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GENERAL INTRODUCTION

1.1 Epidemiology

Each year, more than 3 million cancer cases are diagnosed in Europe, with over 1.5
million patients dying from this disease. The major cause of cancer death is lung
carcinoma, accounting for almost 20% of all deaths due to cancer in 2008 It is the
third common malignancy in Europe, after colorectal and breast cancer, accounting
for more than 12% of all new cancer cases.

In the Netherlands, the age-standardised incidence of lung carcinoma is decreasing
in men, but still increasing in women. These trends largely reflect the changes in the
prevalence of smoking, which is the major cause of this disease . Since 2006, more
than 10,000 patients a year are diagnosed with lung carcinoma. Given the ageing of
the population, lung cancer will remain an important health problem. The prognosis
of the disease is poor, with a 1 year overall survival of 40% and a 5 year overall sur-
vival of only 14% °.

Lung cancer is broadly divided in two main categories on basis of its histology: non-
small cell lung cancer (NSCLC), accounting for 80-85% of cases, and small cell lung
cancer (SCLC), accounting for 15-20% of cases. Approximately 40% of NSCLC and
more than 70% of SCLC patients have distant metastases at initial presentation .
Most of these patients are treated with palliative systemic treatment, together with
analgesics and palliative radiotherapy to relieve symptoms. The remaining patients
present with disease confined to the thorax. Those patients are generally offered
curative intent therapy.

Non-small cell lung cancer (NSCLC)

NSCLC is divided in four different stages on basis of the anatomical extent of dis-
ease, which is classified according to the TNM classification. The TNM classification
is used to define the extent of disease with respect to the primary tumour (T), in-
volvement of regional lymph nodes (N) and the presence of distant metastases (M).
Recently, the 7™ edition of the TNM classification system has been introduced >
With respect to NSCLC, this edition includes some changes in the T and M descrip-
tors, as well as in the assigned stages on basis of the TNM ,

The assigned stage is prognostic for survival, and it forms the basis for selection of
the most appropriate treatment regimen (Figure 1.1). Of all patients with NSCLC,
only 25% is diagnosed with stage | & Il disease, which is considered as resectable.
Early stage patients who are medically inoperable are commonly treated with radio-
therapy. In particular, stereotactic radiotherapy has become an attractive treatment
modality for this patient category, with a 3 year local control rate of more than 90%
and a 3 year overall survival of 60% . Thirty-five percent of patients have locally
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advanced (stage Il) disease, for whom surgery is mostly not an option *. For these
patients, the current standard treatment consists of radiotherapy in combination
with chemotherapy.

T N M Stage First choice treatment*

[surgery |

1 1 0 1A

2a 1 0 1A

2b 0 0 HA Surgery +
chemotherapy

2b 1 0 1B

3 0 0 1B

1 2 0 A

2 2 0 1A

3 Lorz 0 A Concurrent

4 Qorl O A chemoradiotherapy

any 3 0 1B

4 2or3 O 1B

any any 1 \% Chemotherapy**

Figure 1.1 TNM staging (7" edition) for NSCLC and treatment of choice per assigned stage
* According to the American College of Chest Physicians (ACCP) guidelines
** In selected patients with oligometastasis: chemotherapy, high dose radiotherapy, surgery

Small cell lung cancer (SCLC)

SCLC is characterized by a rapid growth rate and early dissemination to lymph nodes
and distant organs. SCLC patients are classically divided into limited and extensive
stage disease ® °. Recently, however, the use of the TNM staging system has been
1011 Approximately 25% of SCLC patients present
with stage I-lll disease *. Even in this patient group without distant metastases,

recommended for SCLC as well

surgery is rarely an option because of the advanced stage of locoregional disease.
1213 Therefore,
combined chemo-radiotherapy is the first choice treatment for patients with stage I-
111 SCLC.

Furthermore, its benefit in the rare stage | patient is controversial



GENERAL INTRODUCTION

1.2 Imaging modalities for patient selection and evaluation of
treatment

Traditionally, anatomical imaging modalities are applied for the diagnosis and stag-
ing, as well as in the follow-up of lung cancer patients. These modalities are based
on contrast differences between normal and cancerous tissue. More recently, mo-
lecular imaging techniques have been developed, which allow the visualization of
molecular processes inside tumour and normal tissues in a non-invasive manner.

Anatomical imaging

Chest X-ray and computed tomography (CT) are the most widely used anatomical
imaging modalities in lung cancer. A chest X-ray is useful as a first-line tool to assess
the indication for further imaging. The chest CT scan allows cross-sectional imaging
of the body through rotational x-ray imaging. Modern CT scanners have a resolution
down to less than 1 mm. For lung cancer, it is the imaging modality that provides
best anatomic detail. It has a high sensitivity for the detection of the primary tu-
mour, enabling its exact localization. The contrast between adjacent tissues can be
further improved by the administration of intravenous contrast agents.

