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GEnEral inTroDuCTion

Concurrent chemoradiation (CHRT) is the principle treatment modality for patients with locally 

advanced non-small cell lung cancer (NSCLC). For locally advanced head and neck squamous cell 

carcinoma (HNSCC), CHRT is one of the major treatment modalities. Despite the addition of concurrent 

chemotherapy to radiation, locoregional failure still remains a significant problem for both patient 

groups. In NSCLC, locoregional failure rates between 30% and 55% at 3 years [1], while in stage III-IV 

HNSCC locoregional failure rates vary from 18% to 73% at 3 years [2]. Therefore, improving locoregional 

tumor control is still of major concern and is expected to improve outcome in terms of overall survival 

as well. The outcome for patients depends on several factors, such as on performance status, age, 

tumor stage, and tumor hypoxia and specifically in the case of HNSCC, human papilloma virus (HPV) 

status [3-6]. Tumor hypoxia is an important adverse prognostic factor and contributes to resistance 

for both chemotherapy and radiotherapy. This has been demonstrated in several tumor types [7], 

including also in NSCLC [8,9] and HNSCC [4,10]. 

Prognostic impact of hypoxia in HnsCC

Lehtio et al. [11], evaluated the relationship of fractional hypoxic volume (FHV) in HNSCC patients 

using fluoroerythronitroimidazole (FETNIM) PET with survival. Patients with a FHV greater than or equal 

to the median had a significantly worse survival than those with a FHV less than the median. In a study 

of 73 patients with HNSCC, pretreatment fluoromisonidazole (FMISO) uptake was found to be an 

independent prognostic factor for overall survival [12]. In another study that included 12 patients 

with HNSCC who received FMISO-PET scans prior to radiation, the authors concluded that FMISO uptake 

was predictive of treatment response to radiotherapy [13]. Rischin et al. [14] investigated the 

prognostic significance of FMISO-PET in patients with HNSCC receiving chemoradiation in combination 

with the hypoxia sensitizer tirapazamine (TPZ), and concluded that both baseline hypoxia and 

persistent hypoxia on FMISO scans in patients receiving a non-TPZ containing chemoradiotherapy 

regimen, was associated with a higher risk of locoregional failure. 

A recent FAZA (Flouroazomycinarbinoside) PET study in 40 patients with HNSCC treated by (chemo) 

radiotherapy, scans were made before and during therapy. There were 25/40 hypoxic tumors before 

FDGand 6/13 during treatment. Significantly poorer prognosis was observed of patients with hypoxic 

tumors (disease free survival, 60%), compared with non-hypoxic tumors (disease free survival, 93%) 

[15]. Varia et al. [16] also demonstrated the use of pimonidazole immunohistochemical assay in 

measuring hypoxic volume at cellular level in cervical carcinoma patients (n=10). In 9 out of 10 

patients, the presence of tumor hypoxia was determined. Kaanders et al. [17] evaluated the correlation 
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between pimonidazole binding and treatment outcome in head and neck cancer patients (n=43). In 

this study, 2 year local control rates were 48% in patients with high pimonidazole binding and 87% in 

patients with low pimonidazole binding. In conclusion, the results of these clinical studies indicate 

that tumor hypoxia is an important adverse prognostic factor in HNSCC.

Prognostic impact of hypoxia in nsClC

Several authors described the association between tumor hypoxia in NSCLC and outcome of 

radiotherapy of chemoradiation in terms of locoregional control and overall survival. 

Eschmann et al. [18] determined the prognostic impact of FMISO-uptake in advanced NSCLC patients 

before curative radiotherapy (n=14). In this study, tumor recurrence and progression occurred in 

those patients whose FMISO-T/B (Tumor-to-Background) ratio >2.0 (n=5). In locally advanced stage 

(III-IV) NSCLC patients treated with radiotherapy and or chemotherapy, re-oxygenation as assessed 

with FMISO-PET early after treatment was associated with tumor response, whereas stable or 

increasing tumor hypoxia resulted in worse local tumor control [8]. 

Gagel et al. [8] prospectively studied the capacity of FMISO-PET hypoxic imaging to determine the 

tumor response early after chemotherapy in patients with unresectable locally advanced (stage III-IV) 

NSCLC (n=8). Five out of eight patients with a decreased FMISO uptake showed partial remission after 

chemotherapy, reflecting the fact that the re-oxygenation status resulted in good tumor response, 

while increased or stable hypoxia corresponded to worse local tumor outcomes. No association 

between initial high FMISO uptake and treatment outcome could be detected. 

Dehdashti et al. [19] found that an arbitrarily selected T/M cut-off value 3.0 turned out to be accurate 

in distinguishing responders from non-responders, as detected by the 64Cu-ATSM (Cu(II)-diacetyl-bis 

(A/4-methylthiosemicarbazone) PET/CT in NSCLC patients. However, additional studies are needed to 

evaluate these cut-offs as accurate cut-offs in large groups of patients.

Li et al. [20] showed that hypoxia imaging with 99m TC-HL91 (99mTc labeled 4,9-diaza-3,3,10,10-

tetramethyldodecan-2,11-dione dioxime) correlated well with the tumor response and patient survival 

rates in stage III inoperable NSCLC patients, where a high uptake of HL91 predicts a poor outcome after 

radiotherapy in NSCLC. They also showed that the HL91 SPECT imaging could identify the tumor 

oxygen status during radiotherapy in lung cancer. In this study, a randomly selected T/N cut-off value 

≥ 1.47 showed a poor tumor response in stage III inoperable NSCLC patients. 
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Based on the accumulated evidence in literature, hypoxia PET results have been shown to have a 

prognostic value in small prospective series. Tumor hypoxia results in biological alterations that leads 

to a more aggressive disease phenotype and seems too associated with resistance to radiotherapy, 

the presence of PET-assessed tumor hypoxia could theoretically be used to predict outcome. This 

provides a basis for further studies allocating hypoxia modifying treatment according to hypoxic 

status of the tumor.

Types of tumor hypoxia 

Tumor hypoxia is caused by an imbalance between oxygen supply and consumption, which may be 

due to structural and functional abnormalities of newly formed tumor vessels [21,22]. The periodic 

episodes of opening and closing of blood vessels can create dynamic or fluctuating blood supply to 

the tumor through immature, leaky vasculature which creates hypoxic environment in tumors [21].

