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But effort and courage are not enough without purpose and direction. For, as Socrates 

told us, “If a man does not know to what port he is sailing, no wind is favorable.”

John F. Kennedy, September 17th 1960

40100_Kerner.indd   9 09-04-16   20:49



Table of Contents

Chapter 1 Introduction 13

Chapter 2 Evaluation of elastix based propagated align 21 

 algorithm for VOI and voxel based analysis of

 longitudinal 18F-FDG PET/CT data in non-small-

 cell lung cancer

 (NSCLC) patients, EJNMMI Res 2015 5:15

Chapter 3 PET Imaging of Tumor Hypoxia Using 43

 18F-Fluoroazomycin Arabinoside in Stage

 III-IV Non-Small Cell Lung Cancer

 Patients, J Nucl Med 2013 54:1175-80

Chapter 4 Exploratory study of volumetric analysis for 61

 assessing tumor response with 18F-FAZA PET/CT

 in patients with advanced non-small-cell lung

 cancer (NSCLC).

 Accepted for publication

Chapter 5 Normal tissue metabolism during treatment  79

 with phosphoinositide 3-kinase inhibitor and

 chemotherapy in advanced non-small-cell lung

 cancer patients.

 Submitted

Chapter 6 Total body metabolic tumor response in ALK 93

 positive non-small-cell lung cancer patients

 treated with crizotinib.

 Submitted

Chapter 7 Concurrent gemcitabine and 3D radiotherapy in 107

 patients with stage III unresectable non-small

 cell lung cancer.

 Radiat Oncol 2014 9:190

40100_Kerner.indd   10 09-04-16   20:49



Chapter 8 Common and rare EGFR and KRAS mutations in 123

 a Dutch non-small-cell lung cancer population

 and their clinical outcome.

 PLoS One 2013:e70346

Chapter 9 Summary, discussion and future perspectives 147

Chapter 10 Samenvatting in het Nederlands 157

Curriculum Vitae 169

Dankwoord 173

40100_Kerner.indd   11 09-04-16   20:49



40100_Kerner.indd   12 09-04-16   20:49



40100_Kerner.indd   13 09-04-16   20:49



Chapter 1

14

Lung cancer is the global leading cause of cancer related mortality in men and 

second leading cause of cancer related mortality in women1. Lung cancer occurs in 

two different forms, non-small cell lung cancer (NSCLC) and small cell lung cancer 

(SCLC), respectively. Of all lung cancer patients, 80-85% are diagnosed with NSCLC, 

which is the subject of this thesis. At presentation, close to 70% of patients with 

NSCLC have locally advanced (stage III) or metastatic (stage IV)2. Median overall 

survival rates are between 10 to 14 months for stage III3 and 6-8 months for stage 

IV patients3, 4. To improve survival and quality of life for these patient groups, novel 

diagnostic targets and personalized therapies are necessary.

The choice of therapy is largely depending on the stage of the disease and 

performance status. Staging is the result of several diagnostic procedures that 

together determine the diagnosis and extent of disease. Currently, the diagnostic 

work up usually starts with the general practitioner who requests a chest X-ray in 

case of suspicious complaints or signs at physical examination. In case abnormalities 

are found, then patients are referred to a chest physician and a positron emission 

tomography (PET) with X-ray computed tomography (CT), a so-called PET/CT-

scan, is performed using the radiopharmaceutical 2-deoxy-2-(18F)fluoro-D-glucose 

(18F-FDG). The uptake of 18F-FDG is increased in many cancers, and reflects tumor 

metabolic activity. Apart from a visual assessment, the maximum standardized 

uptake value (SUV
max

) is used as a measure of tumor activity and is of value because 

of its prognostic and predictive abilities5-7. However, SUV
max

 is based upon a single 

voxel value (i.e. a very small tumor area) and does not take into account aspects 

such as total tumor volume, mean tumor glycolysis and tumor heterogeneity.

18F-FDG PET/CT can also be used to assess response to treatment. However, the 

various assessment criteria were developed in the chemotherapy era and may need 

to be adopted in targeted therapy or immunotherapy treated patients. Response 

assessment after chemotherapy is performed by the use of anatomic response 

criteria such as RECIST8. This assessment is much less predictive in patients treated 

with immunotherapy and criteria have recently been adapted for this modality9. 

Therefore new response assessment need to be introduced that can replace the 

classical RECIST criteria.

A better approach to evaluate NSCLC patients would be to take all tumor voxels 

into account. Previously, techniques such as the total lesion glycolysis (TLG) 

40100_Kerner.indd   14 09-04-16   20:49



Introduction

15

1and metabolic tumor volumes (MTV) have been introduced to take advantage 

of volumetric measurements of PET imaging. These two parameters have also 

been shown to be prognostic in all stages of NSCLC10-13. The metabolic activity 

performs better in predicting survival as compared to the TNM seventh edition 

staging manual14. Although these techniques have additional value compared 

to measuring SUV
max

, these volumetric techniques still do not take into account 

tumor heterogeneity. In this thesis we have studied tumor heterogeneity in 

advanced NSCLC.

18F-FDG PET for therapy response assessment has shown promise, as previous 

studies have shown. Often, metabolic changes precede anatomic tumor lesion 

size alterations15-17. Voxel-by-voxel analysis may provide more detailed information 

of tumors. Whether this technique actually provides an advantage in determining 

tumor response needs to be confirmed. Volumetric analysis of tumors is a 

technique in which a comparison is made of individual (tumor) areas within the 

same location on different types of images acquired at different time points. It is 

applicable for any intensity based mapping and has already been applied with 

other imaging modalities18.

In chapter 2 we have studied detailed volumetric assessments of 18F-FDG PET/

CT using voxel-by-voxel analysis in patients with advanced NSCLC at baseline and 

after 6 weeks of treatment. The question is whether such a technique produces 

robust and reproducible results and is applicable for measuring tumor response 

with 18F-FDG PET/CT.

Different tumor characteristics have been identified which causes resistance to 

treatment. One such characteristic is hypoxia, which is related to resistance to 

both chemotherapy and radiotherapy19, 20. To image the distribution of hypoxia 

within patients, different hypoxia imaging PET tracers have been developed. These 

different tracers may be used as a biomarker. One of the questions in chapter 

3 is whether we can reliably use a hypoxic biomarker in patients with untreated 

advanced NSCLC. In order to do this, we studied 18F-FAZA, a hypoxia specific PET 

tracer, and 18F-FDG concomitantly in 11 patients with untreated stage III-IV NSCLC. 

In chapter 4 we studied the use of 18F-FAZA PET/CT to determine whether the 

hypoxic biomarker is a reliable marker in 7 patients with advanced NSCLC who 

received chemotherapy.
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Imaging Pi3K inhibition

In chapter 5 we studied the inhibition of phosphoinositide 3-kinases (PI3K’s) by 
18F-FDG-PET imaging. PI3K’s are essential enzymes that regulate glucose uptake in 

normal and tumor tissue21. It is unknown how PI3K inhibitors influence metabolic 

effects in tumors and normal tissue. Previous animal studies have shown that 

metabolic measurement using 18F-FDG might be suitable for assessing response 

with treatment with a Pi3K inhibitor22. With 18F-FDG PET imaging normal tissue 

metabolism can be measured in patients with advanced NSCLC when they are 

treated with PI3K inhibitors.

Imaging EML4/ALK inhibition

In chapter 6 we studied total metabolic tumor response in ALK positive patients 

with advanced NSCLC. Treatment with crizotinib for those patients with the 

anaplastic lymphoma kinase (ALK) translocation has shown significant clinical 

benefit23, 24. Tumor measurements in these studies were performed with CT. We 

wondered whether 18F-FDG-PET/CT would improve imaging of tumor changes 

during crizotinib treatment. Furthermore, it is not known whether CT or 18F-FDG 

PET/CT are equally suitable for detecting disease progression during follow up in 

this particular group of patients, so this was subject of study as well. 

Radiation therapy

For stage III NSCLC, the treatment consist of concurrent thoracic chemoradiation. 

The chemotherapeutic drug gemcitabine thereby enhances the radiation due to a 

phenomenon called radiosensitization. One of the strongest radiosensitizing drugs 

available is gemcitabine. The use of gemcitabine in NSCLC as a radiosensitizer has 

been limited due to substantial excess toxicity associated with the use of full dose or 

with large radiation fields (i.e. 2D radiotherapy)25-28. However, phase 1 and 2 studies 

showed the feasibility and effectiveness of low-dose gemcitabine combined with 

3D radiotherapy for unresectable NSCLC29, 30. In a prospective study we addressed 

the question whether proper staging followed by induction chemotherapy and 

weekly low-dose gemcitabine concurrently with 3D radiotherapy had a good 

efficacy in stage III NSCLC patients (chapter 7).
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1Targeted therapy

To apply targeted therapy in advanced NSCLC, sequencing technologies are 

needed to assess genetic aberrations. These technologies include high resolution 

melting and Sanger sequencing and the more recently introduced next generation 

sequencing31. Different genetic aberrations, such as epidermal growth factor 

receptor (EGFR) mutations or ALK translocations, each require a tailored treatment. 

In the Northern Netherlands we studied the frequency of EGFR and Kirsten rat 

sarcoma (KRAS) mutations as well as the treatment effect of EGFR tyrosine kinase 

inhibitors (TKI). So the questions addressed in this chapter are: 1. what are the 

frequencies of these mutations within the Northern Netherlands? 2. What is the 

treatment effect of EGFR TKI? This study is described in chapter 8.
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Abstract

Deformable image registration allows VOI and voxel-based analysis of longitudinal 
changes in 18F-FDG tumor uptake in patients with non-small-cell lung cancer 
(NSCLC). This study evaluates the performance of the elastix toolbox deformable 
image registration algorithm for VOI and voxel wise assessment of longitudinal 
variations in 18F-FDG tumor uptake in NSCLC patients.

Methods:
Evaluation of the elastix toolbox was performed using 18F-FDG PET/CT at baseline 
and after 2 cycles of therapy (follow up) data in advanced NSCLC patients. The 
elastix toolbox, an integrated part of the IMALYTICS workstation, was used to 
apply a CT-based non-linear image registration of follow-up PET/CT data using 
the baseline PET/CT data as reference. Lesion statistics were compared to assess 
impact on therapy response assessment. Next, CT-based deformable image 
registration was performed anew on the deformed follow-up PET/CT data using 
the original follow-up PET/CT data as reference, yielding a realigned follow-up PET 
dataset. Performance was evaluated by determining the correlation coefficient 
between original and realigned follow-up PET datasets. The intra- and extra-
thoracic tumors were automatically delineated on the original PET using a 41% 
of SUVmax

 adaptive threshold. Equivalence between reference and realigned 
images was tested (determining 95% range of the difference) and estimating the 
percentage of voxel values that fell within that range.

Results:
Thirty-nine patients with 191 tumor lesions were included. In 37/39 and 12/39 
patients respectively thoracic and non-thoracic lesions were evaluable for 
response assessment. Using the EORTC/SUV

max
 based criteria, 5/37 patients had a 

discordant response of thoracic, and 2/12 a discordant response of non-thoracic 
lesions between the reference and the realigned image. 18F-FDG uptake values of 
corresponding tumor voxels in the original and realigned reference PET correlated 
well (R2 = 0.98). Using equivalence testing 94% of all the voxel values fell within the 
95% range of the difference between original and realigned reference PET.

Conclusion:
The elastix toolbox impacts lesion statistics and therefore therapy response 
assessment in a clinically significant way. The elastix toolbox is not applicable in its 
current form and/or standard settings for response evaluation. Further optimization 
and validation of this technique is necessary prior to clinical implementation.

Keywords: elastix, PET/CT, image deformation, NSCLC
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2

Introduction

Tumor response during or after treatment is an important surrogate marker for 

survival in oncological patients. Most commonly, tumor response is measured with 

CT using predefined anatomical criteria such as the Response Evaluation Criteria 

in Solid Tumors (RECIST) criteria or volumetric criteria1. In the past years metabolic 

response assessment with 18F-FDG PET has gained importance for patients treated 

with chemotherapy. Especially for patients who are treated with tyrosine kinase 

inhibitors, metabolic lesion changes as measured with PET have been proven 

to precede lesion size alterations measurable with CT2-4. In order to standardize 

metabolic response assessment with 18F-FDG PET, the European Organization for 

Research and Treatment of Cancer (EORTC) recommendations and more recently 

the PERCIST criteria were drafted as guidance for clinical practice5, 6.

Traditionally, 18F-FDG lesion uptake is quantified by the maximum and/or mean 

standardized uptake value (SUV) of tumor lesions. Although these measures 

(specifically maximum standardized uptake value (SUV
max

)) have a prognostic value 

in a variety of cancers, including non-small cell lung cancer (NSCLC)7-10, flaws in 

SUV quantification can be introduced by a variety of factors including the type of 

equipment used, differences in PET acquisition protocols, reconstruction parameters, 

analysis procedures and image statistics. Moreover, textural changes in tumor 

heterogeneity better reflect tumor response and survival than SUV quantification 

alone11.

Consequently, research efforts have attempted to improve the predictive nature 

of PET by taking into account all voxel values and using voxel-wise approaches for 

image analysis. For other imaging modalities, such as MR imaging, a so called voxel-

by-voxel analysis is well established. It has been proven to be a viable technique for 

measuring therapy response in breast cancer12, while for high grade glioma it was 

predictive for the overall survival rate13. Voxel based analysis has also been applied 

to response assessment with PET images in head and neck cancer patients and 

was shown to be a useful tool14.

Deformable image registration may help to improve tumor response assessment. 

The elastix toolbox is a modular computer program for intensity-based medical 

image registration. The elastix toolbox15 has been validated for thoracic deformable 
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CT to CT image registration demonstrating a good overall performance compared 

to other available algorithms16. Theoretically this algorithm can also be applied 

to the PET/CT datasets using the corresponding sequentially acquired lowdose 

CT data. Because of the public domain nature of the program, the modular 

adaptability and the previous good performance, the toolbox has been integrated 

with the propagated align algorithm to perform PET/CT to PET/CT deformable 

image registration. To the best of our knowledge the performance of the elastix 

toolbox on the alignment of solid lung tumors or the impact on intratumoral 

distribution of 18F-FDG uptake has not been assessed so far. The aim of this study is 

to evaluate the applicability of the elastix deformable registration for a volume of 

interest (VOI)-based evaluation of lesion statistics.

Methods

Baseline VOIs and transformed and interpolated follow-up data, and a voxel-by-

voxel longitudinal mapping of 18F-FDG uptake in a clinical setting of patients with 

advanced NSCLC were used. For this evaluation, the different steps necessary to 

perform PET/CT to PET/CT alignment with the elastix toolbox were integrated in 

the IMALYTICS Research Workstation to make the CT-based deformable registration 

functionality for thoracic and extra-thoracic lesions available to clinical end users 

and researchers. 

Patients and tumor lesions
Patients with advanced (stages III and IV) NSCLC were studied. All underwent serial 
18F-FDG-PET/CT prior to and after 6 weeks of chemotherapy as part of routine clinical 

care. No consent was necessary from the Medical Ethics Committee because of 

the retrospective nature of this study, under the Dutch Medical Research involving 

Human Subjects Act. 

18F-FDG-PET/CT
18F-FDG-PET/CT scanning was performed on a Siemens Biograph mCT 64 slice 

PET/CT scanner (Siemens Healthcare, Erlangen, Germany). Blood glucose levels 

were consistently checked and recorded. All values were below 11 mmol/L. A 

weight dependent 18F-FDG dose (3 MBq/kg bodyweight) was administered to 

the patients intravenously and 60 min post injection PET/CT scan was acquired 
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from the mid-thigh to the brain17. Prior to PET imaging, a low-dose CT scan was 

acquired craniocaudally during shallow breathing. Effective tube current was 24 

mAs, tube voltage of 100 kV and care dose switched on. Slice thickness was 2 mm, 

and pitch 1.5 with a gantry rotation time of 0.5 s.

PET imaging was performed with a scan time per bed position dependent on 

patient weight. Scan time per bed position was 1 min for a patient weighing less 

than 60 kg, 2 min for a patient weighing between 60 and 90 kg, and 3 min for a 

patient weighing above 90 kg17. PET data were corrected for attenuation using 

the low-dose CT data while a delayed coincidence window was used for random 

correction and a model based scatter correction was applied.

PET data were reconstructed using a transaxial image matrix of 256 x 256 and an 

ordered subset expectation maximization (OSEM) algorithm taking advantage of 

time of flight information and modeling the system response. This scheme used 

3 iterations each consisting of 21 subsets. The reconstructed volumetric voxel size 

was 3.2 x 3.2 x 2.0 mm (20.8 mm3). A Gaussian filter with 8 mm full width half 

maximum (FWHM) was used to smooth the reconstructed data, such that recovery 

coefficients were in line with EANM guidelines18.

Per patient multiple metabolically active tumor lesions were delineated on the 

reference and the baseline scan using the 41% adaptive thresholding technique19. 

VOI lesions were classified as both thoracic with presumed movement errors and 

extra-thoracic localization with minimal movement errors. Lesions were defined as 

thoracic if they were within the lung, mediastinum, and in or against the interior 

side of the thoracic wall. The largest thoracic lesion was defined as the primary 

tumor. 

CT based response assessment
Contrast enhanced CT of the thorax was performed on the Biograph mCT in the 

same session. Scanning was performed craniocaudally in 8 s, with breath hold at 

inspiration. Effective tube current was 80 mAs with tube voltage of 120 kV and 

care dose settings on. Slice thickness was 0.5 mm, and pitch was 1.4 with a gantry 

rotation time of 0.5 s. Patients were injected with 55 mL of Iomeron contrast (350 

mg/mL) at a speed of 2.5 mL/sec, starting 30 s before start of the scan. Tumor 

response was measured on CT according to RECIST 1.1 criteria1.
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Propagated align algorithm function
The propagated align algorithm, which is part of the PC-based IMALYTICS Research 

Workstation (Philips Innovative Technologies GmbH, Aachen, Germany) is based 

on the elastix toolbox (version 4.6), a public domain computer program for 

intensity-based medical image registration15. The elastix-based propagated align 

algorithm incorporates a graphical user interface and provides a cubic B-spline-

based non-linear algorithm to correct for deformations. Rigid and deformable 

image registration is performed on the low-dose CT data, and the resulting 

transformations are thereafter applied on the sequentially acquired PET scans.

CT to CT registration errors were previously investigated and known to be small 16, 

20. Consequently, they were not further studied in this paper.

The procedure for the deformable registration of a target PET/CT dataset to a 

reference PET/CT dataset, is as follows:

1. The rigid transformation for optimal alignment of the target CT to the reference 

CT dataset is determined. 

2. Subsequently, the resulting rigid transformation (translation and rotation) is 

applied to the target PET to ensure that the target PET properly aligns to the 

reference PET. 

3. Next, a non-rigid transformation is performed on the rigidly aligned CT images 

as discussed by Klein et al 15. The result is a deformation vector field based on 

cubic B-splines mapping the rigidly transformed target CT onto the reference 

CT. For quality assurance the Jacobian determinant of the deformation vector 

field is extracted as well, since it provides information on the local deformations 

(expansion/contraction). No additional constraints to the deformation field 

are imposed.

4. The following step is to propagate the deformation field to the rigidly aligned 

PET images from step 2. In this way, target PET images are deformed to spatially 

match the reference PET data.
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Figure 1: Fusion steps of the propagated align algorithm

Reg-rigid: rigidly registered image
Reg-elastix: rigid and non rigidly registered image
Step 1: rigid CT to CT alignment of target to reference
Step 2: translation of step 1 on target PET
Step 3: CT to rigid aligned CT non-rigid alignment using elastix toolbox
Step 4: translation of step 3 to PET of step 2
QA: Resample of image as quality assurance, so voxel size matches prior to voxel-by-voxel comparison

The fusion steps are also detailed in Fig. 1. All transformation calculations used a 

four level multi-resolution approach while mutual information as image similarity 

measure and an adaptive stochastic gradient descent optimizer21 was used to 

maximize image similarity. The control point spacing of the B-spline transformation 

was 16 mm. The maximum number of iterations was set to 250 (rigid) and 500 

(B-spline). Because of computation time, data were processed in batch mode 

using python scripting.

Quality assessment of the image registration was performed systematically by 

visually comparing each non-rigidly aligned CT to the reference CT scan.

Longitudinal VOI based and voxel-by-voxel analysis
All previous steps are necessary in order to achieve deformable image registration 

of PET images acquired at different time points. Next, the deformed or ‘warped’ 

image registration was evaluated in terms of both lesion statistics and voxel-by-

voxel mapping of tumoral 18F-FDG uptake.
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First, the lesion statistics were investigated as follows: the follow-up PET data were 

transformed and interpolated to the spatial voxel locations of the baseline PET data. 

Tumor delineations of the baseline PET scan were used to calculate lesion statistics 

of both baseline and the aligned follow-up data. These findings were compared 

with the lesion statistics determined on the original (non-warped) follow-up PET 

data. This was done in order to evaluate the impact of deformed and interpolated 

follow-up data on therapy response assessment.

 Secondly, in terms of voxel-by-voxel mapping of tumoral 18F-FDG uptake between 

different PET time points, the original follow-up dataset was aligned to the baseline 

PET/CT (which was used for the lesion statistics). An elastix deformable image 

registration was performed again to realign the warped follow-up dataset back 

with the original follow-up dataset. The aim is to assess to which extent the original 

follow-up tumor uptake values is preserved by applying image registration using 

the elastix toolbox. If there were any large discrepancies (i.e. <80% alignment using 

ΔSUV), we further investigated the reason for this low alignment percentage.

Impact of PET signal to noise ratio (SNR) on the voxel-by-voxel 
analysis
Signal to noise measurements were performed by defining VOIs in healthy 

pulmonary and hepatic tissue of the original PET data. A spherical VOI of 5 cm 

diameter was placed in the right lobe of the liver, while a 3 cm diameter spherical 

VOI was positioned in healthy lung tissue.

Statistics
The correlation coefficient between original and realigned tumor uptake values 

(SUV) was determined using Pearson’s R test. The difference between original and 

realigned tumor uptake values was calculated both as the difference in standard 

uptake values (ΔSUV) and the difference in percentage of the original SUV (Δ 

percentage). Equivalence between original and realigned follow-up tumor uptake 

values was assessed by a Bland-Altman analysis with the original follow-up tumor 

data used as reference method. For the Bland Altman analysis ΔSUV and Δ % 

SUV corresponding to the 95% limits of agreement was determined taking into 

account the tumor voxels of all measurable tumor lesions in all patients.
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To assess the influence of spatial discrepancies between PET and CT data due to 

respiratory and cardiac motion, equivalence between original and realigned tumor 

uptake values was assessed per patient separately for thoracic and extra-thoracic 

lesions, The significance of the equivalence between thoracic and extra-thoracic 

lesions was assessed using a chi-square test.

To assess the effects of SNR, the mean activity of the lung and liver spherical VOI 

were divided by the standard deviation (SD) of the activity. This was performed to 

estimate for the signal to noise ratio. Impact of the PET SNR on the voxel-by-voxel 

statistical analysis was evaluated by assessing the relationship between PET SNR 

and equivalence between original and realigned tumor uptake values.

All statistical analyses were performed using SPSS version 20.0 (International 

Business Machines Corp, Armonk, NY, USA). Nominal P-values less than 0.05 were 

considered significant.

Results

A total of 39 patients were evaluated. There were 37 patients with stage IV disease, 

and 2 with stage III. Median age was 59 (21 to 79) years, and male/female ratio was 

14/25. Body weight changed less than 1 kg during the study.

Delineated tumor lesions
For each of the 39 patients, a median (range) number of 3 (1-20) VOIs were 

delineated on the original baseline 18F-FDG PET scan with per tumor VOI 

localization. The range of the volume of the primary tumor was 2.4 to 556.8 mL 

(median 25.5 mL), for the metastasis it was 1.2 to 390 mL (median 7.8 mL). For the 

39 patients, a total of 191 different tumors (primaries and metastases) consisting of 

295,219 tumor voxels (6,141 mL) were considered. 

Equivalence of the original and realigned baseline tumor uptake 
values
On visual assessment, all target CT aligned properly to the respective reference CT. 

There was a good relationship between the voxel values of the original and elastix 

adjusted images (Pearson correlation test. R2 0.98; P<0.01).
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Equivalence testing using ΔSUV

 The SD of the ΔSUV between reference and target images was 0.74. With the 

range of the 95% limits of agreement defined as between -1.46 and 1.46 ΔSUV, a 

total of 94% of all voxels was accurately aligned within the range, or in other words, 

6% of the voxels mismatched (Fig. 2). 

Figure 2: Equivalence plot between reference and realigned images of 39 patients, 94% of the voxels are 
within the 95% range of the difference.

Using ΔSUV, 34 patients had a thoracic alignment (i.e. the voxel percentage with 

an alignment within the 95% estimated range) of above 80%. Five patients had an 

alignment less than 80% (Table 1; see below). The extra-thoracic locations aligned 

above 90% of the voxels in all patients implicating that movement control was 

adequate (Table 1).
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Table 1. Per patient percentage of alignment between elastix and baseline image of intra- and extrathoracic 
from measurable lesions

Pts Thoracic Extra-thoracic

Age Sex RECIST N % ΔSUV %Δ perc. N % ΔSUV %Δ perc.
1 60 F PR 2 92 67 -
2 44 F PD 1 92 99 -
3 55 F SD 3 96 90 -
4 79 F PR 2 99 94 -
5 70 F PR 1 100 87 -
6 21 F PR 3 97 95 3 100 100
7 65 M SD 5 57* 90 4 90 97
8 57 F PR 7 86 81 -
9 62 F PR 1 97 91 1 100 85

10 48 F SD 1 92 37 -
11 65 M PD 3 87 87 13 96 98
12 49 F SD 3 100 97 2 100 96
13 43 M SD 1 100 100 5 99 99
14 65 F PR 2 78* 76 -
15 51 F SD 6 98 94 -
16 52 M SD 6 100 97 -
17 72 F SD 1 95 94 -
18 56 F PD 3 73* 93 1 93 93
19 71 M PR 1 88 79 -
20 55 F PR 1 78* 84 -
21 40 F PR 2 100 89 6 99 94
22 62 F SD 2 100 95 2 100 100
23 62 F SD 0 ** 1 100 100
24 56 F SD 2 100 99 -
25 75 M PR 3 100 86 -
26 47 F PR 1 100 92 -
27 54 M PR 9 91 84 9 100 97
28 65 M SD 3 96 97 -
29 59 F SD 5 94 97 -
30 72 M SD 1 89 94 -
31 63 M PR 8 96 68 -
32 62 M PD 8 90 89 12 92 92
33 36 F PR 1 99 87 -
34 64 F PD 6 100 100 4 100 100
35 40 F PD 4 90 80 6 99 78
36 40 M SD 2 96 90 5 100 96
37 61 M PR 1 100 88 1 100 96
38 68 M PR 1 51* 57 -
39 26 F CR 3 91 75 1 99 91

Total 14M/25F 115 76

Median 59 96 90 100 96

N: number of measurable lesions per patient.
% ΔSUV: Percentage of the voxels that fall within the 95% limits of agreement of -1.46 to 1.46 ΔSUV.
% Δ% perc.: Percentage of the voxels that fall within the 95% limits of agreement of -25 to 25 Δ percentage.
- No extrathoracic lesions present.
* Misalignment caused by adjacent normal tissue
** Patient with a solitary metastasis post curative surgical treatment.
RECIST 1.1 response assessment
CR: Complete Response
PR: Partial Response
SD: Stabile Disease
PD: Progressive Disease
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A typical example of a patient is shown in Fig. 3, with the reference, target and 

target minus reference image.

Figure 3: Original (A), elastix adjusted(B), and subtraction(C) maximum intensity projection of patient 6. 
These images show the typical results before and after alignment as well as the difference between these 
two images.

Further study of the 5 patients with a voxel alignment <80% revealed that the reason 

for misalignment in general was due to CT to PET specific related inaccuracies. In 

some patients these inaccuracies were specific to therapy as it involved tumor 

necrosis (Fig. 4). The other reason for an inaccuracy was the subsequent presence 

or absence of collapsed lung tissue after therapy (appendix table 1).

Figure 4: Image of baseline (A), reference (B), elastix adjusted (C) PET/CT fusion image and subtraction of 
reference and elastix adjusted (D) image of patient 7. Because of a mix of nonactive and active tumor tissue 
between the two scans (and no visible decrease in anatomic tumor size with stable disease), only 57% of the 
voxels aligned within the 95% limits of agreement of -1.46 to 1.46 ΔSUV. However, on crude visual assessment 
the images look very similar.
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Equivalence testing using Δ percentage

The SD of the Δ percentage between reference and target images was 13%. 

With the range of the 95% limits of agreement defined as between -25 and 25 Δ 

percentage, a total of 93% of voxels aligned within this range, which means that 

7% of the voxels mismatched using this method. The alignment percentage per 

patient using ΔSUV and Δ percentage is detailed in Table 2.

There was no relation between the alignment percentage and tumor response, 

(Fig. 5) signal to noise ratio of either the liver or normal parts of the lung, or with 

the distribution of the original SUV. 