While CT is the most accurate imaging modality with respect to anatomical informa-
tion in lung cancer, its limited potential to distinguish between vital tumour and
non-malignant tissue prevents the use in certain areas of the TNM classification.
Anatomic imaging modalities are compromised in their ability to define the exact
tumour border in certain circumstances, such as in patients with atelectasis or tu-
mours near the thoracic wall . Furthermore, the accuracy to differentiate between
malignant and benign lymph nodes is lower, with a sensitivity and specificity of CT
for identifying mediastinal lymph node involvement of 51% and 85%, respectively .
Finally, the assessment of changes early during or after treatment with conventional
chest X-ray and CT is limited by their poor discriminating capacity between residual

tumour and treatment induced changes 1617,

With respect to these issues, molecular imaging with positron emission tomography
(PET), providing information on specific biochemical pathways, has additional value.

Molecular imaging with positron emission tomography (PET)

The principle of PET lies in the detection of positrons emitted by a radioactive
tracer. In this way, three dimensional images can be obtained which show the dis-
tribution of the tracer throughout the body. Different radiopharmaceuticals have
been evaluated for the imaging of malignant tumours, of which F_fluorode-
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oxyglucose (FDG) is by far most commonly used. Like glucose, FDG is transported
into the cell and subsequently phosphorylated by hexokinase. The fluorine atom of
FDG, however, prevents it further metabolization, and hereby, FDG is metabolically
trapped inside the cell. FDG-PET scanning utilizes the difference in accumulation of
FDG between normal and cancerous tissues, based on an enhanced glucose me-
tabolism in cancer cells owing to increased expression of the glucose transporter
enzyme Glut-1. In this way, tumours can be imaged as focal accumulations of FDG.
This makes FDG-PET scanning a sensitive method for the detection and visualization
of tumour bearing areas, as well as for monitoring response to treatment.

The added value of FDG-PET in the staging of locally advanced lung cancer is beyond
doubt, as it results in stage migration for up to 30% of stage Ill NSCLC and 6-33% of
limited disease (LD) SCLC patients, which are diagnosed with distant metastases 18
* This upstaging withholds toxic radical therapy in these patients who will not
benefit from it. FDG-PET is more accurate than CT with respect to mediastinal lymph
node staging as well, with a sensitivity and specificity of 74% and 85%, respectively
BAt present, performing an FDG-PET scan is recommended as a routine clinical
staging tool for assumed stage IB-111B NSCLC B

There are certain limitations, however, to the use of FDG as a cancer imaging agent.
One important limitation is the increased uptake in non-malignant areas with en-
hanced glucose metabolism, such as inflammatory regions **. These limitations have
driven the search for tracers other than FDG that specifically visualize certain mo-
lecular characteristics. These include proliferation markers, such as 11C-methionine,
¢c-choline and *®F-fluorothymidine and markers of hypoxia, of which *F-FMISO is
most commonly applied. Furthermore, tracers are being developed that visualize
the expression of specific receptors at the surface of tumour cells.

Thus, molecular imaging with PET shows many advantages over anatomical imaging
alone in the combined modality treatment of lung cancer. Especially the use of inte-
grated PET-CT, combining anatomical information with functional information of the
PET scan has great clinical potential.

1.3 Combined modality treatment for inoperable lung cancer

Radiotherapy (RT) in combination with chemotherapy is the treatment of choice for
the approximately 35% of NSCLC patients presenting with locally advanced (stage
1) disease, for whom surgery is mostly not an option . It is also the first choice
treatment for the approximately 25% of SCLC patients presenting with stage I-llI
disease.
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Chemotherapy can be given either before the start of RT (sequential chemo-
radiotherapy) or simultaneously with RT (concurrent chemo-radiotherapy). In
NSCLC, concurrent treatment demonstrated superior outcome compared to se-
quential chemo-radiation with a 3 year survival of 24% with concurrent treatment,
vs. approximately 18% with sequential therapy **. The same holds true for SCLC, in
which a clear benefit of concurrent over sequential chemo-radiotherapy has been
demonstrated *°.

1.4 Purpose and outline of the thesis

Although the survival of locally advanced NSCLC and stage I-1ll SCLC has significantly
improved with combined chemo-radiotherapy, the majority of patients still show
disease progression shortly after the completion of treatment. About one third of
patients experience local tumour progression as their first site of relapse 338 Fur-
thermore, these combined treatment strategies are associated with higher toxicity
rates than treatment with RT alone. Theoretically, locoregional tumour control
could be improved by increasing the radiotherapy dose or intensification of the
chemotherapy regimen. Because dose limiting toxicity already occurs with the pres-
ently applied combined treatment schedules, this is not straightforward, as further
intensifying therapy would result in unacceptable toxicity.

