developed by
Takikawa et al. (1993).

7.7 An alternative method of normalizing 2-18FDG PET measurements

Instead of using the cerebellum, another insulin independent tissue can be used as a
reference; the erythrocytes (Paper V). The erythrocytes are exposed to the 2-I8FDG
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concentration in plasma. Assuming that the dephosphorylation of 2-I8FDG-6-PO4 is
small, the accumulation of 2-18FDG-6-PO4 in the erythrocytes is proportional to
I C*(t)dt/Cg[. It is convenient to use the measured integrated input function for the
simplified equation determined by Rhodes et al. (1983), equation (19). By measuring
the accumulation of 2-18FDG in the erythrocytes, MR^ in other tissues can be
normalized. The rate of utilization of glucose by erythrocytes is small, so most of the
radioactivity in the cells comes from free 2-18FDG and not metabolized 2-18FDG. The
free 2-18FDG can be removed from the cells by washing the blood cells, as 2-18FDG
is an uncharged molecule that diffuses freely through the membrane of the
erythrocytes. 2-18FDG-6-PO4 is charged and is therefore trapped inside the cell. Due
to different metabolic rates of the erythrocytes, up to ±20%, these values must be
measured by in vitro incubation. The equations for MR^ of the erythrocytes in the in
vitro incubation and for the erythrocytes in the bloodstream can be written in a simple
form, as free 2-l8FDG has been removed and dephosphorylation has been omitted. A
factor of 0.95, determined by in vivo experiments, must be used to obtain an absolute
value of the integrated input function. MRg, for the studied tissue can then be
expressed as:

MR r ; m ! U u ^
c,j • cMjn • T,

where CJT) is the tissue concentration of 2-18FDG plus 2-18FDG-6-PO4 in region I at
time T; C^ i is the mean value of B-glucose in the in vitro incubation; Q e (T) is the
concentration of 2-18FDG-6-PO4 in erythrocytes in the bloodstream at time T; C^e/Tj)
is the concentration of 2-18FDG-6-PO4 in erythrocytes after an in vitro incubation time
of TJ; C£, is the mean value of the concentration of 2-18FDG during the in vitro incu-
bation and T; is the duration of the in vitro incubation.

Only one blood sample in the middle of the PET scan is necessary to provide the
integrated input function with an accuracy better than ±8%. This method measures the
ratio between integrated 2-18FDG and glucose. Minor fluctuations in the B-glucose
value will not result in errors in the metabolic rate. Reducing the blood sample to less
than 2 ml, makes this method very practical for quantitative 2-'8FDG studies on
children, especially small children and newborns. The simplicity and accuracy make
this method very suitable for clinical 2-18FDG PET.

44



8. THE APPLICATIONS OF PET IN ONCOLOGY

8.1 Introduction

Oncological PET studies began with investigations on brain tumours. Most of the first
oncological PET studies utilized 2-18FDG, however, today the number of positron-
emitting radiopharmaceuticals used in cancer studies includes several other agents, and
interest in studing other tumours has increased significantly (Table 7).

Table 7. Examples of positron-emitting radiopharmaceuticals used for oncological
studies, excluding 2-'8FDG.
Process

Nucleic acid metabolism
Polyamine metabolism
Amino acid uptake and
protein synthesis

Perfusion

Oxygen metabolism
Glucosamine uptake

Chemotherapeutic
agents

Hypoxic cell agents
Receptor-specific ligands

Skeletal metabolic activity
B lood-brain-barrier
permeability
Monoclonal antibodies

Radiopharmaceutical

[nC]thymidine
[nC]putrescine
["C]methionine
[nC]leucine
[nC]tyrosine
[' 8F] fluorotyrosine
[13N]glutamate
[13N]ammonia
[15O]water
[15O]oxygen
[18F]fluoroacetyl-D-

glucosamine
[18F]tamoxifen
[!8F]5-fluorouracil
[' 8F] fluoromisonidazole
[18F]fluoroestrodiol
[18F]fluoroprogesterone
[18F]fluoride ion
[68Ga]EDTA
82Rb
18F-Fab
MCu-Fab
124I-3F8

Reference

Shields et al. (1990); Mariat et al, (1988)
Hiesiger <?/a. (1987)
Kubotaetal. (1989)
Hawkins et al. (1989)
Daemene/a/. (1992)
Weinhardtf a/. (1991);Coenene/a/. (1989)
Gelbard et al. (1979); Knapp et al. (1986)
Schelstaete et al. (1982)
Ho etal. (1982)
Rhodesia/. (1983)
Fujiwara et al. (1990)