In normal tissues, oxygenation levels are maintained by a compensatory mechanism which increases 

blood flow in times of increased demand. In tumor tissues such a compensation mechanism is lacking 

due to immaturity of the vessels and a decreased density. Consequently, increased oxygen demand 

may lead to hypoxia [23]. In fact multiple factors have been shown to contribute to the development 

of tumor hypoxia, including perfusion, diffusion and anemia:

a) Perfusion related hypoxia is caused by fluctuating blood flow in the tumor. The microvessels 

supplying the tumors are disorganized, chaotic and exhibit an irregular branching pattern such 

as dilations, blind ends and shunts [24]. There is an absence of flow regulation along with lack of 

smooth muscle cells and nervous components. This phenomenon is also called “acute hypoxia” 

because perfusion limited oxygen supply causes ischemic hypoxia which is often transient [25].

b) The enlarged diffusion distances in tumor may also lead to hypoxia in tumors, subsequently 

resulting in less oxygen and nutrients supply to cells far away from nutritive blood vessel. This is 

referred to as diffusion limited hypoxia and is also known as “chronic hypoxia”. Chronic hypoxia 

can also be caused by adverse diffusion geometry within tumor microvessels [25].

c) The third factor which can lead to hypoxia is a reduction of the oxygen transport capacity of the 

blood. Tumor-related or treatment-induced anemia cause reduced O2 transport capacity of blood 

which leads to hypoxia. This is a common feature in cancer patients and oxygen levels go down 

already with a small reduction in hemoglobin levels below 1.1-1.86 mmol/l [23]. This will not be 

further addressed in this thesis.



15

Introduction | 01

Consequences of tumor hypoxia

Tumor hypoxia leads to cellular reactions and activation of number of molecular pathways, e.g. of 

Hypoxia Inducible transcriptional Factor 1 (HIF). HIF is a heterodimeric protein, highly expressed in 

most tumors [26]. HIF is the key feature of the hypoxia signaling pathway [27,28]. Under normoxic 

conditions, a group of enzymes called prolyl hydroxylases (PHDs) hydroxylate HIF allowing the Von 

Hippau Lindau (VHL) tumor suppressor gene to bind and promote HIF degradation. Whereas, under 

hypoxic conditions, the PHDs cannot hydroxylate HIF owing to the requirement of molecular oxygen 

and allowing for the stabilization of HIF. It then translocate to the nucleus and promotes transcription 

of hypoxia responsive elements (HREs) such as , (1) erythropoietin hormone (EPO) release promotes 

tumor cell survival and proliferation, (2) activation of Vascular Endothelial Growth Factor (VEGF) which 

is critical for the formation of new blood vessels (angiogenesis) in the tumor and (3) glycolytic 

enzymes stimulating anaerobic tumor metabolism for energy preservation to meet their demands 

leaving an acidic tumor environment after each cycle, (4) BNIP3 (Bcl-2 and 19-kilodalton interacting 

protein-3) which leads to genomic instability by evading apoptosis and (5) Epidermal Growth Factor 

Receptor (EGFR) which is associated with a more aggressive tumor behavior [26,29,30]. All these 

factors contribute to a more aggressive tumor phenotype and finally lead to multifactorial resistance 

against treatment (figure 1).

FiGurE 1: Schematic representation of hypoxia induced multifactorial resistance

Hypoxia detection

The aforementioned results clearly indicate that tumor hypoxia is associated with poor radiation 

response and worse locoregional control and survival. Therefore, assessment of tumor hypoxia in the 

clinical setting becomes increasingly important. Over the last decades, several techniques have been 

developed to quantify oxygenation status of tumors. 
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The gold standard procedure to assess tumor hypoxia is by using the Eppendorf electrode. This 

approach has been used to group patients based on their median p02 values, but disregards a great 

deal of tumor heterogeneity information. Other disadvantages of this method are its invasiveness and 

that it is mainly applicable in well accessible superficial tumors. 

Tumor hypoxia can also be determined by using immunohistological techniques by staining for 

various intrinsic or extrinsic markers of hypoxia. Immuno-histochemical staining methods provide the 

relative oxygen concentrations on an individual cell basis and enable distinguishing between viable 

and necrotic tissues. However, this technique also pose major limitations, such as the limited 

availability of only small tumor portions after biopsy and therefore a lack of a global picture of 

oxygenation status of the entire tumor. Furthermore, consensus regarding how to classify the different 

staining patterns is lacking and may severely hamper reproducibility and generalizability of results 

among different investigators [17]. These limitations made clinicians to concentrate more on non-

invasive techniques such as Positron Emission Tomography (PET) imaging with specific hypoxia 

tracers.

Nitroimidazole derivatives, such as Flouromisonidazole (FMISO), are a hypoxia-specific tracer 

molecule used for clinical PET examinations [31]. At low oxygen levels (5-10mmHg), the compound is 

reduced under hypoxic conditions specifically, forms a covalent bond with thiol groups in the cell, and 

finally detected by PET scanners [13]. In a recent study that was conducted to evaluate the 

reproducibility of FMISO, intratumoral distribution in 20 patients with head and neck cancer showed 

considerable variability in the intratumoral uptake that occurred between repeated FMISO-PET scans 

performed three days apart [31].

More recently, Flouroazomycinarbinoside (FAZA) has been developed as a hypoxia tracer, because it 

exhibits more favorable tumor-to-background in most anatomical regions than FMISO [33]. In addition, 

FAZA exhibits in vivo stability against enzymatic activity, and therefore can be recommended as a 

potential tracer for hypoxia in clinical studies. Recently, Souatzoglou et al. evaluated the feasibility of 

FAZA-PET for the imaging of tumor hypoxia in eleven patients with head and neck cancer and concluded 

that FAZA-PET imaging is feasible and that adequate image quality can be achieved [33]. Another 

study, evaluated the role of FAZA PET imaging to identify hypoxia in order to plan radiation treatment in 

head and neck cancer patients. It was concluded that IMRT treatment planning based on FAZA uptake 

measurements is feasible [34].

One of the newly developed hypoxic tracer is HX4 ([18F]-3-Fluoro-2-(4-((2-nitro-1H-imidazol-1-yl) 

methyl)-1H-1, 2, 3-trizol-1-yl), a member of the 2-nitroimidazole family for the imaging of tumor 
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hypoxia. Recently, Van Loon et al. [35] studied the properties of HX4 in a phase I NSCLC trial (n=6), 

with proven stage IV disease, who had undergone prior surgery, chemotherapy and radiotherapy. The 

mean tumor to muscle ratio for HX4 uptake 120 min after injection was 1.40 (range 0.63-1.98). The 

authors claim that HX4 may have better pharmacokinetic properties than the recently used FMISO. 

Recently, Dubois et al. [36] validated heterogeneous HX4 tumor uptake and showed strong correlation 

with hypoxic fraction as measured by the percentage of pimonidazole positive pixels (r=0.72; P< 

0.001). 

Another well studied non-nitroimidazolehypoxic tracer is 64Cu-ATSM (Cu (ll)-diacetyl-bis (A/4- 

methylthiosemicarbazone). This compound undergoes reductive metabolism under hypoxic 

conditions, forming stable adducts that subsequently bind to macromolecules inside the cell, 

resulting in a PET signal [38]. Its higher membrane permeability as compared to nitroimidazole based 

tracers makes this tracer more attractive [19]. Takahashi et al. [38] found that the 64Cu-ATSM can be 

viewed as a promising PET tracer for hypoxia imaging. In their study, an abnormally intense uptake of 

the 64Cu-ATSM was observed in all patients with locally advanced lung cancer (n=6). This may be due 

to an enhanced hypoxic condition in the tumor.