Recently, more conformal radiotherapy techniques such as stereotactic body RT
(SBRT), intensity modulated RT (IMRT) or proton therapy have been introduced, as
well as targeted systemic agents, which increasingly allow for specific antitumour
therapy. This provides opportunities to improve locoregional control without en-
hancing toxicity. The introduction of these techniques, however, emphasizes the
need for imaging techniques enabling accurate definition of the presence and ex-
tent of tumour.

Another approach to optimize the treatment benefit in each individual patient can
be found in strategies directed at an early adaptation of therapy dependent on the
treatment response. Finally, the outcome after completion of curative treatment
could potentially be improved by an early detection of local progression, increasing
the opportunity to be offered salvage therapy. In view of the limited ability of ana-
tomical imaging techniques to discriminate between active tumour and post-
treatment changes, molecular imaging could play an important role in this respect.

The aim of this thesis is to assess the potential of molecular imaging with PET to
optimize the combined modality treatment of lung cancer.
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In regard to this aim the following aspects are addressed:

FDG-PET-CT based target volume definition to optimize radiotherapy for locally
advanced lung cancer

The value of FDG-PET-CT in the follow-up of locally advanced NSCLC patients
Development of novel PET tracers for the non invasive imaging of specific tu-
mour characteristics

Partl: FDG-PET-CT based target volume definition to optimize radiotherapy for
locally advanced lung cancer

No imaging technique allows a direct evaluation of the presence and extent of mi-
croscopic disease extension around the tumour visible on PET and CT. Therefore, in
RT planning, a margin of tissue surrounding the macroscopic tumour (Gross tumour
volume, GTV) is added in all patients to ensure that the area with potential micro-
scopic spread is covered by the radiation field *°. The resulting volume is defined as
the clinical target volume (CTV).

Microscopic disease spread, however, does not occur in all patients with NSCLC 40
* Hence, the ability to predict the presence of microscopic spread on the basis of
pre-treatment PET or CT imaging could lead to tumour tailored margins, resulting in
an optimal sparing of normal tissue in individual patients. In chapter 2, risk factors
for the presence of microscopic disease spread were identified on pre-treatment
PET-CT.

Traditionally, both in NSCLC and SCLC, prophylactic irradiation of clinically unin-
volved mediastinal lymph nodes was performed. This resulted in large treatment
volumes. Routine elective nodal irradiation is no longer recommended in NSCLC **
* as both PET- and CT-based selective irradiation of involved lymph nodes have
proven its safety ***’. The safety of selective nodal irradiation (SNI) in NSCLC, how-
ever, cannot straightforwardly be extrapolated to SCLC. This is illustrated by a study
showing an unacceptable amount of 11% of isolated nodal failures outside of the
treatment volume in SCLC with CT-based SNI in SCLC *®. As FDG-PET scanning is
more accurate than CT in the primary staging of SCLC 29,9951 e hypothesized that
PET based SNI would improve the coverage of involved lymph nodes compared to
CT-based SNI* **, Chapter 3 describes the results of a planning study in which the
influence of selective irradiation of FDG-PET positive mediastinal nodes on radiation
fields and normal tissue exposure in limited disease (LD) SCLC was investigated. A
prospective study was subsequently performed to evaluate the safety of PET-based
SNI in LD-SCLC, of which the results are reported in chapter 4.
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Part lI: The value of FDG-PET-CT in the follow-up of locally advanced NSCLC patients

Theoretically, early detection of progressive disease after curative intent therapy, at
a time that radical retreatment is still an option, could improve survival. In NSCLC
however, there are at present no convincing data supporting that early detection of
progression with chest X-ray or CT scan results in survival benefit ** °*>*. A major
restriction of both modalities is the poor discriminating capacity between residual
or recurrent tumour and post-treatment changes ' /. As repeated imaging is often
needed to confirm progression, this delay could lead to missing the chance for sal-
vage treatment. In this respect, FDG-PET scanning could have additional value, as
PET is more accurate than CT in the distinction of tumour from post-radiotherapy
effects >>*’, and is known to be prognostic for outcome %2 In chapter 5, we evalu-
ated whether a PET-CT 3 months after therapy can detect potentially curable pro-
gression in NSCLC patients treated with curative intent with (chemo-)radiation.
Chapter 6 describes the results of an economic evaluation assessing the cost-
effectiveness of a PET-CT based follow-up strategy.

