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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 1. 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 2. 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% 3. 
 
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 4. 
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 7th edition of the TNM classification system has been introduced 5. 
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 6.  
 
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 I & II 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% 7. Thirty-five percent of patients have locally 
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advanced (stage III) disease, for whom surgery is mostly not an option 4. For these 
patients, the current standard treatment consists of radiotherapy in combination 
with chemotherapy. 
 

T N M Stage

1 0 0 IA

2a 0 0 IB

1 1 0 IIA

2a 1 0 IIA

2b 0 0 IIA

2b 1 0 IIB

3 0 0 IIB

1 2 0 IIIA

2 2 0 IIIA

3 1 or 2 0 IIIA

4 0 or 1 0 IIIA

any 3 0 IIIB

4 2 or 3 0 IIIB

any any 1 IV

First choice treatment*

Surgery

Surgery + 
chemotherapy

Concurrent 
chemoradiotherapy

Chemotherapy**  
Figure 1.1 TNM staging (7th 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 8, 9. Recently, however, the use of the TNM staging system has been 
recommended for SCLC as well 10, 11. Approximately 25% of SCLC patients present 
with stage I-III disease 4. Even in this patient group without distant metastases, 
surgery is rarely an option because of the advanced stage of locoregional disease. 
Furthermore, its benefit in the rare stage I patient is controversial 12, 13. Therefore, 
combined chemo-radiotherapy is the first choice treatment for patients with stage I-
III SCLC.  
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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 14. 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 15. 
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 16, 17. 
 
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 18F-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 III NSCLC and 6-33% of 
limited disease (LD) SCLC patients, which are diagnosed with distant metastases 18-

30. 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 
15. At present, performing an FDG-PET scan is recommended as a routine clinical 
staging tool for assumed stage IB-IIIB NSCLC 15. 
 
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 31. 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, 
11C-choline and 18F-fluorothymidine and markers of hypoxia, of which 18F-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 
III) disease, for whom surgery is mostly not an option 4. It is also the first choice 
treatment for the approximately 25% of SCLC patients presenting with stage I-III 
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 32. The same holds true for SCLC, in 
which a clear benefit of concurrent over sequential chemo-radiotherapy has been 
demonstrated 33. 

1.4 Purpose and outline of the thesis 

Although the survival of locally advanced NSCLC and stage I-III 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 34-38. 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 

Part I: 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 39. The resulting volume is defined as 
the clinical target volume (CTV).  
Microscopic disease spread, however, does not occur in all patients with NSCLC 40, 

41. 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 42, 

43, as both PET- and CT-based selective irradiation of involved lymph nodes have 
proven its safety 44-47. 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 48. As FDG-PET scanning is 
more accurate than CT in the primary staging of SCLC 29, 49-51, we hypothesized that 
PET based SNI would improve the coverage of involved lymph nodes compared to 
CT-based SNI29, 49-51. 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 II: 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 16, 52-54. A major 
restriction of both modalities is the poor discriminating capacity between residual 
or recurrent tumour and post-treatment changes 16, 17. 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 55-57, and is known to be prognostic for outcome 58-62. 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 III: 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 63-65. Non-invasive imaging of 
those characteristics could have great clinical importance, as it would allow patient 
selection for targeted antitumour therapy as well as the identification of relatively 
treatment resistant areas within the tumour.  
In part III of this thesis, two phase I trials are presented evaluating novel PET tracers. 
In chapter 7 the results of a phase I trial evaluating [18F]HX4, a novel marker of hy-
poxia, are reported. In chapter 8, the safety of Zirconium-89 (89Zr) labelled cetuxi-
mab was evaluated. Cetuximab is a monoclonal antibody against the epidermal 
growth factor receptor (EGFR), a receptor which expression has been correlated 
with tumour aggressiveness and treatment resistance 66. 

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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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 (CTVpath).  

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 
GTVCT) were significantly associated with MDE. The AUC of the 2 parameter predic-
tion model was 0.86. 13 tumours (38%, 95% CI: 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 GTVCT/PET accurately represented 
the CTVpath. In the high risk group, GTVCT/PET underestimated the CTVpath 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 CTVpath in low risk tumours, but underesti-
mate it in high risk tumours. 
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2.1 Introduction 

Radiotherapy (RT) with or without chemotherapy is the current standard treatment 
in locally advanced (stage III) and inoperable stage I/II non-small cell lung cancer 
(NSCLC). Even with concurrent chemoradiotherapy, about one third of patients 
experience local failure as their first site of relapse 1-3. 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 4, 5. Technical 
improvements in radiotherapy, like respiration-correlated (RC) imaging, stereotactic 
body RT (SBRT), intensity modulated RT (IMRT) and the use of 18Fluoro-Deoxy-
Glucose (FDG)-PET scans in RT planning have facilitated radiation dose escalation 
with acceptable side effects 6-9. 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 10, 11. However, large inter- and intraobserver variation exists 
in the delineation of the Gross Tumour Volume (GTV) 12. 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 13. 
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 15. Considering tissue deformations between in-vivo imaging and ex-vivo pa-
thology, it is likely, however, that these ranges are underestimated. When tissue 
deformations are not taken into account, underestimation of the extent of MDE 
may occur up to a factor 2 18, 19. 
 
