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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.
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