Yang et al. (1990)
Dimitrakopoulou etal. (1993)
Kohetal. (1991); McCarthy et al. (1993)
Mintun et al. (1988);Brodack et al. (1986)
Dehdashti et al. (1991); Pomper et al. (1988)
Hawkins etal. (1992)
Ericson etal. (1985)
Yen etal. (1982)
Page etal. (1994)
Anderson et al. (1992)
Larson etal. (1992)

8.2 2-18FDG biodistribution and dosimetry

In animal experiments, Gallagher et al. (1977) explored the use of 2-18FDG as a
radiopharmaceutical for myocardial studies. This was the first distribution study of 2-
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18FDG. They found extraction of 2-18FDG in heart and brain, with a constant uptake
level during 2 hr post-injection. The clearance from liver, lungs, kidney, small intestine
and blood was rapid. The accumulation of 2-18FDG in the heart and brain is due to the
absence of glucose-6-phosphatase activity and the high rates of phosphorylation. The
liver has high glucose-6-phosphatase activity, resulting in a dephosphorylation of 2-
18FDG-6-PO4 and a clearance of 2-18FDG from the cells. The 2-18FDG cleared from
the organs is excreted into the bladder essentially unchanged (Gallagher et al., 1978).

The first radiation dosimetry calculations for 2-I8FDG in man were described by
Jones et al. (1982). Their calculations were based on brain uptake and bladder time-
activity measurements on human subjects aged from 20 to 68 yrs and distribution data
from various organs in the dog. Later calculations of the absorbed dose in man have
been performed by, for example, Mejia et al. (1991) and Johansson et al. (1992). The
bladder wall, heart and brain receive the highest absorbed doses, 0.17 mGy/MBq,
0.065 mGy/MBq and 0.026 mGy/MBq, respectively. The absorbed dose to the
bladder is greatly reduced when the bladder is large at the time of injection (Dowd et
al., 1991). The effective dose equivalent for adults has been calculated to be 0.027
mSv/MBq. Estimations of the absorbed dose to the newborn have been performed,
using 2-18FDG studies in 21 infants (Ruotsalainen et al., 1996). The measurements
were focused on the brain and bladder uptake. They found that the fraction of absorbed
dose to the bladder wall was lower in infants than in adults, and calculated an effective
dose equivalent for infants of 0.43 mSv/MBq.

Table 8. Dosimetry for 2-18FDG PET (ICRP publ. 53).
Organ

Brain
Heart
Kidneys
Bladder
Red Marrow
Lungs
Testes
Ovaries
Uterus

Effective dose
equivalent

i y
Children

5 yrs 10 yrs
(Estimated absorbed dose per

0.046
0.35
0.094
0.89
0.056
0.060
0.076
0.082

0.13

0.033
0.20
0.053
0.48
0.031
0.032
0.041
0.046

0.073

0.029
0.12
0.036
0.31
0.021
0.020
0.026
0.030

0.047

15 yrs
injected activity,

0.027
0.080
0.025
0.21
0.014
0.013
0.016
0.020
0.026

0.032

Adult

mGy/MBq)

0.026
0.065
0.021
0.17
0.011
0.011
0.015
0.015
0.020

0.027
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8.3 2-18FDG in oncology

The most widely used positron-emitting radiopharmaceutical in cancer studies to date
is 2-18FDG. MRg, in different neoplastic tissues can be studied using 2-18 FDG PET.
The increase in MR^ in malignant cells and its relation to the rate of glycolysis have
been demonstrated in experimental studies (Warburg, 1956). Some tumours may
preferentially metabolize glucose through the glycolytic pathway, rather than the
competing oxidative metabolism through the Krebs cycle, even in the presence of
adequate amounts of oxygen. The use of the nonoxidative instead of the more efficient
oxidative metabolic pathway results in a higher glucose utilization rate in tumours than
in normal tissue. The activities of the rate-controlling enzymes for glycolysis, i.e.,
hexokinase, phosphofructokinase, and pyruvate dehydrogenase, are increased in
tumour cells with high glycolytic rates (Weber, 1977). The mechanisms underlying the
characteristically high glycolytic rates of neoplastic cells are not yet fully understood,
but may be due to the partially hypoxic tumour milieu (Warburg, 1956). However, it
is known that the neoplastic transformation of some cell lines occurs in conjunction
with increased membrane glucose transport capability. Flier et al. (1987), using 3H-2-
deoxy-D-glucose, found high levels of glucose transport and transporter messenger
RNA in rat fibroblasts transfected with activated ras or src oncogenes. Other
investigators have noted an increase in the number of glucose transporters in
transformed cells resulting from elevated levels of transporter mRNA, and related
proteins with different responses to insulin have been found in cancer cells (Nishioka
et al, 1992; Brown et al, 1993a). The enzymes GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) and hexokinase II have been found to participate in glycolysis in
tumour cells (Persons et al., 1989). The presence of hexokinase II seems to be
associated with malignancy. The increased activity of hexokinase II in malignant tissue
might change the lumped constant. The endothelial transport and phosphorylation of
2-18FDG differ from those of natural glucose. The affinity is higher and the
phosphorylation rate is lower for 2-18FDG than for glucose.