Figure 5: Relation between thoracic imaging alignment and tumor response according to RECIST criteria 
per patient. RECIST tumor response was not related to the thoracic alignment percentage.

Assessment of effects on SUVmax
It was not possible to perform simultaneous measurement of the SUV

max
 in two 

patients. One (nr. 23) had only a solitary extra thoracic metastasis. The other 

patient (nr. 32) had at baseline no measurable thoracic lesions, however there was 

a significant amount of measurable lesions after 6 weeks of therapy. The median 

difference of SUV
max

 of the primary tumor between the elastix adjusted to baseline 

image and the original image was 0.0 SUV(-5.2 to 6.8 SUV), while for extra-thoracic 

lesions it was -0.6 SUV (-4.3 to 3.1 SUV). When measured using the EORTC criteria, 

concerning the primary tumor, 5/37 patients had a discordant response, whereas 

in the extra-thoracic lesions, 2/12 patients had a discordant response (Table 2).
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Table 2: SUV
max

 of thoracic and non-thoracic lesions according to the original and elastix adjusted image 
and difference between these two measures

Pts Thoracic Extra-thoracic

RECIST Original elastix Difference Original elastix Difference

1 PR 5.5 6.5 1
2 PD 18.2 18.2 0
3 SD 6.9 7.3 0.4
4 PR 6.4 7.1 0.7
5 PR 3.8 4 0.2
6 PR 11.2 10.8 -0.4 4.6 3.1 -1.4
7 SD 25.5 30.8 5.3
8 PR 10.7 10.7 0
9 PR 5.9 6.5 0.6 4.2 4.5 0.3

10 SD 4.1 3.6 -0.5
11 PD 13.6 9.8 -3.8 14.5 10.2 -4.3
12 SD 7.2 6.8 -0.4 6.5 3.1 -3.4
13 SD 1.8 1.7 -0.1 12.3 11.4 -0.9
14 PR 10.8 12.3 1.5
15 SD 7.7 6.6 -1.1
16 SD 7 6.4 -0.6
17 SD 10.1 9.3 -0.8
18 PD 24.2 31 6.8
19 PR 6.3 4.5 -1.8
20 PR 12 12 0
21 PR 4.7 6.3 1.6 7 9.1 2.1
22 SD 6.8 6.8 0 3.4 2.3 -1.2
23 SD * 5.6 4.7 -0.9
24 SD 7.2 7 -0.3
25 PR 3.9 4.2 0.3
26 PR 3 2.9 0.1
27 PR 6.5 8.2 1.7 2.9 6.1 3.1
28 SD 14.1 9 -5.2
29 SD 18.8 18.3 -0.5
30 SD 14.8 15.4 0.7
31 PR 5.9 6.5 0.6
32 PD * 9.8 11.4 1.7
33 PR 5 4.8 -0.2
34 PD 11.4 11.7 0.3 7.4 7.6 0.2
35 PD 6.3 5.3 -1 2.6 2.3 -0.3
36 SD 6.3 4.1 -2.2
37 PR 4.1 4.2 0.1
38 PR 13.2 13.3 0.1
39 CR 4 5.1 1.1

* No thoracic lesion measurable, 
RECIST 1.1 response assessment
CR: Complete Response
PR: Partial Response
SD: Stabile Disease
PD: Progressive Disease
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Discussion

In this study we investigated whether a non-linear realignment of PET images 

using the elastix toolbox can be used for therapy assessment on patients with 

NSCLC. This allows the reuse of baseline lesion delineations for the quantification of 

tracer uptake in tumor lesions at follow-up. Also, it may facilitate therapy response 

assessment using EORTC or PERCIST criteria. Furthermore, this approach may allow 

an automated volumetric voxel-by-voxel analysis as it delivers more information 

on tumor changes. Changes in the distribution of voxels under the influence of 

treatment in terms of percentage viable voxels (i.e. percentage above or below a 

predetermined cutoff point) within a certain volume of interest may be a better 

indicator of efficacy and consequently have prognostic value. In order to make 

this method feasible, a reliable alignment technique for PET scans is paramount. 

We used the elastix toolbox which had shown good performance in different 

CT based thoracic alignment studies22, 23. Anatomical information such as lung 

boundaries and major lung fissures, and correspondence to annotated landmark 

pairs were used and the results showed a good performance. The toolbox makes 

use of a cubic B-spline non-linear algorithm which shows good mass preservation 

between inspiration and expiration CT scans24. Our study not only used the CT-

based alignment of the elastix toolbox but also projected this alignment on the 

corresponding 18F-FDG PET images and the performance was assessed using both 

lesion statistics and voxel-by-voxel analysis.

Our results show that the method has significant impact on lesion statistics. This 

impact, with differences between -5 and 7 ΔSUV in thoracic lesions, is clinically 

relevant. First of all, such large spread of 12 SUV affects the interpretation of 

the results in a clinically significant way. Secondly, we observed changes in 

the response assessment in 5 out of 37 (14%) patients using the 1999 EORTC 

response proposal. The elastix toolbox settings were optimized for CT-CT 

registration where the alignment of anatomical structures in the lungs was the 

primary target. For longitudinal PET quantification other settings might be more 

appropriate. On the other hand, the approach for volumetric tumor analysis 

used by van Velden et al where instead of interpolating follow-up data to match 

baseline voxel locations, the baseline VOIs are projected onto the follow-up data, 

may be considered more appropriate for longitudinal tracer quantification25. The 

reason that it might be more appropriate is that this approach does not allow 
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a voxel-by-voxel analysis but allows a more accurate quantification of global 

tumor characteristics such as SUV
max

.

The second goal of using deformable image registration and realigning follow-

up with baseline data was to be able to measure more accurately intratumoral 

heterogeneity (textural analysis) and response to treatment in a more detailed 

manner. This is important, as initially measured high intratumoral heterogeneity 

on 18F-FDG PET is related both to poor prognosis and to resistance to treatment26. 

We demonstrate that the original intratumoral tracer distribution indeed can 

be preserved by using a forward and backward deformable image registration. 

This means that the registration process is nearly invertible and information 

about intratumoral tracer distribution is preserved to a great extent during the 

registration.

The propagated align algorithm itself is a shell that makes the multiple steps 

necessary for performing deformable image registration using the elastix toolbox 

more user friendly. It provides an automated method to perform not just the 

multiple steps per patient, but also the multiple patients per instance. It can also 

be adapted to other deformable image registration methods. 

Methodological shortcomings
There are some factors that negatively influence the application of this technique.

First, in 5 patients, there was a voxel misalignment in the thorax, which was caused 

by the presence of mediastinal tissue directly adjacent to the tumor tissue. We need 

to consider that the first step of the alignment method is based on anatomical CT 

changes and that on CT, hardly no difference can be made between the collapsed 

lung, tumor necrosis or mediastinal tissue, whereas PET can do so. Consequently, 

in these cases the method will introduce discrepancies, that will need further 

attention.

Second, as was seen with the SUV
max

 measurement, in some patients the SUV
max

 was 

different with a widespread on the elastix adjusted image and the original image. 

This effect was particularly pronounced in thoracic lesions. However, because the 

voxel-by-voxel analysis showed that values correspond well after forward and 

backward transformations, it suggests that the corresponding transformation 
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is practically invertible. This is a concern that needs further optimization of the 

algorithm and limits the applicability of the algorithm in its current stage. This 

problem could be exacerbated due to the use of 3D instead of 4D PET. A previous 

study showed significant differences in textural features between static 3D and 

respiratory gated 4D PET/CT27. The same study showed higher uptake and less 

blurring in the 4D PET images compared to the corresponding 3D PET images27.

Third, we were not able to further compare the textural features between the 

images. Textural features can predict disease recurrence and survival, sometimes 

more powerfully than the current global measurements used in clinical practice11, 

26. This should be the subject of future studies.

Conclusion

Comparative imaging analyses with an automated voxel-by-voxel technique is a 

promising tool for tumor evaluation in patients with advanced NSCLC. However, the 

elastix toolbox impacts lesion statistics and therefore therapy response assessment 

in a clinically significant way. Consequently, the elastix toolbox is not applicable in 

its current form and/or standard settings for response evaluation. It remains to 

be determined to which extent the intratumoral uptake distribution is preserved 

when this type of deformable image registration is applied. Further optimization 

and validation is necessary due to the inaccuracies observed in this study. The 

propagated align algorithm provides the shell for performing deformable image 

registration, in this case using the elastix toolbox. The propagated align algorithm 

itself could be adapted for performing deformable image registration using other 

techniques.
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Appendix table 1

Reason for less than 80% alignment using Δ SUV

Patient 7 Significant decrease in activity after therapy within remaining collapsed lung.

Patient 14 Significant decrease of collapsed lung adjacent to tumor tissue

Patient 18 Adjacent to upper mediastinum, central tumor necrosis after treatment.

Patient 20 Decreased tumor mass, however increase in pleural fluid

Patient 38 Central tumor necrosis post treatment
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Abstract

Tumor hypoxia hampers the efficacy of radiotherapy because of its increased 

resistance to ionizing radiation. The aim of the present study was to estimate the 

potential added clinical value of the specific hypoxia tracer 18F-fluoroazomycin 

arabinoside (18F-FAZA) over commonly used 18F-FDG in the treatment of 

advanced-stage non–small cell lung cancer (NSCLC). 

Methods
Eleven patients with stage III or stage IV NSCLC underwent 18F-FDG and 18F-FAZA 

PET before chemoradiotherapy. The maximum standardized uptake value 

(SUV
max

) was used to depict 18F-FDG uptake, and the tumor to- background 

(T/Bg) ratio and tumor fractional hypoxic volume (FHV) were used to quantify 

hypoxia. The spatial correlation between 18F-FDG and 18F-FAZA uptake values was 

investigated using voxel-based analysis. Partial-volume correction was applied.

Results
All 11 patients showed clear uptake of 18F-FAZA in the primary tumor. However, 

different patterns of 18F-FDG and 18F-FAZA uptake distributions were observed 

and varied widely among different tumors. No significant correlation was 

observed between 18F-FDG SUV
max

 and 18F-FAZA T/Bg ratio (P = 0.055). The 

median FHV of 1.4 was 48.4% (range, 5.0–91.5). A significant positive correlation 

was found between the 18F-FAZA T/Bg ratio and FHV of 1.4 (P < 0.001). There was 

no correlation between the lesion size and FHV or between the 18F-FDG SUV
max

 

and FHV. The pattern of tumoral 18F-FDG uptake was rather homogeneous, 

whereas 18F-FAZA uptake was more heterogeneous, suggesting that 18F-FAZA 

identifies hypoxic areas within metabolically active areas of tumor. A significant 

correlation between 18F-FDG SUV
max

 and lesion size (P = 0.002) was observed.

 Conclusion
18F-FAZA PET imaging is able to detect heterogeneous distributions of hypoxic 

subvolumes out of homogeneous 18F-FDG background in a clinical setting. 

Therefore, 18F-FAZA might be considered a tool for guiding dose escalation to 

the hypoxic fraction of the tumor.

Keywords: oncology; PET/CT; respiratory; 18F-FAZA; 18F-FDG; PET; tumor hypoxia
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Introduction
Lung cancer is the leading cause of worldwide cancer mortality, and non–

small cell lung cancer (NSCLC) accounts for 85% of all cases. At presentation, 

approximately 30% of patients with NSCLC have locally advanced stage III disease1. 

The median overall survival for (pathologically) stage IIIA and IIIB disease is 22 and 

13 mo, respectively, with corresponding 5-y overall survival rates of 24% and 9%, 

respectively2. For patients with stage IV clinical disease, median overall survival is 

only 6 mo, and the estimated 5-y overall survival a poor 2%2. The treatment of 

stage III and IV patients currently consists of either chemotherapy or combined 

chemoradiotherapy. Unfortunately, the efficacy of these therapies is limited because 

of chemoradioresistance, which can be attributed to a large extent to the presence 

of hypoxia3. The hallmark of tumor hypoxia is upregulation of hypoxia-inducible 

factor, leading to an increased expression of hypoxia-responsive elements such 

as the vascular endothelial growth factor, which induces angiogenesis for growth 

and differentiation of cancer cells; glycolytic enzymes, which stimulate anaerobic 

metabolism to meet demands at the cost of an acidic tumor environment and that 

are prone to metastases; erythropoietin (EPO) release-stimulating erythropoiesis, 

proliferation, and survival; and BNIP3 (Bcl-2 and 19-kDa interacting protein-3), which 

leads to genomic instability by evading apoptosis. All these factors contribute to 

multifactorial treatment resistance4-7.

The gold standard to measure tumor hypoxia is Eppendorf polarographic 

electrodes. However, the oxygen electrode method has only been applied in a 

research setting, because the methodology is technically demanding and invasive 

and therefore not attractive in a clinical setting. Moreover, the method can only 

be applied in well-accessible superficial tumors. These limitations have made 

researchers concentrate on noninvasive techniques such as PET using hypoxia 

tracers. Among the hypoxia PET tracers available, nitroimidazole derivatives are most 

frequently used. These compounds undergo reductive metabolism under hypoxic 

cell conditions, resulting in reactive tumor metabolite markers that selectively bind 

to macromolecular cell components and thus are trapped in the cell but wash out 

from normoxic cells8. Among nitroimidazole derivatives, 18F-fluoromisonidazole 

was the first-generation compound that has been studied extensively in humans 

and animals9, 10. More recently, 18F-fluoroazomycin Arabinoside (18F-FAZA) has 

been developed as a hypoxia tracer, because it exhibits more favorable tumor-to-

background (T/Bg) ratios in most anatomic regions than 18F-fluoromisonidazole11. 
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In addition, 18F-FAZA exhibits in vivo stability against enzymatic activity, rendering 

it a promising tracer for tumor hypoxia in clinical studies12.

It has been suggested that 18F-FDG uptake in tumors also reflects hypoxia, because 

the uptake depends on the presence of glycolytic enzymes and glucose transporters 

(GLUT-1)13. The expression of GLUT-1 is stimulated by hypoxia-inducible factor 1a 

activity, which is upregulated in a hypoxic environment 14. Hence, it has been 

assumed that 18F-FDG uptake of tumors is affected by tumor hypoxia 15. Previous 

studies have reported significant discrepancies between 18F-fluoromisonidazole 

and 18F-FDG uptake, indicating that tumor hypoxia and glucose metabolism do 

not always correlate16, 17. However, to our knowledge, the relationship between 

tumor hypoxia determined by 18F-FAZA PET and glucose metabolism determined 

by 18F-FDG PET has not been established yet in a clinical setting.

The aim of the present study was, therefore, to estimate the potential added clinical 

value of the specific hypoxia tracer 18F-FAZA over the commonly used 18F-FDG in 

the treatment of advanced-stage NSCLC. Voxel-by-voxel analysis was performed to 

determine the spatial correlation between 18F-FDG and 18F-FAZA uptake assessed 

in the same patients at close time points. 

Methods

Patients
Patients with stage III or IV NSCLC treated with primary chemotherapy or 

concurrent chemoradiotherapy according to our institutional protocol were 

selected for inclusion. The patient work-up minimally included bronchoscopy 

with biopsy, contrast enhanced staging CT and 18F-FDG PET/CT of the thorax and 

abdomen, and lung-function testing including a flow-volume curve at baseline. 

Eleven patients (5 men, 6 women) with a median age of 57 y (age range, 44–72 

y) were included into the study. The patient characteristics and imaging data are 

shown in Table 1. The study was approved by the Institutional Ethics Review Board, 

and written informed consent was obtained from all patients.
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18F-FDG PET/CT
18F-FDG PET scans were obtained at the Department of Nuclear Medicine and 

Molecular imaging of the University Medical Center Groningen on a Siemens 

mCT machine according to guidelines of the European Association of Nuclear 

Medicine18. Blood samples were taken before tracer injection to confirm an 

acceptable blood sugar level (<11 mmol/L) after an overnight fast minimum of 

5–6 h. Patients were injected with 3 MBq/kg of bodyweight intravenously. After a 

waiting period of 60 min, a scan was obtained from the mid thigh to the brain. The 

maximum standardized uptake value (SUV
max

) was obtained by delineating the 

volume of interest (VOI) comprising the entire tumor volume using the IMALYTICS 

Research Workstation (Philips Innovative Technologies GmbH, Aachen, Germany), 

a computer based workstation for visualization, quantification, and analysis of PET 

images. The data were reconstructed with time-of-flight, high-definition, ordered-

subsets expectation maximization using 3 iterations, 21 subsets, and a 8-mm 

gaussian postprocessing filter (NEDPAS Protocol) and had a spatial resolution of 

2.04 x 2.04 x 2 mm3.

Production of 18F-FAZA
Procedures for good-manufacturing-practice production of the hypoxia tracer 
18F-FAZA have been developed previously. The synthesis of 18F-FAZA was optimized 

using a Micro Fluid Chemistry Module (Advion). The routine production was 

performed using a robot system (Zymark). Briefly, the precursor (2 nitro imidazole) 

for labeling 18F-FAZA was reacted with dried 18F/K222 complex in dimethyl sulfoxide 

and thereafter deprotected with 0.1 M NaOH. After high-performance liquid 

chromatography purification of the reaction mixture, 18F-FAZA was formulated 

using an Oasis HLB plus cartridge. The final sterile solution was analyzed using 

highperformance liquid chromatography and released for administration to the 

patient.

18F-FAZA PET/CT
18F-FAZA PET scans were acquired on the same mCT machine as the 18F-FDG 

images according to local standard operating procedures for 18F-FAZA PET scans. 

Patients were injected with 370 MBq intravenously. After a waiting period of 120 

min, a scan was obtained from the mid thigh to the brain and analyzed using 

the above-mentioned research workstation. 18F-FAZA SUV
max

 was estimated in the 

same way as 18F-FDG SUV
max

, including correction for the partial-volume effect. 
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The median time interval between 18F-FDG PET and 18F-FAZA PET was 7 d. The 

data were reconstructed with time-of-flight, high definition, ordered-subsets 

expectation maximization using 3 iterations, 21 subsets, and a 5-mm gaussian 

postprocessing filter and had a spatial resolution of 2.04 x 2.04 x 2 mm3.

Calculation of Voxel-Based Spatial Correlation
Between 18F-FDG and 18F-FAZA PET/CT 18F-FDG whole-body PET and 18F-FAZA thorax 

PET were registered in a 2-step procedure using the (low-dose) CT part of both 

PET/CT examinations. In a first step, the whole-body CT of the 18F-FDG PET/CT was 

registered to the CT of the thorax 18F-FAZA PET/CT using rigid registration. In a second 

step, CT–CT registration was locally adjusted for motion with a constrained, intensity-

based, freeform deformable image registration (DIR) algorithm using an Advanced 

Work station MIM Vista (version 5.6; MIM Software Inc., Cleveland, OH, USA).

The quality of the deformation results was assessed visually based on the CT data. 

The algorithm used for this study has been previously validated 19, 20. Next, the rigid 

transformation and nonrigid deformation field obtained from aligning the CT data 

were used to align the 18F-FDG and 18F-FAZA PET data. A 3-dimensional VOI was 

defined on the 18F-FDG data comprising the metabolically most active part of 

the tumor by thresholding the lesion using 34% of maximum 18F-FDG uptake 21. 

This VOI was then projected onto the aligned 18F-FAZA PET data, yielding a spatial 

correspondence between 18F-FAZA and 18F-FDG uptake for all tumor voxels (Fig. 

1). In this way, a 2-dimensional histogram was generated representing the joint 

distribution of corresponding 18F-FDG and 18F-FAZA standardized uptake value 

(SUV) for the tumor lesion.
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Figure 1. Thirty-four percent of 18F-FDG SUVmax VOI defined on 18F-FDG PET image and then projected onto 
aligned 18F-FAZA PET image.

Calculation of Fractional Hypoxic Volume (FHV)
The FHV was defined as the volume within the tumor exhibiting a T/Bg ratio ≥ 1.2 

or ≥1.4 on the 18F-FAZA scans10, 22. The FHV of the tumor was determined along 

the following steps. First, the VOI representing the gross tumor volume on CT was 

created, and the SUVs within the VOI were expressed per voxel. Next, a tumor free 

area in the mediastinum of at least 30-mm diameter was chosen as a reference 

background. The mean SUV of this background area was calculated. Finally, the 
18F-FAZA T/Bg ratio was assessed by calculating the ratio between SUV

max
 within 

the tumor and mean SUV background.

Statistical Analysis
The data were analyzed with SPSS software (version 18.0; International Business 

Machines Corp, Armonk, NY, USA) for Windows (Microsoft Corporation, Redmond, 

WA, USA). The 18F-FDG PET SUV
max

, 18F-FAZA PET T/Bg ratio, FHV ≥ 1.2, FHV ≥ 1.4, 

and lesion size were considered as variables and reported as median values. 

Correlations between variables were calculated with the Spearman correlation 

coefficient. Because this analysis involved multiple comparisons, Bonferroni 

adjustment was applied, and the significance level was set at α = 0.05/9 = 0.0055.
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Results

Relationship Between 18F-FDG SUV
max

 and 18F-FAZA T/Bg Ratio in 
Tumor
All 11 patients showed clear uptake of 18F-FAZA in the primary tumor, although 

the accompanying CT scan was indispensable to establish the uptake of 18F-FAZA 

more accurately with respect to anatomic reference. The 18F-FDG uptake was also 

clearly visible in all tumors studied with reduced or absent uptake in necrotic areas 

of the tumor. The median 18F-FAZA T/Bg ratio was 2.8 (range, 1.8–4.6), and the 

median 18F-FDG SUV
max

 of the tumors was 7.9 (range, 4.4–29.0). The correlation 

between tumor hypoxia and glucose metabolism was not significant (r = 0.59; P 

= 0.055). Visual analysis showed that the pattern of tumoral 18F-FDG uptake was 

rather homogeneous, whereas 18F-FAZA uptake was more heterogeneous (Fig. 2).

Figure 2. Representative transaxial 18F-FDG and 18F-FAZA PET/CT images of patient 4(A). Thirty-four percent 
of maximum 18F-FDG accumulation is shown on corresponding CT image. (B) 18F-FAZA accumulation is 
shown on corresponding CT image. (C) Transposition of areas with 18F-FAZA accumulation onto areas with 
18F-FDG accumulation.

Spatial Correlation Between 18F-FDG SUV
max

 and FAZA T/Bg Ratio 
in Tumor
A detailed voxel-by-voxel analysis revealed different patterns of 18F-FDG and 
18F-FAZA uptake and varied widely among different tumors. In Figure 3, patients 

1, 7, 8, 9, and 11 showed a moderate to good spatial correlation between 18F-FDG 

and 18F-FAZA uptake. A good correlation between the 2 tracers suggests well-

demarcated hypoxic areas colocalized in metabolically active tumor volume. In 

contrast, the scatter pattern of 18F-FDG and 18F-FAZA voxels in the other patients 

was irregular, and no clear correlation was observed between the uptake of either 

tracer in identical voxels. These findings support the notion that 18F-FDG and 
18F-FAZA signals indeed reflect different biologic functions if measured in the same 
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tumor. Consequently, a poor correlation between these 2 tracers suggests a highly 

heterogeneous tumor microenvironment.

Figure 3. 18F-FDG and 18F-FAZA scatterplots for all patients.

Relationship Between 18F-FDG SUV
max

 or 18F-FAZA T/Bg Ratio and 
Lesion Size
The median lesion size was 26 mm (range, 13–63 mm). Lesion size significantly 

correlated with the 18F-FDG SUV
max

 (r = 0.82; P = 0.002), but the correlation 

between lesion size and 18F-FAZA T/Bg ratio was not significant (r = 0.55; P = 0.07). 

This suggests that larger tumors are not necessarily more hypoxic than smaller 

tumors but do exhibit higher metabolic activity.

Relationship Between FHV of Tumor and 18F-FAZA T/Bg Ratio, 
18F-FDG SUV

max
, or Lesion Size

The median FHV was 69% (range, 17.0%–97.0%) and 48% (range, 5.0%–91.0%) 

when a cutoff of ≥1.2 and ≥1.4, respectively, was applied. We observed a strong 

and significant positive correlation between the 18F-FAZA T/Bg ratio and FHV cutoff 

of 1.4 (r = 0.88; P < 0.001); however, no significant correlation was found between 

the 18F-FAZA T/Bg ratio and FHV cutoff of 1.2 (r = 0.74; P = 0.009), suggesting that 

an increase of the 18F-FAZA T/Bg ratio is due to heterogeneously distributed high-

uptake regions rather than to homogeneous uptake. Also, no correlation was 
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found between lesion size and an FHV cutoff of ≥1.2 (r = 0.15; P = 0.65) or ≥1.4 

(r = 0.40; P = 0.21) or between an 18F-FDG SUV
max

 and an FHV cutoff of ≥1.2 (r = 0.38; 

P = 0.24) or ≥1.4. (r = 0.56; P = 0.07).

Discussion

The results of our study show that the pattern of tumoral uptake of 18F-FAZA 

varies among tumors and is more heterogeneous than 18F-FDG, signifying the 

importance of spatial distribution of tumor hypoxia or FHV. This distribution may 

arise as the result of transitory functional changes in a tumor microenvironment 

such as variation in tumor physiology and adaptation of blood supply in response 

to tumor growth. Koh et al23 and Rasey et al10 were first to publish data about 

the use of bioreductive molecules to visualize hypoxic subvolumes. On the basis 

of experimental and clinical data10, 23, they proposed the following definition for 

hypoxic regions: voxels exhibiting an 18F-fluoromisonidazole T/Bg ratio ≥ 1.4. 

Alternatively, Busk et al. proposed a 18F-FAZAT/Bg ratio of ≥ 1.2 to distinguish 

hypoxia22. In our study, we decided to test both of these T/Bg ratio cutoff levels to 

determine the FHV and its relationship to lesion size, 18F-FDG SUV
max

, and 18F-FAZA 

SUV
max

. We observed no correlation between the FHV and tumor size or 18F-FDG 

SUV
max

. Our data are similar to those reported by Rasey et al10 and Koh et al23, who 

also did not find a correlation between FHV measured by 18F-fluoromisonidazole 

and lesion size in NSCLC. Similarly, Rajendran et al24 and Stadler et al25 did not 

observe a correlation between FHV and tumor size in head and neck cancer 

patients. The fact that the hypoxic fraction of the tumor holds no relation to tumor 

size and 18F-FDG SUV
max

 is in agreement with the visual appearance of 18F-FDG and 
18F-FAZA images of single tumors, where greater heterogeneity is seen on 18F-FAZA 

scans than on 18F-FDG scans26, 27.

It has been suggested that tumor 18F-FDG uptake is dependent on hypoxic 

environment15, 27, 28. Hence, 18F-FDG uptake might serve as surrogate marker 

for hypoxia, rendering 18F-FAZA scanning redundant. The degree of 18F-FDG 

accumulation primarily depends on GLUT-1 expression. Upregulation of GLUTs, 

due to hyperglycolysis driven by hypoxia-inducible factor 1a, is observed in 

hypoxic regions14. In our study, a detailed voxel-by-voxel analysis of 18F-FDG and 
18F-FAZA scatterplots manifested large inter- and intratumor variability distribution 
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patterns. In short, all possible combinations of hypoxia and glucose metabolism 

parameters were found: active metabolic areas, which are severely hypoxic; 

inactive metabolic areas, which are also hypoxic; metabolically active tumor areas, 

which are nonhypoxic; and finally, tumor areas that were metabolically inactive 

and on hypoxic.

As a result of our observations, it appears that hypoxia is heterogeneously 

distributed within a tumor and can occur in both metabolically active and inactive 

zones. Similar results were reported by Thorwarth et al29, underlying the need for 

a specific PET hypoxia tracer. The question arises as to whether these different 

patterns of uptake reflect different biologic mechanisms and, in addition, different 

clinical behavior and outcome. High 18F-FDG and 18F-FAZA uptake levels may 

correspond to active metabolic cells with high expression of GLUT, characterizing 

diffusion-limited hypoxia, whereas low 18F-FDG and 18F-FAZA uptake may 

characterize perfusion-limited hypoxia. High 18F-FDG uptake and no trapping 

of 18F-FAZA may indicate well perfused nonhypoxic areas. Low 18F-FDG uptake 

and 18F-FAZA trapping might signal tumor cells that are deprived of oxygen and 

glucose due to perfusion insufficiency (e.g., remote blood vessel). Recent studies 

have shown that hypoxia imaging during treatment could be a promising way to 

stratify patients who may benefit from hypoxia modification or dose escalation 

strategies30, 31. Future studies should evaluate the degree of spatial heterogeneity of 

hypoxia, retention of 18F-FAZA uptake using blood flow measurements, and spatial 

correlation between 18F-FDG and 18F-FAZA uptake within a single tumor during 

curative radiotherapy or chemoradiotherapy. In patients with a diffuse distribution 

of hypoxia, this pattern indicates a higher degree of spatial heterogeneity with poor 

prognosis; these patients might benefit from a more systemic approach, such as 

chemotherapy with an addition of a hypoxia-targeting drug (e.g., tirapazamine)32. 