MDE, however, does not occur in all patients 15, 18. The ability to predict the pres-
ence of MDE on the basis of pre-treatment imaging could lead to tumour tailored 
CTV margins, resulting in an optimal sparing of normal tissue in individual patients. 
The aim of the current study was two-fold: first, to establish pre-treatment risk 
factors for the presence of MDE at pathology. Secondly, to establish the impact of 
these factors on the accuracy of PET and CT to assess the total tumour-bearing re-
gion at pathology (“CTVpath”) in three dimensions. 

Chapter2
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2.2 Methods and Materials 

Patients 

Patients were included in the following participating hospitals: the Netherlands 
Cancer Institute (Amsterdam, the Netherlands, central approval from the medical 
ethical board), the Onze Lieve Vrouwe Gasthuis (Amsterdam, the Netherlands) and 
the Maastricht University Medical Centre (Maastricht, the Netherlands). All patients 
gave written informed consent. 

Preoperative imaging and tumour delineation 

All patients underwent a chest CT and 18FDG-PET scan within 8 weeks prior to sur-
gery. The CT slice-thickness ranged from 1 to 5 mm, depending on whether the scan 
was made in the diagnostic process or for study purposes. The PET scan was per-
formed during free-breathing with a voxel size of 5 mm, using attenuation correc-
tion based on low dose CT. On the CT scans, the lung lobes and the gross tumour 
volume (GTV) were delineated using lung window level settings (W=1600, L=600) by 
an experienced RT technician (MR) in consensus with a dedicated lung radiation 
oncologist (JK/JB). On the PET scans, the GTV was delineated automatically using a 
42% threshold of the maximum standardized uptake value (SUVmax) as described 
elsewhere 20, 21. PET scanners were calibrated between participating institutes using 
a dedicated phantom 22, 23. 

Pathology processing 

A fixed protocol was used among participating centres to process the resected lung 
lobes 18. In short, the lobe was inflated with 10% formaldehyde injected through the 
bronchial opening. After a minimum of 24 hours the specimen was sectioned into 
0,5 cm slices in a region of 2 cm around the tumour, and of 1 cm thickness through-
out the rest of the lobe. Sectioning was performed perpendicular to the longest axis 
of the lobe, which, in approximation, was parallel to the cranio-caudal axis of the 
patient. Hence, the orientation of the specimen slices was as close as practically 
possible to the orientation of the CT slices. A digital photograph was taken of each 
separate slice. Subsequently, microscopic thin sections covering the tumour and a 2 
cm margin in three dimensions around the tumour were obtained.  

Assessment of GTV and microscopic disease extension at pathology 

All samples were microscopically analyzed by one observer (JvL) in consensus with 
an experienced lung pathologist (RvS). Both the gross tumour based on pathology 
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The effective diameter of the GTV on CT and PET, the mean CT density of the GTVCT 
and the circularity of the GTVCT were automatically calculated using an adaptation of 
previously employed methods 24. 
All statistical analyses were performed using SPSS version 15.0. The variables were 
tested for their association with the presence of MDE using the independent sam-
ples T-test for scale variables and the Chi-square test for nominal variables. Multi-
variate binary logistic regression was subsequently applied in combination with 
backward feature selection (p-to-entry 0.05 and p-to-remove of 0.1). The perform-
ance of the resulting prediction model was quantified using receiver operating char-
acteristic (ROC) analysis. Based on the output of the model, the patients were cate-
gorized into a group at low risk of presence of MDE and a group at high risk.  

Comparison of the GTV at PET and CT with the GTV and CTV at pathology 

The effective diameter of the GTV at CT and PET was first compared to that of the 
GTVpath (i.e., not including MDE). Secondly, the effective diameters of the GTVCT and 
GTVPET were compared to that of the total tumour-bearing tissue at pathology 
(CTVpath). The latter was defined as the sum of the effective diameter of GTVpath and 
two times the maximum MDE (to convert radius to diameter). Thereafter, the accu-
racy of PET and CT to assess the CTVpath was established separately in the group of 
patients with MDE (MDE+) and without MDE (MDE-). The latter analysis was per-
formed twice; once based on the presence of MDE at pathology, and once based on 
its presence according to the prediction model.  