Li et al. [20] also evaluated the relationship between changes in tumor oxygenation status during the 

course of radiotherapy (3DCRT) and the treatment outcome in pathologically proven stage III 

inoperable NSCLC patients (n=32), using serial hypoxia imaging with 99m TC-HL91 (99mTc labeled 

4,9-diaza-3,3,10,10-tetramethyldodecan-2,11-dione dioxime). In their study, the median T/N value 

for 32 patients was 1.47 before radiotherapy. Patients with a T/N value <1.47 showed a bettertumor 

response (81.0%) than patients with T/N value ≥1.47 (25.0%) (p=0.002).

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a non-invasive imaging 

technique that is currently being used for detecting hypoxic status of the tumor [40]. MRI has the 

advantage of both high spatial and temporal resolution and it can be repeated as needed. Cooper et al. 

[40] used Eppendorf electrodes to measure hypoxic status of the tumor in 30 patients with cervical 

carcinoma; DCE-MRI was performed prior to obtaining oxygenation data. Tumor oxygenation status 

was found to correlate with their semi quantitative DCE-MRI derived parameters. In another study of 

seven patients with HNSCC, statistically significant correlations were observed between DCE-MRI 

parameters and significant pimonidazole tissue staining of surgical specimen [40]. Several advanced 

MRI techniques are currently being used in the assessment of tumor hypoxia. BOLD MRI can measure 

hypoxia by the ratio of deoxy-haemoglobin to oxy-haemoglobin in blood whereas, TOLD MRI, Tissue 

Oxygen Level Dependent MRI estimates hypoxia by measuring tissue oxygenation status. However, 

as these techniques are technically complex and challenging, they are beyond the scope of this 
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thesis. However, the interested reader may refer to relevant publications in the subject [41].

strategies to overcome hypoxia

The aforementioned studies clearly indicate that tumor hypoxia leads to a number of molecular 

responses and subsequent cellular mechanisms responsible for poor locoregional tumor control. 

Therefore, a number of strategies have been applied to overcome tumor hypoxia.

Hyperbaric oxygen

Hyperbaric oxygen (HBO) treatment can be used to improve oxygenation status of the tumor, by 

enhancing the amount of dissolved oxygen in the plasma and thereby increasing oxygen delivery to 

the tumor tissue [42]. HBO in combination with radiotherapy has been used clinically as a 

radiosensitizer, aiming to increase the DNA damage by means of radiation treatment [43]. However, in 

a recent pre-clinical study, in combination with radiotherapy and HBO in experimental head and neck 

cancer showed that although HBO did reduce the hypoxic status of the tumor, it did not have any effect 

on tumor growth, neither alone nor in combination with radiotherapy [44]. A review by Daruwalla et al. 

[45] based on ten clinical studies, HBO treatment of patients with cervical and bladder cancer did not 

offer any benefit. Therefore, the use of HBO in combination with radiotherapy still remains unclear and 

does not seem very promising.

Hypoxic cell sensitizers

Instead of trying to force oxygen into tissues by the use of pressurized oxygen tanks, the emphasis 

shifted to oxygen substitutes that diffuse into poorly vascularized areas of tumors and achieve the 

desired effect by chemical means [25,43]. Major effects have been directed at developing chemicals 

that can sensitize hypoxic cells which in principle mimic the effect of oxygen, and so have no 

sensitizing effect on normal tissues. The most widely studied hypoxic cell sensitizer is misonidazole, 

a member of the Nitroimidazole family [44]. In a randomized clinical trial performed by the Radiation 

Therapy Oncology Group (RTOG), the addition of misonidazole to radiotherapy showed no benefit [46]. 

However, the Danish multicenter randomized double-blind trial with another radiosensitizer, known as 

nimirazole, demonstrated an overall benefit in survival as well as locoregional tumor control [47]. A 

statistically significant improvement in locoregional tumor control was found in nimirazole treated 

patients compared to patients receiving radiotherapy and placebo (5-year actuarial rate of 49% versus 

33%, P<0.002). This trend was also found in the overall survival but to a lesser, non-significant extent 

(26% versus 16%, 10-year actuarial values, P=0.32). A recent meta-analysis by Overgaard et al. found 

that in HNSCC the addition of hypoxic modifiers to radiotherapy significantly improved loco-regional 
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tumor control. Most hypoxic sensitizer trials have been performed using nimirazole. However, effective 

doses of this drug were found to cause peripheral neuropathy, which is the main reason why it has 

been kept from routine clinical use [43].

arCon: (accelerated radiotherapy with carbogen and nicotinamide)

ARCON is the combination of accelerated radiotherapy in combination with breathing hyperbaric 

oxygen and nicotinamide [48]. Based on the results of the meta-analysis on altered fractionation, 

accelerated radiotherapy is considered standard of care when radiotherapy is administered as single 

modality [49]. In this approach, carbogen breathing is added to overcome chronic hypoxia while 

nicotinamide is added to overcome acute hypoxia.

Breathing hyperbaric oxygen (100% oxygen) can lead to vasoconstriction, which may in result 

variations in tumor blood supply. This can be avoided if 5% carbon dioxide is added to oxygen, a 

mixture called carbogen. Nicotinamide is a vitamin B3 analogue that prevents transient fluctuations in 

tumor blood supply, which may cause acute hypoxia [50]. An approach using a combination of these 

additions was tested in a Dutch phase III clinical trial in which patients with locally advanced carcinoma 

of the larynx were randomly assigned to receive accelerated radiotherapy alone versus ARCON. No 

significant difference was noted in local tumor control, but this may be due to the lower dose to the 

primary tumor site when accelerated radiotherapy was combined with ARCON [50]. 

Chemotherapy agents

Another strategy to overcome radioresistance of tumors is the use of drugs that preferentially sensitize 

and selectively kill hypoxic cells [51]. Tirapazamine (TPZ) is a representative hypoxia activated pro-

drug. TPZ exerts its cytotoxic effect through formation of radicals that initiate intracellular 

macromolecular damage, causing DNA double-strands brake [25]. However, a phase III randomized 

clinical trial in advanced HNSCC patients comparing TPZ, cisplatin and radiotherapy to cisplatin and 

radiotherapy showed no significant differences in either 2-year failure free survival, time to 

locoregional progression and quality of life [52]. It should be noted however, that the results of this 

study should be interpreted with caution as the results appear to be jeopardized by poor quality 

radiotherapy [53].

radiation dose escalation

Gray et al. were the first to describe the role of tumor hypoxia in increasing tumor resistance to 

radiotherapy [54]. The degree of sensitization by oxygen is often quoted as oxygen enhancement 
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ratio (OER), which is the ratio of doses needed to achieve the same tumor control probability as in 

tissue with normal oxygenation status [55]. For ionizing radiations such as x-ray and γ-rays, the OER 

at high doses has a value of between 2.5 and 3.5. Increased oxygen concentration creates additional 

free radicals and consequently, increases the damage to the target tissue. Therefore, oxygenation 

status of the tumor is very important to the effects of irradiation [56]. Solid tumors contain mixture of 

normoxic and hypoxic cells. A radiation dose kills a greater population of normoxic cells than hypoxic 

cells because normoxic cells are radiosensitive [22]. As a consequence, a higher radiation dose is 

needed to achieve the same local control rate, in hypoxic tumors [57]. Dose escalation is therefore an 

important strategy to overcome tumor hypoxia. 