On the other hand, a well-demarcated hypoxic area with lesser degree of spatial 

heterogeneity can be treated with focal radiation dose escalation33. In the past 

few years, highly sophisticated radiotherapy technologies have been introduced 

in the field of radiation oncology, such as intensity-modulated radiotherapy, which 

allows for dose painting—that is, the delivery of a higher dose to specific tumor 

areas and subvolumes. This approach is only effective in the case of static hypoxia 

because the boost dose is delivered to the same region every day. In the case of 

dynamic hypoxia, a single high-dose fraction using stereotactic body radiotherapy 

delivered to the hypoxic region on the same day of the 18F-FAZA PET/CT may be 

more appropriate.
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There are some limitations in this study. First, our study lacks an innovative scanning 

technique such as dynamic PET scanning capable of quantifying differences 

between tumor oxygen perfusion and hypoxia tracer permeability within the same 

tumor to understand tumor heterogeneity. Future studies should focus on the 

spatiotemporal distribution of tumor hypoxia over time to select the most optimal 

treatment technique. Second, although we tried to keep the time interval between 
18F-FDG and 18F-FAZA PET/CT scans as short as possible, this was not always feasible 

because of patient logistics and the fact that 2 tracers were used. It should be 

stressed that in our study patients did not receive any treatment between the 2 

scans. Although we do not expect significant changes in tumor oxygenation levels, 

it cannot be ruled out that this may have occurred. Another technical issue with 

lung cancer treatment is tumor movement during respiration. The same problem 

pertains to the voxel-based analysis (Fig. 3). Hence, the accurate delineation of 

tumor volume, taking into account respiratory motion, is essential for radiotherapy 

planning. To overcome this problem, optimal gating techniques or 4-dimensional 

PET would be an attractive option34. However, further research needs to be done 

to determine the practical feasibility. Lung lesions that were included in this study, 

compared with the locations close to the diaphragm, were situated mostly in the 

upper lobes of the lungs, where respiratory movement is less pronounced35.

DIR is a field of extreme complexity, and it is hard to evaluate its results. In this 

study, we expected that the influence of possible DIR inaccuracies on the PET 

registration was limited, because the registered volumes did not show dramatic 

deformations. The latter was explained by little changes in tumor size and by the 

short time interval between the scans (1 wk). Furthermore, no treatment had 

taken place in the time interval, so no dramatic deformations were expected. We 

considered visual inspection of the results of the DIR adequate for the application 

of DIR in this study.

Conclusion

18F-FAZA PET imaging is able to detect heterogeneous distributions of hypoxic 

subvolumes even within homogeneous 18F-FDG background. Therefore, 18F-FAZA 

when added to 18F-FDG provides information on tumor hypoxia and might be 

developed into a tool for guiding individualization of treatment of advanced 

NSCLC.
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Abstract

Hypoxia is associated with resistance to chemotherapy and radiotherapy, and 
randomly distributed within malignancies. Characterization of changes in 
intratumoral hypoxic regions is possible with specially developed PET tracers 
such as 18F -FAZA while tumor metabolism can be measured with 18F –FDG. The 
purpose of this study was to study the effects of chemotherapy on 18F-FAZA 
and 18F-FDG uptake simultaneously in NSCLC patients

Methods
At baseline and after the second chemotherapy cycle both PET-CT with 
18F-FDG and 18F-FAZA was performed in 7 patients with metastasized NSCLC. 
18F-FAZA and 18F-FDG scans were aligned with deformable image registration 
using Mirada DBx. The primary tumors were contoured, and on the 18F-FDG 
scan volumes of interest (VOI) were drawn using a 41% adaptive threshold 
technique. Subsequently, the resulting VOI was transferred to the 18F-FAZA 
scan. 18F-FAZA maximum tumor to background (T/B

max
) ratio and the fractional 

hypoxic volume (FHV) were assessed. Measurements were corrected for 
partial volume effects. Finally, a voxel-by-voxel analysis of the primary tumor 
was performed to assess regional uptake differences.

Results
In the primary tumor of all 7 patients, median 18F-FDG SUV

max
 decreased 

significantly (p=0.03). There was no significant decrease in 18F-FAZA uptake as 
measured with T/B

max
 (p=0.24) or the FHV (p=0.35). Additionally, volumetric 

voxel-by-voxel analysis showed that low hypoxic tumors did not significantly 
change in hypoxic status between baseline and two cycles of chemotherapy, 
whereas highly hypoxic tumors did. Individualized volumetric voxel-by-voxel 
analysis revealed that hypoxia and metabolism were not associated before 
and after 2 cycles of chemotherapy.

Conclusion
Tumor hypoxia and metabolism are independent dynamic events as measured 
by 18F-FAZA PET and 18F-FDG PET, both prior to and after treatment with 
chemotherapy in NSCLC patients.

Key words: 18F-FAZA, 18F-FDG, NSCLC, chemotherapy
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Introduction
Hypoxia is considered an important feature of malignant tumors with direct 

influence on the efficacy of chemo- and radiotherapy. Hypoxia is unevenly 

distributed within tumors, that can be related to an abnormal vasculature and to 

an elevation in interstitial pressure associated with tumor growth1. Hypoxic tumor 

cells are associated with more aggressive phenotypes and with resistance to both 

chemo- and radiotherapy2.

The gold standard in assessing tumor hypoxia is the polarographic Eppendorf 

electrode method. Unfortunately, this technique is rather invasive, and therefore, 

it can only be applied in well accessible superficial tumors. It measures oxygen 

concentrations at the site of the electrode only, and therefore is not indicative 

for the whole tumor. Consequently, multiple punctures are necessary to measure 

heterogeneity in oxygen distribution within a tumor. These shortcomings may be 

overcome by using a non invasive technique such as PET radiotracers aimed at 

visualizing and quantifying hypoxia. Different radiotracers have been developed, 

most of them based on nitroimidazole compounds. The intracellular retention of 

these compounds is based on the oxygen concentration with tissue retention 

(in vitro) in hypoxic conditions observed up to 28 times normal uptake3, 4. 

Nitroimidazole tracers are diffused through the cell membranes and then undergo 

reduction to yield radical anions. Under normoxic conditions, these radical anions 

are reoxidized and diffuse out of the cell. However, in an hypoxic environment, re-

oxidation cannot occur and the radicals are irreversibly bound to macromolecules, 

resulting in increasing tracer accumulation under decreasing oxygen concentration. 

The most widely used PET hypoxia tracer from this group is 18F-fluoromisonidazole 

(18F-FMISO). Another tracer is 18F-fluoroazomycin arabinoside (18F-FAZA)5-9, which 

compared to 18F-FMISO has a more favorable signal to noise ratio6, 10.

Hypoxia and glucose metabolism are distinct metabolic processes, yet it seems 

closely interlinked due to the so called Warburg effect11. The Warburg effect 

comes from the observation that cancer cells produce energy using anaerobic 

glycolysis, instead of oxidative phosphorylation at the cost of increased glucose 

uptake. The link between hypoxia and glucose metabolism is through the hypoxia 

inducible factor (HIF). The HIF complex activates the transcription of multiple 

genes that are necessary for the Warburg effect to occur12. Consistent HIF pathway 

activation in tumors is related to the expression of two different receptors viz., 
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GLUT-1 and GLUT-3 as well as regulation of enzymes in the glycolytic pathway13-15. 

There is a clear relationship between 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) 

uptake and especially GLUT-1 but also with GLUT-3 expression16. This suggests 

an interdependency of both processes and consequently 18F-FDG uptake could 

function as a biomarker of hypoxia. Indeed, such a relationship has been shown17. 

However, a number of recent publications failed to show a clear relation between 

the two tracers8, 18-20.

Traditionally, in most patient studies, measurement of the maximum and/or mean 

standard uptake value (SUV) or the tumor to background mean ratio (T/Bg) is 

used. Despite their widespread use, they all have a drawback in the sense that 

heterogeneity of tumor metabolism is ignored. Alternatively, assessing localized 

treatment effects in the individual tumor areas may be possible by using volumetric 

voxel-by-voxel tumor analysis techniques.

Previously, our group studied the relationship between 18F-FAZA and 18F-FDG 

uptake in untreated patients using volumetric analysis[18]. Chemotherapy is 

standard treatment in advanced NSCLC and the impact on hypoxia and metabolism 

within individual tumor areas has not been adequately addressed.

The purpose of this paper is therefore to study the relation between hypoxia and 

metabolism by a voxel-by-voxel approach in a clinical setting with 18F-FDG and 
18F-FAZA. We compared this analysis with the traditionally measured SUV

max
 and 

T/Bg. As a model for this comparison we chose to use patients with advanced 

NSCLC. 

Materials and Methods

Patients
Treatment naive patients with advanced stage IV NSCLC were selected. All patients 

underwent PET-scans with both 18F-FAZA and 18F-FDG at baseline and after 2 cycles 

of chemotherapy. The study was approved by the Institutional Review Board of the 

University Medical Center Groningen. All patients gave written informed consent 

prior to study participation.
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18F-FDG-PET/CT
18F-FDG-PET was performed on a Siemens Biograph mCT 64. 18F-FDG images were 

reconstructed according to EANM guidelines21. Blood samples were taken before 

tracer injection to confirm acceptable blood glucose level (<11 mmol/l) after a 

minimal 4 hours fasting period. Patients were injected with 3 MBq/kg bodyweight 
18F-FDG intravenously. After 60 min, a scan was made from the mid-thigh to the 

brain. Scan times per bed position were dependent on patient weight: 1 minute 

per bed position if less than 60 kg, 2 minutes if between 60-90 kg and 3 minutes if 

above 90 kg22. PET data were reconstructed as described previously18.

SUVs were obtained by delineating the tumor volume of interest (VOI) comprising 

the entire tumor volume using the IMALYTICS Research Workstation (Philips 

Technologie GmbH Innovative Technologie, Aachen, Germany) on 18F-FDG PET/

CT images. The primary tumor area was selected and the VOI delineated using the 

41% adaptive threshold technique as described by Cheebsumon et al23. SUVs were 

normalized for blood glucose levels in accordance with EANM guidelines21. If the 

tumor size in the shortest axis was smaller than 30 mm, the SUV
max

 was corrected 

for partial volume based on historical data obtained with a NEMA phantom18. PET 

tumor response was assessed according to the 1999 EORTC recommendations24. 

The volume for determination of the background activity was delineated posterior 

of the sternum in the mediastinal fat tissue using the low dose CT. This volume 

was chosen in order to avoid possible confounding by active tumor within the 

lymph node, and confounding due to artherosclerotic plaques within the great 

mediastinal vessels. This background volume had to be at least 14 mL.

Contrast enhanced CT was performed consecutively in the same session on the 

Somatom CT which is part of the mCT. Scan time was 8 seconds, craniocaudally 

at inspiration. Effective mAs was 80 and 120 kV with the care dose setting was 

used. Slice thickness was 0.5 mm, pitch was 1.4 with a rotation of 0.5 seconds. 

Patients were injected with 55 ml of Iomeron contrast 350 mg/ml (Bracco Imaging 

Deutschland GmbH, Konstanz, Germany) at a speed of 2.5 ml/sec. The tumor size of 

the primary tumor and response was measured according to RECIST 1.1 criteria25.

The baseline scan was performed before any therapy was given as part of the 

diagnostic workup. The scan after 2 cycles of chemotherapy was performed within 

2 days after the second cycle of chemotherapy.
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18F-FAZA-PET/CT
18F-FAZA-PET scans were made on the same mCT machine as described previously18. 

Patients received 370 MBq 18F-FAZA intravenously. After 120 min, a scan was made 

from the mid-thigh to the brain. The same 18F-FDG scan patient position and 

fixation system were used in order to improve reproducibility. The baseline scan 

was performed as soon as possible after inclusion (median 2 days after 18F-FDG 

PET). The scan after 2 cycles of chemotherapy was performed within 3 days after 

the second cycle of chemotherapy to study the influence of chemotherapy on the 

FAZA distribution in the primary tumor (median 1 day after 18F-FDG PET).

Deformable image registration
Deformable image registration was performed using Mirada DBx Build 1.1.1.3 

(64 bit) (Mirada Medical Ltd, Oxford, United Kingdom). First an automatic rigid 

registration was performed , followed by a CT based deformable registration. 

For each patient the 18F-FDG and 18F-FAZA scans obtained at baseline and after 

2 cycles of chemotherapy were registered and deformed. This resulted in four 

deformed images: 

1. Between 18F-FDG and 18F-FAZA at baseline.

2. Between 18F-FDG and 18F-FAZA after 2 cycles of chemotherapy. 

3. Between 18F-FDG at baseline and after 2 cycles of chemotherapy. 

4. Between the deformed 18F-FAZA at baseline generated from step 1 and the 

unaltered 18F-FAZA images after 2 cycles of chemotherapy.

The registered and deformed images were then imported back into the Imalytics 

system for further analysis.

Voxel-by-voxel analysis
After the registration and deformation of the images, each voxel in a VOI of the 
18F-FAZA images was normalized to the mean background value (obtained from 

corresponding VOIs posterior of the sternum) in order to calculate a T/Bg. This 

enables a regional comparison between 18F-FDG SUV (normalized to glucose) and 
18F-FAZA T/Bg. Partial volume correction was applied to the T/Bg data using the 

same method as for the 18F-FDG PET data.

For regional comparison between baseline and follow up scans, the tumor 

VOI delineated in the baseline 18F-FDG was transferred to the 18F-FAZA after 
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image registration as described previously. To guarantee the use of operator 

independent reproducible VOI, the tumor VOI delineated on the baseline 18F-FDG 

images using an automated method was used on the baseline to follow up scan 

comparison of 18F-FAZA.To assess the regional comparison between the four 

different deformed images with their respective reference images, the voxel-by-

voxel comparison capabilities of the propagated align algorithm of the IMALYTICS 

Research Workstation was used. The function of the propagated align algorithm 

was previously described by our group26.

The T/B
max

 as well as the fractional hypoxic tumor volume (FHV) were calculated 

using the voxel-by-voxel analysis data (18F-FDG to 18F-FAZA, if this data was not 

available then 18F-FAZA to 18F-FAZA). The 18F-FAZA T/B
max

 was corrected for PVE 

using the same technique as for the 18F-FDG SUV
max

 data. The FHV was defined as 

the fraction of the tumor volume exceeding a T/Bg ratio of 1.4. In previous studies 

by our group, the cut-off of 1.4 was used to define hypoxia18, 27.

Statistics
Pre and post chemotherapy 18F-FDG and 18F-FAZA scans using the maximum 

uptake values were analyzed with the Wilcoxon signed rank test. The voxel-by-

voxel relationship per patient between the 18F-FDG SUV and the 18F-FAZA T/Bg at 

baseline and after 2 cycles of chemotherapy was calculated using simple linear 

regression. All calculations were performed using SPSS 22.0 (International Business 

Machines Corp, Armonk, NY, USA). P values < 0.05 were considered statistically 

significant.

Results

Patient characteristics
Seven patients with advanced stage IV NSCLC were included. Six patients had 

adenocarcinoma and one had large cell lung carcinoma. Patient details are given 

in Table 1. Chemotherapy consisted of a platinum containing doublets. Partial 

response according to RECIST was observed in one patient, stable disease in 4 

patients, and progressive disease in 2 patients.
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Table 1: Comparison of the effect of chemotherapy on the primary tumor measured with 18F-FAZA and 
18F-FDG PET including tumor response in non-small-cell lung cancer

Patient 18F-FAZA (T/Bg ratio)* 18F-FDG (SUVmax) ‡ Fractional hypoxic volume CT-scan

Baseline 2 cycles Baseline 2 cycles Baseline 2 cycles

1 7.1 5 32.5 24.2 96% 100% PD

2 3 2 15.4 2.1 98% 9% SD

3 4.4 3.3 27.3 18.2 95% 95% PD

4 7.7 7.7 5.8 • 100% 97% SD

5 2.9 2.6 7.2 5.9 63% 30% SD

6 6.7 4.7 15.8 4.4 100% 100% SD

7 3.3 5.4 8.9 6 58% 100% PR

* Uptake for the whole primary tumor was corrected for partial volume effect. It was then divided by the 
mean of the background activity and this is tumor to background (T/Bg) value.
‡ Uptake for the whole primary tumor, expressed in SUV, were corrected for partial volume effect. 
• Due to a dosimeter error, not usable for qualitative comparison.
PR=partial response; SD=stabile disease; PD=progressive disease.

Pre and post chemotherapy differences in 18F-FAZA and 18F-FDG 
uptake using traditional (max and mean uptake) methods
18F-FDG uptake (SUV

max
) between baseline and after 2 cycles of chemotherapy 

decreased significantly (p=0.03) (Table 1). No differences in T/B
max

 (p=0.24) or FHV 

(P=0.35) were observed when comparing 18F-FAZA uptake at baseline and after 2 

cycles of chemotherapy.

Pre and post chemotherapy uptake analyzed voxel-by-voxel
Pre chemotherapy, in 4/7 patients a weak relationship between FAZA T/Bg and 
18F-FDG SUV was observed with R2 values between 0.12 and 0.30 (Figure 1). After 2 

cycles chemotherapy, only in 2 patients R2 was 0.24 and 0.33, in the other patients 

no relationship was observed between 18F-FDG SUV and 18F-FAZA T/Bg (Figure 1). 

In one patient, a very weak relationship between 18F-FAZA T/Bg and 18F-FDG SUV 

persisted at baseline and after 2 cycles of chemotherapy (R2=0.14 and R2=0.33, 

respectively).
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Figure 1: Per patient comparison of regional voxel distribution in the primary tumor of 18F-FAZA (T/Bg, 
vertical axis) versus 18F-FDG (SUV, horizontal axis) at baseline and after 2 cycles of chemotherapy.

The horizontal axis represents the 18F-FDG uptake in SUV. The Vertical axis represents the 18F-FAZA uptake in 
Tumor to Background ratio.
Blue represents voxel distribution assessed at baseline, while green represents voxel distribution assessed 
after 2 cycles of chemotherapy.
18F-FDG data of patient 4 was not available after 2 cycles of chemotherapy.

In areas with low 18F-FAZA uptake at baseline a decrease of 18F-FAZA responses 

were seen, perhaps partly due to noise. In areas with high 18F-FAZA uptake, 

reoxygenation became evident after chemotherapy (Figure 2A). A more 

evenly distributed decrease of 18F-FDG activity was observed after 2 cycles of 

chemotherapy (Figure 2B). Four different patterns of hypoxic uptake were visible. 

Hypoxic areas that remained hypoxic, hypoxic areas that became normoxic after 

treatment, normoxic areas that became hypoxic after treatment and normoxic 

areas that remained normoxic (Table 2).
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Figure 2: Difference between two cycles of chemotherapy and baseline was assessed for 18F-FAZA T/Bg (A) 
and 18F-FDG SUV (B) in the all primary tumor voxels of 7 (18F-FAZA) respectively 6 (18F-FDG) patients.

Figure A:The vertical line in figure A denotes the hypoxic cutoff of 1.4 T/Bg. Areas above 1.4 T/Bg are 
considered hypoxic. A decrease in 18F-FAZA activity can be seen as a result of treatment, yet this is not 
so clear compared to 18F-FDG. The decrease in 18F-FAZA activity is however most pronounced in the most 
hypoxic areas.

Figure B:Per patient different cut off values are seen, due to the use of the 41% adoptive threshold technique 
in selecting tumor areas. A clear decrease in 18F-FDG activity in almost all tumor voxels as a result of treatment. 
Although the decrease is clear overall, the decrease is most pronounced in areas with initially the highest 
18F-FDG uptake.

Discussion

In this proof-of-concept study we analyzed whether hypoxia is associated with 

metabolism by use of a voxel-by-voxel technique and traditional maximum 

intensity SUV and T/Bg calculations. Our results show that the technique can be 

used in a clinical setting. Heterogeneity in 18F-FDG distribution could easily be 

assessed and the effects of chemotherapy varied with the metabolic status of the 

tumor. 

Our study is novel because it is to our knowledge the first study that used 18F-FAZA 

volumetric tumor analysis besides the traditional maximum intensity methods to 

study the effects of chemotherapy alone on hypoxia in NSCLC patients .
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Table 2: Per patient percentage change between baseline and after 2 cycles of chemotherapy in tumor 
hypoxic status.

Pt. ID Normoxic area that 
remained normoxic

Normoxic area that 
became hypoxic

Hypoxic area that 
became hypoxic

Hypoxic area that 
remained hypoxic

1 0% 0% 0% 100%

2 <1% 1% 84% 15%

3 0% 0% 18% 82%

4 0% <1% 3% 97%

5 37% 0% 33% 30%

6 0% 0% <1% 100%

7 1% 41% 2% 56%

*Hypoxic/normoxic cutoff was defined as 1.4 T/Bg ratio.

Hypoxia and metabolism: chemotherapeutic effects
The image analyses showed a very dynamic tumor hypoxia and metabolism 

illustrating the tracer uptake heterogeneity. Voxel-by-voxel analysis showed no 

association or at best a very weak association between the two tracers (R2 ≤ 0.33). 

After chemotherapy the metabolic activity decreased within tumor areas but 

the hypoxic reactions remained very dynamic. The distribution of hypoxic areas 

changed in the primary tumor independently of metabolism. Examination by 

volumetric voxel-by-voxel analysis revealed that tumor regions with initial high 
18F-FAZA uptake tended to have a larger decrease in the18F-FAZA uptake then 

regions with an initial low 18F-FAZA uptake, whereas a random distribution around 

the overall baseline activity was observed. With traditional analytic methods 

hypoxia was also not associated with metabolism8, 18-20.

There are three factors explaining the lack of a relationship. Most importantly, the 

Warburg effect occurs even in the abundant presence of oxygen12, thus increased 
18F-FDG uptake indicative of the Warburg effect does not necessarily reflect 

hypoxia. Secondly, 18F-FDG uptake is not only related to tumor cell uptake, but also 

related to other characteristics which are involved with poor prognosis. Busk et al 

investigated with different tumor models in mice the correlation between hypoxia 

using pimonidazole staining and 18F-FDG uptake and found a correlation with an 

r of 0.1528. These uptake characteristics include immune cells/inflammation, local 

cell density, high relative glycolytic rates and extracellular acidosis29, 30. Importantly, 
18F-FDG is a nonspecific tracer, yet identifies complimentary factors related to 

prognosis. The third item is that nitroimidazole compounds cannot differentiate 

between chronic and acute hypoxia. Acute (transient) hypoxia and chronic 
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hypoxia can both co-exist within the same tumor31. An in vivo study by Lin et al 

demonstrated that acute or chronic hypoxia had differential effects on the distinct 

HIF proteins (HIF-1α and HIF-2α)32. In addition, tumors have areas of hypoxia/

anoxia and normoxia, yet part of the tumor is within a variable intermediate 

oxygen levels33. The different effects of acute and chronic hypoxia on HIF proteins 

and subsequently on GLUT-1 expression may provide an explanation why hypoxia 

and metabolism, while closely interlinked, are not necessarily simultaneously 

measurable. This explains why 18F-FDG alone is not capable of discriminating 

between hypoxic and non-hypoxic regions in NSCLC, and stresses the need for a 

specific hypoxia identifying imaging agent.

Volumetric analysis
This study indicates that volumetric analysis may bring more understanding of 

tumor biology than the other routine techniques will do. Using co-registered and 

deformed 18F-FAZA besides 18F-FDG gives a more detailed insight and understanding 

in the relationship between hypoxia and glucose metabolism in NSCLC prior to 

and after chemotherapy. The hypoxic/metabolic distribution changes in a tumor 

is very variable in time and tumor location. This observation may have practical 

implications. It may allow selection for individualized treatment. An example is 

specific hypoxic radiotherapy in stage III disease, or selection for pre-sensitization 

with hypoxia modifying agents during chemotherapy. Selecting patients for pre-

sensitization may be important. Previously, no benefit could be demonstrated in a 

phase 3 study in unselected NSCLC of the addition of a hypoxia modifying agent 

(nitroglycerine) to a bevacizumab containing chemotherapy regimen34. On the 

other hand, a clear benefit was observed of adding tirapazamine (as an hypoxia 

modifying agent) to chemoradiotherapy in patients with head & neck cancer, 

that were hypoxic according to 18F-FMISO PET35. But again, in a phase III trial with 

unselected patients tirapazamine did not improve outcome36.

Limitations of this study
In this study protocol, we used 3 minutes per bed position in order to perform 

whole body imaging. This resulted in adequate images. After including the first 

patients, we started performing 15 minutes per bed position as well and only 

performed thoracic imaging. Using 15 minutes per bed position reduced signal 

noise and resulted in improved images. Because we chose to perform whole 

body scans, a 4D mode to compensate for breathing motion, could not be used. 
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However, the extent of breathing motion in our study was minimal, as in 5/7 

patients the primary tumor was located in the upper and middle lobe respectively 

and one patient had a metastasis of the clavicle only.

Although 18F-FMISO is studied most often, we used 18F-FAZA. 18F-FAZA shows 

superior biokinetics compared to 18F-FMISO6, 10. In addition, 18F-FMISO is more 

lipophilic and is cleared primarily via the hepato-biliary tract, while 18F-FAZA 

is mainly excreted renal, thereby giving less background noise to the scans37. 

However, as equally the case with all other hypoxic PET tracers, the 18F-FAZA 

images are more difficult to interpret then 18F-FDG due to the lower contrast with 

normal tissue.

Volumetric tumor analysis, although promising, has some limitations. Most 

importantly, the accuracy is dependent on good co-registration with the CT and 

on minimal tumor size changes. The use of this method will introduce variability 

within the measured values. At present it is not clear whether this variability 

introduces clinically significant errors within the measurement. Nor is it known 

whether further fine-tuning of the software settings will limit the variability.

A concern inherent to the use of PET to study hypoxia is the resolution. The voxel 

size can be larger than the hypoxic area (especially when there is a combination of 

severe hypoxia and necrosis), and subsequently, such small hypoxic hotspots can 

potentially be classified as normoxic if the average value of the particular voxel is 

below the hypoxic cutoff value, so leading to a false negative result38.

Conclusion

Different metabolic features of NSCLC are measured by 18F-FDG and 18F-FAZA. As 

measured with 18F-FAZA and 18F-FDG, tumor hypoxia is a dynamic phenomenon 

not associated with tumor metabolism, either before or after treatment in NSCLC 

patients with chemotherapy.
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Abstract

Phosphoinositide 3-kinases (PI3K) are enzymes involved in tumor growth, 

proliferation, motility and survival. In normal tissue, PI3K cooperates with 

insulin growth factor and the insulin signaling pathway. Pictilisib (GDC-0941) 

is a PI3K inhibitor with effects on glucose metabolism in normal and tumor 

tissue. Pictilisib combined with chemotherapy was studied in NSCLC patients 

to assess whether it induces metabolic changes in normal and tumor tissue as 

measured with 18F-FDG PET/CT.

Methods
Patients were treated with pictilisib during 2 weeks each cycle combined with 

chemotherapy administered every 3 weeks. 18F-FDG PET/CT was performed 

prior to and 2 weeks after start of cycle 2 and 4. In this exploratory pilot study, 

changes in metabolic activity (SUV
max

 and SUV
mean

) in normal hepatic, muscular 

and cerebral tissue was studied by assessing 18F-FDG activity. Metabolic tumor 

response was measured according to the 1999 EORTC recommendations 

whereas tumor response was measured according to RECIST 1.1 criteria. 

Measure of agreement was assessed using the McNemar test.

Results
In 14 patients 18F-FDG uptake in hepatic, muscular and cerebral tissue did not 

change compared to baseline, except for a slight decrease in hepatic 18F-FDG 

uptake at cycle 4. At the same time 18F-FDG uptake in the tumor decreased and 

in patients with small scattered solid tumor parts PET showed large variations 

in 18F-FDG uptake at the last day of pictilisib administration.

Conclusion
Pictilisib did not show clinically relevant metabolic changes in normal tissues 

when used with chemotherapy under fasting conditions.

Keywords: NSCLC, pictilisib, PI3K, 18F-FDG, PET/CT
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Introduction

Phosphoinositide 3-kinases (PI3K) are enzymes that regulate glucose uptake via 

the glucose transporter (GLUT)-4 receptor1. The PI3K/Akt pathway is therefore 

integral to cellular glucose metabolism in both tumor and in normal tissue. Many 

distinct pathways converge to activate PI3K, giving the PI3K/Akt pathway a central 

role inside the normal cell.

 In vitro tumor models have shown that constitutive PI3K activation results in 

insensitivity to both insulin and insulin-like growth factor-1 (IGF-1) signaling2. 

Besides the insulin receptor, many other kinases target/activate the PI3K/Akt 

pathway. These kinases include epidermal growth factor receptor (EGFR) and 

Kirsten Rat Sarcoma viral oncogene (KRAS).