2.3 Results 

Patient and tumour characteristics 

From September 2006 to December 2008, 34 NSCLC patients (19 male and 15 fe-
male) scheduled for a lobectomy were included. The average age at surgery was 
60.6 years (range: 42-80 years). PET and CT imaging were performed at a median of 
19 days (range: 1-55 days) before surgery. The surgical specimen consisted of the 
left upper lobe (n=11), left lower lobe (n=5), right upper lobe (n=13), right middle 
lobe (n=2) and right lower lobe (n=3). Tumour histology was adenocarcinoma in 
53% (n=18), squamous cell in 18% (n=6), large cell in 12% (n=4), mixed 
adenosquamous in 9% (n=3), bronchioloalveolar in 3% (n=1) and NSCLC, not other-
wise specified in 6% (n=2). 
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Assessment of GTV and microscopic disease extension at pathology 

1311 microscopic sections (median: 38 per patient, range: 17-103) were analyzed. 
MDE outside of the GTVpath was found in 17 of the 34 (50%, 95% CI: 34-66%) pa-
tients. The cumulative distribution of MDEmax, both with and without deformation 
correction, is shown in Figure 2.1. Without deformation correction, a CTV margin of 
14 mm would be needed to cover MDE in 90% of the patients. With deformation 
correction the margin to cover MDE in 90% of the patients increased to 26 mm. The 
distribution of microscopic tumour deposits was found to be isotropic in the trans-
verse plane: MDE medial of the GTVpath was seen in 26%, lateral in 29%, dorsal in 
23% and ventral in 22%. With the current sampling method, no MDE was found in 
the cranial and caudal direction. No association was found between the location of 
the tumour in the lobe and the presence of microscopic tumour deposits. Further-
more, there was no correlation between the time interval between imaging and 
surgery and the extent of overestimation/underestimation with CT and PET. 
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Figure 2.1 Cumulative distribution of the distance of maximum microscopic disease extension (MDEmax) 
to the border of the GTVpath  

Prediction of microscopic disease extension 

The distribution of the potential predictive variables in the subgroups with and 
without MDE is shown in Table 2.2. Two features (CT mean and GTVPET) showed sig-
nificant differences. Multivariate analysis yielded CTmean and GTVCT as significant 
factors in the logistic regression model (Table 2.2). The area under the ROC curve of 
this two-parameter prediction model was 0.86 (95%CI: 0.73-0.98, p=0.001) (Figure 
2.2).  
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assigned to the low-risk group for MDE. The cumulative distribution of the maxi-
mum distances to the GTV border for these two groups is shown in Figure 2.3.  
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Figure 2.3 Cumulative distribution of the maximum distance of microscopic disease extension  
(MDEmax) to the border of the GTVpath according to the risk of MDE 
MDEmax per patient in the group at low risk of MDE (N=13) and the group at high risk of MDE (N=21), as
predicted by the linear regression model 
 

 
Figure 2.4 Illustration of the difference in overall disease load around the GTV at imaging between
patients at low and at high risk of microscopic disease extension (MDE) 
The difference in overall disease load between high and low risk patients is shown for the GTVCT only to 
provide anatomical information. Colour represents the fraction of patients in whom disease extension
was found at various distances from the GTVCT. Only regions inside the lung are relevant 
A. Illustration in CT scan of a patient at low risk of MDE  
B. Illustration in CT scan of a patient at high risk of MDE 
 

Chapter2



C H A P T E R  2  

 32 

Of the 17 patients with actual presence of MDE, two were at low risk for MDE, ac-
cording to the model, corresponding to a sensitivity of 88%. Of the 17 patients 
without actual MDE, 6 were at high risk of MDE, corresponding to a specificity of 
65%.  
The overall disease load, reflected in the total tumour bearing tissue at pathology, 
around the GTVCT and GTVPET was larger in the subgroup of patients at high risk for 
MDE compared to the subgroup at low risk. This difference in overall disease load 
between patients at low and high risk of MDE is graphically illustrated in Figure 2.4. 
Especially differences in prevalence of microscopic tumour deposits close to the 
GTV at imaging were evident. 

Comparison of the GTV at PET and CT with the GTV and CTV at pathology 

The mean GTVpath was 17.5 cm3 (range: 0.5 cm3 – 81.9 cm3). Overall, the effective 
diameter of the GTVCT overestimated that of the GTVpath by 6.6 mm (p<0.001). The 
effective diameter of the GTVPET was 0.4 mm larger than that of the GTVpath, which 
was not statistically significant (p=0.63) (Figure 2.5). Conversely, the effective di-
ameter of the CTVpath (deformations included) was underestimated by CT with 13.4 
mm on average, while the PET showed an even larger underestimation of 20.1 mm. 
Both underestimations were significant (p=0.008 and p=0.0003, respectively) (Fig-
ure 2.6). 
Stratified according to MDE at pathology, the CTVpath was underestimated more on 
CT and on PET in the MDE+ subgroup than in the MDE- group (Table 2.3A). The 
underestimation on CT and PET was significant in the MDE+ group (p<0.001), but 
not in the MDE- group. Stratification according to the risk of MDE according to the 
logistic model, demonstrated comparable results (Table 2.3B); both CT and PET 
underestimated the CTVpath in the subgroup at high risk for MDE (p=0.009 and 
p=0.001 for CT and PET, respectively), but the underestimations were not significant 
in the subgroup at low risk. 
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Figure 2.5 Comparison of the effective diameter of the GTVCT and the GTVPET with that of the GTVpath 

