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7.1. Summary

7.1 Summary
Positron emission tomography (PET) is a functional imaging modality that can
provide information about metabolic, physiological and molecular processes in
(tumour) tissue. [18 F]fluoro-2-deoxy-D-glucose (FDG) is the most widely used
PET tracer, providing information on glucose metabolism. The standardized
uptake value (SUV), which corrects measured tumour concentrations for injected activity and body weight, is the most commonly used measure for assessing
tumour glucose metabolism in clinical FDG PET studies. There is an increasing interest in the use of FDG PET for defining gross tumour volume (GTV) in
radiation oncology and assessing metabolic volume within the context of monitoring response during (chemo)therapy. Various techniques to determine GTV
boundaries using PET have been proposed, ranging from visual interpretation to
(semi-)automatic methods. In the simplest case (visual interpretation), tumour
boundaries are outlined manually by a nuclear medicine physician, radiologist
or radiation oncologist. This may lead to large inter-observer variation in derived GTV, as defined boundaries depend on both experience of the physician,
window settings and contouring protocol used. (Semi-)automatic delineation
methods have been proposed to reduce this variability. However, these methods differ substantially in resulting tumour volumes and their performance may
be affected by imaging parameters, such as image reconstruction settings, contrast/noise and spatial resolution. Therefore, the aim of this thesis was (1)
to compare various semi-quantitative measures (e.g. SUV, simplified kinetic
method; SKM) 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. This validation of metabolic volumes included (1) simulations and
clinical test-retest 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.
In chapter 2, various semi-quantitative measures (e.g. SUV and SKM) were
analysed and compared with full kinetic analysis for use in response assessment,
specifically with respect to novel therapies. Baseline and response dynamic
FDG studies from two different longitudinal studies (study A: seven subjects
with lung cancer and study B: six subjects with gastrointestinal cancer) with
targeted therapies were reviewed. Quantification of tumour uptake included
full kinetic methods, i.e. nonlinear regression (NLR) and Patlak analysis, and
simplified semi-quantitative measures such as SUV and SKM. An image derived
input function was used for NLR and Patlak analysis. A total of 18 and 9 lesions
were defined for the two response monitoring studies A and B, respectively.
In all cases there was excellent correlation between Patlak and NLR derived
response (R2 >0.96). Percentage changes seen with SUV were significantly
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different from those seen with Patlak for both studies (p <0.05). After correcting
SUV for plasma glucose levels, SUV and Patlak responses became similar for
study A, but large differences remained for study B. Further analysis revealed
that differences in responses amongst methods in study B were primarily due
to changes in arterial input functions, which are not accounted for in a SUV
analysis.
In Chapter 3, performance dependency of six different types of (semi-)
automatic tumour delineation methods (either based on fixed, adaptive and
iteratively estimated thresholds or gradients) on different image characteristics
was evaluated by assessing accuracy and precision in measured tumour volumes
based on simulations and phantom experiments. The conditions evaluated were
tumour size, iterative reconstruction algorithm settings and image filtering,
tumour-to-background ratio (TBR), noise level and region growing initialization. It was shown that accuracy and precision of all (semi-)automatic tumour
delineation methods were affected. Most delineation methods showed poor performance for small sphere sizes (diameter <20 mm). The performance of all
tumour delineation methods depended on variation in TBR, image resolution
and image noise level, and to a lesser extent on number of iterations during
image reconstruction or the initialisation method for region generation. For
threshold-based methods, accuracy of tumour delineation improved after image
denoising/filtering.