In non-squamous lung cancer, mutations in the oncogenes that code EGFR 

(10-20%) and KRAS proteins (20-30%) are frequent3-6. In squamous cell lung 

cancer, PI3K activity itself is frequently altered either due to mutations (9%) 

or due to amplifications (37%) of the phosphatidylinositol-4,5-bisphosphate 

3-kinase, catalytic subunit alpha (PIK3CA), also known as the p110α protein 

oncogene7, 8. Finally, the metabolic signaling of PI3K pathway is influenced by 

the tumor suppressor “phosphatase and tensin homologue” (PTEN). PTEN acts 

as the most important negative regulator of the PI3K signaling pathway9. PTEN 

haploinsufficiency is linked to insulin sensitization that results in obesity with a 

decreased risk of type 2 diabetes10. Therefore, because of the central metabolic 

role of PI3K due to either EGFR/KRAS mutations which activate PI3K, or due to 

PI3K activity alterations, PI3K is an attractive target for inhibition of tumor growth 

in NSCLC patients. However, as PI3K is also part of an important pathway in the 

normal tissue, inhibiting PI3K could (negatively) affect glucose uptake in normal 

tissue. Supporting this theory is the observation that hyperglycemia was frequently 

noted during investigational trials11.

One such PI3K inhibitor is pictilisib (GDC-0941), which is a highly selective inhibitor 

of the p110α protein with little activity against mammalian target of rapamycin 

(mTOR). A previous phase 1 study of pictilisib was performed, in which patients 

with various types of cancer (excluding NSCLC) were treated, which established a 

safe and tolerable dose12.
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18F-FDG PET/CT is a technique that allows the in vivo quantification of glucose 

metabolism. It is used in clinical practice for staging and tumor response 

assessment in non-small-cell lung cancer NSCLC patients. Although the uptake 

of 18F-FDG is mainly dependent on GLUT-1 and GLUT-3 expression13-15, during PI3K 

inhibition 18F-FDG might be a suitable marker to measure tumor response, as has 

been shown in a 3D tumor spheroid cell line model16. The same study showed that 
18F-FDG uptake is dose-dependent16.

The primary goal of this exploratory pilot study is whether PI3K inhibition with 

pictilisib (combined with chemotherapy) has a measurable effect on glucose 

metabolism in normal tissue (muscle, liver and brain) of advanced NSCLC patients.

Methods

Patients
Patients with advanced NSCLC were treated with chemotherapy. Patients with 

untreated known cerebral metastases were excluded from this study. Additionally, 

during the first 2 weeks of each 21 days cycle patients received pictilisib 260 

mg orally once daily. All patients received standard anti-emetics, including 

dexamethasone, on day -1 and days 1, 2 and 3 of each chemotherapy cycle. 

18F-FDG PET/CT
18F-FDG PET/CT scans were made at baseline, on day 14 of the second cycle and on 

day 14 of the fourth cycle of treatment on the last day of pictilisib administration. 

Times were chosen to assess the effect of pictilisib on 18F-FDG metabolism optimally. 
18F-FDG-PET/CT scans were made on a Siemens Biograph mCT scanner. The image 

acquisition procedures and reconstructions were performed according to EANM 

guidelines17with a volumetric voxel size of 4 by 4 by 2.4 mm (38.4 mm3). Prior 

to tracer injection, appropriate fasting blood glucose level after a 6 hour fasting 

period was confirmed and recorded and should be below 11 mmol/l. Patients 

were injected with 18F-FDG dosed at 3 MBq/kg bodyweight intravenously. After 

60 minutes, the PET scan was made. Scan times per bed position are depending 

on patients weight. If less than 60 kg, scan time was 1 minute, between 60-90 kg 2 

minutes and above 90 kg 3 minutes per bed position18. The patients were scanned 

from the upper leg to the brain.
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Contrast enhanced CT was performed on the Somatom CT, which is part of 

the mCT scanner, in the same session. Scan time was performed in 8 seconds, 

craniocaudally at inspiration. Effective mAs was 80, 120 kV with the care dose 

setting active. Slice thickness was 0.5 mm, pitch was 1.4 with a rotation of 0.5 

seconds. Patients were injected with 55 ml of Iomeron contrast 350 mg/ml (Bracco 

Imaging Deutschland GmbH, Konstanz, Germany) at a speed of 2.5 ml/sec.

Image analysis of normal tissue
All PET related measurements were performed using an IMALYTICS Research 

Workstation (Philips Technologie GmbH Innovative Technologie, Aachen, 

Germany). In order to assess the effect of pictilisib on normal tissue, volumes 

of interests (VOIs) were drawn in muscular tissue, inside the brain, and inside 

the liver. The VOI used to assess muscular activity was drawn in the left gluteus 

maximus muscle, the volume needed to be at least 40 mL and the image was 

drawn using the low dose CT. The VOI inside the liver was at least 100 mL and 

carefully avoiding liver metastases. An experienced nuclear physician checked 

the VOI in patients with liver metastases to assure that the VOI was properly 

drawn. The VOI in the brain was drawn automatically using an adaptive threshold 

technique. No cerebral mean standardized uptake value (SUVmean)
 was recorded. 

For the other VOI maximum standardized uptake value (SUV
max

) and SUV
mean

 were 

calculated and recorded. No partial volume correction was used for normal tissue 

measurements.

Tumor measurements
The tumor size of the primary tumor and response was measured on CT according 

to RECIST 1.1 criteria19. This measurement was performed by an independent 

experienced radiologist.

On 18F-FDG PET/CT the primary tumor lesions were defined using the adaptive 

threshold technique at 41% of SUV
max

 based on the study by Cheebsumon et al20. 

Subsequently, correction for partial volume effect (PVE) was applied to the SUV
max 

value if the shortest axis of the largest diameter of the lesion was less than 28 mm 

as described previously21. Tumor lesions measuring less than 10 mm in the shortest 

axis were excluded from SUV
max

 further analysis, as were radiological appearances 

of less solid parts (e.g. adenocarcinoma in situ) on CT. Tumor 18F-FDG response to 

treatment was defined according to the 1999 EORTC recommendations22.
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Statistics
All standardized uptake values (SUVs) were normalized to a blood glucose level 

of 5.0 mmol/l (SUV=SUV
measured

 * (actual glucose/5.0)). 18F-FDG uptake in normal 

tissue and the primary tumor was compared between baseline and after 2 and 

4 cycles respectively, using the Wilcoxon signed rank test. The agreement in 

response between CT and 18F-FDG PET/CT response classification was performed 

using the McNemar test. Whether the timing of the PET/CT (whether the scan was 

performed within the 2 week pictilisib treatment or during the stop week) had 

an effect on response measurement was assessed using the Kurskal-Wallis test. 

A p-value of <0.05 was considered significant. All statistics were performed using 

SPSS 22.0 (International Business Machines Corp, Armonk, NY, USA). 

Results

Patient characteristics
Fourteen patients were included, 4 males and 10 females (Table 1). All patients 

were Caucasians and had advanced NSCLC.

Table 1: Patient characteristics

Number of patients 14

Age 58 (40-79)

Sex male/female 04/10

Histology:

   Adenocarcinoma 13

   Squamous cell carcinoma 1

18F-FDG uptake in normal tissue
Fasting serum glucose levels were similar between baseline, after 2 cycles (P=0.90). 

There was a slight increase after 4 cycles of therapy (P=0.05) with 1 patient having 

developed hyperglycemia (Fig. 1A). After 4 cycles of chemotherapy with pictilisib 

the mean (sd) hepatic uptake of 18F-FDG using SUV
max

 was 3.4 (0.8) compared to 3.8 

(1.1) at baseline (p <0.01) (figure 1B). No differences were observed in the cerebral 

or muscular glucose uptake during pictilisib administration between baseline, and 

after 2 and 4 cycles, respectively (Figure 1C-D).
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Figure 1: Physiologic metabolism assessments before, after 2 and 4 cycles with pictilsib and chemotherapy.

No change in serum glucose was seen. A small 18F-FDG uptake change in hepatic tissue (b) was observed. 
No changes were evident either in cerebral tissue (c) or muscle (d). 

Tumor measurements
In the 14 patients treated with pictilisib, 7 patients had a partial response and 7 had 

stable disease. Median (range) baseline SUV
max

 was 13 (10-28). At cycle 2 measured 

at the time of the last pictilisib administration at day 14, median SUV
max

 was 9 (5-

16), and after 4 cycles also measured at the time of the last pictilisib administration 

at day 14, it was 6 (4-12) (P=0.05) (figure 2). None of these patients had metabolic 

progressive disease at cycle 4. An example maximum projection image of a patient 

at baseline and after 2 cycles is included (fig. 3A and 3B, respectively). 18F-FDG 

PET/CT showed 7/10 metabolic partial responders at cycle 2 and 3/10 stable 

metabolic disease measured at the time of the last pictilisib administration at day 

14. In 4 patients with scattered primary tumors SUV
max

 measurement was assessed 

without PVE correction showing increased 18F-FDG uptake.
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Figure 2: 18F-FDG uptake in the primary tumor before and during chemotherapy and pictilisib.

Discussion

In this exploratory pilot study the metabolic effects of PI3K inhibition in 

combination with standard chemotherapy were assessed with 18F-FDG PET/CT in 

patients with advanced NSCLC. The addition of PI3K inhibition did not result in a 

clinically relevant decline in 18F-FDG uptake in normal tissue.

PI3K inhibition and glucose uptake in normal tissue
Hyperglycemia is sometimes observed during PI3K inhibition11. In our fasting 

patients only in 1 patient hyperglycemia was observed at the day of the 18F-FDG 

PET/CT. 18F-FDG uptake in visceral organs has been previously used in different 

diabetes treatment related studies involving cerebral23, hepatic24 and muscular25 
18F-FDG PET uptake. These studies showed that various types of diabetes treatment 

influenced localized 18F-FDG uptake compared to placebo23-25. It should be noted 

that in our study, we observed slight significant changes in glucose level. This 

confirms the results of Sarker et al, who found small (+/- 1.1 fold increase) yet 

significant changes in plasma glucose level at the dose of 330-340 mg pictilisib12. 

Importantly, a study by Aggarwal et al found that Caucasians less often showed 

metabolic side effects of PI3K inhibition compared to Asians26.

Pictilisib may exert its glucose uptake effects by PI3K inhibition through inhibition 

of the membrane GLUT-4 receptor1. GLUT-4 is most abundantly expressed in 

cardiac, skeletal muscle and adipose tissue and is very important for insulin 
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stimulated glucose uptake27, 28. GLUT-4 is also found in the brain, kidney and in 

the intestines28. Consequently, one will expect uptake changes of 18F-FDG in 

normal human tissues. How PI3K influences GLUT-1 is still disputed29, 30. One study 

describes 18F-FDG uptake mediated through PI3K signaling in endothelial cells 

through fibronectin31.

Figure 3: Maximum intensity projection at baseline and after 2 cycles of pictilisib and chemotherapy.

Baseline image of patient with solid NSCLC (A) and patient with less solid parts NSCLC (C). Image made 
after 2 cycles of therapy in patient 1 (B) and patient 2 (D). Patient 1 had a clear decrease in uptake within 
the primary tumor and metastasis, consistent with a partial metabolic response according to the 1999 
EORTC recommendations, and had a PFS 7.6 months. Meanwhile, the uptake within the both the tumor 
and metastasis of patient 2 increased substantially, consistent with progressive metabolic disease. The PFS 
of patient 2 was 23.3 months.

Surprisingly, despite the frequent observations in prior studies of hyperglycemia 

during PI3K inhibition, in normal tissue PI3K inhibition by pictilisib caused no 

changes. In the liver only a small, statistically significant but probably clinically 
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irrelevant change in 18F-FDG uptake was observed. GLUT-4 physiology may explain 

these findings. GLUT-4 is prevalent intracellularly, yet direct stimulation (either by 

insulin or muscle contraction induced) is necessary in order to translocate GLUT-

4 from the intracellular storage vesicle to the plasma membrane to start taking 

up glucose27, 28. Theoretically, fasting and resting between 18F-FDG injection and 

the PET/CT, as per protocol is required when performing PET/CT, negates all 

factors necessary for GLUT-4 stimulation. During fasting no direct stimulation of 

GLUT-4 activity occurs. Our results suggests that PI3K inhibition by pictilisib does 

not influence GLUT-4 stimulation under fasting conditions. Simulating normal 

transient activity is necessary in order to definitively answer the question whether 

PI3K inhibition has any clinically relevant effects on normal tissue. One way to do 

this is to measure insulin sensitivity using the hyperinsulinemic euglycemic clamp 

technique prior to and after administration of a PI3K inhibitor.

PI3K inhibition and glucose uptake in tumor tissue
There is little literature concerning the clinical value of measuring 18F-FDG uptake 

during PI3K inhibition. One paper described in a 3D spheroid cell line model that 
18F-FDG may be a suitable marker of response16. An animal study showed that 
18F-FDG uptake in mice with ovarian cancer treated with a PI3K/mTOR inhibitor 

was correlated to a decrease in cell proliferation32. Sarker et al investigated PI3K 

inhibition with pictilisib in their phase 1 study. In 32 patients, they included 18F-FDG 

PET response assessment, and in 7 of these 32 (22%) patients had a metabolic 

partial response12. In resected NSCLC, there is a direct relationship between 
18F-FDG uptake and the expression of glucose transport receptors (GLUT-1 and 

GLUT-3, respectively)33. Additionally in NSCLC, besides the correlation between 

GLUT-1 and GLUT-3 with 18F-FDG uptake, 18F-FDG uptake is correlated with hypoxia 

inducible factor (HIF), vascular endothelial growth factor (VEGF) as well as the PI3K 

downstream target, mTOR expression levels in a recent large study14.

Consistent HIF pathway activation itself is related to GLUT-113 and GLUT-315 receptor 

expression in tumors. Pictilisib induced PI3K inhibition reduced the HIF pathway 

activation and consequently reduced GLUT-1 expression in a thyroid carcinoma 

xenograft model13.
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Clinical relevance
Pictilisib does not have clinically relevant metabolic changes in normal tissues when 

used with chemotherapy under fasting conditions. A small, but clinically irrelevant 

change induced by pictilisib and chemotherapy in the hepatic 18F-FDG uptake was 

observed. Subsequent studies should combine a normoglycemic hyperinsulinemic 

clamp performed during the 18F-FDG tracer infusion and subsequent PET. During 

such a study, simultaneous assessment of both a resting and exercise muscular 

uptake should be performed, as skeletal muscle GLUT-4 is translocated by exercise27. 

Conclusion

In conclusion, this exploratory pilot study shows that in normal human tissue PI3K 

inhibition by pictilisib combined with chemotherapy does not influence GLUT-4 

stimulation in a clinically significant way under fasting conditions.

Acknowledgements:
We are grateful for the help provided by J.H. van Snick with the logistics and 

execution of this study. We are tremendously grateful for all the help provided by 

Vikram Rao Bollineni.

This research was performed partly within the framework of CTMM, the Center 

for Translational Molecular Medicine, project AIRFORCE (grant 030-103). CTMM 

had no role in study design, data collection and analysis, decision to publish or 

preparation of the manuscript.

40100_Kerner.indd   89 09-04-16   20:49



Chapter 5

90

References

1. Schultze SM, Hemmings BA, Niessen M, Tschopp O. PI3K/AKT, MAPK and AMPK signalling: protein 
kinases in glucose homeostasis. Expert Rev Mol Med 2012;14:e1.

2. Kalaany NY, Sabatini DM. Tumours with PI3K activation are resistant to dietary restriction. Nature 
2009;458:725-31.

3. Blons H, Cote JF, Le Corre D, et al. Epidermal growth factor receptor mutation in lung cancer are linked 
to bronchioloalveolar differentiation. Am J Surg Pathol 2006;30:1309-15.

4. Reinmuth N, Jauch A, Xu EC, et al. Correlation of EGFR mutations with chromosomal alterations and 
expression of EGFR, ErbB3 and VEGF in tumor samples of lung adenocarcinoma patients. Lung Cancer 
2008;62:193-201.

5. Riely GJ, Kris MG, Rosenbaum D, et al. Frequency and distinctive spectrum of KRAS mutations in never 
smokers with lung adenocarcinoma. Clin Cancer Res 2008;14:5731-4.

6. Kerner GS, Schuuring E, Sietsma J, et al. Common and Rare EGFR and KRAS Mutations in a Dutch Non-
Small-Cell Lung Cancer Population and Their Clinical Outcome. PLoS One 2013;8:e70346.

7. Spoerke JM, O’Brien C, Huw L, et al. Phosphoinositide 3-kinase (PI3K) Pathway Alterations are Associated 
with Histologic Subtypes and are Predictive of Sensitivity to PI3K Inhibitors in Lung Cancer Preclinical 
Models. Clin Cancer Res 2012.

8. Samuels Y, Wang Z, Bardelli A, et al. High frequency of mutations of the PIK3CA gene in human cancers. 
Science 2004;304:554.

9. Cully M, You H, Levine AJ, Mak TW. Beyond PTEN mutations: the PI3K pathway as an integrator of 
multiple inputs during tumorigenesis. Nat Rev Cancer 2006;6:184-92.

10. Pal A, Barber TM, Van de Bunt M, et al. PTEN mutations as a cause of constitutive insulin sensitivity and 
obesity. N Engl J Med 2012;367:1002-11.

11. Busaidy NL, Farooki A, Dowlati A, et al. Management of metabolic effects associated with anticancer 
agents targeting the PI3K-Akt-mTOR pathway. J Clin Oncol 2012;30:2919-28.

12. Sarker D, Ang JE, Baird R, et al. First-in-human phase I study of pictilisib (GDC-0941), a potent pan-class 
I phosphatidylinositol-3-kinase (PI3K) inhibitor, in patients with advanced solid tumors. Clin Cancer Res 
2015;21:77-86.

13. Burrows N, Babur M, Resch J, et al. GDC-0941 inhibits metastatic characteristics of thyroid carcinomas 
by targeting both the phosphoinositide-3 kinase (PI3K) and hypoxia-inducible factor-1alpha (HIF-
1alpha) pathways. J Clin Endocrinol Metab 2011;96:E1934-43.

14. Kaira K, Serizawa M, Koh Y, et al. Biological significance of 18F-FDG uptake on PET in patients with non-
small-cell lung cancer. Lung Cancer 2014;83:197-204.

15. Yu J, Li J, Zhang S, et al. IGF-1 induces hypoxia-inducible factor 1alpha-mediated GLUT3 expression 
through PI3K/Akt/mTOR dependent pathways in PC12 cells. Brain Res 2012;1430:18-24.

16. Kelly CJ, Hussien K, Muschel RJ. 3D tumour spheroids as a model to assess the suitability of [18F]FDG-
PET as an early indicator of response to PI3K inhibition. Nucl Med Biol 2012.

17. Boellaard R, O’Doherty MJ, Weber WA, et al. FDG PET and PET/CT: EANM procedure guidelines for 
tumour PET imaging: version 1.0. Eur J Nucl Med Mol Imaging 2010;37:181-200.

18. de Groot EH, Post N, Boellaard R, Wagenaar NR, Willemsen AT, van Dalen JA. Optimized dose regimen 
for whole-body FDG-PET imaging. EJNMMI Res 2013;3:63.

19. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in solid tumours: revised 
RECIST guideline (version 1.1). Eur J Cancer 2009;45:228-47.

20. Cheebsumon P, Boellaard R, de Ruysscher D, et al. Assessment of tumour size in PET/CT lung cancer 
studies: PET- and CT-based methods compared to pathology. EJNMMI Res 2012;2:56.

21. Bollineni VR, Kerner GS, Pruim J, et al. PET Imaging of Tumor Hypoxia Using 18F-Fluoroazomycin 
Arabinoside in Stage III-IV Non-Small Cell Lung Cancer Patients. J Nucl Med 2013.

22. Young H, Baum R, Cremerius U, et al. Measurement of clinical and subclinical tumour response 
using [18F]-fluorodeoxyglucose and positron emission tomography: review and 1999 EORTC 
recommendations. European Organization for Research and Treatment of Cancer (EORTC) PET Study 
Group. Eur J Cancer 1999;35:1773-82.

40100_Kerner.indd   90 09-04-16   20:49



Normal tissue metabolism during PI3K inhibition in NSCLC patients

91

5

23. Hirvonen J, Virtanen KA, Nummenmaa L, et al. Effects of insulin on brain glucose metabolism in 
impaired glucose tolerance. Diabetes 2011;60:443-7.

24. Iozzo P, Hallsten K, Oikonen V, et al. Effects of metformin and rosiglitazone monotherapy on insulin-
mediated hepatic glucose uptake and their relation to visceral fat in type 2 diabetes. Diabetes Care 
2003;26:2069-74.

25. Hallsten K, Virtanen KA, Lonnqvist F, et al. Rosiglitazone but not metformin enhances insulin- and 
exercise-stimulated skeletal muscle glucose uptake in patients with newly diagnosed type 2 diabetes. 
Diabetes 2002;51:3479-85.

26. Aggarwal R, Grabowsky J, Strait N, Cockerill A, Munster P. Impact of patient ethnicity on the metabolic 
and immunologic effects of PI3K-mTOR pathway inhibition in patients with solid tumor malignancies. 
Cancer Chemother Pharmacol 2014;74:359-65.

27. Richter EA, Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol Rev 2013;93:993-
1017.

28. Stockli J, Fazakerley DJ, James DE. GLUT4 exocytosis. J Cell Sci 2011;124:4147-59.

29. Somwar R, Sumitani S, Taha C, Sweeney G, Klip A. Temporal activation of p70 S6 kinase and Akt1 by 
insulin: PI 3-kinase-dependent and -independent mechanisms. Am J Physiol 1998;275:E618-25.

30. Barthel A, Okino ST, Liao J, et al. Regulation of GLUT1 gene transcription by the serine/threonine kinase 
Akt1. J Biol Chem 1999;274:20281-6.

31. Paik JY, Ko BH, Jung KH, Lee KH. Fibronectin stimulates endothelial cell 18F-FDG uptake through focal 
adhesion kinase-mediated phosphatidylinositol 3-kinase/Akt signaling. J Nucl Med 2009;50:618-24.

32. Lheureux S, Lecerf C, Briand M, et al. (18)F-FDG Is a Surrogate Marker of Therapy Response and Tumor 
Recovery after Drug Withdrawal during Treatment with a Dual PI3K/mTOR Inhibitor in a Preclinical 
Model of Cisplatin-Resistant Ovarian Cancer. Transl Oncol 2013;6:586-95.

33. de Geus-Oei LF, van Krieken JH, Aliredjo RP, et al. Biological correlates of FDG uptake in non-small cell 
lung cancer. Lung Cancer 2007;55:79-87.

40100_Kerner.indd   91 09-04-16   20:49



40100_Kerner.indd   92 09-04-16   20:49



40100_Kerner.indd   93 09-04-16   20:49



Chapter 6

94

Abstract

Background
In ALK-positive advanced NSCLC, crizotinib has a high response rate and 

effectively increases quality of life and survival. CT measurement of the tumor 

may insufficiently reflect the actual tumor load changes during targeted 

therapy with crizotinib. We explored whether 18F-FDG PET measured metabolic 

changes are different from CT based changes and studied the impact of these 

changes on disease progression. 

Methods
 18F-FDG PET/CT was performed prior to and after 6 weeks of crizotinib 

treatment. Tumor response on CT was classified with RECIST 1.1, while 18F-FDG 

PET response was assessed according to the 1999 EORTC recommendations 

and PERCIST criteria. Agreement was assessed using McNemars test. During 

follow-up, patients received additional PET/CT during crizotinib treatment 

and second generation ALK inhibition. We assessed whether PET was able to 

detect progression earlier then CT.

Results
In this exploratory study 15 patients were analyzed who were treated with 

crizotinib. There was a good agreement in the applicability of CT and 18F-FDG 

PET/CT using the EORTC recommendations. During first line crizotinib and 

subsequent second line ALK inhibitors, PET was able to detect progression 

earlier then CT in 10/22 (45%) events of progression and in the others disease 

progression was detected simultaneously.

Conclusion
In advanced ALK positive NSCLC PET was able to detect progressive disease 

earlier than with CT in nearly half of the assessments while both imaging tests 

performed similar in the others.

Keywords: EML4/ALK NSCLC, Crizotinib, 18F-FDG PET, treatment response
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Introduction

In clinical practice, tumor response measurements are performed using the 

anatomical CT based RECIST criteria1. Nowadays, it has been recognized that 

metabolic tumor changes as measured with 18F-FDG PET can also be used as an 

indicator of effectiveness (EORTC recommendations2, PERCIST3). Examples of this 

principle include imatinib treated gastrointestinal stromal tumors and EGFR-TKI 

treatment for EGFR mutated advanced NSCLC4-7. During targeted therapy, early 

metabolic changes in tumor activity often precedes anatomic tumor lesion size 

alterations. ALK positive advanced NSCLC are treated with different ALK inhibitors 

such as crizotinib, ceritinib and alectinib8-11 . Whether targeted treatment such 

as crizotinib induces quick metabolic changes, and whether these metabolic 

changes are related to lesions size alterations is currently unknown.

The goal of this paper is to describe metabolic responses on crizotinib in ALK 

positive NSCLC patients and compare PET and CT assessments with different 

tumor response criteria. Furthermore, we also assessed during follow up with ALK 

inhibition whether PET is able to detect progression of disease at an earlier time 

point compared to regular CT.

Material and methods

Patients
Patients with advanced EML4/ALK positive NSCLC treated with crizotinib were 

studied with 18F-FDG PET/CT at baseline and after six weeks of treatment. During 

and after treatment patients underwent PET/CT until progression of disease was 

determined. If they were eligible for additional treatment (local treatment or 

systemic treatment with a second generation ALK inhibitor), PET/CT was repeated 

to assess tumor response again until disease progression was determined.

Informed Consent and Ethics
This study was performed using clinical data from previous studies for which 

informed consent was obtained. For this study all data were anonymized and 

de-identified prior to analysis. Under the Dutch Law Medical Research Involving 

Human Subjects Act (WMO), no (additional) informed consent was necessary from 

the Institutional Review board.
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Pathology
Tumor samples were obtained either by bronchoscopy, transthoracic lung 

biopsies, or from resections. Samples were examined according to the 2011 

IASLC/ATS/ERS NSCLC classification12. ALK status was determined by FISH and/or 

by immunohistochemistry.

For detecting the ALK fusion gene, the Vysis ALK Break Apart FISH probe (Abbott 

06N43-020) was used. A score of at least 50 tumor cell in an area on the paraffine 

coupe was marked by the pathologist and scored by two different observers. For 

scoring FISH patterns, the criteria were used as described by Thunnissen et al13.

To detect ALK expression using immunohistochemistry, a fully automated 

immunohistochemic assay was used on the Ventana BenchMark Ultra with the 

anti-ALK (D5F3) rabbit monoclonal primary antibody (Ventana Cat. No. 790-4794 / 

06679072001). This analysis was performed using the OptiView DAB IHC Detection 

Kit and the OptiView Amplification Kit. For assessment the Ventana ALK scoring 

interpretation guide was used (http://www.uclad.com/newsletters/ALK-LUNG-

IHC-INTERPRETATION-GUIDE.pdf ).

CT
The diagnostic CT images were made on a Siemens Biograph/Somatom mCT 

scanner (Siemens Healthcare, Erlangen, Germany). The CT was performed in 8 

seconds, (effective mAs 80, 120 kV with care dose setting active) in a craniocaudal 

direction at full inspiration. Slice thickness was 0.5 mm, pitch was 14 with a rotation 

of 0.5 seconds. Patients were injected with 55 ml of Iomeron contrast 350 mg/ml 

(Bracco Imaging Deutschland GmbH, Konstanz, Germany) at a speed of 2.5 ml/sec 

30 seconds prior to scanning.

Tumor response was measured on CT according to RECIST 1.1 criteria by an 

experienced radiologist1.

18F-FDG PET/CT
18F-FDG PET/CT images were made on the same Siemens Biograph/Somatom 

mCT time-of-flight scanner according to EANM guidelines14, 15. The voxel size of the 

EANM reconstructions are 4 by 4 by 2.4 mm (38.4 mm3). Prior to tracer injection, 

a blood sample was drawn to confirm fasting blood glucose level (<11 mmol/l) 
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after a 6 hour fasting period. Patients were dosed at 3 MBq/kg bodyweight 

intravenously. Sixty minutes after injection, patients were scanned from the upper 

leg to the brain. Scan times per bed position were dependent on patient weight, 

1 minute if less than 60 kg, 2 minutes if between 60-90 kg and 3 minutes if above 

90 kg per bed position16.

18F-FDG PET/ response measurement
All PET based analyses were performed using the IMALYTICS research work station 

(Philips Technologie Gmbh Innovative Technologies Aachen, Aachen, Germany). 

Using the maximum intensity projection (MIP), each separate metastasis was 

visually selected and an adaptive threshold algorithm was used to calculate 

the volume of interest. The threshold was set to 41% based upon the study by 

Cheebsumon et al17. This was performed with the following settings: 20 mm 

distance of the background shell from the 70% peak/contour and 2.5 threshold for 

voxels to be excluded.

Two different methods of metabolic response measurement were used. 

1. Using the previously defined VOI, five lesions with the highest SUV
max 

were 

selected, and the SUV
max

 averaged. On the response scan, the same 5 lesions 

were selected and averaged again. The difference in percentage between 

these two measurements was used for response. The assessment was 

performed according to the 1999 EORTC recommendations2.

2. Tumor response assessment according to the PERCIST criteria3 was performed 

separately by using MIM version 6.0.2 (MIM software, Cleveland, OH, USA) to 

assess the SUV
peak

.