8.3.1 In vitro and animal studies

The first application of 2-18FDG as a tumour tracer was performed by Som et al.
(1980). They observed elevated 2-18FDG uptake in various transplanted and
spontaneous tumours, while 2-18FDG was not accumulated in aseptic inflammatory
abscesses. Several animal studies performed after that pioneering study have
demonstrated the suitability of 2-18FDG as a tumour marker (Larson et al., 1981;
Iosilevsky et al., 1985; Abe et al., 1986). HPLC studies on different tumour models
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have shown that 75-90% of the measured activity is found as 2-18FDG-6-PO4

(Suolinna et al., 1986; Minn et al., 1992). The effective trapping of 2-18FDG as 2-
18FDG-6-PO4 supports the use of the 2-l8FDG-model for quantitative measurements
of glucose metabolism in tumours. Suolinna and colleagues also found minor
quantities of nucleotide-derivatives of 2-18FDG, demonstrating the further metabolism
of 2-18FDG-6-PO4. The usefulness of 2-18FDG for monitoring therapeutic effects has
been demonstrated in several animal studies (Iosilevsky et al., 1985; Abe et al., 1986;
Kubota et al., 1991; Daemen et al., 1992; Minn et al., 1992; Oya et al., 1996). Abe
and colleagues studied mice with radiosensitive and radioresistant mammary
carcinomas during radiotherapy. They found that the 2-18FDG uptake decreased in
responding radiosensitive tumours before there was a change in tumour size. The 2-
18FDG uptake in the nonresponsive tumours remained constant during radiotherapy.
In other tumour models, the 2-18FDG uptake was found to be an unreliable indicator
of therapeutic effects (Takahashi et al., 1986; Sato et al., 1992). This indicates that
the suitability of monitoring therapy effects using 2-18FDG depends on the tumour typ.

The great advantage of tumour models in animals is that it is possible to carry out
of autoradiographic studies. The micro-autoradiographic technique with a spatial
resolution better than 10 um is especially useful (Kubota et al., 1993). The high
resolution makes it possible to perform distribution studies in single cells. A high
accumulation of 2-18FDG in macrophages and granulation tissue around the tumours
has been reported (Kubota et al., 1992). In areas surrounding necrotic regions of the
tumour, the uptake of 2-18FDG can be up to 29% higher than in the viable tumour
cells. But this does not mean that the inflammatory cells are the major source of
radioactivity in tumour tissue, as viable tumour cells constitute the major component
of the tumour mass. Contradictory results have also been reported, with no
accumulation of 2-18FDG in tumour-infiltrating white cells and a selective uptake of
2-18FDG in viable tumour cells (Brown et al., 1993b). Kubota et al. (1994) proposed
the existence of a passive mechanism of 2-18FDG uptake in the necrobiotic/prenecrotic
or hypoxic/anoxic cells in tumours, as the result of a change in the permeability of
injured cell membranes.

Several in vitro studies have indicated that 2-18FDG uptake is related to the number
of viable tumour cells (Higashi et al., 1993; Minn et al., 1995).

There are several important differences between animal tumour models and
tumours in patients. Firstly, most of the animal tumours grow rapidly compared with
clinical tumours. The cell cycle is shorter and the growth fraction larger, thus animal
tumours respond earlier to therapy. Secondly, the size of the tumours in most animal
tumour models is very large compared with the size of the animal. The tumour burden

48



is thus high for the animal. Thirdly, most of the animal tumour models use immuno-
depressive animals, leading to unrealistic surroundings for the tumour in the respect
to 2-18FDG uptake. Fourthly, it is expected that the inflammatory reaction will be
stronger and more prolonged in clinical tumours, due to fractionated treatment.

8.3.2 Human studies

Early 2-18FDG PET studies on brain tumours were carried out on various groups
patients, for example, untreated and others during or after various forms of treatment
(Patronas et al., 1982; Di Chiro et al., 1985; Alavi et al., 1988). Those studies
demonstrated that hypermetabolic lesions were found to correspond to high-grade
brain tumours. In a PET study of 100 brain tumours Di Chiro et al. (1985) found a
significant difference in MR^ between high-grade tumours and low-grade tumours.
Lower grade gliomas often exhibited a lower rate of 2-18FDG utilization. Thus, the
contrast between normal tissue and brain tumour was lower. However, they maintained
that the visual appearance of the tumour was a better guide to individual diagnosis
than the measured MR .̂ Animal experiments have shown that high-dose methotrexate
treatment reduces the global cerebral glucose metabolism in normal brain tissue
(Phillips et al., 1989). A global reduction makes it more difficult to use ratio
measurements for therapy evaluation. 2-18FDG PET has shown an increase in 2-18FDG
uptake one day post-radiotherapy and a decrease seven days later when used to
monitor early changes in tumour metabolism after radiotherapy of brain tumours
(Rozental et al., 1991). They speculated that the initial increase in glucose utilization
might be due to repair processes induced by the radiotherapy. A 2-18FDG PET
measurement after the first course of chemotherapy on gliomas may be used as a
predictor of tumour response to further therapy (Langen et al., 1989). Heiss et al.
(1990) showed that a combination of 2-18FDG PET and 31P-MRS examinations im-
proved the differentiation between low-grade and high-grade gliomas. 2-18FDG PET
can also be used as a prognostic indicator with respect to recurrence and survival time
after resection of glioblastomas (Holzer et al., 1993).

