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1.1 Basic principles of positron emission tomography
1.1.1

General

Positron emission tomography (PET) is a non-invasive functional imaging technique that provides biological and/or molecular information in vivo. Apart from
using PET to visualize human physiology, it can be used for assessment of pathophysiological changes in disease, response to treatment and (therapeutic) drug
efficacy. PET makes use of several (specific) pharmaceutical compounds labelled
with short-lived positron emitting radionuclides, such as carbon-11, nitrogen-13,
oxygen-15, and fluorine-18. These labelled compounds (tracers) can be used to
perform metabolic studies in humans [1]. For example, [15 O]H2 O can be used
to measure blood flow (perfusion), while [18 F]-fluoro-2-deoxy-D-glucose (FDG)
can be used to evaluate the glucose consumption.
Typically, a PET scanner consists of many detector blocks that are arranged
in rings surrounding the patient (Figure 1.1). Before or at the start of a
PET scan, the patient is injected with tracer amounts (pico- to nanomoles)
of a positron emitting radiopharmaceutical. An emitted positron travels up
to several millimetres in tissue before it combines with an electron to form a
positronium, a very unstable particle that decays almost instantaneously (halflife 100 ns) by emitting two gamma rays (annihilation photons). These two
511 keV annihilation photons travel in nearly opposite directions (180±0.3○ [2]
and can be detected by coincidence detection, i.e. simultaneous detection by
two opposing detectors. This defines a line of response (LOR) along which the
annihilation has occurred (Figure 1.1).
During a PET scan, not only ‘true’ annihilation coincidences are detected (as
illustrated in Figure 1.1), but also (1) scattered coincidences that occur when
one or both of the two annihilation photons are scattered before detection, and
(2) random coincidences that occur when two photons originating from different
annihilation events are detected accidently within the coincidence time window.
Both scattered and random coincidences produce LORs that are incorrectly
measured as ‘true’ coincidences. Consequently, PET images will show less detail.
For quantitative measurements, it is necessary to correct for both random and
scattered coincidences during or after acquisition [3].
A considerable fraction of annihilation photons is absorbed within the human
body. This phenomenon is called attenuation. Attenuation does not depend on
the exact position of the annihilation event along an LOR [4]. Attenuation can
be corrected for by performing an additional transmission scan using external
radioactive sources (e.g. 68 Ge) or by using computed tomography (CT) data in
a combined PET/CT scanner. Apart from random and scattered corrections,
the attenuation correction needs to be performed for PET quantification.

1.1.2

Image reconstruction

PET image quality does not only depend on the number of counts, but also on
the type of reconstruction algorithm used. Traditionally, (analytical) filtered
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Figure 1.1. Principles of annihilation process and coincidence detection in positron emission
tomography. The figure represents only one line of (true) coincidence detection. During a
PET scan, millions of coincidence events are detected from many different angles

backprojection (FBP) has been used, because of its low computational burden
and because it is quantitatively accurate. However, FBP is quite sensitive to
noise, shows streak artefacts (Figure 1.2a) and cannot make easily use of
prior knowledge about the detection system. Consequently, iterative reconstruction algorithms, such as normalization and attenuation-weighted ordered
subsets expectation maximization (OSEM, Figure 1.2b), were developed. These
algorithms are less sensitive to noise, show no streak artefacts and are able to
use additional weighting [5]. In standard OSEM, images are estimated step
by step (iterations) by comparing calculated with measured data until a good
match is obtained. In clinical PET studies, it has been shown that OSEM
reconstructions can be used for quantification of functional and metabolic studies, showing superior image quality compared with FBP reconstructions [6]. It
should be noted, however, that for OSEM reconstructions different image contrasts and noise levels can be obtained by using different number of iterations
and/or subsets (Figures 1.2b and 1.2c).

1.1.3

Noise

Noise is one of the degrading factors that reduce accuracy of quantitative PET.
Apart from the Poisson characteristics of radioactive decay (counting statistics),
it depends on several factors such as scanner characteristics (sensitivity) and
image processing. Image noise can be reduced by acquiring more counts and/or
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Figure 1.2. Three coronal images of a typical lung cancer patient obtained using two different
image reconstruction algorithms: (a) FBP, (b) OSEM with 2 iterations and 16 subsets and
(c) OSEM with 4 iterations and 16 subsets

by applying filters such as an edge preserving bilateral filter [7] or a Gaussian
smoothing filter. The latter filter is commonly used for clinical PET studies.