The presence of molecular oxygen mediates DNA damage through formation of oxygen free radicals 

which is less likely to occur in hypoxic conditions [21,22]. Hence higher radiation doses are required 

to combat tumor hypoxia. Martel et al. [58] estimated that a dose of at least 80 Gy is required to 

achieve a 50% locoregional control rate at three years. Recent studies showed that higher radiation 

doses significantly improve locoregional tumor control and overall survival rates. For instance, Rengan 

et al. [59] observed that an increase of 10 Gy resulted in a 36% decrease in local failure risk. In addition, 

Kong et al. [60] concluded that a 1 Gy radiation dose escalation was associated with a 3% reduction in 

the risk of death. However, increasing the radiation dose may also increase the dose to healthy tissues 

and thus to an increase in radiation induced side effects. Ideally speaking, only hypoxic areas of the 

GTV should receive such a higher dose.

Although tailored hypoxic tumor dose escalation appear a promising approach, the question arises as 

to whether this is practically feasible. First, this approach requires detection of tumor hypoxia by 

technologies that provide spatial information regarding tumor hypoxia. In addition, the choice of the 

radiation dose escalation technique (e.g. simultaneous integrated boost technique or single high 

dose stereotactic boost) highly depends of the course of hypoxia during the course of radiation 

treatment. Therefore, the development of such strategies demands a detailed knowledge of the time 

course of hypoxia and re-oxygenation. Unfortunately, this information is not yet available for human 

tumors.

PET imaging with hypoxia tracers can theoretically be combined with Intensity Modulated Radiotherapy 

(IMRT), to improve locoregional tumor control and subsequently survival of the patients with locally 

advanced disease. The ability of IMRT to accurately deliver higher radiation doses to hypoxic regions 

within the tumor as visualized by PET tracers, without increasing the normal tissue toxicity is very 

appealing. Several strategies are under development (IMRT with a simultaneous integrated boost, 

VMAT, protons). To achieve the most optimal hypoxic subvolume dose escalation, the knowledge of 
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spatial-temporal dynamics of tumor hypoxia during the course of radiotherapy is essential. 

Which information is needed to overcome hypoxia by dose escalation?

From a radiobiological point of view, dose escalation to the tumor is a logical strategy to overcome the 

adverse effects of hypoxia on radioresistance. However, from a clinical point of view, dose escalation 

is more complex. Dose escalation to the entire Gross Tumor Volume (GTV) will give rise to a higher dose 

to the normal tissues as well, leading to an increase of radiation-induced toxicity. In NSCLC, 

administering a prescribed dose of 60 to 66 Gy is already difficult to achieve in 5-10% of the cases 

without accepting an unacceptable risk of severe side effects such as pulmonary and/or cardiac 

toxicity. In HNSCC, dose escalation will result in an increase of acute and late radiation-induced 

toxicity such as xerostomia and dysphagia which both have a significant negative effect on quality of 

life after completion of treatment [61]. Therefore, dose escalation specifically to hypoxic areas within 

the tumor offers more opportunities to escalate the dose to the most radioresistant parts of the tumor 

without or minimally increasing the dose to the normal tissues [60,61]. Although such strategy may 

appear obvious, dose escalation to hypoxic regions is rather complex issue as there are several 

factors that may introduce significant changes in the spatiotemporal dynamics of tumor hypoxia 

[10], including:

1) Tumor oxygenation patterns are heterogeneous among individual patients [10];

2) The severity of hypoxia in tumor cells depends on the diffusion distance between tumor and 

blood supply [25];

3) Tumor cells that are hypoxic today may or may not be hypoxic at subsequent time points due to 

a changing tumor microenvironment [4,10]. 

If the hypoxic subvolumes remain geographically stable during the course of chemoradiation, 

increasing the radiation dose in these subvolumes may allow improving local tumor control. On the 

contrary, such an approach is unlikely to be beneficial or may even harmful if the size and/or location 

of the hypoxic subvolumes change significantly during the treatment. Therefore, it is crucial to 

distinguish geographically stable and dynamic hypoxia during therapy as this will affect dose 

escalation strategies to intratumoral hypoxic areas during the course of irradiation. Then, we can 

optimize the timing and frequency of hypoxia imaging for the treatment planning.
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Questions to be answered?

Dose escalation to hypoxic areas is a potentially promising but not yet proven radiotherapy approach. 

Before it can be clinically tested, several measures need to be addressed. 

1. Radiation dose escalation to hypoxic areas requires accurate spatial information obtained by 

advanced imaging techniques, e.g. as determined from PET/CT imaging using hypoxic tracers. 

2. In many centers, radiation treatment planning is already based on planning FDG-PET/CT. It has 

been suggested that tumoral FDG uptake correlates with tumor hypoxia and that high FDG uptake 

could be used as a surrogate for tumor hypoxia and that additional and specific PET-tracers to 

detect hypoxia are unnecessary [13]. However, this correlation remains to be determined.

3. It has been hypothesized that dose escalation to hypoxic areas is most effective if the most hy-

poxic areas receive the highest radiation dose. In general, radiation treatment planning is per-

formed prior to treatment and assumes a more or less stable situation during the entire course of 

treatment. However, based on the previously mentioned findings, this is very unlikely. During 

radiation, the spatial distribution of hypoxia is likely to change due to cytotoxic treatment, tumor 

shrinkage and hypoxia transience. The extend of these changes during the course of treatment 

and the possible consequences with regard to dose escalation strategies remain to be deter-

mined as well.

aims of this thesis

It is clear that tumor hypoxia is a major risk factor for failure after radiotherapy or chemoradiation due 

to increased radioresistance of hypoxic tumor cells. Precise delivery of higher radiation doses per 

fraction to the hypoxic subvolumes during the entire course of treatment may be a strategy to improve 

the therapeutic ratio by increasing local tumor control without inducing excess radiation-induced side 

effects. This requires methods that provide spatial information on tumor hypoxia prior to and during 

the course of radiation. The studies described in this thesis will focus on a number of methodological 

issues related to the development of hypoxia-guided radiation dose escalation in HNSCC and NSCLC.

More specifically, the aims of this thesis are:

1) To get insight on the role of PET to image tumor hypoxia in NSCLC and its potential use for 

radiotherapy treatment planning, including to summarize the different hypoxia tracers, to 

investigate whether tumor hypoxia is present in NSCLC, and finally to describe whether the 
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presence of hypoxia as demonstrated on PET scans can be used to predict outcome. For this 

purpose, a systematic review of literature was performed and the results of this review are 

described in (Chapter 2).

2) To determine the potential added clinical value of the specific hypoxia tracer FAZA over the 

commonly used FDG in the treatment of advanced NSCLC patients.The amount of tumor FDG 

uptake may reflect the level of hypoxia and may therefore be used as a surrogate marker for 

tumor hypoxia. The results of a prospective study including patients with NSCLC investigating 

this putative assumption are described in (Chapter 3).