The development of whole-body scanners made it possible to perform studies on
extra-cerebral tumours. 2-18FDG has been used extensively in the detection of various
cancers, see Table 9. Imaging has been performed for different purposes, such as
diagnosis, prognosis, staging, differentiating between scar tissue and recurrent tumour
tissue and for monitoring the effects of various forms of treatment. In extra-cerebral
cancers a relationship has been found between tumour 2-18FDG uptake and the grade
of malignancy in soft-tissue sarcoma (Nieweg et al., 1996) and breast cancer (Adler
et al., 1993). Other studies have, however, shown contradictory results for head and
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neck cancer (Paper VI; Haberkorn et al., 1991a) and for lung cancer (Nolop et al.,
1987). The correlation between 2-18FDG uptake and prognosis has been studied in
patients with malignant lymphoma by Okada et al. (1991). In a very interesting study,
Wahl et al (1993) used quantitative 2-18FDG PET to monitor changes in the
metabolic rate during chemohormonotherapy of breast cancer. The measured metabolic
rate was observed to decrease in responding tumours, while there was no significant
decrease in nonresponding tumours, after therapy. The tumour size for both responders
and nonresponders, was unchanged during therapy.

Inflammatory reactions caused by radiation therapy can pose a problem in the
evaluation of recurrent colorectal cancer with 2-l8FDG PET (Haberkorn et al., 1991 b).
Their opinion is that an accurate 2-'8FDG PET measurement to differentiate between
inflammatory areas and recurrent tumour can only be made at least six months after
therapy.
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Table 9. The use of 2-'8FDG in clinical oncology, excluding head and neck cancer.
Organ/type of Purpose Quantification Reference
cancer
Breast

Musculo-
skeletal

Colorectal

Ovarian

Melanoma
Liver
Lung

Lymphoma

Testis
Thyroid

Pancreas

Brain

Diagnostic
Diagnostic
Diag./monitoring1'
Diagnostic
Diagnostic
Monitoring1"
Grading
Diagnostic
Diagnostic
Monitoring11

Monitoring'
Different.'
Different.'
Different.'
Diagnostic
Recurrence'
Diagnostic
Monitoring11

Diagnostic
Diagnostic
Monitoring6

Diagnostic
Diagnostic
Diagnostic
Prognostic*
Diagnostic11

Diagnostic
Monitoring11

Diagnostic
Diagnostic
Diagnostic1'
Diagnostic
Diagnostic
Diagnostic
Diagnostic
Monitoring1"
Monitoring1"
Prognostic
Prognostic
Diagnostic
Monitoring1"
Necrotic*
Recurrence

SUV
Ratio*
Visual
Visual
Ratio"
SUV/Quant.c

SUV
SUV
Quant/
SUV
SUV
SUV
SUV
SUV
SUV
Visual
Visual/SUV/Ratio1

Quant."
SUV
Ratio'
SUV
Quant."
SUV
SUV
Quant.c

Ratio/SUV/Quant.'
Visual
SUV/Ratio"
SUV
SUV
Visual
SUV/Ratio'
SUV
SUV/Ratio*
SUV
Quant."
Quant."
Visual
Quant. "/Visual
Quant."
Quant."
Ratio'
Quant."

Adlere/ai. (1993)
Crowe et al. (1994)
Minn etal. (1989)
Tse etal. (1992)
Wahl era/. (1991)
Wahl etal. (1993)
A&eTetal. (1991)
Griffethera/. (1992)
Kern et al. (1988)
Engenhartetal. (1992)
Haberkometal. (1991b)
Ito el al. (1992)
Schlageia/. (1989)
Strauss etal. (1989)
Hubner etal. (1993)
Karlan etal. (1993)
Glitters er a/. (1993)
Okazumie/a/. (1992)
Paizetal. (1993)
Rege etal. (1993b)
Abe etal. (1990)
Nolope/a/. (1987)
Leskinen-Kallio et al. (1991)
Newman et al. (1994)
Okada etal. (1991)
Okadaetal. (1992)
Paul(1987)
Wilson et al. (1995)
Adier etal. (1993)
Bloom et al. (1993)
Joensuu <?r a/. (1988)
Bares et al. (1994)
Inokuma et al. (1995a)
Inokumaefa/. (1995b)
Stollfuss e/a(. (1995)
Rozental et al. (1991)
Langenefa/. (1989)
Alavietal. (1988)
DiChiroetal. (1985)
Heissetal. (1990)
Holzeretal. (1993)
DiChiro etal. (1988)
Patronas et al. (1982)