Correlation coefficients: GTVCT - GTVpath: 0.95; GTVPET - GTVpath: 0.91 
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Figure 2.6 Comparison of the effective diameter of the GTVCT and the GTVPET with that of the CTVpath  
Correlation coefficients: GTVCT - GTVpath: 0.55; GTVPET - GTVpath: 0.55 
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Table 2.3 Comparison of the effective diameter of the GTV at imaging and the effective diameter of 
the CTV at pathology (CTVpath) 

A) Comparison according to the presence of MDE found at pathology 
CT* Mean ± SD 

(mm) 
p-value PET** Mean ± SD 

(mm) 
p-value 

Overall -13.4 ± 27.9 0.008 Overall -20.1 ± 29.0 0.0003 
MDE+ -30.6 ± 28.8 0.0005 MDE+ -39.9 ± 27.5 0.00002 
MDE- 3.7 ± 39.5 0.229 MDE- -0.3 ± 11.7 0.92 
B) Comparison according to the risk of MDE according to the prediction model 
CT* Mean ± SD 

(mm) 
p-value PET** Mean ± SD 

(mm) 
p-value 

MDE+ -19.2 ± 30.6 0.009 MDE+ -26.7 ± 31.1 0.001 
MDE- -4.1 ± 20.6 0.482 MDE- -9.4 ± 22.3 0.154 

Stratified to patients with and without MDE at pathology (A) and according to the prediction model (B), 
respectively. 
SD = standard deviation 
*Effective diameter of GTVCT minus that of CTVpath 
**Effective diameter of GTVPET minus that of CTVpath 

2.4 Discussion 

To ensure that all tumour bearing tissue is covered by the radiotherapy fields, an 
accurate knowledge of both the gross tumour volume (GTV) and the microscopic 
extension of tumour beyond the visible border on imaging (the margin to be in-
cluded in the clinical target volume (CTV)) is essential. Accurate distinction between 
the location of macroscopic tumour and microscopic disease is of value as tumour 
control probability calculations suggest that the dose required to eradicate micro-
scopic disease (thus, the dose in the CTV margin) is lower than the dose for macro-
scopic tumour 25, 26.  
In the current study, MDE was found in 50% (95% CI: 34-66%) of patients. Mean 
tumour density on CT (CTmean) and tumour volume on CT (GTVCT) were found to be 
significant factors at multivariate analysis associated with the presence of MDE. The 
prediction model on basis of those two parameters had an area under the curve of 
0.86. This model may be used to identify patients with higher overall incidence of 
disease at all distances around the GTV visible on imaging. These findings are en-
couraging as they could ultimately allow to adapt dose painting across the CTV mar-
gin according to subgroups of patients 27, thus optimizing local control while limiting 
toxicity in patients who are at low risk of microscopic disease extension. Therefore, 
validation of the prediction model in a larger patient population is strongly encour-
aged. 
MDE showed an isotropic distribution around the GTVpath. This finding suggests that 
uniform CTV margins may be appropriate. It also supports the use of our CTVpath 

definition, being the GTV with a circumferential margin equal to the maximum ob-
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served MDE. In this study, no MDE was found in cranial and caudal directions. This 
finding is most probably due to the incomplete histological sampling in these direc-
tions compared to the other directions. All pulmonary tissue ventrodorsal and me-
diolateral of the tumour was available for microscopic examination. In the cranio-
caudal directions, histological information was only available from slices taken at 5 
mm distance from each other. In this way, microscopic tumour deposits present in 
between two slices will have been missed.  