In Chapter 4, test-retest variability of several (semi-)automatic tumour
delineation methods, with emphasis on effects of image characteristics such
as resolution and contrast, was investigated for two different tracers (FDG
and fluorine-18 labelled thymidine analogue 3′ -deoxy-3′ -[18 F]fluorothymidine;
FLT). In case of response monitoring, it is important to know whether a change
in measured (metabolic) tumour volume in successive scans represents a true
response or methodology related variability. Percentage test-retest variability
of both metabolic volume and SUV, obtained from each delineation method,
was assessed for varying image characteristics. Apart from evaluating testretest variability, accuracy of measured tumour volumes was assessed by using a
mean ratio and standard deviation compared with a ‘reference’ dataset. Results
showed that size of metabolic volume and test-retest variability of both metabolic
volume and SUV were affected by image characteristics and tumour delineation
method used. The median volume test-retest variability ranged from 8 to 23%
and from 7 to 29% for FDG and FLT, respectively. For all image characteristics
studied, larger differences (up to 10-fold higher) were seen in test-retest variability of metabolic volume than that of SUV.
To date, no gold standard exists for accurately defining tumour size on
various image modalities (e.g. PET and CT), with the possible exception of
pathological specimens. In chapter 5, maximum diameters obtained from
metabolic tumour volumes were compared with those obtained from pathology.
Retrospective whole body FDG PET/CT studies from 19 non-small cell lung
cancer (NSCLC) patients were used. Several (semi-)automatic PET based tumour delineation methods and manual CT based delineation were used to assess
diameters of primary lung tumours and these were compared with diameters
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obtained from pathology. Results showed that a fixed 50% and adaptive 41%
threshold-based, together with contrast-oriented delineation methods showed
good agreement with pathology after removing two outliers (R2 =0.82, slope:
1.00-1.06). Although adaptive 70% threshold-based methods showed underestimations compared with pathology (36%), it provided the best precision
(SD: 14%) together with good correlation (R2 =0.81). The correlation between
CT delineation and pathology was slightly lower (R2 =0.77). In addition, CT
delineation showed an overestimation compared with pathology (slope: 1.25).
Although PET based tumour delineation methods derived from SUV images
provided good tumour volume assessment, it is well known that images of
metabolic rate of glucose (generated using Patlak analysis) are quantitatively
more accurate than images resulting from a simple SUV analysis. It has been
reported that metabolic volumes derived from images of metabolic rate of glucose are smaller than those derived from SUV images. In chapter 6, a systematic comparison was performed between metabolic tumour volume assessments derived from SUV and Patlak images using a variety of (semi-)automatic
tumour delineation methods in order to identify methods that can be used reliably on (whole body) SUV images. Dynamic FDG PET data from 10 lung
and 8 gastrointestinal cancer patients were analysed retrospectively. Metabolic
tumour volumes were derived from both Patlak and SUV images using five different types of tumour delineation methods, based on various thresholds or a
gradient. In general, most tumour delineation methods provided more outliers
when metabolic volumes were derived from SUV rather than Patlak images.
Only gradient-based methods showed more outliers for Patlak based tumour
delineation. Median measured metabolic volumes derived from SUV images
were larger than those derived from Patlak images (up to 59% difference) when
using a fixed percentage threshold method. Tumour volumes agreed reasonably well (<26% difference) when applying methods that take local signal to
background ratio (SBR) into account.
In conclusion, simulations showed that accuracy and precision of all tumour
delineation methods studied were affected by physiological and image acquisition parameters. In addition, clinical studies showed that test-retest variability of both metabolic volume and SUV varied with tumour delineation
method, radiotracer used and image characteristics. These results indicate that
careful optimisation of imaging and delineation method parameters is needed
when using metabolic volume as a response assessment parameter. The maximum diameter derived from CT delineation showed an overestimation compared with pathology data. PET based tumour delineation methods provided
maximum diameters in agreement with pathology and may therefore be useful
for defining the (metabolically) active part of a tumour for radiotherapy and
response monitoring purposes. Use of simplified methods for assessment of drug
efficacy or treatment response may provide different results than those seen
with full kinetic analysis. In addition, large differences may exist in metabolic
volumes derived from static and dynamic FDG image data. These differences
strongly depend on the delineation method used. Delineation methods that correct for local SBR provide the most consistent results between SUV and Patlak
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images. Overall, an adaptive 50% threshold method that corrects for local background seems to provide the best performance for response monitoring purposes,
as it provided relatively stable test-retest values when imaging parameters were
varied and it showed consistent results between SUV and Patlak images, despite
a small underestimation compared with pathology. For radiation therapy, a
contrast-orientated method may be a good candidate, as it provided good correspondence with pathology data. In addition, it provided consistent results
between SUV and Patlak images, accurate estimated metabolic volumes in simulation studies and reasonable test-retest values when imaging parameters were
varied. However, this method needs to be recalibrated per site and reconstruction protocol used.