3) To investigate how chemotherapy affects areas of tumor hypoxia as measured with FAZA uptake 

and whether these changes correspond to metabolic effects as measured with FDG in NSCLC 

patients (Chapter 4). 

4) To quantify spatio-temporal dynamics of tumor hypoxia using serial hypoxic imaging before and 

at several time-points during (chemo)radiotherapy in head and neck and non-small cell lung 

cancer patients (Chapter 5). 

5) To investigate the prognostic value of post-Stereotactic ablative body radiotherapy (SABR) FDG 

uptake at 12 weeks with respect to treatment outcome in medically inoperable patients with 

stage I NSCLC or FDG-PET positive primary lung tumors (Chapter 6).

Eventually, chapter 7 contains the general discussion and proposals for future directions.
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aBsTraCT

Tumor hypoxia is an important contributor to radioresistance. Thus, increasing the radiation dose to 

hypoxic areas may result in improved locoregional tumor control. However, this strategy requires 

accurate detection of the hypoxic areas using PET imaging. Secondly, hypoxia imaging may also 

provide prognostic information and may be of help to monitor treatment response. Therefore, a 

systematic review of the scientific literature was carried out on the use of Positron Emission 

Tomography (PET) to image tumor hypoxia in non-small cell lung cancer (NSCLC). More specifically, 

the purpose of this review was (1) to summarize the different hypoxia tracers used, (2) to investigate 

whether Tumor hypoxia can be detected in NSCLC and finally (3) whether the presence of hypoxia can 

be used to predict outcome.
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inTroDuCTion

Concurrent chemoradiation (CHRT) is the principle treatment modality for patients with locally 

advanced (stage III) non-small cell lung cancer (NSCLC). Unfortunately, locoregional control is poor, 

with failure rates of approximately 73% at 5 years in patients treated with CHRT [1]. Therefore, 

improving locoregional tumor control is of major concern and is expected to improve outcome in terms 

of overall survival. 

Tumor hypoxia is an important contributor to radioresistance. This has been demonstrated in several 

tumor types such as in squamous cell carcinoma, cervical cancer and breast cancer [2-4]. Tumor 

hypoxia results from an imbalance between oxygen supply and consumption, due to an abnormal 

structure and function of the microvessels supplying the tumor [5-7]. When ionizing radiation strikes 

cancer cells, oxygen mediates DNA damage through formation of free oxygen radicals, which is less 

likely to occur in a hypoxic state [7,8]. The key feature of tumor hypoxia is up-regulation of Hypoxia 

Inducible Factor (HIF) which leads to an increased expression of Hypoxia Responsive Elements 

(HRE’s) such as (1) Vascular Endothelial Growth Factor (VEGF) inducing tumor angiogenesis, (2) 

glycolytic enzymes stimulating anaerobic metabolism to meet their demands leaving an acidic tumor 

environment after each cycle, (3) erythropoietin hormone (EPO) release promotes tumor cell survival 

and proliferation and (4) BNIP3 (Bcl-2 and nineteen-kilodalton interacting protein-3) which leads to 

genomic instability by evading apoptosis. All these factors contribute to multifactorial resistance. As a 

consequence, hypoxic areas generally are more resistant to chemoradiotherapy (Figure.1) [9-11]. As 

a consequence, hypoxic zones are more resistant to radiotherapy. Indeed, several studies have 

demonstrated the prognostic value of tumor hypoxia in cervical cancer and head and neck cancer 

patients [2,12,13]. 

The gold standard to assess tumor hypoxia is by using the Eppendorf electrode. However, the main 

disadvantages of this method are its invasiveness and most importantly, it can only be applied for 

well accessible superficial tumors. These limitations made clinicians concentrate more on non-

invasive techniques such as Positron Emission Tomography (PET) imaging using specific hypoxic 

tracers. Imaging of hypoxia using PET has several advantages over electrode measurements: it is a 

non-invasive procedure; it generates three-dimensional images; and multiple tumor sites can be 

measured simultaneously. Moreover, PET is capable of visualizing the often heterogeneous pO2 

distribution [14, 15] within the tumor, without the need for multiple electrode measurements. 

As stated above, hypoxic zones are more resistant to radiotherapy. From this point of view, increasing 

the radiation dose to these radioresistant areas may result in improved locoregional control. Several 
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trials have already shown that increasing the radiation dose to the whole tumor results in improved 

local control and survival [16,17]. However, the main obstacle for dose escalation is radiation-induced 

toxicity, in particular radiation pneumonitis [18,19]. Dose escalation to the whole tumor is therefore 

less attractive. The delivery of higher radiation doses to specific hypoxic subvolumes, while sparing 

normal tissues, is more tempting. Modern developments in radiation delivery techniques, such as 

intensity modulated radiotherapy (IMRT), enable this strategy. Therefore, identification of intratumoral 

hypoxic areas might be an important step to develop accurate dose escalation strategies in the 

radiation treatment of NSCLC. Finally, hypoxia imaging may also provide prognostic information and 

may be of help to monitor treatment response.

This review focuses on the use of PET to image tumor hypoxia in NSCLC and its potential use for 

radiotherapy treatment planning. More specifically, the purposes of this review are (1) to summarize 

the different hypoxia tracers, (2) to investigate whether tumor hypoxia is present in NSCLC, and finally 

(3) whether the presence of hypoxia as demonstrated on PET-scans can be used to predict outcome.

FiGurE. 1 Schematic representation showing how tumor hypoxia leads to multifactorial resistance
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MaTErials anD METHoDs

search strategy

The PubMed database was searched for articles published up to 15 November 2011, including 

electronic early-release publications. The search terms used were “Tumor hypoxia,” “NSCLC”, “PET/CT”, 

“FDG”, “18F-MISO”, “FAZA”, “64Cu-ATSM”, “FETNIM” and “HX4”. In addition, papers’ references lists were 

screened in order to retrieve additional relevant papers. Both prospective and retrospective studies 

were included. Studies only available

as an abstract were excluded from this review. Articles in languages other than English were also 

excluded. Other non-PET hypoxia tracers addressing studies concerning lung cancer, infection 

diseases, heart diseases and neurological diseases were considered as ineligible. Major conclusions 

were drawn from prospective clinical research papers that evaluated non-invasive in-vivo 

characterization of tumor hypoxia in NSCLC patients. The selection process of the search strategy is 

summarized in figure 2.

FiGurE. 2 The study selection process.
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rEsulTs
Hypoxia tracers

We were able to identify 12 studies on hypoxia tracers, including FMISO, 64Cu-ATSM, FAZA, HX4 and 

FETNIM (Table 1). 

FMiso

The 18F-fluoromisonidazole (FMISO) hypoxic tracer is the first generation Nitroimidazole derivatives 

that has been studied extensively in both humans and animals [15,20-22]. Nitroimidazoles undergo 

specific reductive metabolism under hypoxic cell conditions, resulting in reactive tumor metabolite 

markers which selectively bind to macromolecular cell components, but washes out from normoxic 

cells. Indeed, Dubois et al. [23] demonstrated a significant correlation between the hypoxic area 

derived from pimonidazole stained tumor sections with the FMISO PET defined hypoxic volume in an 

experimental rat tumor model (r=0.9066; P<0.0001). 