Part lll: Development of novel PET tracers for the non invasive imaging of specific
tumour characteristics

Recent advances in molecular biology have revealed a number of biological charac-
teristics of cancer cells that offer potential targets for imaging. Some of these char-
acteristics, such as hypoxia, cell density and proliferation, are associated with tu-
mour aggressiveness and response to anticancer treatment. These characteristics
are known to be heterogeneous across the tumour 6363
those characteristics could have great clinical importance, as it would allow patient

selection for targeted antitumour therapy as well as the identification of relatively

. Non-invasive imaging of

treatment resistant areas within the tumour.

In part lll of this thesis, two phase | trials are presented evaluating novel PET tracers.
In chapter 7 the results of a phase | trial evaluating ['*F]HX4, a novel marker of hy-
poxia, are reported. In chapter 8, the safety of Zirconium-89 (¥°zr) labelled cetuxi-
mab was evaluated. Cetuximab is a monoclonal antibody against the epidermal
growth factor receptor (EGFR), a receptor which expression has been correlated

. . . 66
with tumour aggressiveness and treatment resistance = .

Part IV:Discussion

In part IV, the role of PET in the combined modality therapy of lung cancer is dis-
cussed. A review of the available literature regarding this subject is provided in
chapter 9. In chapter 10, the major results of this thesis are described in the context
of the currently existing evidence, and perspectives for future research are high-
lighted.
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CHAPTER 2

Abstract

Background and purpose

One major uncertainty in radiotherapy planning of non-small cell lung cancer
(NSCLC) concerns the definition of the clinical target volume (CTV), meant to cover
potential microscopic disease extension (MDE) around the macroscopically visible
tumour. The primary aim of this study was to establish pre-treatment risk factors for
the presence of MDE. The secondary aim was to establish the impact of these fac-
tors on the accuracy of PET and CT to assess the total tumour-bearing region at
pathology (CTV ).

Methods and materials

34 NSCLC patients, who underwent CT and PET prior to lobectomy, were included.
Specimens were examined microscopically for MDE. The gross tumour volume (GTV)
on CT and PET was compared with the GTV and the CTV at pathology, taking tissue
deformations into account. Using multivariate logistic regression, image based risk
factors for the presence of MDE were identified and a prediction model was devel-
oped based on these factors.

Results

MDE was found in 17 of the 34 patients (50%). MDE did not exceed 26 mm in 90%
of patients. In multivariate analysis, two parameters (mean CT tumour density and
GTVcr) were significantly associated with MDE. The AUC of the 2 parameter predic-
tion model was 0.86. 13 tumours (38%, 95% Cl: 24-55%) were identified as low risk
for MDE, being potential candidates for reduced intensity therapy around the GTV.
In the low risk group, the effective diameter of the GTV¢y/per accurately represented
the CTVpa. In the high risk group, GTVcrper underestimated the CTV ., with on
average 19.2 and 26.7 mm, respectively.

Conclusions

CT features have potential to predict the presence of MDE. Tumours identified as
low risk of MDE show lower rates of disease around the GTV than high risk tumours.
Both CT and PET accurately visualize the CTV ,, in low risk tumours, but underesti-
mate it in high risk tumours.



MICROSCOPIC DISEASE EXTENSION IN NSCLC

2.1 Introduction

Radiotherapy (RT) with or without chemotherapy is the current standard treatment
in locally advanced (stage Ill) and inoperable stage I/ll non-small cell lung cancer
(NSCLC). Even with concurrent chemoradiotherapy, about one third of patients
experience local failure as their first site of relapse 13, Improving locoregional tu-
mour control by increasing the radiation dose is not straightforward, because dose
limiting toxicity occurs, such as lung damage and severe esophagitis * °. Technical
improvements in radiotherapy, like respiration-correlated (RC) imaging, stereotactic
body RT (SBRT), intensity modulated RT (IMRT) and the use of “*Fluoro-Deoxy-
Glucose (FDG)-PET scans in RT planning have facilitated radiation dose escalation
with acceptable side effects *°. These techniques allow a more precise targeting of
RT. As a result, accurate target definition becomes increasingly important. PET and
CT imaging allow definition of the location and extent of the macroscopic tumour
with growing accuracy '”*'. However, large inter- and intraobserver variation exists
in the delineation of the Gross Tumour Volume (GTV) *. Even more uncertainty
exists in the definition of the clinical target volume (CTV), which should include the
GTV with a margin of surrounding tissue covering potential microscopic spread B,
Current imaging techniques do not allow direct evaluation of the presence and
extent of microscopic disease extension (MDE) around the tumour as seen on PET
and CT. Hence, only population statistics on MDE are available, based on correlation
of imaging with pathology. These studies report an average MDE from 1.5 mm to 8
mm 14'17, with more extensive MDE in adenocarcinoma than in squamous cell carci-
noma . Considering tissue deformations between in-vivo imag