Literature comparison  

The current study shows that the GTV delineated on the PET scan using a fixed 
threshold (42% of SUVmax 

20, 21) is better correlated with the GTVpath than the manu-
ally delineated GTVCT. The latter overestimated the diameter of the GTVpath with 6.6 
mm on average. Few reports of other groups are available comparing both PET and 
CT with pathology: With respect to CT, Grills et al. found an overestimation of the 
GTVpath by CT of 5.8 mm 16, which is comparable to our study. Others, however, 
found a close approximation 15, 17, 29. Yu et al. reported a benefit of PET based de-
lineation over CT mainly in patients with atelectasis 28. As the resolution of both 
imaging techniques is not sufficient to visualize microscopic disease, it may not be 
surprising that both the PET- and CT-based GTV underestimated disease extension 
when MDE is taken into account. In this study, we show however, that the overes-
timation of the GTV at CT and PET does not make up for the lack of coverage of 
microscopic disease. In patients without MDE, all tumour bearing tissue was cov-
ered by the CT- and PET-based GTV. 
The margin of 26 mm found to cover MDE in 90% of patients is much larger than 
what is expected on basis of the literature. The extent of MDE found previously in 
studies correlating imaging with findings at pathology range from 0 to 12 mm 14-16, 

30. It would appear, however, that the microscopic examination of the pathology 
specimen in the present study was more extensive than the methods applied in 
previous investigations. Secondly, deformation of the lung tissue between in-vivo 
and ex-vivo was not taken into account in these studies. Grills et al. concluded that a 
9 mm CTV margin added to the CT-based GTV should cover MDE in 90% of cases. 
Taking into account that CT tends to overestimate the GTVpath by 7 mm on average, 
our results suggest that a CTV margin of 16 mm may still be required to cover 90% 
of MDE. 
Nonetheless, the application of large CTV margins would inevitably lead to a consid-
erable increase in normal tissue exposure. Tumour control probability models, how-
ever, indicate that only 70-80% of the prescription dose to control the macroscopic 
tumour may be needed to eradicate microscopic disease 25, 26. This suggests that 
MDE outside the macroscopic tumour would be largely covered by the beam pe-
numbra of conventional RT fields. New RT technologies, however, are associated 
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thinner slicing at pathology would result in a higher detection rate of microscopic 
tumour deposits, but this was technically not feasible. 

2.5 Conclusion 

Multivariate analysis of tumour, patient and PET and CT characteristics shows that 
CT characteristics of NSCLC have the potential to predict the presence of micro-
scopic disease extension (MDE) around the GTV at pathology. Patients at low risk of 
MDE show smaller rates of disease at all distances around the GTV than patients at 
high risk. Both CT and PET accurately visualize the CTVpath in patients at low risk of 
MDE, but significantly underestimate the CTVpath in high risk patients. 
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Abstract 

Background and purpose 
To investigate the influence of selective irradiation of 18FDG-PET positive mediasti-
nal nodes on radiation fields and normal tissue exposure in limited disease small cell 
lung cancer (LD-SCLC). 

Methods and materials 
Twenty-one patients with LD-SCLC, of whom both CT and PET images were avail-
able, were studied. For each patient, two three-dimensional conformal treatment 
plans were made with selective irradiation of involved lymph nodes, based on CT 
and on PET, respectively. Changes in treatment plans as well as dosimetric factors 
associated with lung and esophageal toxicity were analyzed and compared. 

Results 
FDG-PET information changed the treatment field in 5 patients (24%). In 3 patients 
this was due to a decrease and in 2 patients to an increase in the number of in-
volved nodal areas. However, there were no significant differences in gross tumour 
volume (GTV), lung, and esophageal parameters between CT- and PET-based plans. 

Conclusions 
Incorporating FDG-PET information in radiotherapy planning for patients with LD-
SCLC changed the treatment plan in 24% of patients compared to CT. Both increases 
and decreases of the GTV were observed, theoretically leading to the avoidance of 
geographical miss or a decrease of radiation exposure of normal tissues, respec-
tively. Based on these findings, a phase II trial, evaluating PET-scan based selective 
nodal irradiation, is ongoing in our department. 
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3.1 Introduction 

Small cell lung cancer (SCLC) is a tumour with a poor prognosis, with only one-third 
of patients presenting with limited-disease (LD-SCLC) 1, 2. In LD-SCLC, long-term 
survival has improved with chemo-radiation and this is, therefore, currently the first 
choice treatment. This is at the expense, however, of severe reversible esophagitis 
and lung damage 3-6. Moreover, over 30% of patients still fail locally with this treat-
ment 7. Therefore, in the subgroup of patients with limited disease, strategies to 
reduce toxicity and increase local tumour control would be of great clinical value. A 
straightforward strategy to reduce toxicity is to diminish the radiation fields, which 
could be done by omitting routine elective nodal irradiation. In case of non-small 
cell lung cancer (NSCLC) elective nodal irradiation is no longer recommended 8. In 
NSCLC, radiation fields could be safely reduced by selective nodal irradiation, based 
on CT, and even further based on FDG-PET (18F-fluorodeoxyglucose-Positron Emis-
sion Tomography) scans 9-12. Treating only FDG-positive mediastinal areas decreased 
radiation exposure of the lungs and the esophagus sufficiently as to allow for radia-
tion dose-escalation in NSCLC 13, 14. However, contrary to NSCLC, in a phase II study 
in LD-SCLC, we observed isolated nodal failures outside of the clinical target volume 
(CTV) in 11 % of cases with selective nodal irradiation, based on CT 15. This finding 
illustrates that the positive results obtained for selective mediastinal node irradia-
tion in NSCLC cannot straightforwardly imply the same results in SCLC patients. To 
our knowledge, no clinical data are available on PET-based selective mediastinal 
irradiation in SCLC.  
 