1.2 Use of FDG in oncology
Cancer is one of major causes of disease related mortality. In this thesis, the
focus is on lung cancer, specifically non-small cell lung cancer (NSCLC). In 2009,
lung cancer was the fourth most frequent form of cancer in the Netherlands [8]
with a total of 10,985 cases (6,867 men, 4,118 women). Although the incidence rate of lung cancer in men gradually decreased by one third over the
last decade, in women an increase of 4.5% was observed. In the same period,
PET has emerged as a valuable tool in oncology, specifically for detecting or
staging the disease, estimating target volumes for radiotherapy purposes, monitoring (early) response during (chemo-)therapy and predicting prognosis [9–11].
Although PET has relatively low spatial resolution and high noise levels, it
provides unique in vivo information on metabolism, physiology and molecular
biology of cancer cells. In addition, the large range of PET radiopharmaceuticals available provides a means of investigating various aspects of cancer biology.
FDG, the most widely used radiotracer with a half-life of 110 minutes, provides
information on glucose metabolism. FDG, an analogue of glucose, is trans5
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ported into the cell by glucose transporters and subsequently phosphorylated
by hexokinase [12]. In contrast to glucose, the phosporylation product (FDG-6PO4 ) cannot easily cross cell membranes and is not further catabolised in tissue.
Consequently, FDG-6-PO4 is trapped within the cells, providing for good image
quality. On the other hand, non-metabolised FDG will be cleared from tissue
and thus the measured signal will primarily be due to phosphorylated FDG,
which is proportional to glucose metabolism. Higher accumulation of FDG in
cancer cells is based on its increased rate of glycolysis [13]. However, increased
glucose metabolism is not specific for cancer and increased FDG uptake can, for
example, also be seen in inflammatory tissue [14, 15].
Apart from FDG, other radiotracers have been developed for more specific
cancer related biological processes, e.g. proliferation, apoptosis and hypoxia.
Proliferation is the basic mechanism for cancer growth and directly related to
deoxyribonucleic acid (DNA) synthesis. This can be measured using radiolabelled thymidine or thymidine derivatives. The fluorine-18 labelled thymidine analogue 3′ -deoxy-3′ -[18 F]fluorothymidine (FLT) has shown high correlation with thymidine kinase-1 activity and tissue markers of proliferation, such as
proliferating cell nuclear antigen (Ki-67) in pulmonary nodules [16]. Therefore,
FLT is increasingly being used as a specific radiotracer for non-invasive assessment of cancer cell proliferation.

1.3 Analysis of FDG PET studies
Many methods, ranging from visual assessment to full kinetic analysis, have
been used for analysing FDG PET studies with full kinetic analysis being the
most quantitative measure of the metabolic rate of glucose and requires both
a dynamic PET scans and an arterial plasma input function. This arterial
plasma input function can be measured directly using an automatic online blood
sampling device and/or manual blood samples. A dynamic FDG scan usually
is acquired over 60 min, divided in several frames with progressive increase in
frame duration. For kinetic analysis a volume of interest (VOI) is drawn for a
certain tumour often using a summed image. This VOI is then projected onto
all frames of the FDG scan, thereby generating a time-activity curve (TAC)
uptake and clearance of the tracer within the VOI over time.
Once tumour and plasma TACs have been generated, tracer kinetic modelling
can be applied to derive quantitative measures for the biological process being
investigated. In practice, compartment models are used. An example of a
standard two-tissue compartment model is shown in Figure 1.3. This model
describes the concentration of a tracer in arterial plasma (CP ) and two tissue
compartments, where CN D represents the concentration of non-displaceable (i.e.
free and non-specifically bound) tracer in tissue and CS the concentration of
specifically bound or metabolised tracer. K1 and k2 are rate constants that
describe exchange of tracer between arterial plasma and tissue. Parameters k3
and k4 are also rate constants, but these describe exchange of tracer between the
two tissue compartments. This two-tissue compartment model is also used for
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Figure 1.3.
Schematic representation of a standard two-tissue compartment model with
plasma input (CP ) and two tissue compartments (CN D and CS ). The rate constants (K1 ,
k2 , k3 and k4 ,) describe the exchange rates of tracer between compartments