* Tumour-to-background ratio,b Monitoring treatment response,c Three-compartment model and Patlak plot," Three-
compartment model,' Differentiating recurrent cancer and scar,' Suspected recurrences, • Correlation of uptake with
prognosis,h Correlation of uptake with proliferative activity,' Tumour-to-liver ratio,k verified necrosis after therapy
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Head and neck cancer

Several studies have demonstrated the effectiveness of 2-18FDG PET in detecting head
and neck tumours as well as metastatic cervical lymph nodes (Bailet et al., 1992;
Braams et al., 1995; Jabour et al., 1993; Lindholm et al., 1993a). The use of 2-18FDG
PET for initial diagnosis of head and neck cancer may be limited, but it is useful in
detecting primary unknown tumours. Greven et al. (1994a) and Lapela et al. (1995)
support the use of 2-18FDG PET to distinguish benign from malignant changes after
radiation therapy. A problem is increased 2-18FDG uptake in inflammatory tissue
(Lapela et al., 1995). Rege et al. (1993a) found that the 2-18FDG uptake in normal
tissue does not change during or after radiation therapy.

Table 10. The use of 2-18FDG PET in head and neck cancer.
Purpose

Diagnostic

Staging
Recurrence

Correlation6

Prediction
Monitoring

Normalization

Visual
SUV
Ratio"
SUV/Patlak
Visual
Ratio"
Ratio"
SUV
SUV
SUV/Patlak
SUV
Visual
SUV/Patlak
Ratio"
Visual
SUV
Ratio'
SUV
Quant

Number
of patients

16
12
12
14
5
11
7
22
11
15
42
13
37
19
25
11
19
12
17

Reference

Bailet et al. (1992)
Braams et al. (1995)
Jabour etal. (1993)
Lindholm et al. (1993a)
Mukherji et al. (1994)
Rege etal. (1993a)
Zeitouni ef ai. (1994)
Laubenbacher et al. (1995)
Greven etal. (1994a)
Lapela etal. (1995)
Haberkorn et al. (1991a)
Minn etal. (1988a)
Minn et al. (1996)
Chaiken e? a/. (1993)
Greven etal. (1994b)
Haberkom e/a/. (1993)
Minn et al. (1988b)
Reisserefa/. (1995)
Paper VI

" Tumour-to-cerebellum ratio,b Correlation of uptake with proliferative activity,c Tumour-to-normal tissue

The 2-18FDG uptake in head and neck cancer has been measured with a gamma
camera, and the 2-l8FDG uptake correlated to the number of proliferative cells and the
percentage of S-phase cells, r=0.86 and r=0.82, respectively (Minn et al., 1988a). In
another study of squamous cell carcinoma of the head and neck, the pattern of 2-
18FDG uptake revealed two groups of tumours, high and low uptake (Haberkorn et al.,
1991a). The correlations between the proliferation rate and 2-18FDG uptake in the two
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groups were r=0.64 and r=0.81, respectively. The correlation between proliferative
activity and 2-18FDG uptake was low in both studies and this has been confirmed by
in vitro studies (Minn et al., 1995; Higashi et al., 1993). In vitro studies show a
strong relationship between 2-18FDG uptake and the viable cell number.

The first study of treatment response in head and neck cancer with 2-18FDG was
performed with a gamma camera (Minn et al., 1988b). Accurate measurements of the
2-'8FDG uptake are difficult with this technique, due to the low sensitivity and low
spatial resolution of the system. Planar imaging makes it difficult to distinguish 2-
I8FDG uptake in tumour from that in other underlying organs. Among the radio-
responsive tumours, the tumour-to-normal tissue activity contrast ratio decreased
significantly after an irradiation of 30 Gy. The results for the radio-resistant tumours
were ambiguous.

Greven et al. (1994a), suggested that irradiation could decrease the 2-18FDG uptake
in tumour in the early phase of the treatment. A 2-18FDG PET scan one month after
therapy showed a normal distribution of the activity and no indications of malignancy,
while a scan four months later showed a biopsy-confirmed recurrence. The negative
results of the first scans were not reliable as a indicator of complete response.