The available literature suggests that FDG-PET scan has diagnostic value in SCLC 16-22. 
SCLC shows high uptake of FDG, with a mean SUVmax (maximal Standardized Uptake 
Value) for primary and mediastinal nodal lesions similar to that seen in NSCLC 16. In 
the largest reported series of 120 patients with SCLC, FDG-PET resulted in a stage 
migration for 14 patients, upstaging 10 patients to extensive disease and down-
staging 3 patients 20. In a retrospective analysis of 46 patients with SCLC, Pandit et 
al. described a 100% sensitivity of PET for detection of disease, based on pathologic 
correlation 21. It has been suggested that an FDG-PET scan can identify metastases 
to regional lymph nodes in 15-25% of patients whose mediastinal CT scan was nega-
tive 16, 22. It is therefore likely that, as in NSCLC, the use of FDG-PET scans will im-
prove the coverage of the mediastinal lymph node areas in LD-SCLC, hence resulting 
in less geographical miss and improved local tumour control. 
 
As FDG-PET scans may thus be more accurate than CT to stage the mediastinum, we 
investigated the possible role of FDG-PET scanning in the radiotherapy planning of 
patients with LD-SCLC. We hypothesized that (1) there would be changes in the 
radiotherapy fields using FDG-PET scanning compared to CT, theoretically resulting 
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in less geographical miss and (2) there would be differences in the radiation expo-
sure of dose limiting normal tissues such as lungs, esophagus and spinal cord, when 
radiation treatment planning is performed based on FDG-PET compared to CT. We 
compared the radiation treatment planning of involved mediastinal lymph node 
areas based on FDG-PET and on CT for 21 consecutive patients with LD-SCLC. Radio-
therapy was planned to the standard total radiation dose of 45 Gy delivered in 30 
fractions in 3 weeks (1.5 Gy BID) either based on FDG-PET or on CT scan. DVH (dose 
volume histogram) parameters of the lung, the esophagus, the heart and the spinal 
cord were compared. 

3.2 Methods and Materials 

Patients 

Patients diagnosed with LD-SCLC and referred for radical radiotherapy to MAASTRO 
clinic between January 1, 2004 and October 1, 2006 were reviewed retrospectively. 
Twenty-one patients, of whom either both a pre-treatment FDG-PET and a contrast-
enhanced CT scan, or a combined FDG-PET-CT scan (with contrast-enhancement) 
was available, were eligible for this planning study.  

Staging 

All patients underwent bronchoscopy with biopsy, standard haematological and 
biochemical workup, CT of the thorax and upper abdomen, including liver and adre-
nal glands, and a whole body FDG-PET scan. CT or MRI of the brain was performed 
as part of the routine workup for all patients.  

Imaging with CT and PET 

For CT-based planning, a contrast-enhanced CT scan of the thorax performed for 
radiotherapy planning was used. For PET-based planning, a combined PET-CT scan 
was performed either in the diagnostic process alone or both in the diagnostic proc-
ess and for radiotherapy simulation. In both cases, the PET-CT scan was made in 
radiotherapy position. Patients had to be fasting for at least 6 hours before the 
examination. The injected total activity of FDG was calculated based on the weight 
of the patient: (weight* 4 + 20) MBq. After a rest period of 60 minutes (time needed 
for uptake of FDG) PET and CT images were acquired. A CT-scan of the whole thorax 
was performed with intravenous contrast.  
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The CT-findings were interpreted by an experienced chest radiologist. Lymph nodes 
were considered to be pathological on CT when their axial diameter exceeded 1 cm. 
FDG-PET scans were visually interpreted by an experienced PET scan specialist.  
The involved lymph node stations were recorded according to the Mountain and 
Dresler classification scheme 23, both on the basis of the CT and FDG-PET scan, by 
the diagnostic radiologist and the nuclear medicine specialist, respectively.  