FDG, except that often k4 is set to 0 to reflect trapping of FDG-6-PO4 . Using
non-linear regression, tumour TACs can be fitted to the operational equation
that mathematically describes this compartment model, given the measured arterial plasma input function. This results in best estimates for the rate constants
K1 to k4 , from which the metabolic rate of glucose (MRGlu ) can be calculated.
More details can be found in chapter 2.
Semi-quantitative measures, such as the standardized uptake value (SUV),
are commonly used to quantify FDG PET studies. Unlike full kinetic analysis
that requires a (longer) dynamic PET scans, SUV measurements require only a
static PET scan. In addition, for SUV measurements no plasma input function
is required. Arterial cannulation is less convenient for patients and not always
possible in patients undergoing multiple courses of chemotherapy. The concept
of SUV calculations lies in the assumption that the tissue FDG concentration
at a standard time (e.g. 50-60 min after tracer injection) is correlated linearly
with glucose metabolism. In fact, this means that it is assumed that delivery
of FDG to tissue (i.e. the plasma TAC) is predictable and only depends on
injected activity and a body distribution factor for which usually body weight
is used [17]. SUV is then given by:
CT
D/BW

 
1.1 

where CT represents the tumour concentration (kBq/ml−1 ), D the administered FDG activity (MBq) and BW body weight of the patient (kg). There
are, however, several limitations related to the use of SUV, amongst which its
dependency on patient preparation, scanning procedure, image reconstruction
and image analysis procedures [18, 19]. In order to correctly interpret SUV, it
has been recommended that (1) a formal comparison with full kinetic analysis
is performed, especially when evaluating efficacy of new drugs [20–22] and (2)
7

Chapter 1. Introduction

standardized procedures are used to reduce interscan variability [23]. Despite
these limitations, SUV is often preferred clinically, as it is simple and more
patient friendly. There are, however, many more simplified methods that have
been proposed with different degrees of accuracy [24].

1.4 Tumour delineation methods
There is an increasing interest in using multimodality imaging devices (e.g.
PET/CT) to delineate the gross tumour volume (GTV) for advanced
radiotherapy techniques (i.e. image-guided or intensity-modulated radiation
therapy) or to assess metabolic volume for response assessment. For radiation
treatment planning, accurate tumour delineation is vital in order to generate
a highly conformal radiation dose distribution within the target area, thereby
sparing surrounding normal tissue and allowing a higher radiation dose to the
most active part of the tumour. Traditionally, anatomical imaging such as CT
has been used to delineate the GTV. However, manual CT delineation has some
limitations, e.g. poor soft tissue contrast, its dependency of specific Hounsfield
unit (HU) window settings and experience of the physician [10]. A functional
imaging device such as PET that provides biological or metabolic information
may improve GTV delineation. In addition, it can indicate metabolically more
active areas within a tumour that need an additional radiotherapy boost [25].
Similarly, it can improve prognostic value in (early) treatment response assessments [26].
Various PET based tumour delineation approaches, ranging from manual to
automatic methods, have been proposed [7, 27–32]. A detailed description of
the use of PET for GTV delineation and a comparative assessment of different
PET delineation methods has been reported previously [33,34]. Semi-automatic
and automatic tumour delineation methods may be affected by many factors,
such as scanner type, radiotracer, level of image noise and characteristics of the
tumour being imaged (more details can be found in chapters 3 and 4).
Figure 1.4 shows a schematic illustration of the most commonly used
(semi-)automatic tumour delineation methods. The simplest method is based on
a fixed relative threshold based on a percentage (i.e. 50 or 70%) of the maximum
voxel intensity within a tumour [30]. This threshold is then used to delineate
the tumour. Figure 1.4a (middle) shows an example for a simple tumour with
homogeneous uptake delineated using a fixed 50% threshold method. The choice
of the threshold affects the tumour boundaries identified. High thresholds (i.e.
70%) may underestimate tumour volume, but are less likely to fail (by including adjacent tissues with increased uptake), while lower thresholds (i.e. 41%)
best approximate the expected tumour volume, but are more likely to fail when
the background around the tumour is not homogeneous. Therefore, the threshold method can be refined (called adaptive threshold method) by adapting the
threshold relative to the local average background, thereby correcting for the
contrast between tumour and local background [30]. This is illustrated in the
bottom part of Figure 1.4a for a simple tumour with homogeneous uptake
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Figure 1.4. An illustration of four different types of tumour delineation methods: (a) Fixed
and adaptive threshold methods (bottom) for a 50% threshold applied to a simple tumour with
homogeneous uptake (top); (b) A simple method that uses a fixed SUV threshold value of
2.5. Note that in this example, 100% of the maximum pixel value is equal to the maximum
SUV value (SUVmax ); (c) A gradient-based method. This method first identifies the gradients
(middle), after which a Watershed transform is used to delineate the tumour volume (bottom)