Follow up
Follow-up was performed in all patients. Patients were assessed at regular times 

every 6-12 weeks. After disease progression patients received a new treatment 

and a subsequent progression event was recorded.

Statistics
All SUV, except for SUV

peak
 in accordance with the PERCIST criteria3, were corrected 

for glucose level. The measure of agreement in the applicability between CT 

response with the EORTC recommendations and PERCIST criteria, respectively, 

was assessed using the McNemar test. Progression-free survival (PFS) was defined 
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from date of diagnosis until date of tumor progression on CT or death. If a solitary 

new lesion was detected and was completely treated with a local treatment such 

as stereotactic radiotherapy, surgery or radiofrequency ablation and no regrowth 

was determined for at least 3 months, this single event was not considered as 

progressive disease.

All statistics were performed using SPSS 22.0 (International Business Machines 

Corp, Armonk, NY, USA).

Results

Fifteen patients were treated with crizotinib as first line ALK inhibition and were 

followed with18F-FDG PET/CT, thirteen had baseline imaging, all had follow up 

imaging. Median duration of follow up was 11 (2-39) months. Median age of the 

patients was 57 (21-68) year with 12 females and 3 males. Patient characteristics 

are given in table 1. Histology results and ALK status either by FISH and/or 

immunohistochemistry is given in table 2.

Table 1. Baseline patient characteristics

N=15*

Median age (range) 57 (21-68)

Male/female 03/12

Line of treatment

First 3

Second 2

Third 4

Fourth 4

Number of patients with metastases in different organs 
detected by PET/CT before start of crizotinib treatment (N=13)

Pulmonary 12**

Mediastinal 13

Hepatic 8

Bone 12

Brain 3

Median PFS during crizotinib (n=15) 
treatment in months

6.9 (0.9-26.1)

*2 patients had no FDG-PET/CT baseline imaging study.
** in 1 patient with no pulmonary metastases, the pulmonary metastases became visible within 2 months 
of therapy.
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Baseline and 6 weeks CT and 18F-FDG PET/CT measured responses
In 13 patients PET/CT was performed during crizotinib treatment. With CT 

according to RECIST criteria, there were 9 patients with a partial response, 1 with 

stable disease and 3 patients had progressive disease after 6 weeks of therapy. 

Median PFS was 6.9 (range 0.9-26.1) months.

Table 2. Baseline 18F-FDG PET and CT tumor response measurements with PERCIST and EORTC criteria and 
progression-free survival per patient.

CT FDG PET

Patient Histology IHC FISH RECIST PERCIST EORTC PFS

1 Adeno + + PR PMR -38, 8 PMR >26.1

2 Adeno + - PR PMR -42, 6 PMR 4.9

3 Adeno + + PR PMR -57, 9 PMR 8.3

4 Adeno + + PR PMR -77, 6 PMR 15.7

5 Adeno nd + PR PMR -66, 9 PMR 7.8

6 Adeno + + PR PMR -70, 6 PMR 10.4

7 Adeno + + PR PMR -76, 6 PMR 9.2

8 Adeno + + PR PMR -42, 6 PMR 6.9

9 Adeno - + PD SMD -1, 8 SMD 1.8

10 NSCLC NOS - + PD PMD 7, 4 PMD 0.9

11 Adeno + + PR nd PMR 1.8

12 Adeno + + SD nd PMR 6.3

13 Adeno - + PD nd PMD 2

Histology is according to 2011 IASLC/ATS/ERS NSCLC classification12.
Immunohistochemistry (IHC) was performed according to the Ventana ALK scoring 
VOI: The number of volumes of interests each in a different tumor location.
CT response is defined according to RECIST 1.1 criteria.
FDG response is defined according to PERCIST criteria and 1999 EORTC recommendations.
Response in PERCIST criteria is response category with percentage change, weeks after start of therapy. 
PMR= partial metabolic response 
SMD= stable metabolic disease 
PMD= progressive metabolic disease.
PFS= progression-free survival in months.
nd =not determined

With PET measurements according to 1999 EORTC recommendations, there were 

10 partial metabolic responders, 1 stabile metabolic disease and 2 progressive 

metabolic disease. Using the PERCIST criteria in 10 patients, 8 had a partial metabolic 

response, 1 stabile metabolic disease and 1 progressive metabolic disease (table 

2). There were 2 discordant responses between PET and CT, with a more favorable 

response on PET (i.e. PMR with SD, or SMD with PD). The per patient change in 

percentage of SUV
max

 was more pronounced than measured with SUV
peak

 (figure 
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1). Although the average outcome using the EORTC recommendations or PERCIST 

criteria were not impressive, all 10 patients had a clinically dramatic response on 

the 6 week PET/CT with visual assessment (figure 2).

Figure 1: Change in percentage between baseline and after 6 weeks of treatment with crizotinib assessed 
using SUV

max
 (1A, N=13), SUV

peak 
(1B, N=10) and RECIST (1C, N=13).

Overall, there was a good agreement in the applicability between CT and FDG-

PET/CT assessed with EORTC recommendations (N=13, P=0.37) at 6 weeks. 

Follow-up with CT and 18F-FDG PET/CT
Fifteen patients were included for follow-up, in which additional PET/CT scans 

were performed. A total of 78 PET/CT were available for evaluation. In 8 out of 

15 patients, local progression was detected. Local oligometastatic progression 

was treated with radio frequency ablation (RFA) in 1 patient, with surgery in 3 

patients, and with (stereotactic) radiation in 5 patients. In 6 patients with systemic 

progression, 4 were treated with ceritinib, 1 with alectinib, and 1 was treated with 

pemetrexed before receiving ceritinib treatment.

PET/CT was used to detect an increase in metabolic activity at places with 

previous solid tumors on CT or new lesions that were very small or not yet visible 

on CT. Comparison of PET and CT according to EORTC criteria at first, second, third 

line of ALK targeted treatment (either systemic or localized treatment) revealed 

in 5/12, 3/7, 2/3 patients that progressive disease was detected earlier on PET 

compared with CT. Under first and fourth line treatment one and two patients, 

respectively, showed no disease progression. This means that in 10/22 (45%) 

events of progressive disease PET was superior compared to CT. Compared with all 

assessments, in 10 out of 78 PET/CT, PET alone provided evidence of progression, 

whereas in 12 out of 78, PET/CT and CT both provided evidence of progression at 

the same time point.
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Figure 2: 18F-FDG maximum intensity projection of patient 2 and 8 prior to (A, C) and after 6 weeks of 
treatment with crizotinib (B, D).

Scale is from 0-15 SUV. These images illustrate the clinically dramatic decrease in 18F-FDG uptake, with both 
patients having a PMR according to both PERCIST criteria and the EORTC recommendations.
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Discussion

In this exploratory study the metabolic activity in the primary tumor and 

metastases decreased dramatically soon after starting crizotinib. There was a good 

agreement in the applicability between CT and PET based response assessment 

at 6 weeks. However the metabolic activity decreased to a larger extent than the 

corresponding tumor size on CT. This result was in line with the good agreement 

between the measurements according to EORTC recommendations and those 

measured with PERCIST criteria. The SUV
max 

changes showed the largest absolute 

decrease in activity. To the best of our knowledge, this is also the first study to 

compare 18F-FDG PET/CT related outcome with ALK immunohistochemistry.

Previously, a study with a murine ALK positive NSCLC model in which the ALK kinase 

inhibitor TAE684 was administered, a substantially diminished tumor metabolic 

activity was detected within 24 hours of starting therapy18. One clinical study 

showed that ALK positive NSCLC patients had a higher SUV
max 

than ALK negative 

NSCLC patients
,
 but this difference disappeared in larger tumors19.

Crizotinib treatment is clearly superior to chemotherapy in treating ALK positive 

NSCLC patients, with a PFS of 7.7 months9 yet unfortunately, treatment with 

targeted therapy commonly leads to acquired resistance. To overcome crizotinib 

resistance, different therapeutic strategies have been developed20. Identifying 

resistance to treatment at an early moment in individual patients is important, 

because in solitary or oligometastases localized treatment options such as 

stereotactic radiotherapy, video-assisted resections or radiofrequency ablation can 

be applied. Response assessment with 18F-FDG PET/CT could represent a method 

with the ability to identify early resistance to treatment and to identify patients 

with solitary, oligo or “systemic” metastases. Future research should focus on 

whether such strategy will improve survival, quality of life and cost-effectiveness. 

What time point is the best to evaluate an early tumor response? We performed 

the assessments at 6 weeks but that time point may be too late. At that time there 

was no difference in test performance between PET and CT. In other targeted 

treatment modalities with advanced NSCLC, early responses on PET preceded 

anatomic tumor size alterations4, 6. A recent study with surgical resections showed 

that response monitoring with 18F-FDG PET within 1 week of starting treatment with 

erlotinib in an unselected NSCLC population identified 64% of histopathological 
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responders21. The same study also showed that a decrease in 18F-FDG activity seen 

after 1 week of therapy is likely to continue after 3 weeks.

Assessing tumor responses at follow up was easier with PET/CT than with CT. In 

10/22 events of disease progression in 15 patients, PET was capable of detecting 

progression earlier than CT. An additional advantage of PET is that progression 

is detectable outside of the field of view of a CT. These advantages should be 

taken into account in cost-effectiveness studies using 18F-FDG PET/CT in response 

assessment during follow-up of oligometastasis.

One problem we encountered, is the discordance between the dramatic results 

on visual clinical assessment and the less dramatic results using SUV
max 

and SUV
peak

. 

The weakness of the traditional PET based measurement assessment are based 

upon the lesion with single highest uptake value, or as we did, with 5 lesions 

with the highest SUV
max

. It does not take into account the sometimes dramatic 

decrease of all lesions. Furthermore, it does not take into account lesions that 

become metabolically inactive. Both response assessment techniques determine 

progression, with either the appearance of a new lesion or the increased uptake 

of one lesion to at least a certain percentage compared to previous PET scans. 

Importantly, the comparison in increased uptake is between the two highest 

measurable lesions, which does not necessarily need to be the same lesion. An 

example of the discordance can be described in this example: a patient has 3 

lesions. After 6 weeks of treatment the main tumor has a SUVmax
 of 5, the liver 

lesion a SUV
max

 of 2 and a bone lesion with a SUV
max

 of 3. At the next response scan 

after 12 weeks of treatment, in the main tumor SUV
max 

decreased to 4, the liver 

lesion SUV
max

 increased to 6 and the bone lesion remains 3. Because the highest 

SUV
max

 of the lesions is originally 5 and at the last assessment 6, according to the 

EORTC recommendations and PERCIST criteria, the patient is not progressive, yet 

the liver lesion has a clear threefold increase in uptake and clinically the patient has 

progressive disease. Such a patient is eligible for other forms of targeted therapy 

and/or a local treatment such as surgery or RFA. With new targeted therapy such as 

crizotinib, the need to identify examples as the above from patients with systemic 

disease will become more necessary. It is therefore imperative to reconsider our 

response criteria as is done for immunotherapy.
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Conclusion

This explorative study of 18F-FDG PET/CT in ALK positive NSCLC patients treated 

with crizotinib showed a good agreement between CT and PET measurements 

at 6 weeks. However, follow up with PET increases early detection of metastases. 

In 45% of detection of progressive disease events in 15 patients treated with ALK 

inhibitors, PET detected progression of disease earlier than CT did.
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Abstract

Stage III unresectable non-small cell lung cancer (NSCLC) is preferably treated 

with concurrent schedules of chemoradiotherapy, but none is clearly superior. 

Gemcitabine is a radiosensitizing cytotoxic drug that has been studied in phase 

1 and 2 studies in this setting. The aim of this study was to describe outcome 

and toxicity of low-dose weekly gemcitabine combined with concurrent 

3-dimensional conformal radiotherapy (3D-CRT).

Patients & methods
Treatment consisted of two cycles of a cisplatin and gemcitabine followed by 

weekly gemcitabine 300mg/m2 during 5 weeks of 3D-CRT, 60 Gy in 5 weeks 

(hypofractionated-accelerated). Overall survival (OS), progression-free survival 

(PFS), and treatment related toxicity according to Common Toxicity Criteria of 

Adverse Events (CTCAE) version 3.0 were assessed.

Results
Between February 2002 and August 2008, 318 patients were treated. Median 

age was 64 years (range 36-86); 72% were male, WHO PS 0/1/2 was 44/53/3%. 

Median PFS was 15.5 months (95% confidence interval [CI], 12.9-18.1) and 

median OS was 24.6 months (95% CI., 21.0-28.1). Main toxicity (CTCAE grade ≥3) 

was dysphagia (12.6%), esophagitis (9.6%), followed by radiation pneumonitis 

(3.0%). There were five treatment related deaths (1.6%), two due to esophagitis 

and three due to radiation pneumonitis.

Conclusion
Concurrent low-dose gemcitabine and 3D-CRT provides a comparable survival 

and toxicity profile to other available treatment schemes for unresectable 

stage III.

Keywords: gemcitabine, stage III NSCLC, radiotherapy, concurrent 

chemoradiotherapy
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Introduction

At presentation approximately 30% of patients with non-small-cell lung cancer 

(NSCLC) have locally advanced (stage III) disease1. Median overall survival for 

clinically staged NSCLC stage IIIA is 14 months and for stage IIIB 10 months with 

five-year survival of 19% and 7%, respectively2. For good performance patients 

with unresectable stage III disease, the treatment of choice is concurrent 

chemoradiotherapy3, 4 Different treatment modalities are used in practice, but 

none is clearly superior to others5-11.

Gemcitabine is among the strongest radiosensitizing drugs available, but its use in 

lung cancer has been limited due to substantial toxicity when combining full-dose 

gemcitabine with radiotherapy in treatment of stage III NSCLC12, 13. Excess rates of 

radiation pneumonitis have been reported using gemcitabine in chemoradiation 

for lung cancer in earlier studies that had used 2D radiotherapy14, 15. Previously, 

a phase I trial was conducted at our institution establishing a safe schedule of 

concurrent weekly 300 mg/m2 gemcitabine and 3D-CRT16. These results were 

confirmed in a phase II trial at our institution17.

Here we report survival time and treatment related toxicity of this treatment 

regimen in a consecutive cohort of patients receiving gemcitabine-based 

concurrent chemoradiotherapy for stage III unresectable NSCLC over a period of 7 

years. A subgroup analysis of patients aged >70 years was planned a priori.

Materials and Methods

Patient selection
From February 2002 until December 2009, consecutive patients with stage III 

unresectable NSCLC who were treated with concurrent chemoradiotherapy with 

gemcitabine as radiosensitizer referred to one radiotherapy department from 

6 hospitals in the northern part of the Netherlands were studied. Staging was 

performed by whole body 18F-FDG-PET, contrast enhanced chest CT, bronchoscopy, 

endoscopic ultrasound with fine-needle biopsy and mediastinoscopy. Treatment-

related decisions were made during the weekly multidisciplinary meetings. The 

decision for treating these patients with this scheme, which was regarded as the 
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standard treatment protocol for NSCLC stage III, was based on physical condition 

(performance status according to WHO), co-morbidity, and expected radiotherapy 

dose–volume constraints.

Induction chemotherapy
Chemotherapy consisted of two cycles of cisplatin 75 mg/m2 on day 1 and 

gemcitabine 1125 mg/m2 administered intravenously on day 1 and 8 of each 21-

day cycle. This dose of gemcitabine provides the same dose intensity as the older 3 

out of 4 week schedule. Anti-emetics were ondansetron 8 mg twice daily on days 

1 and 2, and dexamethasone 8 mg twice a day on days 1 and 2 of each cycle and 

aprepitant 125 mg on day 1 and 80 mg on days 2 and 3. The interval between the 

first dose of induction chemotherapy and the start of radiotherapy was 6 weeks. 

Radiotherapy with gemcitabine as sensitizer
Patients received 3D-CRT to a total dose of 60 Gy, administered over 5 weeks 

in once daily fractions of 2.4 Gy five days per week, together with once weekly 

gemcitabine 300 mg/m2. Gemcitabine was omitted when leucocytes were below 

3.109/L or platelets below 100.109/L. The gross target volume (GTV) was delineated 

on the planning-CT and included the primary tumor and enlarged 18F-FDG-avid, 

or pathologically proven lymph nodes. Until 2005, tumor motion was determined 

with fluoroscopy and respective margins were added to the GTV, thereafter, an 

internal target volume (ITV) was individually delineated using a 4D-planning CT. 

A 5 mm margin was added to arrive at the clinical target volume, another 6 mm 

were added for the planning target volume (PTV). Radiotherapy was delivered 

using 6 MV photons, the dose was specified at the isocenter and was corrected for 

pulmonary heterogeneity. The total radiation dose administered corresponded to 

an equivalent dose of 62 Gy if it were given in 2 Gy daily fractions.

Dose constraints
The spinal cord dose was constrained to 50 Gy. The mean lung dose (MLD) should 

not exceed 20 Gy (uncorrected for the slightly higher dose per fraction; this would 

equal 21.6 Gy converted to 2Gy/fraction equivalent dose using an alpha/beta of 

3Gy in the linear quadratic formula). The V
20

 (the volume of the total lung volume 

receiving ≥ 20 Gy) was constrained to 30% (this value is challenging to recalculate 

using the linear-quadratic formula, but will correspond to a value about 8% higher 

if given in 2Gy daily fractions).
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For patients with high-volume disease, a proof-planning was made and evaluated 

for feasibility by the radiation oncologist. If necessary, the radiation dose was 

adapted. If the pulmonary dose constraints were still considerably exceeded after 

radiation dose reduction, patients were excluded from this protocol.

Treatment evaluation
Complete blood cell counts were performed on days 1, 8, and 22 of each induction 

chemotherapy cycle. On day 1 of each cycle, patient evaluation also included liver 

and renal functions, performance status, and toxicity scoring. During radiotherapy, 

complete blood cell counts and toxicity evaluation were performed. Two months 

after completion of treatment a response CT scan was obtained and patients were 

followed every 3 months with physical examination, laboratory tests and chest 

x-ray. Disease progression was defined according to RECIST 1.0 criteria18. Toxicity 

(esophagitis, and radiation pneumonitis) related to treatment was retrospectively 

scored using the Common Toxicity Criteria (CTCAE 3.0) of the National Cancer 

Institute.

Statistical analysis
Descriptive statistics were used to characterize clinical features and toxicity. Using 

the Kaplan-Meier method, overall survival (OS) and progression-free survival 

(PFS) were calculated from the date of diagnosis until death, loss to follow-up, or 

first documentation of progressive disease, respectively. A subgroup analysis in 

patients aged over 70 years was performed to evaluate the outcome in elderly 

patients. Cox regression analysis was performed with the variables age, smoking, 

gender, histology, radiation dose, WHO performance score and PTV.
 
A p-value of < 

0.05 was considered statistically significant. All calculations were performed using 

SPSS 20.0 (International Business Machines Corp, Armonk, NY, USA)

Results

Three hundred and eighteen subsequent patients receiving concurrent 

chemoradiotherapy with gemcitabine as a radiosensitizer were studied. Median 

age was 64 years (range 36-86); male/female was 72/28%; WHO PS 0/1/2 was 44, 

53 and 3%. A total of 93 patients were aged ≥ 70.
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Chemotherapy
Two hundred and forty-two patients (76%) received cisplatin and gemcitabine as 

induction, 42 (13%) received carboplatin and gemcitabine, and 9 patients (3%) 

received other schedules. Twenty five (8%) patients did not receive induction 

chemotherapy. A total of 259 patients (81%) received all 5 weekly doses of 

gemcitabine during radiotherapy, 244 (76%) received both full dose gemcitabine 

and full dose radiotherapy. Fifty-one patients (16%) received between 1 

and 4 gemcitabine administrations weekly, mainly due to neutropenia and 

thrombocytopenia. For the remaining 8, no information was available. Patient 

characteristics are detailed in table 1. Interestingly, advanced age did not lead to 

decreasing the concomitant gemcitabine dose (table 2). Seven patients (2%) had 

a tumor resection after chemoradiotherapy.

Radiotherapy
The radiotherapy dose was 60 Gy in 284 patients (89%) while less than 60 Gy (range, 

29 to 58 Gy) was administered in 34 patients (11%). These 34 patients included 

17 patients with increased risk of radiation pneumonitis due to increased V
20

 and 

8 patients who stopped treatment due to radiation related toxicity including 3 

patients with CTC grade 3 esophagitis. Nine patients received less than 60 Gy for 

undocumented reasons.

The median PTV was 431cc with the 90th percentile at 734 cc. Median V
20

 was 

22.7% and the 90th percentile was 31.0%. In patients aged ≥ 70, median PTV was 

not different at 411 cc with the 90th percentile at 702 cc. Median V
20

 was 23%, with 

the 90th percentile at 30.6%.
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Table 1. Patient characteristics.

Number of patients 
(N=318)

%

Age 64 (36-86)

Male/Female ratio 229/89 72/28

WHO 0 129 44

1 151 53

2 10 3

Unknown 28

Histology

 Adenocarcinoma 68 21.4

 Squamous cell 157 49.4

NSCLC-NOS 93 29.2

Smokers

 None 9 3

 Current 163 51

 Former 109 34

 Unknown 37 12

Induction treatment

Cisplatin/gemcitabine 242 76

Carboplatin/gemcitabine 42 13

Platinum/pemetrexed 4 1

Other 5 2

No induction 25 8

Radiotherapy dose received

 30-59 Gy 34 11

 60 Gy 284 89

>60 Gy 0 0

During chemoradiotherapy:

Received 5 gemcitabine cycles and 60 Gy 244 76

Received 1-4 gemcitabine cycles and/or 
received less then 60 Gy 

74 24

Table 2. Number of cycles of weekly gemcitabine with respect to age in stage III NSCLC

Age < 70 Age ≥ 70 Total

1 1 (<1%) 0 1 (<1%)

2 7 (3%) 3 (3%) 10 (3%)

3 9 (4%) 7 (8%) 16 (5%)

4 13 (6%) 11 (12%) 24 (8%)

5 188 (84%) 71 (76%) 259 (84%)

* From 8 patients the weekly gemcitabine dosage was not specified.

40100_Kerner.indd   113 09-04-16   20:49



Chapter 7

114

Survival
Median PFS was 15.5 months (95% CI., 12.9-18.1) (Fig. 1A) and median OS was 

24.6 months (95% CI., 21.0-28.1) with a 5-year survival of 26% (Fig. 1B). In the 244 

patients who completed full concurrent treatment, median survival was 26.3 

months (95% CI., 21.9-30.6 months) with a 5-year survival of 27%. In patients aged 

≥ 70, median PFS was 18.7 (95% CI., 10.0-27.4) and OS was 26.2 months (95% CI., 

19.0-33.4) with a 19% 5 year survival rate.

A 

B 

Figure 1. Progression-free survival and overall survival of 318 patients treated with gemcitabine and 3D 
concurrent radiotherapy.

A: Median PFS was 15.5 months (95% CI., 12.9-18.1) 
B :Median OS was 24.6 months (95% CI., 21.0-28.1) with a 5-year survival of 26% 
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Using univariate Cox analysis, current smoking at diagnosis, squamous cell 

histology, higher WHO performance score, male gender and larger PTV, were all 

identified as negative factors influencing survival. In multivariate Cox analysis, 

current smoking, male gender and larger PTV remained as negative factors 

influencing survival.

Toxicity
Most common toxicities were CTC grade 2 esophagitis (13.6%), and CTC grade 2 

radiation pneumonitis (17.7%) (table 3). CTC grade ≥3 esophagitis was seen in 9.7% 

with 2 CTC grade 5 events. One patient had an esophageal ulcerative stenosis which 

resulted in death due to a massive hemorrhage. The second patient received a stent 

for an esophageal stenosis. Later this patient developed an esophageal-bronchial 

fistula and died 22 months later. Three percent (N=10) of the patients had CTC grade 

≥3 radiation pneumonitis. Three patients had a grade 5 event (all aged above 70 

years). For these three patients, the PTV was 508, 600 and 578 cc (the 75% percentile 

of the whole cohort was 576 cc), with a V20 
of 16, 34, and 30%, respectively. The first 

patient had no induction chemotherapy, the two others were treated with induction 

carboplatin and gemcitabine. In patients who completed the full chemoradiotherapy 

(N=244), 7% had CTC grade ≥3 esophagitis (including 1 CTC grade 5 event), and 4% 

CTC grade ≥3 radiation pneumonitis (including 2 CTC grade 5 events). In patients 

aged 70 and older (N=93), 9 patients (9.7%) had CTC grade 3 esophagitis, 4 patients 

(4.3%) had CTC grade 3 radiation pneumonitis, and three patients (3.2%) died due to 

pneumonitis. The other patients died due to progressive disease.

Table 3. Radiation toxicity CTC ≥ 2 in patients with stage III NSCLC treated with concurrent gemcitabine and 
3D radiotherapy.

Toxicity Total Age<70 Age ≥ 70

N=318 % N=225 % N=93 %

Esophagitis

CTC 2 43 13.6 32 14.3 11 11.8

CTC 3 29 9.1 20 8.9 9 9.7

CTC 4 1 0.3 1 0.4 0

CTC 5 2 0.6 2 0.9 0

Radiation pneumonitis

CTC 2 52 17.7 38 17 14 15.1

CTC 3 6 2 2 0.9 4 4.3

CTC 4 1 0.3 1 0.4 0

CTC 5 3 0.9 0 3 3.2
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Discussion

In this paper, we described outcome and toxicity of weekly gemcitabine and 5 

weeks of 3D-CRT for stage III NSCLC. The overall median survival was 24,6 months. 

Although comparisons between uncontrolled single institution series should 

be interpreted with great caution due to possible variation in patient selection 

criteria, in other concurrent chemoradiotherapy regimens median survival was 

between 15.3 and 26 months5-10, 19-21. In addition, esophageal toxicity and radiation 

pneumonitis was also in the same range as other recent studies with concurrent 

chemoradiation5-10, 19-21.

In 2003 it had been shown that concurrent low-dose gemcitabine and 3D-CRT 

had acceptable toxicity16. Subsequently, a phase 2 study showed a median PFS 

of 12.4 months and OS of 21.6 months with acceptable toxicity17. This was the 

reason to adopt the here reported regimen as our protocol in the region, because 

we were unable to recognize excessive toxicity as reported by others, in our 

patients. For instance, in a study from Blanco et al, drug dosage was adapted due 

to toxicity while other studies have been closed due to unacceptable toxicity 

profiles (especially pulmonary toxicity)15, 22, 23. Price et al investigated gemcitabine 

at a lower dosage (100 mg/m2) combined with a lower radiation dosage (55 Gy) 

given in a shorter time span (4 weeks) in a study that was prematurely closed due 

to slow accrual. There were 2 deaths in the gemcitabine arm due to acceleration 

of pre-existing interstitial lung disease24. Of note, in that study a daily fraction-dose 

of 2.75 Gy was given and the lung-dose-constraints had not been adapted for 

this higher dose per fraction. To our knowledge, there are no further reports using 

hypofractionated accelerated radiotherapy combined with gemcitabine.

The main factors that are important concerning pulmonary toxicity (i.e. radiation 

pneumonitis) during chemoradiation with concurrent low-dose gemcitabine are 

not completely understood. Lung dose, the use of conformal radiotherapy and 

the timing of the gemcitabine dosage are primary candidates. The CALGB 30105 

trial showed that a V20
 of 40% was associated with significant grade 3-5 pulmonary 

toxicity25, which would be expected with any other combination treatment, even 

with radiotherapy alone. We observed no unexpected pulmonary toxicity rates, 

because at our institute, the constraint for V
20

 was set at a rather conservative 30% 

(uncorrected for the slightly higher daily fraction dose of 2.4 Gy) and indeed the 
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vast majority (90%) of treated patients had a V
20

 lower than 30%. Elective nodal 

irradiation was completely foregone in the first year of this study, with no ensuing 

statistically significant toxicity differences. However, all three patients in our study 

who died due to radiation pneumonitis were aged above 70 – and had V
20

 of 16, 34 

and 30%, respectively. The CALGB study also identified older age to be associated 

with increased pulmonary toxicity25.

Also for esophageal toxicity, radiation technique had been shown to be critical. In 

a phase 1 study, which initially started using 2D conformal techniques, but halfway 

switched to 3D techniques, the percentage of the esophagus irradiated to 60 Gy 

dropped from 68 to 18%, and grade 2 esophagitis dropped from 5/10 patients to 

2/14 patients14.

Administration of gemcitabine more frequently than once weekly was also 

associated with increased toxicity. One study administered gemcitabine twice 

weekly (50 mg/m2) with 3D radiotherapy with elective nodal irradiation of the 

mediastinum22. Of note, the PTV’s in that study were three times as large as ours 

due to elective nodal irradiation. Due to unacceptable toxicity, the gemcitabine 

dose was reduced to 35 mg/m2, but even after this reduction, still more severe 

CTC grade ≥ 3 esophageal and pulmonary toxicity was observed compared to our 

study. Our once weekly schedule featured 3 (for 50 mg/ m2) to 4.3 times (for 35 

mg/ m2) the cumulative weekly gemcitabine dose22. This suggests that timing of 

drug administration may trigger toxicity, as was also demonstrated in our previous 

phase 1 and 2 clinical trials.