In the clinical setting, Rasey et al. [15] evaluated the applicabililty of FMISO PET to detect hypoxic 

zones in locally advanced NSCLC patients (n=21). Increased uptake of FMISO was present in 97% of 

the cases studied. The pretreatment fractional hypoxic volume (FHV) i.e, the proportion of the pixels 

in the tumor volume with a tumor : blood activity ratio ≥ 1.4 at 120-160 min post-injection) measured 

by FMISO PET imaging in lung tumors ranged from 1.3% to 94.7% with a median of 47.6%. The threshold 

value 1.4 was adopted based on extensive in-vivo animal FMISO biodistribution data from nonmalignant 

tissues [20].

Koh et al. [21] observed serial changes in the tumor oxygenation status in stage III NSCLC patients 

(n=7) treated with primary radiotherapy with either photons or neutrons. The percentage of the initial 

FHV measured before radiotherapy ranged between 20% and 84% with a median of 58%, which 

decreased at the end of treatment from 3% to 65% with a median of 22%, indicating that during 

radiotherapy tumoral oxygen levels increased. 

Gagel et al. [24]evaluated the possibility of assessing tumor hypoxia by FMISO-PET as an early tumor 

response monitor. In this study, the reduction in FMISO uptake reflecting tumor re-oxygenation 

correlated with tumor response. In addition, they also showed that tumor hypoxia detected by FMISO 

PET showed no correlation with the glucose metabolism of the tumor measured by 

fluorodeoxyglucosePositron Emission Tomography (FDG-PET).
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The authors hypothesized that hypoxic areas could be defined as a Biological Target Volume (BTV) 

which may represent the localization of areas with a high risk of local recurrence. This BTV can be 

considered as an appropriate area for dose escalation. However, defining the BTV might be the crucial 

problem in using hypoxia tracers. Generally, hypoxia tracers show a relatively low increased uptake 

as compared to the background hampering delineation of the BTV. An improvement of segmentation 

techniques using list mode data might solve the problem. Another technical issue to be solved is the 

partial volume effect which may overestimate the success of the treatment. Probably a similar 

approach as was introduced for FDG recently [25,26], standardizing scanning, should be introduced 

for hypoxia tracers also. Another problem with lung cancer treatment is tumor movement during the 

respiratory cycle. The accurate delineation of tumor volume is of the utmost importance for 

radiotherapy treatment planning. To overcome this problem, optimal gating or 4D-PET is an attractive 

option [27].

64Cu-aTsM 

Another well studied hypoxia tracer is 64Cu-ATSM, (Cu(ll)-diacetyl-bis(A/4-methylthiosemicarbazone). 

This compound undergoes reductive metabolism under hypoxic conditions, forming stable adducts 

that subsequently bind to macromolecules inside the cell, resulting in a PET-uptake. In normoxic 

tissues, however the compound cannot be reduced, and it quickly washes out of the cells [28, 29]. Its 

higher membrane permeability as compared to nitroimidazole-based tracers makes this tracer more 

attractive. 

Takahashi et al. [30] showed that intense uptake of 64Cu-ATSM was observed in patients with locally 

advanced NSCLC (n=6). The distribution pattern of 64Cu-ATSM was different from that of FDG, 

suggesting that 64Cu-ATSM uptake may represent characteristics of tumors independent of those 

represented by FDG uptake. Dehdashti et al. [31] used 64Cu-ATSM for the identification of hypoxic 

areas in stage IA to IV NSCLC patients (n=18) receiving radiotherapy, chemotherapy or 

chemoradiotherapy (CHRT). FDG-PET and 64Cu-ATSM PET were performed prior to treatment and 

response was assessed by means of follow-up CT scans of the chest approximately 3 months after 

completion of therapy. Eight out of 14 evaluable patients (57%) responded, while six showed disease 

progression. Interestingly, the 64Cu-ATSM tumor-to-muscle ratio (T/M) was less than 3.0 in all 

responders, while all non-responders had a T/M higher than 3.0. 

Lohith et al. [32] studied the intratumoral distribution of 64Cu-ATSM and FDG in stage IA-IIIB NSCLC 

patients with either squamous cell carcinoma (SCC) (n=8) or adenocarcinoma (AC) (n=5) prior to 

surgical resection or CHRT. 64Cu-ATSM uptake was intense in all NSCLC cases but was significantly 
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lower than the FDG uptake. This difference in uptake between FDG and 64Cu-ATSM was larger among 

patients with SCC than in those with AC. In addition, the intratumoral distribution of 64Cu-ATSM and 

FDG was also different between the two histologies. These data indicate that highly metabolic areas do 

not coincide with hypoxia and may therefore reflect different biological targets. Interestingly, in SCC 

spatial mismatching was observed, with high 64Cu-ATSM regions localizing toward the peripheral 

tumor regions and high FDG uptake regions localizing toward the center of the tumor, whereas in AC 

more homogeneous distributions of the tracers was observed. However, it should be noted that the 

PET segmentation approach such as an overlap fraction between the tracers using SUVmax 

thresholding technique can give more information about the mismatch between metabolic and 

hypoxic areas. Aerts et al. [33] from the Maastricht group introduced a nice technique for calculating 

overlapping fractions in FDG scans obtained prior to and after radiotherapy. We were unable to retrieve 

paper dealing with overlapping fraction between FDG and hypoxic tracers, but such an image analysis 

seem highly possible based on their findings.

other tracers: FaZa, FETniM, HX4

One of newly developed hypoxia tracer is fluoroazomycin arabinoside (FAZA). Preclinical studies 

indicate that FAZA is promising in various tumor models [34]. It was shown that FAZA is rapidly cleared 

from the circulation and normoxic tissues, and is excreted mainly via the renal pathway, thereby 

providing more favourable tumor to background (T/B) ratios in most anatomical regions as compared 

to FMISO [35]. In addition, FAZA exhibits in vivo stability against enzymatic activity, and therefore can 

be recommended as a potential tracer for tumor hypoxia in clinical studies [36].

Postema et al. [37] evaluated hypoxic imaging using FAZA-PET in patients with primary or suspected 

metastatic NSCLC (n=12). In 7 patients, increased FAZA uptake was observed in the primary tumors. 

Li et al. [38] compared hypoxic areas as determined with FETNIM (Fluoroerythronitroimidazole) with 

FDG based metabolic areas in patients with stage III locally advanced NSCLC (n=11). No significant 

correlation was found between the FETNIM T/B ratio and FDG SUVmax (r=0.39, P=0.23). However, they 

found that FETNIM uptake in the primary tumor was an independent prognostic factor for overall 

survival (OS).