delineated using an adaptive 50% threshold method. This simple threshold can
also be applied to the level of SUV, where a threshold of 2.5 is used to discriminate between malignant and (benign) normal tissue [29]. This method is
illustrated in Figure 1.4b. Nevertheless, all of these methods are still limited,
at least in part, due to their sensitivity to spatial resolution of the scanner,
tumour characteristics and motion artefacts [34]. Consequently, more advanced
methods have been proposed to further improve accuracy of PET based tumour
delineation. The contrast-orientated method by Schaefer et al. [31] calculates
the optimal threshold based on the background of the tumour and the mean of
the tumour when a fixed 70% threshold of the maximum SUV value is applied.
Unfortunately, this method needs to be recalibrated for each scanner and type of
9
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reconstruction (i.e. when the reconstruction process affects the final resolution
of the reconstructed image). A relative threshold method [32] is an iterative
method that does incorporate the resolution of the scanner and is based on
a convolution of the point-spread function that takes into account differences
between various sphere sizes and the scanner resolution. Different from threshold based methods, an attempt is made to use gradients [7]. This method
creates a gradient image that displays the intensity variation of the image to
distinguish between tumour and background (Figure 1.4c - middle part). After
making a gradient image, a Watershed transform (WT) is applied to determine
tumour volume in the gradient image (Figure 1.4c - bottom part). Because of
sensitivity of WT to noise, however, the study of Geets et al. [7] reported that
accurate tumour volumes could only be obtained be reducing image noise and
enhancing image resolution prior to delineation (e.g. by using a bilateral filter).
All of these tumour delineation methods presume that tumours show a relatively homogeneous tracer uptake. For tumours with very heterogeneous tracer,
more sophisticated methods have been implemented, such as fuzzy C-means
(FCM) clustering or fuzzy locally adaptive Bayesian (FLAB) algorithms [35]
that can distinguish between various tracer uptake patterns within the tumour.

1.5 Aim of the thesis
The aim of this thesis was (1) to compare various semi-quantitative measures
for assessment of response to therapeutic drugs (chemotherapy) with full tracer
kinetic analysis and (2) to validate measured metabolic tumour volumes derived
using various types of (semi-)automatic tumour delineation methods [7, 29–32].
This validation of metabolic volumes included (1) simulations and clinical testretest studies to validate their performance in case of varying image characteristics (i.e. reconstruction settings, contrast/noise and resolution), (2) a comparison of the maximum diameters obtained from metabolic tumour volumes
with those obtained from pathology, and (3) a validation of metabolic volumes
derived from SUV analysis with those derived from full tracer kinetic analysis.

1.6 Outline of the thesis
In chapter 2, various simplified quantitative methods for assessing response to
treatment are evaluated for two different therapeutic drugs by comparing results
with those of full kinetic analysis. Potential sources of discrepancy between
simplified and full kinetic measures are described in detail. In addition, various
SUV normalization procedures are investigated.
Chapter 3 illustrates the dependency of various (semi-)automatic tumour
delineation methods on different image characteristics, as a result of using different image reconstruction settings and filtering, contrast/noise levels and spatial
resolutions and tumour characteristics, using both simulations and phantom
experiments.
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In chapter 4, test-retest variability of various tumour delineation methods
are evaluated for two different tracers (FDG and FLT), with emphasis on the
effects of several image characteristics (e.g. resolution and contrast). In case
of response monitoring studies, knowledge of test-retest variability is important to assess whether a difference between tumour volumes in successive scans
represents a true change or just methodology related variability. In addition,
comparison of test-retest variability is an important step in determining which
tumour delineation method is optimal for certain image characteristics.
To date, no gold standard exists for accurately defining tumour size from
various image modalities (e.g. PET and CT), with the possible exception of
pathological specimens. In chapter 5, the maximum diameters obtained from
metabolic tumour volumes are compared with those obtained from pathology.
Chapter 6 describes differences in measured metabolic tumour volumes
derived from (simplified) SUV images and those from parametric
glucose metabolism images (obtained with Patlak analysis) for two types of
tumours. Although many studies have investigated the relationship between
SUV and glucose metabolism, little is known about the impact of simplified
methods on tumour delineation.
Finally, chapter 7 provides a summary of the results of the studies described
in this thesis, followed by a general discussion, conclusions and future perspectives.
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