7.2 Future perspectives
Most (semi-)automatic tumour delineation methods investigated in this thesis
may have potential difficulties in detecting the entire tumour volume if a) the
tumour is located close to a region with high physiological uptake (e.g. heart,
liver or mediastinum), or b) the tumour shows a high level of heterogeneity in
tracer uptake. In recent years new PET image delineation approaches, such as
the fuzzy logically adaptive Bayesian approach [84], have been developed that
could be of interest for delineating tumours with high levels of heterogeneity in
tracer uptake. In a few clinical studies, these methods have shown improvement
in tumour volume delineation for response monitoring and radiotherapy purposes [67,72,85]. However, there has not been an independent validation against
various other types of (semi-)automatic tumour delineation methods. Furthermore, other methods that perform well for homogeneous tumours, such as the
gradient based approach [28, 86], could be modified in such a way that tracer
uptake heterogeneity is taken into account. For the gradient based methods,
multiple seeds could be placed in the tumour region, so that multiple basins are
created that show different levels of tracer uptake heterogeneity. Future studies
need to be performed to evaluate accuracy and precision of various kinds of
(semi-)automatic tumour delineation methods that can handle tracer uptake
heterogeneity. Detecting tracer uptake heterogeneity could potentially be used
to identify tumour areas that need an additional boost dose during radiotherapy.
It has been shown, that residual metabolic active areas after radiotherapy corresponded well with the high tracer uptake regions before treatment [87]. This
implies that regions with high FDG uptake before treatment identify more radioresistant areas within the tumour. Therefore, a pre-radiotherapy FDG PET scan
can potentially be used for radiotherapy dose redistribution. It should be further investigated, however, whether the tumour delineation methods proposed
in this thesis or methods that can handle tracer uptake heterogeneity could be
used for radiotherapy dose redistribution purposes. In this thesis, metabolic and
anatomic tumour volumes, derived from PET and CT, were only investigated
separately. The use of multimodality imaging (i.e. PET/CT or PET/MRI),
where anatomical and functional information are combined, has not been inves106
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tigated. This might be useful for improving the definition of tumour volume,
especially for the purpose of target volume delineation in radiation therapy
planning. One could hypothesize that CT can be used for definition of the
gross tumour volume, while PET can be used for radiotherapy dose distribution
purposes (so-called dose painting), as described before.
This thesis focused primarily on the evaluation of various types of
(semi-)automatic delineation methods for lung tumours that were located in
the thorax and were imaged using FDG or FLT. However, different types of
cancer, tumour locations and tracers (e.g. perfusion or hypoxia tracers) may
give different results when defining tumour contours. Therefore, future studies
should be performed that validate the proposed (semi-)automatic tumour delineation methods for other tracers, other regions inside the body and for other
types of cancer.
Finally, this thesis showed that the use of different PET imaging parameters,
such as reconstruction settings, resolution, contrast or noise, can have
pronounced effects on the performance of the (semi-)automatic tumour
delineation methods. As some of the tumour delineation methods show accurate
and reproducible results over various imaging parameters, they may be suitable
for multi-centre trials. Nevertheless, these methods need to be further validated
using multi-centre data, as additional factors may play a role, such as slight
differences in acquisition protocols, inclusion criteria, etc. In this context, it
remains a challenge to develop a tumour delineation method that is not sensitive
to image characteristics.
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