Radiation treatment planning and dosimetry 

Radiotherapy planning was performed with a XiO (Computerized Medical Systems 
(CMS) Inc.) treatment planning system, using inhomogeneity corrections based on a 
convolution algorithm. For all patients, a Gross Tumour Volume (GTV) and a Plan-
ning Target Volume (PTV) were defined based on CT data and PET data, respec-
tively, for the CT- and PET-CT based plans. This was carried out in two separate 
sessions by the same person (JvL), in order to avoid intra-observer variability. For 
the primary tumour, the GTV was delineated based on CT only using the lung win-
dow settings (W = 1700, L = -300). We deliberately avoided contouring on the basis 
of ill-defined areas on PET scan. Instead, the sharp boundaries of the CT scan images 
were used. These procedures aimed at minimizing the problems of tumour size 
determination on PET scans in general and of a moving part of the body in particu-
lar, as no respiratory gating was used. For delineation of the lymph nodes on CT, 
mediastinal window setting (W = 600, L = 40) was used. The involved anatomical 
region as described by the radiologist or nuclear medicine specialist in the original 
diagnostic report (i.e. before the start of chemotherapy) was delineated 24. With 
respect to the pathological lymph nodes on PET, the involved zones were delineated 
based on the anatomical information of the CT scan. In this way, the whole patho-
logical anatomical region of the mediastinum (e.g. area 7) was taken as GTV for that 
lymph node station. No SUV-threshold was used, as a visual scale has been shown 
to be at least as accurate as the use of a SUV-threshold to distinguish benign from 
malignant nodes 25, 26. CT and PET images were automatically registered based on 
Mutual Information and were subsequently fused using Focal (CMS Inc.). If the PET 
scan was negative in the mediastinum and the CT scan positive, the mediastinum 
was considered not to harbour cancer cells, and was hence not included in the PET-
CT based GTV. The margin from the GTV to the CTV (Clinical Target Volume) was 5 
mm, and from the CTV to the PTV also 5 mm, both for CT- and for PET- based treat-
ment planning. No assessments of tumour movement, for example by slow CT 
scans, were performed. No elective nodal irradiation was planned. 
Contouring of the lung was done automatically by the treatment planning system. 
For the calculation of the Vlung20 (Percentage of lung receiving more than 20 Gy), we 
followed the published guidelines namely: the volume of both lungs reduced by the 
PTV was used, whereas for the mean lung dose (MLD), the volume of both lungs 
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minus the GTV was considered 8. The esophagus was delineated from just below the 
larynx to the gastro-esophageal junction. Neither the GTV nor the PTV was sub-
tracted from this volume 8. The spinal cord was drawn throughout the whole CT 
scan and was considered to be at the inner margin of the bony spinal canal.  
The heart was contoured from its caudal part at the apex until its cranial level at the 
beginning of the large vessels. The latter were not included in the contour of the 
heart. The pericardium was a part of the contour of the heart.  
A 3-dimensional conformal treatment plan was calculated on the CT-based PTV and 
the PET-CT-based PTV for all patients, with a prescribed dose of 45 Gy in 30 frac-
tions delivered in 3 weeks (1.5 Gy BID) to the PTV, according to ICRU 50 guidelines 
27. Dosimetric values were calculated on the basis of DVH’s and dose distributions 
on each axial CT plane both for CT and PET-CT based planning.  
For the tumour and pathological lymph nodes, factors analyzed were GTV and PTV 
volume. Because no consistent DVH parameters are known to predict early and late 
esophageal toxicity, the Veso30 , the Veso35 , the Veso40, the Veso45 , the Veso50 , the maxi-
mal esophageal dose (Dmax) and the mean esophageal dose (MED) were analyzed 8, 

28, 29. For the lung, the Vlung 20 and the MLD were analyzed as predictors for radiation 
pneumonitis 8. The maximal dose to the spinal cord was recorded, although it was 
not expected that in either the CT-based or in the PET-CT based plan the tolerance 
of the spinal cord (50 Gy) would be exceeded. The mean dose to the heart (Dheart-

mean), as well as the maximal dose (Dheartmax), the Vheart 30, the Vheart 35, the Vheart 40, the 
Vheart 45, and the Vheart 50 was recorded. 

Ethics  

As this was a retrospective planning/modelling study, patients were diagnosed and 
treated previously according to standard guidelines in our institute. No approval of 
the Ethical Committee was required. 

Statistics  

On the basis of literature at the start of the project, we hypothesized that introduc-
ing PET in radiotherapy planning would change the treatment fields in 25% of the 
patients 16. In order to detect this change with a 95% confidence interval of 5-45%, 
at least 19 patients should be included in this study 30.  
Results are either expressed as mean ± standard deviation (SD) or as a proportion 
with 95 % confidence intervals (95% CI). Statistical differences between paired pa-
rameters from CT versus PET-CT based plans were evaluated with the Wilcoxon 
signed rank test. Differences were considered to be significant when the two-tailed 
p-value was less than 0.05.  
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3.3 Results 

Patient characteristics and FDG-PET and CT correlations 

All 21 patients had LD-SCLC, as defined by PET-CT for the detection of distant metas-
tasis. Two patients had stage N0, while 14 patients had the same nodal areas in-
volved on both PET and CT. Five patients had mediastinal nodal involvement on 
both PET and CT, but in different nodal areas (Table 3.1).  
 