There were a total of 5 (1.6%) non-hematological grade 5 events in our study, 

which is comparable to other mainstream treatment regimens6, 7, 10, 20.

Conclusions

Treatment of patients with unresectable stage III NSCLC with cisplatin and 

gemcitabine followed by concurrent gemcitabine and 3D conformal radiotherapy 

was safe and yielded effectiveness and toxicity rates comparable with other drugs 

in our hands. These results are very likely due to conservative radiation dose-

constraints and 3D-conformal radiotherapy avoiding irradiation of excessive 
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volumes of uninvolved mediastinal areas. Although age was not a factor influencing 

survival and the absolute incidence at 3% grade 5 pneumonitis in patients older 

than 70 years was what could be expected, patients above 70 years of age should 

be selected with great caution for this regimen.
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Abstract

In randomly assigned studies with EGFR TKI only a minor proportion of patients 

with NSCLC have genetically profiled biopsies. Guidelines provide evidence 

to perform EGFR and KRAS mutation analysis in non-squamous NSCLC. We 

explored tumor biopsy quality offered for mutation testing, different mutations 

distribution, and outcome with EGFR TKI.

Methods
Clinical data from 8 regional hospitals were studied for patient and tumor 

characteristics, treatment and overall survival. Biopsies sent to the central 

laboratory were evaluated for DNA quality and subsequently analyzed 

for mutations in exons 18-21 of EGFR and exon 2 of KRAS by bidirectional 

sequence analysis.

Results
Tumors from 442 subsequent patients were analyzed. For 74 patients (17%) 

tumors were unsuitable for mutation analysis. Thirty-eight patients (10.9%) 

had EGFR mutations with 79% known activating mutations. One hundred 

eight patients (30%) had functional KRAS mutations. The mutation spectrum 

was comparable to the Cosmic database. Following treatment in the first 

or second line with EGFR TKI median overall survival for patients with EGFR 

(n=14), KRAS (n=14) mutations and wild type EGFR/KRAS (n=31) was not 

reached, 20 and 9 months, respectively.

Conclusion
One out of every 6 tumor samples was inadequate for mutation analysis. 

Patients with EGFR activating mutations treated with EGFR-TKI have the 

longest survival.

Keywords: EGFR, KRAS, NSCLC, Mutation testing, EGFR TKI treatment.
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Introduction

The effect of EGFR tyrosine kinase inhibitors (TKI) in patients with non-small-cell 

lung cancer (NSCLC) depends on the EGFR mutation status. Therefore, selecting the 

adequate tumor specimen for mutational analysis is an important issue in making 

treatment decisions in NSCLC. In previous randomized studies comparing EGFR 

TKI therapy to regular chemotherapy, the proportion of patients with adequate 

tumor tissue for analysis ranged from 10 to 38%1-6. Most randomized studies used 

different EGFR mutation tests that only examined a very limited number of hotspot 

mutations such as L858R and exon 19 deletions2, 7-10. What happened with less 

frequent mutations is not always obvious. As EGFR mutations are only present in 

non-squamous NSCLC11, accurate histological phenotyping is mandatory in order 

to make decisions on the type of chemotherapy and for predicting the a priori 

presence of mutations. The IASLC/ATS/ERS guideline recommends mutational 

testing in non-squamous NSCLC12.

In Caucasian patients with non-squamous cell lung carcinoma, the KRAS mutation 

is most common (20-30% of cases)13, 14, followed in frequency by mutations in 

the EGFR gene (10-20% of cases)13, 15. Within histological phenotypes, certain 

features appear to be associated with specific mutations, for example the 

micropapillary aspect of adenocarcinoma with BRAF V600 mutations16. Although 

it is advantageous for patients with activating EGFR mutations to receive EGFR 

TKI2, 3, 8, 17-19, in patients with other types of genetic aberrations this treatment is not 

effective. For example, in a study on patients with EML4-ALK translocations a lack 

of tumor response to EGFR TKI was reported20. However, for NSCLC patients with 

KRAS mutations the evidence is inconclusive. Several studies showed a complete 

lack of response to treatment with an EGFR TKI17, 21, 22, one study demonstrated that 

NSCLC patients with tumors harboring KRAS mutations had a similar outcome to 

either EGFR TKI or chemotherapy3. Tumors with KRAS mutations have been shown 

to have worse outcome compared to patients with wild type KRAS (WT) both 

when treated with surgery23 or with chemotherapy24.

The aim is to study the distribution of common and rare EGFR and KRAS mutations 

sent from 8 regional hospitals to the university pathology department. The quality 

of tumor biopsies sent in for mutational analysis was assessed and mutation status 

was related to treatment with EGFR TKI outcome.
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Methods

Patients
This study concerns all the NSCLC tumor samples from eight regional Dutch 

hospitals during the period of November 2008 until April 2011 that were tested for 

mutational status by a central pathology department. Data on gender, smoking 

status, age at diagnosis, stage at diagnosis, localization of metastases, start date 

and (different) lines of treatment received were collected. Tumor samples were 

obtained by either bronchoscopy, transthoracic lung biopsies and/or from 

pulmonary resections and were sent to the respective pathology department 

for histological examination. Histology was according to 2004 WHO criteria25. 

Response to treatment was performed according to RECIST criteria26.

Sample collection procedure and DNA extraction
From each formalin-fixed and paraffin embedded (FFPE) tumor tissue block that 

was sent to the pathology department 4 µm sections were cut. After hematoxylin 

and eosin staining, slides were evaluated by an experienced lung pathologist for 

the presence of sufficient tumor tissue and estimating the percentage of tumor 

cells. Samples with clearly less than 50% tumor cells were defined as inadequate 

for EGFR/KRAS mutation testing. Areas with >50% tumor cells marked by the 

pathologist on the slide. This area was scraped from the slide using a scalpel and 

dissolved in TE-4 and 20 mg/ml Proteinase K (Life Technologies, Grand Island, NY, 

USA). DNA was extracted by incubation overnight at 55 °C, followed by heating to 

100 oC for 5 minutes to inactivate proteinase K and centrifuged at room temperature 

at 13,000 rpm. The aqueous solution was directly used for PCR analysis or stored 

at -20 oC. DNA concentration was measured on a ND1000 spectrophotometer 

(Nanodrop, Wilmington, DE, USA). All DNA isolates were set to 10 ng/µl in TE-4 

prior to use. For quality control, genomic DNA was amplified in a multiplex PCR 

containing a control gene primer set resulting in products of 100, 200, 300, 400 

and 600 bp according to the BIOMED-2 protocol27. Only DNA samples with PCR 

products of 300 bp and larger were used for mutation analysis. All samples were 

tested on DNA extracted from two independent slides (duplicates). All standard 

precautions were taken to avoid contamination of amplification products using 

separate laboratories for pre- and post-PCR handling. To avoid cross-contamination, 

a new microtome blade was used each time a new sample was sectioned.
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 Either direct sequencing or high resolution melting (HRM) with confirmatory 

direct sequencing was performed according to protocol. Identical mutations in 

forward and reverse sequencing was required before a positive result is reported. 

The protocol is detailed in supplemental appendix 1. The primers used for direct 

sequencing or HRM are described in Appendix table 1.

Informed Consent and Ethics
When patients first visited the outpatient department, written informed consent 

for blood and tumor tissue was obtained for mutational analysis. EGFR and KRAS 

tests were performed as part of routine diagnostic approach and the outcome of 

these tests was documented in the patient file and communicated with patients. 

Because this is a retrospective study to collect and analyze clinical patient data, 

under the Dutch Law for human medical research (WMO), no consent was 

necessary from the medical ethics committee. Data were coded and not traceable 

to the individual patient.

Statistics
Descriptive statistics were performed for patient and tumor characteristics. 

Frequencies of common and rare mutations were tabulated. The frequency of 

EGFR and KRAS mutations were compared with available data on lung tissue 

from the Catalogue Of Somatic Mutations In Cancer database, (Cosmic DB; http://

www.sanger.ac.uk/genetics/CGP/cosmic/). The relation between the presence or 

absence of mutations and the occurrence of most common tumor metastases 

was determined using the two sided Fisher exact test. For this particular analysis 

the patients with either an EGFR or a KRAS mutation were compared with patients 

who were scored as being both EGFR and KRAS WT. Overall survival (OS) was 

calculated from the date of diagnosing stage IV disease until censorship or death. 

Only patients with available clinical data who had progressed to stage IV disease 

and subsequently were treated were included for survival analysis. All patients 

treated with an EGFR TKI irrespective of their mutational status were evaluated for 

overall survival.

Univariate Cox regression analysis was performed with the covariates age, gender, 

histology (presence of adenocarcinoma, squamous cell and large cell carcinoma), 

KRAS and EGFR mutation status, metastatic site (brain, bone, lung) were also analyzed. 

Variables with p-value less than 0.20 were used for the multivariate analysis.
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All statistical analysis was performed using SPSS version 18.0. Nominal P-values less 

than 0.05 were considered significant.

Table 1. Patient and tumor characteristics from samples sent to central laboratory for mutation analysis.

N Percentage

Number of patients 442 100

Number of biopsies 474

Histology

 Adenocarcinoma 353 80

 SCC 27 6

 Large cell undifferentiated 42 9

 Adenosquamous 7 1

 Carcinoid 3 1

 Salivary gland 2 1

 NSCLC-NOS 8 2

SCC is squamous cell lung carcinoma.
NSCLC-NOS is non-small cell lung cancer – not otherwise specified.

Results

EGFR and KRAS mutations
From November 2008 until April 2011 474 samples from 442 patients were sent 

to the central pathology department for mutation analysis. The most common 

histological classification was adenocarcinoma (80%), 8% of the samples came 

from histological subtypes not associated with EGFR mutations (Table 1).

 

Two hundred and twenty one patients (60.1% of all tested patients, 50% of all 

patients) were EGFR and KRAS WT. Thirty eight patients (10.9% of all tested patients, 

8.6% of all patients) had an EGFR mutation (Table 2). In 5 patients, 2 different EGFR 

mutations coincided in the same tumor tissue resulting in a total of 43 mutations. 

Thirty of 38 patients with EGFR mutations (79%) were activating EGFR mutations. 

Only one patient had a T790M mutation in the primary tumor. TTF-1 positive 

adenocarcinomas showed an EGFR mutation more often than those who were 

TTF-1 negative (26/150 vs 1/50, Fisher’s exact 2-sided test, p=0.01).

A total of 110 of patients (30% of all tested patients, 24% of all patients) had a KRAS 

mutation with G12C (41%) and G12V (18%) being the most frequent mutations 
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and showing a similar distribution as in the Cosmic database (Table 3). We also 

found 1 (1%) rare KRAS mutation in codon 13, (p.G13Y). In addition, 2 patients had 

KRAS mutations outside the hotspot (p.V14L and p.L19F), these are non-functional. 

This means that in a total of 108 patients a functional KRAS mutation was detected 

in our cohort. The comparison of mutational results in the different subtypes of 

NSCLC in our population is shown in table 4.

Table 2. Distribution of EGFR mutations in advanced non-squamous cell lung carcinoma.

Type of EGFR mutation Sensitivity
Frequency of 

mutations
Percentage

%
Frequency in 

COSMIC1

p.K708N Unknown 1 2.3 ND 

p.E709_T710>M Unknown 1 2.3 ND 

p.G719 Sensitive 3 7.0 0.008

Exon 19 deletion Sensitive 16 37.2 0.157

p.S768I Resistant 1 2.3 <0.5% 

p.V769M Resistant 1 2.3 <0.5% 

p.D770GY Unknown 2 4.7 <0.5%

p.D770_N771>SVD Resistant 1 2.3 <0.5%

p.T790M Resistant 1 2.3 0.011

p.L833F Unknown 2 4.7 <0.5% 

p.A840T Unknown 2 4.7 <0.5% 

p.L858R sensitive 11 25.6 0.145

p.L861R sensitive 1 2.3 <0.5% 

Total 43 mutations* 100

1 From the Cosmic data base (retrieved on 05-02-2013) containing 13030 mutations in 48781 samples.
* 43 mutations were observed in 38 patients, 5 patients had double mutations. 
The combination of double EGFR mutations were p.G719C, p.S768I, G719S L861R, G719C D770GY, L833F 
L858R and T790M L858R.

Quality of tumor samples for mutation analysis
Seventy five tumor samples (16%) were not adequate for mutation analysis. In 59 

samples tissue contained less than 50% tumor cells (mostly because of extensive 

intermingling inflammation) and in 16 the quality of DNA appeared unsuitable for 

mutation testing. In 4 of these patients an adequate tissue sample was yielded by 

re-biopsy. In 3 tumors no further mutation analysis was performed (SCC/carcinoid). 

This means that from 74(75 + 3 – 4) (17%) patients no results were obtained from 

mutational analysis. In a total of 345 patients the tumor samples were adequate 

for both EGFR and KRAS analysis. A single KRAS or EGFR mutation analysis was 

performed in the tumor samples of 18 and 5 patients, respectively (Fig. 1).
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Figure 1: Flow chart for biopsy specimens sent in and result of mutation analysis.

* 2 KRAS mutations are outside of the hotspot, these are probably non functional

EGFR and KRAS mutations and metastases distribution
Using the clinical data from 303 patients, we were able to analyze the preference 

for the known common metastatic regions for the patients with NSCLC with KRAS 

and EGFR mutational status. Pulmonary nodules (p=0.01), vertebral (p=0.03) and 

other bone metastasis (p=0.04) were identified to be significantly associated 

with EGFR mutations. No association was found between EGFR mutations and 

pleural (p=0.15), cerebral (p =1.0), hepatic (p =0.46) or adrenal (p =0.37) metastatic 

localizations. None of these sites were associated with KRAS mutations.

40100_Kerner.indd   130 09-04-16   20:50



EGFR and KRAS mutations in a Dutch NSCLC population

131

8

Table 3. Distribution of codon 12/13 KRAS mutations in advanced non-squamous cell lung carcinoma from 
this study compared with the frequency distribution in the Cosmic database.

Mutation type Frequency/no of pts Percentage Frequency in Cosmic1

p.G12C 45 41.7 40.5

p.G12V 20 18.5 19.7

p.G12D 17 15.7 16.7

p.G12A 11 10.2 6.4

p.G13C 5 4.6 2.9

p.G12F 4 3.7 0.7

p.G12S 2 1.9 4.3

p.G13D 2 1.9 2.5

p.G12R 1 0.9 2

p.G13Y2 1 0.9 ND

Total 108 100% 100%

ND= Not Described
1 From the Cosmic data base (retrieved on 05-02-2013) containing 3504 mutations in 21589 samples. 
2 This mutation (c37_38GG>TT, p.G13Y) was detected in 2 independent non-synchronous biopsies of the 
same patient.
Two KRAS mutations (p.V14L (not present at Cosmic) and p.L19F 2/2742 (present at Cosmic retrieved on 05-
02-2013) were found outside codon 12/13 (considered as non-functional).

Survival analysis
In univariate analysis from the clinical data, large cell histology (HR 1.8, 95% CI., 

1.2-2.8, p<0.01) and spinal bone metastasis (HR 1.5, 95% CI., 1.0-2.2, p=0.05) were 

associated with a worse survival while EGFR mutation (HR 0.4, 95% CI., 0.2-0.7, 

p<0.01) was associated with a better survival. In a multivariate model, histology 

(large cell carcinoma, HR 2.2, 95% CI., 1.4-3.4, p<0.01), spinal bone metastasis (HR 

1.7, 95% CI., 1.2-2.6, p<0.01), and mutational status (EGFR mutation, HR 0.3, 95% CI., 

0.1-0.6 p<0.01) were significantly associated with survival (Table 5).

When selecting patients who received EGFR TKI treatment in the first or second 

line, the median overall survival after start of this treatment was not reached in 

patients with EGFR mutation (n=14), 20 months (95% CI., 0-46, n=14) for patients 

with KRAS mutation, and 9 months (95% CI., 0-28, n=31) for patients with EGFR/

KRAS WT (Fig. 2A and 2B).
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A 

B 

Figure 2. A: Overall survival in patients with non-small cell lung cancer treated with EGFR-TKI in the first and 
second line with or without an EGFR mutation. The median overall survival for patients with EGFR mutations 
(n=14) was not reached, in patients with EGFR/KRAS WT it was 9 months (95% CI., 0–28 months, n=31). 2B: 
Overall survival in patients with non-small cell lung cancer treated with EGFR-TKI in the first and second line 
with or without KRAS mutation. The median overall survival for patients with KRAS mutations was 20 months 
(95% CI., 0–46, n=14), in patients with EGFR/KRAS WT it was 9 months (95% CI., 0–28 months, n=31).
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Rare EGFR and KRAS mutations and response to treatment.
Mutations that were not previously described in COSMIC DB are described in 

table 6. Treatment with an EGFR TKI in patients with these rare EGFR mutations 

did not result in clinical benefit except in one patient who also had an additional 

activating EGFR mutation. 

Table 4. Distribution of EGFR and KRAS mutations and their wild types in histological NSCLC subtypes of 442 
patients.

EGFR 
mutation %

KRAS 
mutation %

EGFR/
KRAS WT %

Insufficient 
material % Total

Adenocarcinoma 33 9.3 98 27.8 164 46.5 58 16.4 353

Squamous cell 
carcinoma

0 0 2 7.4 21 77.8 4 14.8 27

Adenosquamous 1 14.3 1 14.3 4 57.1 1 14.3 7

NSCLC NOS 3 5.4 9 16.4 32 58.2 11 20 55

Total 37* 8 110** 25 221 50 74 17 442

*Not including a patient with dual EGFR/KRAS mutation.
**Including 2 patient with a non-functional KRAS mutation and 1 patient with a dual EGFR/KRAS mutation.

Discussion

EGFR is a cell surface protein that leads to activation of proliferation and invasion 

via different signal transduction pathways28. KRAS is a downstream target of 

EGFR. Activating or sensitizing mutations cause a constitutive activation of the 

tyrosine kinase domain of the EGFR protein, by destabilizing the autoinhibiting 

conformation29. EGFR TKI such as gefitinib have increased binding abilities for 

these mutant proteins. The ratios of this increased binding ability is up to 100 fold 

compared to wild-type EGFR protein29.
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Table 5. Univariate and multivariate hazards ratios for overall survival in 248 patients with metastatic non-
small cell lung cancer.

Univariate Multivariate

Variables HR 95% CI P HR 95% CI P

Histology

 Adeno 1 1

 Squamous 1.2 0.7-2.1 0.41 1.2 0.7-2.1 0.48

 Large Cell 1.8 1.2-2.8 <0.01 2.2 1.4-3.4 <0.01

Mutation result

 EGFR/KRAS WT 1 1

 EGFR mutation 0.4 0.2-0.7 <0.01 0.3 0.1-0.6 <0.01

 KRAS mutation 1.1 0.7-1.5 0.70 1.1 0.8-1.8 0.34

 No test performed 1.2 0.8-1.9 0.33 1.4 0.8-2.1 0.31

Metastasis*

 Spinal bone 1.5 1.0-2.2 0.05 1.7 1.2-2.6 <0.01

 Brain 0.9 0.6-1.4 0.67

 Lung 1.1 0.8-1.5 0.64

HR> 1 means a shorter survival.
* denotes presence of metastasis at specific site.

The two most common sensitizing EGFR mutations to EGFR TKI, in frame deletions 

of exon 19 and the L858R mutation19, 30-33, represented over half of all EGFR mutation 

patients. Other sensitizing aberrations were found in three patients having a G719X 

mutation and in another patient a L861R mutation33-35. We observed 5 rare or 

previously undescribed mutations (Table 2) and have characterized their response 

to TKI treatment (Table 6). Of specific note is the p.D770GY mutation, which was 

found in two patients, with different response. The first of these patients had a 

combination of p.D770GY and a p.G719C mutation while the second had only a 

p.D770GY mutation. The first patient responded to EGFR TKI and remains disease 

free after 15 months while the patient without the secondary mutation had 

progressive disease diagnosed at 4 weeks. Previously 2 cases of this mutation were 

described without information on tumor response36, 37. Our data suggest that the 

p.G770GY mutation does not provide benefit for EGFR TKI treatment. Furthermore, 

we demonstrated that also patients with one of the other 4 rare EGFR mutations 

(p.K708N, p.E709_T710>M, p.L833F and p.A840T) had no benefit from EGFR-TKI.
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Table 6. Rare EGFR and KRAS mutations and tumor response to EGFR TKI.

Mutations N
Response to 
chemotherapy 

Response to 
EGFR TKI 

Published response to 
EGFR TKI

EGFR mutations

p.K708N 1 PD PD (E) 47PR with gefitinib
with p.K708M

p.V769M 1 PR PD (E) 33, 48; No treatment 
information

p. D770GY
with a secondary 
p.G719C mutation 

1 PD PR (E) 36, 37 No treatment 
information

p.D770GY;
without secondary 
mutation

1 PR PD (G) 36, 37 No treatment 
information

p.L833F
(dual KRAS mutation) 

1 PR PD (G) ND 

p.A840T 2 PR/PR PD (E)/-- ND 

KRAS mutations

p.G13Y 1 PD -- ND

p.V14L 1 PR -- ND

PR is partial response,
PD is progressive disease,
-- = no EGFR TKI treatment;
(E)=erlotinib,
(G)=gefitinib,
ND = Not described

Small tumor samples mainly from bronchoscopic or transthoracic core biopsies 

may be a problem for adequate mutation testing. We identified causes why 

mutational analysis at our lab was not possible in 17% of patients. This was 

either due to insufficient number of tumor cells (12%) or due to insufficient 

DNA quality (4%) highlighting the need for adequate tumor tissue selection for 

mutational analysis. Retrospective studies in which long- term archived paraffin 

embedded tissue was used to determine EGFR status showed a low proportion 

of adequate tumor tissue available1-6. One way to obtain more tumor cells is by 

repeated biopsies or cryobiopsies38. New technological developments are far 

more sensitive than previously, allowing fewer tumor cells both qualitatively (%) 

and quantitatively (absolute number) required for detecting mutations. However, 

regarding tumor heterogeneity, this increased sensitivity harbors an increased risk 

of sampling errors and detection of minor clones that may be less relevant for 
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therapy. A study showed that about two thirds of all somatic mutations seemed 

not to be detectable across every tumor region39.

EGFR mutations occurred most often in TTF-1 positive adenocarcinoma. Two 

recent studies showed this cell lineage association40, 41. Functionally, TTF-1 induced 

ROR-1 is necessary to sustain the EGFR signaling pathway in lung adenocarcinoma 

cell lines42.

We identified the preference of EGFR mutant tumors to spread to intrapulmonary 

and to both the vertebra and other bone localizations. This contrasts with a study 

by Doebele et al, who observed only a preference for hepatic metastatic spread 

in EGFR mutant tumors43.In contrast, we observed the typical miliary pattern of 

tumors with EGFR exon 19 deletion as described previously44. Our results for KRAS 

mutant tumors (71 patients) were as described previously by Doebele et al (49 

patients)43.

In our population the outcome of patients with a KRAS mutation responded 

similarly to KRAS WT both with respect to chemotherapy and to EGFR TKI. Previously 

it was demonstrated that patients with KRAS wild type have a better outcome 

than patients with KRAS mutations when treated with an EGFR TKI22. Other studies 

showed the presence of KRAS mutations in lung cancer to be indicative of worse 

outcome regardless of the treatment they received45, 46. In the TITAN study, there 

was some evidence for a higher risk of death in KRAS mutant tumor patients 

treated with erlotinib compared to chemotherapy but there was no elevated risk 

of tumor progression4. In our study, we did not pool the EGFR mutation positive 

patients with the EGFR/KRAS WT when comparing these patients with KRAS 

mutant patients. As patients with EGFR mutations tend to have better outcomes 

then EGFR WT patients, this could explain our results.

In conclusion, we found in 10.9% and 30% of all the tested patients an EGFR or 

KRAS mutation, respectively. We also identified 5 novel or rare EGFR mutations 

and 2 novel KRAS mutations in our population. Seventeen percent of patients had 

inadequate tumor tissue to perform mutation analysis, mostly due to insufficient 

tumor volume and/or percentage. There was no difference in overall survival after 

starting EGFR-TKI in patients with KRAS mutation and EGFR/ KRAS WT.
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Supplemental appendix 1:

Information on mutation testing

Direct sequence analysis for the detection of mutations in exons 
18-21 of the EGFR gene
For the detection of mutations in exon 18-21 of the EGFR gene, 100 ng genomic 

DNA was analyzed by PCR using 12 specific primers covering exons 18-21 

(EGFR: CCDS5541.1) (supplementary Table 1) followed by direct bidirectional 

Sanger sequencing. Briefly, the PCR reaction mixtures with a final volume of 50 

μl contained 0,2 µM forward (F) primer, 0,2 µM reverse (R) primer, 1⋅ reaction 

buffer (PEII, Life Technologies), 1.5 mM MgCl2, 0,2 mM dNTP and 1 units of Taq 

DNA polymerase (Life Technologies) The PCR was performed using the following 

conditions; 95 °C/10 min, 40 cycles 94 °C/30 sec, 58°C/60 sec, 72 °C/1 min, and 

72 °C for 10 min. PCR products were checked by electrophoresis of 10 μl of each 

amplified sample on a 1,5% agarose gel. To purify and concentrate amplified DNA, 

a High Pure PCR Product Purification Kit (Roche, Mannheim, Germany) was used 

before diluting the DNA samples. Direct bi-directional sequence analysis of PCR 

products (in duplicate) was performed using the BigDye Terminator v3.1 Cycle 

sequencing kit (Applied Biosystems, Foster City, CA, USA) using each of the same 

primers used for PCR and the ABI PRISM 310 Genetic Analyzer (Life Technologies) 

performed by Baseclear (Leiden, the Netherlands, www.baseclear.com). All 

sequences were read in forward and reverse direction. Both reads were analysed 

with CLC Genomics Workbench (www.clcbio.com). Using serial dilutions of DNA 

from mutant FFPE samples of clinical anonymous specimens previously identified 

with EGFR L858R and EGFR exon-19del mixed in a background of WT tonsillar PPFE 

DNA, the analytical sensitivity to detect EGFR mutations in FFPE samples was 48%.

High resolution melting (HRM) PCR for the detection of mutations 
in exon 2 of the KRAS gene with direct sequencing confirmation
For detecting mutations in exon 2 (including codon 12/13) of the KRAS gene 

(CCDS8702.1), DNA samples were first analyzed using high resolution melting 

(HRM) and conformation of the mutation in the HRM-positive cases using direct 

sequence analysis as reported previously. 1 The KRAS exon 2 primers and probes 

are shown in supplementary Table 1. The PCR for the HRM analysis was performed 

on a LightCycler 480 (Roche). PCR reaction mixtures with a final volume of 20 μl 
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contained 500 nM forward primer, 500 nM probe with a 3’-conjugated C3 spacer, 

100nM reverse primer (all primers/probes were purchased from IDT, Leuven) and 

10ng DNA in 1x HRM Mastermix (Roche). Two dilutions (10% and 20% mutant DNA 

isolated from human colon cancer cell line Lovo (ATCC: CCL-229 with homozygous 

p.G13D mutation) were used as positive controls in each experiment. The cycling 

and melting conditions were as follows: one cycle of 95°C/2 min; 50 cycles of 

95°C/30 s; 64°C/30 s; 72°C/30 s; and one cycle of 72°C/60s, 95°C/20s, 55°C/20s 

with a final melting in two steps: Melt 1 (55–78 °C at 0.06 °C/s) followed by Melt 

2 (78-95 °C, 0.06 °C/s) and continuously recording of the fluorescent level. The 

change of fluorescence is converted to a melting peak by plotting the negative 

derivative of the fluorescent signal corresponding to the temperature (−dF/dT) 

on the LightCycler480 software. KRAS mutations are identified by the comparison 

of each sample’s peak plot with the WT peak (a mixture of 5 independent FFPE 

DNA samples isolated from human tonsils) and mutant (DNA isolated from human 

material) reference DNA. Normalized and temperature-shifted difference plots 

of the LightCycler480 software release 1.5 and LightCycler 480 Gene Scanning 

Software (Roche, Mannheim, Germany) were additionally used to aid mutation 

identification. The HRM assay was performed in duplicate on each sample. 

Using serial dilutions of DNA from mutant FFPE samples of 3 colon carcinomas 

(with KRAS p.G12A and p.G12D mutation) in a background of WT tonsil PPFE 

DNA, the analytical sensitivity of KRAS HRM in FFPE samples was determined at 

20%. The original genomic DNA of cases with an abnormal HRM melting curve, 

characteristic for the presence of a mutation, was subjected to direct bidirectional 

Sanger sequence analysis to confirm the specific KRAS mutation as described for 

EGFR mutation detection using specific sequence primers (Table 1). The analytical 

specificity of the KRAS HRM assay was validated on a series of 208 FFPE sample of 

clinical colon carcinomas compared to direct sequence analysis (96%). Sequence 

analysis of the HRM product using M13-sequencing-primer was only performed in 

case no nucleotide changes were observed in the sequence derived from the new 

PCR of the original genomic DNA.
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Appendix Table 1

Primers used for sequencing EGFR and KRAS genes.