Recently, Van Loon et al. [39] studied the properties of HX4 ([18F]-3-Fluoro-2-(4-((2-nitro-1H-imidazol-

1-yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol), a member of the 2-nitroimidazole family for the 

imaging of tumor hypoxia. The tracer was tested in a phase I trial (n=6), including four NSCLC patients 

with proven stage IV disease, who had undergone prior surgery, chemotherapy and radiotherapy. The 

mean tumor to muscle ratio for HX4 uptake 120 minutes after injection was 1.40 (range 0.63–1.98). 
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TaBlE 1: Following table represents summary of various hypoxic tracers studied in NSCLC clinical studies 
based on hypoxia imaging.

Tracer 
Type

no. of 
Patients

Patient 
Cohort Clinical study Purpose results Conclusion(s) ref

FMISO 14 Stage III Prognostic 
impact of 
FMISO 
hypoxia 
imaging.

Prognostic 
value

High tumor/muscle 
and tumor/
Mediastinum ratios 
correlated with the risk 
of local failure.

FMISO kinetic 
behavior 
predicts 
treatment 
outcome.

[36]

FMISO 8 Stage  III- IV FMISO & 
FDG-PET in 
response 
evaluation 
after C/RT for 
NSCLC.

Prognostic 
value

Decreased FMISO 
uptake had favorable 
outcome, but no 
correlation was 
observed between 
tumor FMISO uptake 
and glucose 
metabolism.

FMISO detected 
areas may 
correspond to 
Biological target 
volume.

[25]

FMISO 21 Stage  III Hypoxia 
imaging with 
FMISO .

Determine 
Hypoxia

Distribution of hypoxic 
volume varied 
markedly within a 
single tumor. No 
correlation between 
tumor size and hypoxic 
volume.

With the use of 
FMISO, 97% of 
studied tumors 
showed hypoxic 
volume.

[23]

FMISO 7 Stage  III Serial 
changes in 
Tumor 
oxygenation.

Prognostic 
value

Hypoxic volume 
decreased by the end 
of the treatment as 
assessed by the 
FMISO. However, no 
correlation was 
observed between 
tumor size and hypoxic 
volume.

Tumor 
oxygenation 
during RT is 
improved but 
the pattern of 
re-oxygenation 
is 
unpredictable.

[24]

FMISO 17 Stage I - II Hypoxia and 
angiogenesis 
in NSCLC.

Correlation Tumor FMSIO SUVmax 
has no correlation with 
FDG SUVmax.

Hypoxia does 
not correlate 
with glucose 
metabolism in 
NSCLC.

[43]

FMISO 5 Stage III PET-FDG, FLT,  
FMISO 
modification 
during 
radiotherap.

Correlation FMISO SUVmax were high 
in tumors than in 
nodes and remained 
stable during 
treatment.

Significant 
correlation was 
observed 
between FDG 
identified 
glucose 
metabolism and 
FMSIO identified 
hypoxic areas 
during 
Radiotherapy. 

[42]

64Cu-
ATSM

6 Pathologically 
confirmed 
NSCLC

Evaluation of 
a 64Cu-ATSM 
as a hypoxia 
tracer in lung 
cancer 
patients.

Evaluating 
64Cu-ATSM 
as a 
hypoxic 
tracer

Intense uptake of 
64Cu-ATSM was 
observed in all 
patients. However, it 
did not correspond to 
treatment outcome.

64Cu-ATSM is a 
promising PET 
tracer for tumor 
hypoxia 
imaging.

[26]
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The authors claim that HX4 may have better pharmacokinetic properties than the recently used 

nitroimidazole hypoxia markers such as FMISO. Dubois et al. [40] validated heterogeneous HX4 tumor 

uptake and showed strong correlation with tumor hypoxic fraction as measured by the percentage of 

pimonidazole positive pixels (r = 0.72; P< 0.0001). Given the good imaging properties and strong 

correlation between PET imaging results and histological parameters HX4 appears to be promising 

tracer for hypoxia imaging

Distribution of PET-identified hypoxia in nsClC

As tumor hypoxia is associated with increased resistance to anticancer treatment, it is not only 

relevant to determine the presence of hypoxia, but also its distribution throughout the tumor volume. 

This information is required for the development of radiation dose escalation strategies specifically 

directed to the hypoxic subvolumes, using advanced radiation techniques such as intensity 

modulated radiotherapy. The fractional hypoxic volume (FHV), based on FMISO uptake showed values 

ranging from 48% [15] to 58% [21] with hypoxic areas heterogeneously distributed throughout the 

64Cu-
ATSM

13 Stage I-IV Patho-
physiological 
correlation 
between 
64Cu-ATSM 
and FDG in 
lung cancer.

Correlation No correlation between 
64Cu-ATSM and FGD 
uptake in tumor.

The intratumoral 
distribution of 
glucose 
metabolic areas 
and hypoxic 
regions could 
vary within the 
tumor.

[28]

64Cu-
ATSM

14 Stage I-IV Hypoxia 
imaging 
using 64Cu-
ATSM.

Determine 
Hypoxia

64Cu-ATSM tumor/
muscle ratio 3.0 is a 
best cut-off to 
differentiate 
responders and non-
responders.

PET imaging 
with 64Cu-ATSM 
in patients with 
NSCLC is 
feasible. 

[27]

 FAZA 12 Primary or 
suspected 
metastatic 
NSCLC

Hypoxia 
imaging 
using FAZA.

Evaluating 
FAZA as a 
hypoxic 
tracer.

No adverse events 
were noted following 
administration of FAZA.

FAZA is a safe 
and feasible 
tracer for 
hypoxia 
imaging.

[33]

FETNIM 26 Stage III Comparing 
glucose 
metabolism 
and hypoxia 
using FDG 
and FETNIM 
in locally 
advanced 
NSCLC 
patients.

Prognostic 
value

FETNIM T/Bmax ratio was 
found to be an 
independent 
prognostic factor for 
overall survival.

Imaging with 
FETNIM is a 
valuable 
method to 
detect hypoxia.

[34]

HX4 4 Stage IV PET imaging 
of hypoxia 
using HX4: a 
phase 1 trial.

Evaluating 
HX4 as a 
hypoxic 
tracer.

 HX4 administration 
was not associated 
with any toxicity 
according to the CTCAE 
3.O criteria.

PET imaging 
with HX4 is 
feasible.

[35]
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tumor. This shows that the tumor microenvironment is highly heterogeneous. Secondly, the 

intratumoral distribution of hypoxia may also differ based on histology [32], as different hypoxia 

tracer uptake patterns were observed in adenocarcinoma and SCC. However, further studies are 

needed to address this issue using segmentation techniques such as overlapping fractions between 

PET tracers of glucose metabolic and hypoxic tracers. The effect of tumor size on the hypoxic volume 

and distribution of hypoxia was investigated in two studies [15,21,21]. In these studies, no correlation 

was found between tumor size and pretreatment hypoxia, indicating that larger tumors are not 

necessarily more hypoxic than smaller tumors. 