When monitoring the effect of chemotherapy in head and neck cancer by performing
2-18FDG PET before and after the first chemotherapeutic cycle, Haberkorn et al.
(1993) found a correlation between tumour or lymph node metabolism and growth rate
(r=0.98 and r=0.94, respectively). The patients are nearly the same in the studies by
Haberkorn et al. (1993) and by Reisser et al. (1995).

In an evaluation after completed radiation therapy, Chaiken et al. (1993) stated that
a decreased 2-18FDG uptake is necessary for local disease control. They have also
performed 2-18FDG PET during radiation therapy and for some responders there was
an increase in 2-18FDG uptake.

In a study by Minn et al., (1996), patients with head and neck cancer underwent 2-
18FDG PET measurement before radiation treatment, to investigate if 2-18FDG uptake
correlated with aggressiveness of cancer. They found that high 2-18FDG uptake
correlated to moderate or poor grade of differentiation, and poor survival.

Our study has so far included 17 patients with advanced head and neck cancer
{Paper VI). 2-18FDG PET studies were performed before and after the first weeks of
therapy, with either radiotherapy (16-35 Gy) or one course of chemotherapy. The
purpose of the study was to differentiate between responders and nonresponders early
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in the treatment, in respect of local tumour control. The measured MR^ in tumours and
lymph nodes varied from 7 to 38 umol/min/100 g tissue. The MR^ did not decrease
for all responders; some responders with a low initial MR^ exhibited an unchanged or
even a small increase in MR^ at the second PET investigation. All nonresponders had
a high MRg,. The number of nonresponders in our study is small, making it difficult
to establish firm conclusions. The results of the study are encouraging, but the number
of patients is limited. The study is continuing to include more patients.
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9. THE PET PROJECT IN LUND

9.1 Summary

The production of I8F started ten years ago using an electron accelerator. Shortly after
that, 2-18FDG was synthesized and used for animal experiments. For the past eight
years, the 18F has been produced with an electrostatic accelerator. In December 1992
we obtained the permission to produce I8F and label 2-18FDG for human PET studies.
A rotating PET scanner was used for the human studies, but during the later part of
1994, we started to use the PC384-7B scanner (Scanditronix, Sweden). Nowadays,
most of the 2-18FDG PET studies are performed using the PC384-7B scanner. We are
performing 2-I8FDG PET studies one day per week.

9.1.1 Production of 18F

We routinely produce [18F]fluoride from a 6-MeV proton accelerator, using the 18O(p,
n)18F reaction. 60-min irradiations of 97% enriched H2

18O at a beam current of 10 u A
give a yield of about 3.5 GBq, and for 120-min irradiations at the same beam current
the yield is about 5.7 GBq {Paper II).

9.1.2 Radiochemistry of 2-18FDG

For human PET studies, 2-18FDG is produced by fluorination of the precursor 1.3.4.6-
tetra-O-acetyl-2-O-trifluor-methanesulphonyl-P-D-mannopyranose using nucleophilic
substitution. The synthesis gives a 15-20% radiochemical yield with a synthesis time
of 50 min, and with a radiochemical purity better than 97%.

9.1.3 Instrumentation

Human PET studies can be performed using either a rotating scanner with two
scintillation camera heads or a PC384-7B scanner. The rotating scanner has a field of
view of 90 mm in the axial direction and 230 mm in the transaxial direction. The
sensitivity is 90 cps/(kBq/ml) and the spatial resolution in the reconstructed images
is 6 mm (FWHM). A true 3D reconstruction, based on the iterative maximum
likelihood algorithm, is used. The slice thickness is software selected (Papers III &

55



VI).

The PC384-7B scanner consists of four detector rings, generating seven slices with
a thickness of approximately 13 mm and a spatial resolution of 8 mm. The field of
view is 100 mm in the axial direction and 260 mm in the transaxial direction. The
sensitivity is 675 cps/(kBq/ml) for the main slices and 945 cps/(kBq/ml) for the cross-
slices. The shielding of the camera has been modified to allow studies of the neck. A
new reconstruction method employing interleaved information, providing slices with
a thickness of 6.5 mm, has been developed {Paper VI).

Recently, our group has developed a dedicated scanner for mammographic PET
(Sandell et al, 1996b). The scanner consists of two sets of detectors facing each other
and connected in coincidence. Each block consists of 32 BGO detectors with a crystal
size of 12x20x30 mm. The spatial resolution is 8x12 mm FWHM in the longitudal
planes and 20 mm FWHM in the perpendicular direction. The system has a field of
view of 12.4x9.2 cm and the sensitivity is 12-103 cps/MBq.

We have a Siemens DIACAM SPECT equipped with a dedicated 511-keV
collimator. Due to the heavy weight of the collimator the field of view was limited to
21 cm along the patient axial direction. The collimator was designed with hole length
of 77 mm and a hole size of 3.4 mm, the septa thickness measures 2.5 mm. The spatial
resolution is 10.5 mm FWMH {Paper IV).