Primer sequence EGFR PCR
EGFR exon 18 F 5’-GCT GAG GTG ACC CTT GTC TC-3’

EGFR exon 18 R 5’-CTC CCC ACC AGA CCA TGA-3’

EGFR exon 19 F 5’-CAT GTG GCA CCA TCT CAC A-3’

EGFR exon 19 R 5’-CAG CTG CCA GAC ATG AGA AA-3’

EGFR exon 20 F 5’-CAT GCG TCT TCA CCT GGA A-3’

EGFR exon 20 R 5’-AGC AGG TAC TGG GAG CCA AT-3’

EGFR exon 21A F 5’-GAA TTC GGA TGC AGA GCT TC-3’

EGFR exon 21A R 5’-TGC CTC CTT CTG CAT GGT AT-3’

EGFR exon 21B F 5’-GAG GAC CGT CGC TTG GTG-3’

EGFR exon 21B R 5’-ATC CTC CCC TGC ATG TGT TA-3’

Primer sequence KRAS PCR
KRAS Fex 5’- GTTCTAATATAGTCACATTT -3’

KRAS Rex 5’- ACTCATGAAAATGGTCAGAGAAACCTTTAT-3’

HRM Primers and probes of exon 2 of the KRAS gene
KRAS HRM-exon 2 F 5’-GTA AAA CGA CGG CCA GTC ACA TTT TCA TTA TTT TTA TTA TAA GGC -3’

KRAS HRM-exon 2 R 5’-GAT TCT GAA TTA GCT GTA TCG TCA AG-3’

KRAS HRM-exon 2 WT probe 5’-CTT GCC TAC GCC ACC AGC TCC AAC T-3’
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This thesis describes the volumetric shrinkage and metabolic alterations in tumors 

measured with combined PET/CT for response evaluations. Also the application 

of imaging biomarkers for targeted therapy and chemotherapy in non-small-cell 

lung cancer were studied.

In chapter 1, the current problems with response evaluation are described using 

volumetric evaluations with PET/CT. The roles of hypoxia and metabolism using 

PET tracers with 18F-FAZA and 18F-FDG are discussed.

In chapter 2, we studied the accuracy of a volumetric image registration for 

response measurement with an algorithm that can perform deformable image 

registration, i.e. the fusing of two images acquired at different time points of the 

same patient. The aim was to assess whether this technique produced accurate 

images when applying it to PET/CT data of 39 patients with advanced NSCLC, 

using the elastix toolbox. At first, it seemed that this technique was fairly accurate, 

because 94% of all the voxels fell within the 95% range of the difference between 

the original and the adjusted, “warped”, image (which was set between −1.46 

and 1.46 ΔSUV). In the patients with severe tumor misalignment, in whom the 

amount of voxels that fell within this 95% range was less than <80%, further 

analysis revealed that this was caused by poor tissue separation. In cases where 

a good delineation was possible (due to an air to tissue border) the alignment 

between the two images was accurate. The data were further analyzed by using 

the EORTC/SUVmax
 based criteria. In 14% (5/37) of patients a discordant response 

of thoracic and in 17% (2/12) of patients with non-thoracic lesions were observed 

between the reference and realigned images. Moreover, the spread in SUV
max

 in 

lesions between reference and realigned images was between -5.2 to 6.8 ΔSUV. In 

other words, the elastix toolbox impacts the tumor lesions statistics, and therapy 

response assessment in a clinically significant way. Therefore, we conclude that the 

elastix toolbox in its current form and standard settings cannot be applied for PET 

response evaluation.

In chapter 3, 18F-FAZA and 18F-FDG were investigated in untreated stage III and IV 

NSCLC patients. Voxel-by-voxel analysis was performed between these two tracers. 

There was no correlation between lesion size and 18F-FAZA T/Bg, or between lesion 

size and the fractional hypoxic volume. The main conclusion was that 18F-FAZA PET 
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imaging is able to detect heterogeneous distributions of hypoxic subvolumes out 

of homogeneous 18F-FDG background in a clinical setting.

In chapter 4, the effects of chemotherapy on tumor hypoxia and metabolism, 

as measured with 18F-FAZA and 18F-FDG were studied. The treatment effects of 

chemotherapy on hypoxia and metabolism were assessed within a short time 

span. High areas of uptake of both 18F-FAZA and 18F-FDG at baseline had a better 

response to treatment, while areas with low uptake at baseline had a diverse 

response outcome, especially by when assessed with 18F-FAZA. There was no 

evident change in maximum T/Bg values after treatment with chemotherapy. 

This is probably due to a mixture of both low hypoxic areas becoming hypoxic 

and high hypoxic areas becoming normoxic as a result of treatment. The most 

significant finding was the lack of a clear relationship between glucose metabolism 

and hypoxia prior to and after administration of chemotherapy in this group of 

patients. Also, reoxygenation was observed in severely hypoxic areas while a 

diverse oxygenation response was seen in the areas with less hypoxia. Hypoxia in 

these patients is a dynamic phenomenon and is not related to glucose metabolism 

in this imaging study.

Contrary to this finding, a relationship between hypoxia and glucose metabolism 

is suggested from preclinical studies with the hypoxia inducible factor (HIF) as 

intermediate factor1. Consistent HIF activation results in increased GLUT-1 and 

GLUT-3 expression1-4. These are the same glucose transporters which are involved 

in 18F-FDG uptake5. HIF-1α activity has been shown to be strongly related to 18F-FDG 

uptake6. However, prior imaging studies and our 2 studies detailed in chapters 

3 and 4, failed to show this relationship between metabolism and hypoxia in a 

clinical setting7-9. Equally, no relation was found in a study between 18F-FMISO 

and Eppendorf measurements10. Taking together the results of chapter 3 and 4 

concluded that in a clinical setting a relation between tumor oxygenation and 

tumor glucose metabolism cannot be established.

Chapter 5 describes the 18F-FDG uptake characteristics of normal tissue and 

within tumors while under treatment with the phosphoinositide 3-kinase inhibitor 

pictilisib combined with chemotherapy. Clinically significant metabolic changes 

in normal tissue were not observed. In the primary tumor, a good agreement was 

seen in the application of EORTC and RECIST evaluation criteria.
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In chapter 6, the 18F-FDG uptake characteristics of patients with EML4/ALK NSCLC 

were assessed when treated with the ALK inhibitor crizotinib. 18F-FDG-PET/CT 

was performed at baseline, at 6 weeks and at follow up. This study shows that in 

response assessment at 6 weeks of treatment, PET/CT is able to identify tumor 

response equally well as CT. However, during follow up, in 45% of patients PET alone 

was able to detect disease progression, while on the simultaneously performed CT 

no tumor change was detected. We conclude therefore that 18F-FDG PET/CT is a 

useful tool for early disease progression and to exclude distant metastases in this 

subgroup of NSCLC patients.

In chapter 7, the effects of gemcitabine as a radio sensitizer in combination with 

3-dimensional radiotherapy in unresectable stage III NSCLC was evaluated in 318 

patients. This study describes the progression-free and overall survival and toxicity 

of this combined treatment. Concurrent chemoradiotherapy with low dose 

gemcitabine as a weekly regimen is equally as safe and effective as other treatment 

modalities in use for treating stage III NSCLC. Progression free survival was 15.5 

(95% confidence interval, [CI] 12.9-18.1) months, overall survival was 24.6 months 

(95% CI. 21.0—28.1) month. Main toxicity (CTCAE grade ≥3) was dysphagia in 12.6 

% of patients, esophagitis in 9.6% of patients and radiation pneumonitis in 3% of 

patients. There were five treatment related deaths, due to esophagitis (2) and due 

to radiation pneumonitis (3).

Chapter 8 describes survival outcome with EGFR TKIs in a biomarker study of 

EGFR/KRAS mutations in advanced NSCLC. First we assessed the frequency of 

these mutations within the Northern Netherlands population of advanced non-

squamous NSCLC patients. Second, the adequacy of the sampled material for this 

type of analysis was quantified. Poor sample quality is a matter of concern as these 

samples lead to either no knowledge of about mutations or an invasive procedure 

should be repeated. This study showed that 10.9% of patients with advanced 

non-squamous NSCLC had EGFR mutations and 30% had KRAS mutations. Of 

the samples obtained, 17% were unsuitable for mutation analysis meaning that a 

resampling of tumor tissue had to be performed.

Following treatment with an EGFR TKI, median overall survival for EGFR mutants 

(N=14) was not reached (but more than 24 months), while for KRAS mutations 

(N=14) median overall survival was 20 months. In the most common wild type 
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EGFR/KRAS advanced non-squamous NSCLC patients (N=31), median overall 

survival was 9 months.

Future perspectives

An important part of this thesis featured the use of voxel-by-voxel analysis of 

PET images during treatment for NSCLC. A major problem appeared to be the 

mismatch between CT and PET due to inaccurate border delineation (e.g. no 

clear air to tissue border due to collapsed lung). In thoracic imaging, preferably 

both hardware and software techniques are used in order to match tumor areas 

accurately. New hardware developments are being introduced into clinical practice 

in order to facilitate hardware mediated image gating (4D). These techniques need 

to be performed during the imaging session in order to improve the accuracy 

of the voxel-by-voxel imaging technique further. Alternatively, one could think of 

PET-MRI techniques as results from this modality can be obtained simultaneously 

but whether they find a way in thoracic imaging is questionable.

Despite these drawbacks, voxel-by-voxel analysis holds promise as a more accurate 

evaluation of treatment induced tumor changes, e.g. in those situations in which 

anatomical changes are yet not visible. Such situations were observed during 

follow up of near-complete response patients or those with oligometastatic disease 

treated with EGFR-TKIs, BRAF and ALK inhibitors. Local progression of disease 

in visceral organs were detected at an early stage and treated successfully with 

stereotactic radiotherapy, radiofrequency ablation in liver metastases and surgery. 

Whereas traditional methods only focus on the value of a small area (SUVpeak
) or 

of one voxel (SUV
max

), voxel-by-voxel analysis allows the effects of treatment to 

be assessed over the whole tumor area and shows heterogeneity of shrinkage or 

decrease of metabolic responses within a tumor. Because individual tumor areas 

that are not responding to treatment are identified, these areas can be treated 

with more targeted radiotherapy such as stereotactic body radiotherapy (SBRT). It 

is also possible to perform a biopsy to identify possible resistance mechanism, and 

to treat such an area with SBRT or by performing surgery.

Validation of new (under development) PET tracers, or comparison between 

different PET tracers can be performed using voxel-by-voxel analysis. Automated 
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techniques to delineate the tumor on 18F-FDG PET are fairly accurate11, while 

volume delineation using other PET tracers has previously been shown to be 

significantly different between human observers12. Accurately demarcating the 

tumor region is important, as currently, various imaging options with PET tracers 

based upon drug compounds are being developed. These include 11C-docetaxel,13 
11C-erlotinib14, 89Zr-bevacizumab15, while other tracers based on TKIs like sorafenib 

and afatinib are under development.

Hypoxia induces resistance to chemo- and radiotherapy. So, theoretically, hypoxia 

scans could lead to dose escalations in hypoxic regions during treatment. Another 

approach would be vasodilatation of tumor areas with nitroglycerine plasters. 

One study with chemotherapy used the addition of nitroglycerine plasters and 

observed improved survival of patients on chemotherapy and nitroglycerine 

plasters, compared to chemotherapy alone16. Another phase 2 and a randomized 

study in advanced NSCLC could not confirm these results17, 18. Both these studies 

failed probably because all these patients were not preselected for hypoxic status 

using a hypoxic tracer such as 18F-FAZA17, 18. Such an approach could have revealed 

which patients would have benefited from this treatment.

In assessing response to treatment with so called targeted therapy, the clinical 

value of 18F-FDG PET/CT response criteria instead of traditional CT RECIST criteria 

is to diagnose disease progression or response to treatment as soon as possible. 

Currently, tumor response measurements are at 6 weeks and this timing is based 

upon studies from the chemotherapy area. Whether that time point is the most 

optimal for targeted or immunotherapy is unknown. It seems that the metabolic 

effects of EGFR TKIs, ALK and BRAF inhibitors occur earlier, probably within 1-3 

weeks19-21.

Volumetric 18F-FDG-PET and drug imaging using the voxel-by-voxel analysis can 

reveal treatment resistant areas within tumors. We can learn more about these 

areas when we perform guided biopsies from these areas to understand the 

biological mechanism of resistance. On the other hand, stereotactic irradiation, 

surgery, thermal or radiofrequency ablation could also be applied locally in order to 

prevent (local) recurrence under targeted therapy. Therefore, combining genomic 

analysis of those guided tissue sampling with PET imaging using 18F-FDG and a 

targeted drug tracer may give the phrase “personalized medicine” a new meaning.
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Future research should focus on this multi modality approach, to see whether this 

approach provides better survival outcome, better quality of life and economic 

gain compared to the current standard of care.

40100_Kerner.indd   153 09-04-16   20:50



Chapter 9

154

References

1. Burgman P, Odonoghue JA, Humm JL, Ling CC. Hypoxia-Induced increase in FDG uptake in MCF7 cells. 
J Nucl Med 2001;42:170-5.

2. Burrows N, Babur M, Resch J, et al. GDC-0941 inhibits metastatic characteristics of thyroid carcinomas 
by targeting both the phosphoinositide-3 kinase (PI3K) and hypoxia-inducible factor-1alpha (HIF-
1alpha) pathways. J Clin Endocrinol Metab 2011;96:E1934-43.

3. Yu J, Li J, Zhang S, et al. IGF-1 induces hypoxia-inducible factor 1alpha-mediated GLUT3 expression 
through PI3K/Akt/mTOR dependent pathways in PC12 cells. Brain Res 2012;1430:18-24.

4. Semenza GL. Hypoxia, clonal selection, and the role of HIF-1 in tumor progression. Crit Rev Biochem 
Mol Biol 2000;35:71-103.

5. de Geus-Oei LF, van Krieken JH, Aliredjo RP, et al. Biological correlates of FDG uptake in non-small cell 
lung cancer. Lung Cancer 2007;55:79-87.

6. Kaira K, Serizawa M, Koh Y, et al. Biological significance of 18F-FDG uptake on PET in patients with non-
small-cell lung cancer. Lung Cancer 2014;83:197-204.

7. Gagel B, Reinartz P, Demirel C, et al. [18F] fluoromisonidazole and [18F] fluorodeoxyglucose positron 
emission tomography in response evaluation after chemo-/radiotherapy of non-small-cell lung cancer: 
a feasibility study. BMC Cancer 2006;6:51.

8. Vera P, Bohn P, Edet-Sanson A, et al. Simultaneous positron emission tomography (PET) assessment 
of metabolism with (1)(8)F-fluoro-2-deoxy-d-glucose (FDG), proliferation with (1)(8)F-fluoro-thymidine 
(FLT), and hypoxia with (1)(8)fluoro-misonidazole (F-miso) before and during radiotherapy in patients 
with non-small-cell lung cancer (NSCLC): a pilot study. Radiother Oncol 2011;98:109-16.

9. Trinkaus ME, Blum R, Rischin D, et al. Imaging of hypoxia with (18) F-FAZA PET in patients with locally 
advanced non-small cell lung cancer treated with definitive chemoradiotherapy. J Med Imaging Radiat 
Oncol 2013;57:475-81.

10. Mortensen LS, Buus S, Nordsmark M, et al. Identifying hypoxia in human tumors: A correlation study 
between 18F-FMISO PET and the Eppendorf oxygen-sensitive electrode. Acta Oncol 2010;49:934-40.

11. Cheebsumon P, Boellaard R, de Ruysscher D, et al. Assessment of tumour size in PET/CT lung cancer 
studies: PET- and CT-based methods compared to pathology. EJNMMI Res 2012;2:56.

12. Thureau S, Chaumet-Riffaud P, Modzelewski R, et al. Interobserver Agreement of Qualitative Analysis 
and Tumor Delineation of 18F-Fluoromisonidazole and 3’-Deoxy-3’-18F-Fluorothymidine PET Images 
in Lung Cancer. J Nucl Med 2013;54:1543-50.

13. van der Veldt AA, Lubberink M, Greuter HN, et al. Absolute quantification of [(11)C]docetaxel kinetics in 
lung cancer patients using positron emission tomography. Clin Cancer Res 2011;17:4814-24.

14. Bahce I, Smit EF, Lubberink M, et al. Development of [(11)C]erlotinib positron emission tomography for 
in vivo evaluation of EGF receptor mutational status. Clin Cancer Res 2013;19:183-93.

15. Nagengast WB, de Korte MA, Oude Munnink TH, et al. 89Zr-bevacizumab PET of early antiangiogenic 
tumor response to treatment with HSP90 inhibitor NVP-AUY922. J Nucl Med 2010;51:761-7.

16. Yasuda H, Yamaya M, Nakayama K, et al. Randomized phase II trial comparing nitroglycerin plus 
vinorelbine and cisplatin with vinorelbine and cisplatin alone in previously untreated stage IIIB/IV non-
small-cell lung cancer. J Clin Oncol 2006;24:688-94.

17. Dingemans AC, Groen HJ, Herder GJ, et al. A randomized phase II study comparing paclitaxel-
carboplatin-bevacizumab with or without nitroglycerin patches in patients with stage IV nonsquamous 
nonsmall-cell lung cancer: NVALT12 (NCT01171170)dagger. Ann Oncol 2015.

18. Davidson A, Veillard AS, Tognela A, et al. A phase III randomized trial of adding topical nitroglycerin 
to first-line chemotherapy for advanced nonsmall-cell lung cancer: the Australasian lung cancer trials 
group NITRO trial. Ann Oncol 2015.

19. Sunaga N, Oriuchi N, Kaira K, et al. Usefulness of FDG-PET for early prediction of the response to gefitinib 
in non-small cell lung cancer. Lung Cancer 2008;59:203-10.

20. Kobe C, Scheffler M, Holstein A, et al. Predictive value of early and late residual 18F-fluorodeoxyglucose 
and 18F-fluorothymidine uptake using different SUV measurements in patients with non-small-cell 
lung cancer treated with erlotinib. Eur J Nucl Med Mol Imaging 2012;39:1117-27.

40100_Kerner.indd   154 09-04-16   20:50



Summary, discussion and future perspectives

155

9

21. Tiseo M, Ippolito M, Scarlattei M, et al. Predictive and prognostic value of early response assessment 
using 18FDG-PET in advanced non-small cell lung cancer patients treated with erlotinib. Cancer 
Chemother Pharmacol 2014;73:299-307.

40100_Kerner.indd   155 09-04-16   20:50



40100_Kerner.indd   156 09-04-16   20:50



40100_Kerner.indd   157 09-04-16   20:50



Chapter 10

158

Dit proefschrift beschrijft de volumetrische en metabole veranderingen van 

tumoren wanneer deze met gecombineerde PET/CT worden vervolgd gedurende 

responsmetingen. Daarnaast worden beeldvormende biomarkers voor zgn. 

targeted therapy en chemotherapy voor niet-kleincellig longcarcinoom (NSCLC) 

onderzocht.

Het meten van een tumorrespons (dat wil zeggen: of de therapie wel of niet aanslaat) 

gebeurt doorgaans door middel van het vergelijken van de tumorgrootte in de 

tijd met een computed tomography (CT) scan. Vaak worden contrastmiddelen 

gebruikt om met name duidelijkere afbeeldingen te krijgen in bijvoorbeeld het 

mediastinum. Bij een alternatieve, een metabole, meting daarentegen wordt 

een radioactief gelabeld suiker (18F-FDG) ingespoten, en na enige tijd verzamelt 

dit stofje zich bij metabool actieve plekken (zoals tumorcellen) en kunnen met 

een positronemissietomografiescan (PET-scan) deze plekken nauwkeurig in kaart 

worden gebracht. Dit kan worden gedaan met 18F-FDG, omdat NSCLC tumor cellen 

metabool actief zijn. Tegenwoordig worden vaak beide technieken gecombineerd.

Bij hypoxie (zuurstofgebrek) in de tumorcellen, zien we vaak meer resistentie 

(= weerstand) optreden tegen behandelingen. Door dit zuurstofgebrek is 

bijvoorbeeld een hogere dosis straling nodig om hetzelfde biologisch effect te 

bereiken. In in vivo experimenten kan de hypoxische concentratie in weefsels 

worden gemeten met de PET tracer 18F-FAZA.

Hoofdstuk 1 beschrijft de huidige problemen met responsmetingen wanneer 

er volumetrische evaluaties worden gedaan met PET/CT. De rol van hypoxie en 

glucosemetabolisme worden beschreven, gebruikmakend van de PET tracers 
18F-FAZA en 18F-FDG.

In hoofdstuk 2 wordt de nauwkeurigheid van een volumetrische beeldvormende 

registratietechniek voor responsmetingen onderzocht. Met een algoritme voor 

een zgn. “deformable image” registratie kunnen beelden die verschillen in de tijd 

worden vergeleken. Hiermee wordt een fusie van twee beelden gemaakt van 

dezelfde patiënt die op verschillende tijdstippen zijn verkregen. Uiteraard moet 

dan het ene beeld naar het andere worden “gewarpt”, zeg maar aangepast. Het 

doel is om te beoordelen of deze techniek nauwkeurig genoeg is en bovendien 

reproduceerbaar wanneer het wordt toegepast op PET/CT data. Dit werd 

onderzocht bij 39 patiënten met een gevorderde vorm van NSCLC, waarbij we 
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gebruikmaakten van de elastix toolbox. Op het eerste gezicht lijkt het erop dat 

deze techniek redelijk accuraat is, omdat 94% van alle voxels vallen binnen de 95% 

geaccepteerde bandbreedte tussen het origineel en de aangepaste, “gewarpte” 

beeld (met de bandbreedte tussen -1,46 en 1,46 ΔSUV). Bij patiënten waarbij 

minder dan 80% van de voxels vallen binnen deze bandbreedte laat verdere 

analyse zien dat dit komt door een slechte afgrenzing tussen verschillende 

weefselsoorten. Alleen in gevallen waarbij een goede afgrenzing mogelijk is, zoals 

bijvoorbeeld door een lucht naar weefsel grens, is de fusie tussen de twee beelden 

accuraat.

De gegevens werden verder geanalyseerd door gebruik te maken van de EORTC/

SUVmax
 criteria. Wanneer de originele en de aangepaste beelden met elkaar 

worden vergeleken, wordt een afwijkende respons gevonden in respectievelijk 

14% (5/37) en 17% (2/12) van de patiënten met thoracale en niet-thoracale 

laesies. De spreiding tussen de oorspronkelijke en de aangepaste SUV
max

 van de 

desbetreffende laesies ligt tussen de -5,2 en 6,8 ΔSUV. Dit betekent dat het gebruik 

van de elastix toolbox invloed heeft op de statistische waardes van de tumorlaesies. 

De techniek beïnvloedt daarmee de evaluatie van een therapierespons op een 

klinisch significante manier. De conclusie moet daarmee zijn dat de elastix toolbox 

niet in haar huidige vorm kan worden toegepast voor responsevaluatie met PET.

In hoofdstuk 3 worden 18F-FAZA en 18F-FDG onderzocht bij patiënten met een 

onbehandeld stadium III en IV NSCLC. Een volumetrische zgn. voxel-by-voxel 

analyse van de primaire tumoren wordt verricht om hypoxie (met 18F-FAZA) en 

glucosemetabolisme (met 18F-FDG) te vergelijken. Er is geen correlatie tussen de 

grootte van de laesie en 18F-FAZA tumor/achtergrond (T/Bg) ratio, of tussen de 

grootte van de laesie en het fractionele hypoxische tumor volume. De conclusie 

is dat een18F-FAZA PET heterogene distributie van hypoxische subvolumina in een 

tumor kan detecteren bij een homogene 18F-FDG verdeling.

In hoofdstuk 4 wordt het effect van chemotherapie op tumorhypoxie en 

metabolisme gemeten met behulp van 18F-FAZA en 18F-FDG. Het behandeleffect 

van chemotherapie op hypoxie en metabolisme wordt hierbij binnen een kort 

tijdsinterval gemeten. In gebieden met initieel hogere opname van zowel 
18F-FAZA als 18F-FDG wordt een betere response op behandeling waargenomen. 

Tegelijkertijd meten we in gebieden met een lagere opname vaker een gemengde 
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response. Dit verschijnsel wordt vooral waargenomen in gebieden die worden 

gemeten met 18F-FAZA. Er is geen duidelijke verandering in de maximale T/

Bg-waarden na chemotherapie. Dit wordt verklaard door een mengbeeld van 

gebieden met diepe hypoxie die na behandeling minder hypoxisch worden, en 

gebieden met initieel weinig hypoxie die consequent meer hypoxisch worden 

na behandeling. De meest significante conclusie is dat er geen duidelijke relatie 

bestaat tussen glucosemetabolisme en hypoxie voor en na chemotherapie 

binnen deze groep patiënten. Ook wordt duidelijke reoxygenatie gezien in zeer 

ernstig hypoxische tumorgebieden terwijl de oxygenatierespons meer varieerde 

in gebieden met minder hypoxie. Hypoxie bleek in deze patiënten een dynamisch 

fenomeen en niet gerelateerd aan glucosemetabolisme.

Preklinische studies suggereren een relatie tussen hypoxie en glucose 

metabolisme, met als gemeenschappelijke factor de zgn. hypoxie induceerbare 

factor (HIF)1. Continue HIF activatie zorgt voor een verhoogd expressieniveau 

van GLUT-1 en GLUT-31-4. Dit zijn dezelfde glucosetransporteiwitten die actief 

zijn bij de opname van 18F-FDG5. HIF-1α activiteit is sterk gerelateerd aan 18F-FDG 

opname6. Daarentegen kunnen eerdere beeldvormende studies en onze twee 

studies, respectievelijk hoofdstuk 3 en 4, deze relatie tussen glucose metabolisme 

en hypoxie niet aantonen in een klinische setting7-9. Er wordt ook geen relatie 

gevonden tussen 18F-FMISO en Eppendorf metingen10. Deze bevindingen, samen 

met de resultaten van hoofdstuk 3 en 4, geven aan dat er geen directe relatie 

is tussen tumoroxygenatie en tumor glucosemetabolisme. Het zijn dus twee 

verschillende fenomen in tumorcellen. Dit betekent dat 18F-FDG niet kan worden 

gebruikt om hypoxie te voorspellen bij individuele patiënten.

Hoofdstuk 5 beschrijft de karakteristieken van 18F-FDG opname in normaal weefsel 

en in tumorweefsel gedurende een behandeling met de phospoinositide 3-kinase 

remmer pictilisib gecombineerd met chemotherapie. De verwachting was dat 

we hyperglykemie zouden zien en dat pictilisib meetbare metabole effecten in 

normaal weefsel zou geven. Klinisch relevante metabole veranderingen werden 

niet gezien. Wel werd een klein effect op de levermetabolisme gezien, die niet 

klinisch relevant is.

In hoofdstuk 6 worden de 18F-FDG opnamekarakteristieken van NSCLC patiënten 

met een EML4/ALK translocatie beschreven gedurende de behandeling met 
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de ALK remmer crizotinib. 18F-FDG PET/CT wordt verricht voor het begin, na zes 

weken en gedurende het vervolgonderzoek. Deze studie laat zien dat na zes 

weken behandeling PET/CT en alleen CT de tumorrespons in vergelijkbare mate 

weergeven. Gedurende het vervolgonderzoek was PET daarentegen veel beter in 

staat om ziekteprogressie te detecteren; in de simultaan verrichte CT werden geen 

tumorveranderingen gemeten. We concluderen dat bij NSCLC patiënten met een 

EML4/ALK translocatie 18F-FDG PET/CT niet alleen vroege ziekteprogressie kan 

detecteren maar ook afstandsmetastases kan excluderen. Evaluatie met 18F-FDG 

PET/CT is een uitstekende manier om oligometastasen te vervolgen en vast te 

stellen welke een lokale behandeling nodig hebben.

In hoofdstuk 7 wordt het effect van gemcitabine als radiosensitizer in combinatie 

met 3-dimensionale radiotherapie geëvalueerd in 318 patiënten met niet 

resectabel NSCLC. Deze studie beschrijft de progressievrije en totale overleving 

alsook de toxiciteit van deze gecombineerde behandeling. Gecombineerde 

chemotherapie met een lage dosis, wekelijks toegediende, gemcitabine is even 

veilig en effectief als andere gangbare en vergelijkbare behandelingen voor 

stadium III NSCLC. Progressievrije overleving was 15,5 ( 95% confidentie interval 

[CI] 12,9-18,1) maanden, en de totale overleving was 24,6 (95% CI. 21,0-28,1) 

maanden. Een belangrijk bijwerking (CTCAE graad ≥3) was dysfagie bij 12,6% van 

de patiënten, oesophagitis bij 9,6% en radiatiepneumonitis bij 3% van de patiënten; 

1,6% van de patiënten overleden tijdens of na de behandeling waarschijnlijk ten 

gevolge van de behandeling.

Hoofdstuk 8 beschrijft een biomarker onderzoek in Noord-Nederland, waarbij 

tumor weefsel wordt opgestuurd naar een centraal laboratorium voor het 

detecteren van EGFR/KRAS mutaties bij gemetastaseerd NSCLC patiënten.