Table 3.1 Patient characteristics 

Pt. No. No. of involved 
lymph node 
stations:  
PET vs. CT 

Primary tumour Involved lymph node station 

   PET-scan CT-scan 
 PET<CT    
2  Right upper lobe  2L,3L,4L, 2R, 3R, 4R 2L,3L,4L, 2R, 3R, 4R, 

10R, 5, 7 
12  Left hilus 4L, 10L, 5, 7 4L,10L, 4R, 5, 7 
17  Left hilus 10L, 7 4L,10L, 7 
 PET>CT    
6  Right upper lobe 2R, 4R, 10R, 5, 7 2R, 4R, 10R, 7 
7  Left upper lobe 2L, 4L, 10L, 5, 7 2L, 4L,10L, 5 
 PET=CT    
1  Right upper lobe  4L, 2R, 4R, 10R, 7 4L, 2R, 4R, 10R, 7 
3  Left lower lobe None None 
4  Left upper lobe 2L, 4L, 5, 6 2L, 4L, 5, 6 
5  Right upper lobe  4R, 10R, 7 4R, 10R, 7 
8  Right hilus 4R, 10R 4R, 10R 
9  Left upper lobe None None 
10  Unknown 4L, 1R, 2R, 4R, 3, 7 4L, 1R, 2R, 4R, 3, 7 
11  Right upper lobe 4L, 2R, 4R, 10R, 3, 7 4L, 2R, 4R, 10R, 3, 7 
13  Lingula 6 6 
14  Unknown 2R, 4R, 10R, 5, 7 2R, 4R, 10R, 5, 7 
15  Right upper lobe 4R, 10R, 7 4R, 10R, 7 
16  Right upper lobe  10R 10R 
18  Left hilus 4L, 10L, 5, 6, 7, 8 4L, 10L, 5, 6, 7, 8 
19  Right upper lobe 2L, 4L, 7 2L, 4L, 7 
20  Left lower lobe 10L, 10R, 5, 6, 7 10L, 10R, 5, 6, 7 
21  Left hilus 2L, 4L, 10L, 2R, 5, 6, 7 2L, 4L, 10L, 2R, 5, 6, 7 

Pt. No.: patient number. PET: positron emission tomography. CT: computed tomography 

 
In three patients (14 %), there were less nodal stations involved on PET compared to 
CT: in the first patient, PET showed no involvement of the CT-involved stations 5, 7 
and 10; in the second and third patient, there was no involvement of station 4R 
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(Figure 3.1) and 4L, respectively. In two patients (10%), PET identified nodal stations 
that were negative on CT: station 5 and 7, respectively.  
 

 
Figure 3.1 Image of a patient with different nodal involvement on CT and PET (patient 12) 
Station 4R is positive on CT and negative on PET 

Radiotherapy (RT) plans 

In 5 of 21 patients (24%, 95% CI: 5-40%), there was a change in RT plans with the 
incorporation of the PET-data. For two patients (10%), the radiation fields based on 
PET were larger than based on CT, while in 3/21 (14%) patients the CT-based radia-
tion fields were larger.  

Nodal GTV 

Taken all 21 patients together, the nodal GTV was 57.9 ± 67.0 cm3 on CT and 56.8 ± 
66.5 cm3 on PET (p = 0.92). For the three patients with a nodal GTV on PET that was 
smaller than on CT (Table 3.1), the nodal GTV was 81.0 ± 50.9 cm3 on CT and 61.5 ± 
29.0 cm3 on PET. Two patients had a nodal GTV on PET that was larger than on CT. 
Their nodal GTV was 72.5 ± 71.4 cm3 on CT and 81.0 ± 76.4 cm3 on PET.  

Normal tissue radiation exposure 

An overview of the radiation exposure of normal tissues comparing CT- and PET- 
based plans is shown in Table 3.2. Incorporating the PET information in the radiation 
planning did not lead to a statistically significant change in any of the dosimetric 
factors analyzed. 
For the three patients in whom the nodal GTV decreased with PET, the MED de-
creased from 25.0 ± 8.5 to 21.0 ± 5.7 Gy and Dmax from 46.2 ± 0.2 to 45.5 ± 0.7 Gy. 
The V20 decreased from 25.5 ± 4.9% to 22.0 ± 7.1%; the MLD decreased from 13.2 ± 
2.5 to 11.6 ± 3.3 Gy. For the two patients in whom the nodal GTV was larger on PET, 
the MED increased from 23.0 ± 5.7 to 24.5 ± 3.5 Gy; Dmax remained the same with a 
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