9.1.4 Mathematical modelling

In our PET studies, the MR^ in tumours is calculated using the equation:

09)
fCp(t)dt

The 2-18FDG uptake in tumours is measured with a single-scan technique, about 60
min post-injection (Paper VI).

An alternative method of obtaining the integrated input function with an accuracy
better than ± 8% has been developed and validated. The method employs erythrocytes
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as a reference, and only one blood sample in the middle of the PET scan is required to
calculate the integrated input function {Paper V).

9.1.5 Human 2-18FDG PET studies

We are evaluating the use of 2-18FDG PET as a method to monitoring response during
the treatment of advanced head and neck cancer. We found that the MRg, did not
decrease for all responders, some responders with a low initial MRg, exhibited an
unchanged or even a small increase in MR^ at the second PET investigation. All
nonresponders had a high MR^. The study is continuing {Paper VI).

Other ongoing oncological 2-18FDG PET studies, is a study similar to the head and
neck cancer project on musculo-skeletal tumours. However, the recruiting of patients
to this study is very difficult. Another study is also being carried out, to evaluate 2-
18FDG PET in the detection of unknown primary tumours in the head and neck region.
Figure 7 demonstrate a 2-18FDG PET study on a patient with unknown primary
tumour.

Figure 7.2-18FDG PET study on a patient with unknown primary tumours in the head
and neck region. The lymph node metastasis can be seen in the same slice.
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Two different studies on the regional cerebral metabolic rate are ongoing. A study
is in progress on the effects on the regional cerebral metabolic rate with and without
50% N2O in volunteers. The test-retest technique developed by Brooks et al. (1987),
is being used for the 2-l8FDG PET measurements. We are also carrying out a study of
newborn infants with a history of birth asphyxia. The 2-I8FDG PET results will be
compared with the clinical features and with the results of CT and MR.

9.2 Future research

9.2.1 Production of 18F

The production of 18F must to be increased so that we can perform more 2-18 FDG
patient studies with the same batch and can produce other radiopharmaceuticals
labelled with 18F. Today, our production yield of 18F is limited to about 5.7 GBq for
a 120-min irradiation at a beam current of 10 uA, due to heating problems in the foils.
It is not practical to increase the irradiation time, as the increase in yield would be
small. An increase in water volume would make it possible to irradiate a larger surface
area. The beam can be spread out, and the heat induced in the foils would be spread
over a larger area, decreasing the risk of foil rapture. The beam current can be
increased to about 20 uA, so with this target design the yield after an 120 min
irradiation would be about 11 GBq.

Another target design is a window-less, solid-phase target, as described by Shefer
et al. (1991). The target construction is designed for 3.7 MeV protons and a maximum
beam current of 750 u A.There are two considerable advantages in using a window-less
target construction. First, there is no proton energy loss before entering the target
material, resulting in a higher yield, and second, the foils do not limit the production
yield, due to thermal stress using high-current beams. The solid-phase target consists
of frozen H^K) water, cooled by liquid nitrogen to preserve the water in frozen form.
This type of solid-phase target design is more complicated, but the estimated
production yield is about 23 GBq. The calculation is based on irradiation for 120 min
at a beam current of 20 uA, and a production yield of 2170 MBq/uA5at for 6.0-MeV
protons (Ruth et al., 1979).

9.2.2 Labelling of 2-18FDG and other radiopharmaceuticals

To satisfy the demand of 2-18FDG for ongoing and planned projects, the radiochemical
yield must be increased. We are planning to substitute the synthesis method developed
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by Toorongian et al. (1990), with that described by Mock et al. (1995). Labelling
studies have shown that the synthesis described by Mock et al. (1995) gives a
radiochemical yield of about 30%. This is about 50% higher than the other method.
It has been reported that heating with microwaves also can increase the yield, also the
synthesis time is shortened (Stone-Elander et al., 1995). A new target design in
combination with this synthesis procedure will produce at least 3.0-3.5 GBq 2-18FDG,
or up to 7 GBq with a solid-phase target.

There is considerable interest in using [l8F]fluoromisonidazoIe for imaging of
hypoxic cells in lung cancer, and head and neck cancer. The agent is selectively
accumulated in hypoxic but not in oxic cells. A synthesis of [I8F]fluoromisonidazole
using microwave heating, with a radiochemical yield of 40% in a total time of 70 min,
has been described by McCarthy et al. (1993).

The use of [l8F]fluorotyrosine as a tracer of protein synthesis appears to be
promising. The compartment model for [l8F]fluorotyrosine is very similar to the 2-
l8FDG model (Wienhard et al., 1991). Because of the longer half-life of 18F, compar-
ed with nC, which is mostly used for labelling amino acids, it is possible to study the
rather slow incorporation into proteins. At the moment, there is no routine method of
synthesis of [18F]fluorotyrosine, giving a sufficiently high yield.