De kwaliteit van het opgestuurde tumor materiaal blijkt bij ongeveer 17% onder 

de maat (dat wil zeggen, het materiaal is niet geschikt voor mutatie analyse). Te 

weinig tumor DNA of necrotisch vervallen weefsel blijkt een probleem te zijn. In 

die gevallen zou een invasieve procedure herhaald moeten worden om opnieuw 

materiaal te verzamelen. Een goede initiële planning om voldoende tumor 

materiaal te verzamelen is gewenst. Deze studie laat verder zien dat 10,9% van de 

patiënten in Noord-Nederland een EGFR mutatie heeft en 30% een KRAS mutatie.

Na behandeling met een EGFR TKI, is de mediane overleving van patiënten met 
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een EGFR mutatie meer dan 24 maanden. Voor patiënten met een KRAS mutatie 

is de mediane overleving 20 maanden. In het meest voorkomende wild type 

EGFR/KRAS gemetastaseerde niet-plaveiselcel NSCLC patiënten is de mediane 

overleving 9 maanden.

Toekomstperspectief

Een belangrijk aspect van dit proefschrift betreft de volumetrische analyse van 

PET beelden gedurende de behandeling van NSCLC patiënten. Uit onze studie 

komt naar voren dat de onnauwkeurige fusering van met name thoracale PET 

beelden in de tijd door een slechte delineatie tussen verschillende weefselsoorten 

een belangrijk probleem is. Bij thoracale beeldvorming zullen zowel hardware- als 

softwarematige technieken moeten worden toegepast om de tumorgebieden 

nauwkeurig met elkaar te kunnen fuseren. Nieuwe hardwarematige ontwikkelingen 

worden al in de kliniek geïntroduceerd om zogenaamde 4D beeldvorming met 

“image gating” toe te passen. Deze technieken laten toe dat voxel-by-voxel analyse 

nauwkeuriger wordt. Men kan ook denken aan PET-MRI, omdat de resultaten 

daadwerkelijk simultaan worden verkregen, maar of deze modaliteit bij thoracale 

beeldvorming een rol krijgt zal de toekomst ons leren.

Ondanks de genoemde tekortkomingen, heeft voxel-by-voxel analyse de 

potentie om een meer accurate evaluatie van behandelingsgeïnduceerde 

tumorveranderingen te meten, met name in situaties waar anatomische 

veranderingen nog niet zichtbaar zijn. Zulke situaties worden gezien gedurende 

de follow up van patiënten met een bijna complete respons, of in patiënten met 

zogenaamde oligometastases die worden behandeld met EGFR-TKI, BRAF of 

ALK remmers. Lokale progressie van ziekte in viscerale organen kan dan in een 

vroeg stadium en succesvol worden behandeld met stereotactische radiotherapie 

(SBRT), ) radiofrequentie ablatie (RFA) voor levermetastases en chirurgie. Waar de 

traditionele methodes zich vooral richten op de waarde van een klein gebied 

(SUVpeak
) of van een enkele voxel (SUV

max
), zorgt voxel-by-voxel analyse ervoor dat 

de behandeleffecten op de totale tumor kunnen worden geëvalueerd. Zo wordt 

ook de intratumorale heterogeniteit, krimp of verandering van de metabole 

response binnen de tumor geëvalueerd. Omdat individuele tumorgebieden die 

niet reageren op therapie worden geïdentificeerd, kunnen deze gebieden worden 
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behandeld met gerichte radiotherapie. Het is ook mogelijk om een biopt te nemen 

om eventuele nieuwe resistentie mechanismen te identificeren, opdat zo’n gebied 

met SBRT of met chirurgie, of eventueel targeted therapy kan worden behandeld.

Validatie van nieuwe PET tracers of vergelijkingen tussen verschillende PET 

tracers, worden in toenemende mate beschreven. Verschillende PET tracers zijn 

gebaseerd op medicatie. Deze tracers zijn o.a. 11C-docetaxel 13, 11C-erlotinib 14, 89Zr- 

bevacizumab15 terwijl andere tracers gebaseerd op TKIs zoals sorafenib en afatenib 

of PDL1 remmers in ontwikkeling zijn. Geautomatiseerde technieken om tumor 

gebieden op 18F-FDG PET te deliniëren zijn veel nauwkeuriger geworden11, terwijl 

eerder is aangetoond dat de interbeoordelaar betrouwbaarheid van volume 

delineatie met andere PET tracers nog beperkt is12. Accurate demarcatie van 

tumorgebieden blijft dus erg belangrijk.

Hypoxie zorgt voor weerstand tegen zowel chemo- als radiotherapie. Theoretisch 

gezien kan het gebruik van hypoxie scans worden gebruikt om dosisescalatie 

te verrichten in hypoxische gebieden gedurende behandeling, maar het 

dynamische karakter van de afwijkingen zoals waargenomen in dit proefschrift 

belemmert nog een verdere uitrol in de kliniek . Een andere methode is een 

behandeling door middel van vasodilatie van tumorgebieden met bijvoorbeeld 

nitroglycerinepleisters. Hoewel oorspronkelijk een studie met chemotherapie 

en nitroglycerinepleisters een verbeterde overleving liet zien vergeleken met 

patiënten die enkel chemotherapie kregen16, zijn er later studies verschenen, die 

deze resultaten niet konden bevestigen17,18. Beide studies faalden mogelijk omdat 

deze patiënten niet waren voorgeselecteerd voor hypoxie met een hypoxietracer 

zoals 18F-FAZA17,18. Een dergelijke aanpak zou wel hebben kunnen laten zien welke 

patiënten profijt zouden hebben van deze behandelwijze.

Bij het evalueren van behandelingen met zogenaamde dure geneesmiddelen is het 

zaak om de tumor response zo snel mogelijk te weten te komen. Zowel ’targeted 

therapy’ als immuun modulerende therapie komen daarvoor in aanmerking. Met het 

probleem van pseudoprogressie is nog onbepaald wanneer het beste tijdstip is om 

opnieuw beeldvorming te doen. Nu worden de tumorresponsemetingen gedaan 

na zes weken behandeling. Dit is gebaseerd op studies uit de chemotherapie 

periode. Het lijkt erop dat de behandeleffecten van EGFR TKI’s, ALK en BRAF 

remmers veel sneller optreedt, waarschijnlijk binnen 1-3 weken19-21.

40100_Kerner.indd   163 09-04-16   20:50



Chapter 10

164

Volumetrische 18F-FDG PET/CT en beeldvorming met aan medicatie of biomarkers 

gelabelde tracers kan therapie resistente gebieden binnen de tumor visualiseren. 

We kunnen hiermee de intratumorale resistentie in kaart brengen om te weten 

of die informatie meerwaarde heeft voor nieuwe behandelwijzen. Stereotactische 

bestraling, chirurgie, of ablatie met radiofrequente ablatie of met cryotherapie kan 

ook lokaal worden toegepast om (lokaal) recidief te attaqueren. Ook kan het ons 

leiden naar die gebieden binnen een tumor waar we het best een biopt kunnen 

nemen. Biopten uit deze specifieke gebieden die resistente tumorcellen in zich 

herbergen dienen dan genomisch geanalyseerd te worden om het resistentie 

mechanisme te analyseren. Op die manier gaan beeldvorming en genetische 

analyse hand in hand. Toekomstige studies zouden zich moeten richten op deze 

aanpak, om te oordelen of dit een betere overleving, een betere kwaliteit van 

leven en economisch voordelig is vergeleken met de huidige behandelvormen.
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Gerald S.M.A. Kerner was born April 4th 1984 on Curacao, the Netherlands 

Antilles. Coming from a mixed Latin American and European heritage, he spent 

his formative years in Curacao. After completing part of his high school at the 

Radulphus College on Curacao, he moved in 1998 to the Netherlands, where he 

finished high school.

In 2003 he was admitted to the medical school of the Free University in Amsterdam, 

which he completed in 2009. His interest was always in the oncology field, even 

if there was a temporary deviation to diabetes during his period as a medical 

student. In 2010 the groundwork to fulfill that wish was laid with a Ph.D. position at 

the department of pulmonary oncology of the UMC Groningen, where he carried 

out studies as part of the CTMM Air Force Consortium.

He is currently working as a resident of radiology at the Erasmus MC in Rotterdam, 

with the aim of learning more on the possibilities of imaging, and applying these 

imaging possibilities to better the care for especially cancer patients.
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Het schrijven van dit proefschrift heeft behoorlijk wat voeten in de aarde gehad. 

Twee moeilijke periodes zijn hieraan vooraf gegaan, waar ik me uiteindelijk sterker 

uit heb kunnen vechten. Het begin van mijn werkzaamheden aan dit proefschrift 

valt samen met één van deze periodes.

De situatie. Het is dinsdag 23 maart 2010, omstreeks half 10. Ik ben op weg 

vanuit Uilenstede naar het toenmalige Spaarne Ziekenhuis in Hoofddorp, om een 

contract te tekenen om te mogen starten als doseerarts bij de trombosedienst van 

de toenmalige Medial. Het zijn moeilijke tijden. Oma Ida ligt sinds haar ongeluk met 

het gasfornuis al twee en een halve maand op de IC in Venezuela en ze wordt ook 

nog eens geplaagd door een pulmonale infectie met pseudomonas. De situatie 

ziet er niet goed uit en de kans is aanwezig dat ze hieraan komt te overlijden. 

In de week ervoor, in de periode van wat wijlen Opa Ruben zijn verjaardag had 

moeten zijn, was ik naar Groningen gegaan voor een sollicitatiegesprek. Ik had 

eerder gesolliciteerd voor een research functie bij de radiotherapie, maar werd 

helaas toen niet uitgenodigd voor een gesprek. Exact dezelfde functie met exacte 

dezelfde beschrijving verscheen opnieuw! Maar nu bij de afdeling longziekte 

met als contactpersoon prof. dr. H.J.M. Groen. Ik was in eerste instantie sceptisch: 

was dit niet dezelfde vacature? Moest ik hierop reageren en weer worden 

afgewezen, of moest ik er toch voor gaan?! Uiteindelijk na lang praten met 

Ashley Duits, wist hij me te overtuigen om het toch maar opnieuw te proberen.  

 

Ik verdwaalde toen ik aankwam in Groningen, ik was maar 2 keer eerder geweest 

in de stad in het Hoge Noorden. Ik was een halte te vroeg uitgestapt, en moest 

naar de hoofdingang lopen, om daarna weer de Fonteinstraat af te lopen. Die hele 

Fonteinstraat was voor mij best vaag toen, immers op mijn kaartensoftware op 

de iPhone was er in Groningen helemaal geen Fonteinstraat. De dichtstbijzijnde 

Fonteinstraat was in Leeuwarden. Uiteindelijk snapte ik hoe het zat! Het was een 

interne benaming. Ik maakte diezelfde dag kennis met de secretaresse van de 

longziekte, Trudy Carbo. En daarbovenop had ik tevens een prettig gesprek met 

Professor Groen en Doctor Hiltermann.

Ondertussen moest ik bij station Hoofddorp overstappen van de Zuidtangent 

310 naar de 300. De telefoon gaat: Anoniem. Met Harry Groen. We willen dat je 

bij ons komt werken. Uiteraard zei ik volmondig: “ Ja!” Ik was erg dankbaar dat ik 

de kans kreeg om trombosearts te worden bij de Medial, maar ik heb uiteindelijk 
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niet getekend en dit boekje is het resultaat van de gebeurtenissen van die mooie 

ochtend in Hoofddorp! 

Het mooie toeval in mijn leven is dat ik een paar jaar later weer een vergelijkbaar 

verhaal meemaakte: toen ik werd aangenomen als AIOS Radiologie op het Erasmus 

MC! Het had zo moeten zijn!

Allereerst ben ik alle patiënten en hun familie die ik onder mijn hoede had bij de 

poli long oncologie dankbaar, meer in het bijzonder een ieder die aan de in dit 

proefschrift genoemde onderzoeken hebben bijgedragen. Tevens de patiënten 

die ik langdurig heb mogen begeleiden als poli patiënt. Het is voor mij een 

ware eer, een voorrecht en een groot genoegen geweest om iedere individueel 

patiënt te mogen begeleiden gedurende hun ziekte en veelal gedurende hun 

laatste levensfase. Zonder twijfel was de begeleiding van deze patiënten het 

mooiste en het beste aspect van mijn onderzoek. Mijn vurige hoop is ook dat de 

resultaten van dit onderzoek tot betere vormen van behandeling kunnen leiden 

voor toekomstige generatie patiënten met long kanker, ten einde ze een betere 

kwaliteit van leven aan te kunnen bieden. Ik heb eerder beloofd aan mijn wijlen 

oom Ernest om me in te zetten voor oncologisch onderzoek en ik zal deze belofte 

eren en mij daarvoor blijven inzetten zolang ik dat kan.

Prof. dr. H.J.M. Groen, beste Harry. Ik ben u zeer, maar dan ook zeer dankbaar voor het 

vertrouwen dat ik altijd van u heb gekregen. Niet alleen gaf u me veel vertrouwen 

als onderzoeker, ook kreeg ik veel vertrouwen van u als arts. Dit waardeerde ik 

altijd enorm en het heeft ervoor gezorgd dat ik enorm in zelfvertrouwen, kennis 

en kunde ben gegroeid gedurende de afgelopen 6 jaren.

Prof. dr. J. Pruim, beste Jan. Uw kritiek heeft een grote bijdrage geleverd op het 

gebied van de PET. De discussies over onder andere ‘the partial volume effect’ was 

zeer nuttig, evenals de vele discussies over ‘image alignment’. Ook bij u kon ik altijd 

even binnen wandelen om een vraag te stellen, waarmee ik op dat moment aan 

het worstelen was. Dank ook voor het snelle nakijken en voor de stukken die ik van 

u heb mogen ontvangen nadat u deze zelfs in het vliegtuig naar Vancouver had 

nagekeken!
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Dr. M. Koole, beste Michel. We kwamen elkaar voor het eerst tegen Vancouver 

nadat we waren geland op de luchthaven. Uw kennis en kunde is van erg nuttig 

geweest om de propagated align algorithm te kunnen valideren. Hierin heeft u een 

ongelooflijk grote rol gespeeld. Desondanks hadden we het redelijk vaak over mijn 

favoriete gerecht: sushi! Mijn dankbaarheid voor al uw hulp is nogmaals erg groot.

Dr. T.J.N. Hiltermann, beste Jeroen. Al na onze eerste ontmoeting, waarbij u me 

bedankte voor het prettige gesprek, had ik een goed gevoel. Uw enthousiasme 

voor onderzoek, vooral naar de circulerende tumor cellen, werkte aanstekelijk. Altijd 

wanneer ik om feedback vroeg, kon ik erop rekenen dat deze bijna meteen kwam.

Dr. A. Fischer, dear Alexander, Your help with the Imalytics system has been 

invaluable. Since we first talked in Utrecht, you started helping us with the elastix 

system and you gave support and aid of an unprecedented level. Our collaboration 

resulted in added functionality in that accommodate our needs and resulted in 

this Ph.D. thesis. I suspect that this is the kind of relationship that CTMM strives to 

provide. I am very grateful for all the incredible help provided by you and by your 

team.

Drs. A.H.H. Bongaerts, beste Fons. Ik kon altijd met u afspreken om beelden door 

te nemen. U was laagdrempelig benaderbaar voor elk probleem waarmee ik 

aankwam. Bedankt voor al uw hulp. Requiescat in Pace.

Daarnaast dr. Kraan, beste Jan. Wanneer ik een praktisch probleem had, kon ik 

altijd bij u terecht voor advies. Altijd kon ik deze problemen met u bespreken, 

altijd stond uw deur voor me open. Uw wijsheid en advies zijn voor altijd van 

onschatbare waarde.

Dr. Kramer, beste Henk. Op uw steun heb ik altijd kunnen. Ik heb ontzettend kunnen 

genieten van uw stijl van supervisie. Martini kreeg er een geweldige arts bij!

Drs. Van der Wekken, beste Anthonie, ook bij u kon ik altijd terecht met allerlei 

vragen. U kwam zelfs speciaal naar Beatrixoord gedurende de dienst! Dank!

Dr. Wempe, beste Johan, onze eerste kennismaking vond plaats toen ik 

een weefselmonster van een longkanker patiënt kwam verzamelen bij de 
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behandelkamer. Ik ben zeer dankbaar dat ik van u de kans kreeg om te mogen 

werken en tevens door mocht werken in het Beatrixoord. Ook met al uw trainingen. 

Uw deur stond altijd voor me open, voor welk probleem dan ook. Dit heeft me 

enorm geholpen en ik kom dan ook woorden tekort om mijn dankbaarheid 

hiervoor te tonen.

Graag wil ik ook de diverse supervisoren van de longziekte bedanken voor het 

bijbrengen van hun kennis en kunde, alsook de AIOS. Dr. P Wijkstra, Dr. v/d Bij, 

Dr. Douma, dr. M v/d Berge, dr. O. Akkerman, dr. H. v/d Vaart, Prof. Dr. H. Kerstjens, 

Drs J. Nieuwenhuizen, Drs. G. Nossent, Dr. N. ten Hacken, Dr. D.J. Slebos. De diverse 

(toenmalige) AIOS met in het bijzondere diegene waarbij ik zoveel interactie 

mee had: Wouter de Jong, Wouter van Geffen, Ries v/d Biggelaar (Erasmus MC!), 

Kor-Johan Koning, Arenda Meedendorp, Murat Türk, Maarten Tip, Jorien Luiting, 

Marieke Duiverman.

Bedankt voor het luisterend oor en de gezelligheid, binnen en buiten het UMCG.

Trudy Carbo en Heleen Kruger, zonder twijfel de belangrijkste personen van de 

afdeling longziekte. Zonder deze secretaresses loopt de afdeling niet. Veelal kreeg 

ik dan ook het verzoek van hun om de taart op te maken. Dank Dames!

Daarnaast de andere secretaresses die van onschatbare waarde zijn: de 

zorgadministratie van de oncologie. Dames, ik heb het altijd fijn gevonden om 

met jullie te werken. Bedankt dat jullie het met me wisten uit te houden, en mijn 

handschrift tot een mooie brief wisten te dicteren.

Hendrika, Gerrie, Marie, Linda, Martine, Flora, Wiep, allen hartelijk dank!

De dames van de longoncologie: Thea Scholtens, Bettina Stienstra, Linda Brussee, 

Marjan Dubbelman, Marleen Stokroos, Ria Ziengs. Veel hebben we met elkaar 

kunnen mee maken, van de diverse studies, de beroemde blauwe pilletjes, de 

longpanel tot aan de teleconferences. Hartelijk dank voor alles.

Prof. Dr. E. Schuuring, beste Ed, bedankt voor al uw hulp en feedback bij de EGFR 

artikel. Altijd kon ik met een interessante mutatie komen en kijken of we meer mee 

konden doen.

Dr. J. Sietsma, beste Hannie. Het was altijd leuk tijdens de besprekingen. Een 

gemeenschappelijke noemer, Curaçao, delen we.
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Prof. Dr. W. Timens, beste Wim, waar ik ook veel van heb kunnen leren. Ondanks 

een druk schema, had u wel tijd om coupes met me te gaan bekijken of om mij 

met de voorbereiding te helpen.

Roel Soesbeek, die het hele proces van screenen met een simpel script wist te 

vereenvoudigen. Weken werk wist hij in 10 minuten wachten te veranderen! Dank 

voor al je hulp.

Johan Wiegers en in het bijzondere Paul Snick, bij wie ik altijd langs kon komen, 

om een afspraak te regelen voor mijn patiënten, evenals bij de secretaresses (Erna 

in het bijzonder). Paul was een grote ondersteuning om alle patiënten op DVD te 

kunnen branden, opdat ik ze in het Imalytics systeem kon krijgen om weer verder 

te gaan met mijn onderzoek. Uiteindelijk heeft hij meer dan 50 DVD’s gebrand! 

De flexibiliteit die werd getoond met het maken van de FAZA scans werd erg 

gewaardeerd. Daarnaast bij de radiologie dr. R. Wolf, altijd beschikbaar bij het CT 

geleide puncties, waarbij ik droog ijs nodig had.

Erwin Wiegman, met wie ik het “Air Force One” project heb kunnen doen en die 

bleef volharden met het gemcitabine stukje samen met Edwin Blokzijl.

Vikram Rao Bollineni, thank you for helping accomplish this thesis. We spent a lot 

of time into getting the Imalytics system working in the basement. The voxel-by-

voxel technique was first applied by you, before I started using the elastix system 

for pulmonary imaging. I am certain that we will certainly collaborate again, as we 

both chose the same field of interest as specialization.

Roel Kriekels en Marianne Sijtsema, hartelijk dank voor jullie hulp met het gebruiken 

van het Mirada systeem.

Daarnaast ben ik ook erg dankbaar voor de hulp van Joachim Widder, Fred Ubbels, 

Anija v/d Leest en Ellen Driever van de radiotherapie en Leon van Dullemen.

Daarnaast ben ik al mijn mede kamergenoten dankbaar van de afdeling longziekte 

(Maartje, Eef, Ruth, Grietje, Susan), met in het bijzondere de collega’s die me 

hielpen met het invullen van de diensten bij Beatrixoord (Erica van der Wiel, Ilse 

Boudewijn), eveneens Alja, Kasper (de onbetwiste lyme koning), Froukje, Grytje, 
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Danielle, Esther, Dan, Monique, Maria, Karina, Folkert, Audrey, Freke, en alle andere 

kamergenoten van de Interne Geneeskunde. Ik vond het erg gezellig om jullie 

als kamergenotem te hebben. In het bijzondere Freke Wink, die op een moment 

van bijna wanhoop briljante inspiratie gaf welke sleutel gevend was. Marjon Dam-

Noordzij, die gedurende al die drie jaren een goed luisterend oor was voor de 

vele perikelen die ik tegenkwam. Richard Oei, altijd een technische oplossing voor 

alledaagse problemen!

CTMM: met de andere collegae van de CTMM heb ik prettig kunnen samenwerken, 

dr. S. Burgers, dr. J. van Denderen, Eva Schaake, Marlies Bongers, Jeroen Zandbergen 

en Ernesto Fernandez.

Dank aan John van Putten en secretaresses vanuit het Martini, Tineke Renkema 

en secretaresses vanuit het Refaja, Jeroen Liesker en secretaresses vanuit het 

Scheper, Remge Pieterman, Ronald Meijer en secretaresses vanuit het OZG, Peter 

van Hengel, M. Martens en secretaresses uit het Wilhelmina, Gerard de Leede 

vanuit het Bethesda, hartelijk dank voor alle keren dat ik langs mocht komen om 

gegevens te verzamelen. De gastvrijheid waarmee ik altijd ontvangen werd door 

jullie allemaal waardeer ik enorm, evenals dat jullie altijd de tijd namen voor mij.

Ik zou hier niet staan, als ik geen steun had gekregen van bijzondere docenten 

op de Vrije Universiteit. Deze mensen inspireerden en stonden onvoorwaardelijk 

achter me te allen tijde toen ik nog student was: prof. dr. P. Hoogland, Dr. G.C. van 

der Bos, Prof. dr. J.C. Netelenbos, Prof. Dr. P.T.A.M. Lips, Dr. T. Rustemeyer, Dr. M. van 

der Kuip en dr. M.P. van den Tol, die ik ook na de studie tegenkwam bij congressen. 

Dank voor jullie hulp in mijn vorming tot de arts/onderzoeker die ik nu ben!

Prof. Dr. E.F.I. Comans, beste Emile, dank voor uw enthousiasme voor de nucleaire 

geneeskunde, waardoor mijn enthousiasme voor de beeldvorming is ontstaan. Als 

student heeft u me geweldig geholpen. Jammer dat osteopoikilose toch niet als 

een case report kon worden opgestuurd.

Prof. Dr. H. Pinedo, voor wie ik altijd erg veel bewondering heb gehad. Bedankt 

voor de goede zorgen en uw hulp.

Vanuit Curaçao, Dr. H. Landman en Drs. R. Voigt, de geweldige verpleegkundige van 

mijn tijd daar, Interne Vrouwen, Anna Pavilioen, met in het bijzondere M. Balentien.
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De leden van de leescommissie: prof. dr. J. Aerts, prof. dr. G. Hospers en prof. dr. 

R. Slart, hartelijk dank dat u bereid was om deel te nemen aan de leescommissie 

en dank voor uw feedback.

Voor de allerlaatste loodjes ben ik mijn opleider dr. W. van Lankeren, waarnemend 

opleiders Prof. dr. G. Krestin, prof. dr. D. Kwekkeboom en dr. J. Teunissen, mijn 

mentor dr. M. Smits (Starbucks), de andere specialisten van het Erasmus MC, mijn 

collega AIOS, en onze opleidingssecretaresse, Desiree Jonckheer, erg dankbaar. 

Dank voor de kans dat jullie in mij hebben geplaatst en het vertrouwen dat jullie 

mij hebben gegeven.

Tante Evelyn, dank altijd voor uw warmte, uw adviezen en uw gastvrijheid. Ik ben 

vereerd dat u voor deze dag speciaal uit Curaçao voor me komt.

Tante Ina, bedankt voor uw altijd hartige steun bij de vele problemen die ik 

tegenkwam,en dat ik altijd bij u langs kon komen, zowel op Curaçao als in 

Nederland. Ik ben ook gedreven door de gebeurtenissen met oom Ernest. Het is 

een druppel op de gloeiende plaat, maar ik zal me blijven inzetten.

Prof. dr. A.J. Duits, Ashley, masha danki pa tur kos. Tur bia ku bo ta bini Groningen, 

nos ta por a papia. Sin bo bon konseho, lo mi no a solicita pa e trabou aki, i e buki 

aki lo no tei aworaki. Masha danki!

K.J. Vinck-Atwa en T. Atwa, beste Tam en Kel. Altijd heb je mij bij problemen kunnen 

helpen en ik ben je zeer dankbaar voor jullie gastvrijheid en de steun tijdens 

moeilijkere periodes.

Alan, Jessica, danki pa semper a kere den mi i ku bosnan semper a para tras di mi. 

Hopi trabou ma hinka den e proefschrift aki.

Uncle Hannsi, thank you for coming to the ceremony especially for me!

All the friends I made with salsa, especially of the sushi eating variant. Thank you for 

your help and support during some of the most difficult of times.

40100_Kerner.indd   180 13-04-16   13:04



Dankwoord

181

Dad & Helga, thank you for everything. Dad, you always believed in me, even when 

I did not. It was back then at your home in Puerto Rico Dad, that I first entertained 

the idea of becoming a MD. It was a day that would change my conceptions and 

my destiny in a profound way. You helped me every way you could in order to 

achieve this, and you kept believing in me. Thank you for being a true believer!

Mi mama, masha danki pa tur e ayudo na kas tur bia ku ta tin mester. Danki ku bo 

a bini for di Korsou pa yudami verhuis bai Capelle. Sin bo ayudo lo mi no a logra.

Hans, hartelijk dank altijd voor elk keer dat ik moest verhuizen. Toen met de sleutel 

kwam u zelfs meteen naar Groningen, het werd allemaal erg gewaardeerd.

A. Knoop, beste Allart (Knoop). Onze vriendschap, ontstaan vanaf het moment 

dat ik naar Nederland kwam, heb ik altijd zeer gewaardeerd. Helemaal bijzonder 

was het toen je voor een jaar naar Curaçao ging en de Radulphus namens mij 

had afgemaakt. Fijn ook je weer tegen te komen in het Erasmus MC als collega’s. 

Bedankt dat je als para nimf wilt optreden vandaag.

N.W. Bissumbhar, beste Nandini (Shorty). We kennen elkaar ook al 17 jaren lang. 

We hebben dik en dun meegemaakt en altijd bleef jij, en bleven je ouders mij 

onvoorwaardelijk steunen. Als het was met kerst of met oud en nieuw dat ik alleen 

zou zijn, bij jullie was ik altijd welkom en werd dan ook met open armen en warmte 

ontvangen door jezelf, je broertje Jayant en je ouders Mila en Stanley. Het is niet 

meer dan logisch dat ik jou ook zou vragen om als een para nimf vandaag op te 

treden. Thanks Shorty!

Momm, thank you for all your help. Always when I visited you, the doors were wide 

open. I loved coming to see you every time I had the chance. Rest in peace.

Benchi, Ietje, unda ku bosnan por ta awe. Esaki ta pa bosnan! Danki ku bosnan 

a criami pa mi por a bira e homber ku mi ta awe. Bosnan a laga un luga bashi 

patras ku bosnan despedidida, ambos riba manera ku no tabata de bedoeling, i 

bosnan ta hasi falta tur dia di siman, tur siman di ana. Un hende semper ta biba si 

su nomber wordu recorda. Bosnan memoria ta biba akinan, den mi kurason. Boso 

nomber semper lo wordu korda dor di e buki aki! Sosega na pas.
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Dios omnipotente y eterno que nos has dado en la Beata María de San José un 

modelo de amor a los huérfanos y ancianos abandonados, haz que, siguiendo su 

ejemplo, reconozcamos en los pobres y marginados a tu hijo Jesucristo y logremos 

servirles con el mismo amor con que ella les sirvió.

Por Cristo Nuestro Señor,

Amen.
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