9.23 Instrumentation

There is considerable interest to perform 2-18FDG whole-body imaging. The access of
a whole-body PET enlarge the field for oncological studies significantly. Generating
tomographic images of the entire patient, can be used for screening for occult
metastases and identification of unknown primary tumour. For the moment, in Lund,
only a 511 keV-SPECT can be used for 2-18FDG whole-body imaging, obtaining non
quantitative images with a rather poor spatial resolution and a low S/N. The clinical
usefulness of 511 keV-SPECT is only partly investigated, so comparative studies
between 511 keV-SPECT and a whole-body PET scanner would be very interesting.

9.2.4 Mathematical modelling

Using dynamic scanning of tumours, the difference between the equation used in
Paper VI and a Patlak plot will be studied (Patlak et al., 1983). The equation used in
Paper VI is a single-scan technique, omitting the free 2-'8FDG in measured tissue, and
results in an overestimation of the metabolic rate in the tumour. The MRg, calculated
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from a Patlak plot is independent of the free 2-18FDG, but can not compensate for
dephosphorylation. Normally, there is dephosphorylation, resulting in a loss of 2-
I8FDG-6-PO4. A Patlak plot thus gives an underestimation of MR^, if dephosphoryla-
tion takes place. In equation (19) the loss of 2-18FDG-6-PO4 partly compensates for
the overestimation of MRg, due to free 2-18FDG. A comparison between a simplified
single-scan technique and a dynamic method would be extremely interesting.

The simplified method of determining the integrated input function, using
erythrocytes as reference tissue, will be validated for a semi-dynamic study, based on
two scan points, using a Patlak plot the first at 10-20 min and the second at 45-60 min
post-injection, requiring only two blood samples, each treated as described in Paper
V.

9.2.5 Human 2-18FDG PET studies

Several 2-18FDG PET studies have been performed on brain tumours, but only a few
studies in childhood tumours. The usefulness of 2-18FDG PET as an indicator of
recurrent medulloblastoma will be evaluated. The 2-18FDG PET method will be
compared with MRI and the clinical features. The children will be examined every
third month after resection of the tumour.

Using the dedicated scanner for positron emission mammography, we are planing
2-18FDG PET studies in breast cancer. The usefulness of 2-18FDG PET in monitoring
tumour response during chemotherapy has been demonstrated (Wahl et ai, 1993).
Sequential measurement of tumour size during therapy may sometimes not reflect the
quantity of viable tumour cells because of the presence of necrotic cells or fibrotic scar
tissue. The high sensitivity of the system makes it possible to screen women in high-
risk groups for breast cancer.

Investigations on the regional cerebral metabolic rate in non-neoplastic tissue is also
very interesting. The number of patients suffering from dementia is large and
increasing steadily. Methods for diagnosis of different dementia diseases have been
improved. However, it is still difficult to diagnose, e.g. Alzheimer's disease and frontal
lobe dementia in the early phase. It has been proposed that 2-18FDG PET may be used
for early diagnosis of Alzheimer's disease. 2-18FDG PET will be compared with the
clinical features and with the results of regional cerebral blood flow, CT and MRI, and
also with the knowledge of the neuropathological changes involved in the disease.
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10. SUMMARY AND CONCLUSIONS

Our PET project in Lund has been steered by a limited budget, so it was necessary to
develop alternatives to standard commercial PET facilities. Two different types of
nuclear physics research accelerators have been used for the production of
[18F]fluoride. It has been shown that an electron accelerator can produce [18F]fluoride
for labelling of 2-18FDG (Paper I). [18F]fluoride for human 2-18FDG PET studies has
been produced with a low-energy proton electrostatic accelerator (Paper II). A rotating
PET scanner has been developed, based on two standard scintillation camera heads,
and this has been used for clinical oncological 2-18FDG studies (Paper III). As the
rotating PET scanner is not a whole-body scanner, the alternative of using a SPECT
camera equipped with a 511 -keV collimator has been investigated (Paper IV). In our
clinical PET study, it was shown that an accurate normalization of the 2-18FDG uptake
is essential. An alternative method of obtaining the integrated 2-18FDG-input function
has been developed, to simplify quantitative 2-18FDG PET studies in clinical situations
(Paper V). The method has been developed for autoradiographic 2-18FDG studies, but
may also be used in a simplified dynamic analysis. In a clinical PET study, 2-18FDG
has been used for the early identification of patients with advanced head and neck
cancer, responding or not responding, locally well to therapy (Paper VI).

The studies presented in this thesis have demonstrated the usefulness of an
alternative PET facility, in respect of both clinical research and methodological
development.
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