Hypoxia PET imaging to predict outcome

Since tumor hypoxia seems to be associated with resistance to radiotherapy, the presence of PET-

assessed tumor hypoxia could theoretically be used to predict outcome. However, data on this subject 

are scarce. Eschmann et al. [41] determined the prognostic impact of FMISO-uptake in advanced 

NSCLC patients before curative radiotherapy (n=14). In this study, tumor recurrence and progression 

occurred in those patients whose T/M > 2.0 (n=5). Next Li et al. [38] also showed that pre-treatment 

hypoxia is of importance as pre-treatment FETNIM uptake was an independent prognostic factor for 

overall survival after treatment with radiotherapy and or chemotherapy. In unresectable locally 

advanced (stage III-IV) NSCLC patients treated with chemotherapy, re-oxygenation as assessed with 

FMISO early after treatment was associated with tumor response, whereas stable or increasing tumor 

hypoxia resulted in worse local tumor control [24]. Unfortunately, to the best of our knowledge, no 

such data are available for radiotherapy. 

To summarize, PET hypoxia imaging may be used to predict treatment outcome. Whether pre-treatment 

hypoxia or changes in hypoxia during treatment are most predictive remains to be determined in 

future studies. 

FDG as a surrogate marker for hypoxia

FDG is routinely used to assess tumor glucose metabolism [42]. The extent of FDG accumulation in 

non-small cell lung cancer depends primarily on the over-expression of Glucose transporter 1 (GLUT-

1) and glycolytic enzymes [43, 44]. Also in hypoxic regions, up-regulation of glucose transporters 

(GLUTs) is seen [45]. This is due to increased hyperglycolysis driven by HIF. Tumors with high SUVmax 

have higher HIF and GLUT-1 expression than tumors with low SUVmax as detected by FDG PET [46]. 

Therefore, the degree of tumor FDG uptake may reflect the level of hypoxia and may therefore be used 

as a surrogate marker for tumor hypoxia. 
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As we stated earlier anaerobic metabolism in hypoxic cells leads to acidic tumor environment after 

each cycle. Some studies have shown that a clear correlation exists between lactate production and 

tumor progression. Schwickert et al. [47] showed that a lactate concentration of >20µmol/g represents 

a 6.5 fold increase in the occurrence of metastasis. Another study done by Walenta et al. [48]on head 

and neck cancer patients showed a similar correlation between lactate production and metastasis. 

Recently, Vera et al. [49] evaluated the correlation between FDG and FMISO in lung cancer patient’s 

candidates for curative-intent radiotherapy. They reported a significant positive correlation between 

FDG-PET and FMISO-PET SUVmax value measured during radiotherapy (r=0.59, P<0.008). However, 

they noted that although tumor metabolism decreased during the course of treatment, tumor hypoxia 

remained stable. Gagel et al. [24] and Cherk et al. [50] did not observe a relationship between tumor 

glucose metabolism assessed by FDG SUVmax and tumor hypoxia detected by hypoxic tracer FMISO. 

Also with respect to 64Cu-ATSM, no significant correlation was observed between tumoral FDG uptake 

of and that of 64Cu-ATSM in NSCLC patients [31] . 

To conclude, although tumor hypoxia is associated with up-regulation of glucose transporters and 

subsequent increased FDG uptake, no direct correlation between tumor FDG uptake and hypoxic 

tracer uptake could be demonstrated in the studies included in this review. Therefore, FDG-PET does 

not seem to be a good surrogate marker for hypoxia in NSCLC. 

Possible implications of PET-hypoxia imaging for radiotherapy

Since PET-imaging is non-invasive, serial PET-scans can be performed to detect not only the spatial 

heterogeneity within the gross tumor volume but also the dynamics of tumor hypoxia during the 

course of treatment. 

The question arises what kind of radiation dose escalation strategy will be most suitable in NSCLC to 

overcome the problem of tumor hypoxia. One strategy could be to use intensity modulated 

radiotherapy (IMRT) with a simultaneous integrated boost (SIB) technique, delivering a higher dose 

per fraction to the hypoxic areas during the entire course of treatment. However, Koh et al. [21] studied 

the dynamics of hypoxia during treatment using FMISO-PET imaging and observed that tumor hypoxia 

varied widely and changed from hypoxic to oxic in the final phase of radiation treatment. In that 

situation, IMRT-SIB based dose escalation to the hypoxic areas (acute hypoxia) may only be applicable 

using adaptive radiation therapy, with repeated PET-scans during treatment. The authors themselves 

suggested intensifying the treatment of residual hypoxic zones towards the end of the treatment. 

Given the fact that hypoxic areas may vary during the course of treatment (cycling hypoxia), a dose 

escalation strategy using stereotactic ablative radiotherapy (SABR) to deliver a single high-dose 
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boost to the specific hypoxic zone at the end of treatment may be more appropriate. However, it has 

also been postulated that presence of tumor hypoxia reflects a more general radioresistant tumor 

phenotype requiring dose escalation of the entire gross tumor volume rather than boosting the 

hypoxic areas only [51]. Unfortunately, these hypothesis have not been proven yet and need further 

verification as conflicting results are reported in the literature. A recent trial showed no such effect in 

stage III NSCLC patients [52]. Others, however, did find a relation in smaller studies [16, 17].

To our knowledge, no studies have been performed on how hypoxia imaging could be used to intensify 

the radiotherapy to radioresistant hypoxic subvolumes in NSCLC. Modern radiotherapy techniques 

such as IMRT or SABR seem promising to target specific radioresistant hypoxic sub volumes. Future 

studies should focus both on the dynamics of tumor hypoxia in order to select the most optimal 

treatment technique.

ConClusions

Hypoxia is present in the majority of NSCLC tumors. The distribution of tumor hypoxia varies widely 

and has shown to change during radiation treatment. Poor correlation was observed between glucose 

metabolism and hypoxia in NSCLC suggesting that specific PET tracers are necessary to quantify 

tumor hypoxia. Although conflicting data exist with respect to the variation of tumor hypoxia during 

treatment, residual tumor hypoxia at the end of treatment seems to be a prognostic factor with respect 

to tumor response after chemoradiotherapy. Further studies are needed on the spatial and temporal 

changes of tumor hypoxia, to explore the potential of hypoxia based radiation dose escalation 

strategies.



PET-based analysis of tumor glucose metabolism and tumor hypoxia before and during anti-neoplastic treatment

42

1. Groen HJ, van der Leest AH, Fokkema E et al. Continu-

ously infused carboplatin used as radiosensitizer in lo-

cally unresectable non-small-cell lung cancer: a multi-

center phase III study. Ann Oncol 2004;15:427-432. 

2. Hockel M, Knoop C, Schlenger K et al. Intratumoral pO2 

predicts survival in advanced cancer of the uterine cer-

vix. Radiother Oncol 1993;26:45-50. 

3. Okunieff P, Hoeckel M, Dunphy EP, Schlenger K, Knoop C, 

Vaupel P. Oxygen tension distributions are sufficient to 

explain the local response of human breast tumors treat-

ed with radiation alone. Int J Radiat Oncol Biol Phys 

1993;26:631-636. 

4. Gatenby RA, Kessler HB, Rosenblum JS et al. Oxygen dis-

tribution in squamous cell carcinoma metastases and its 

relationship to outcome of radiation therapy. Int J Radiat 

Oncol Biol Phys 1988;14:831-838. 

5. Vaupel P, Mayer A. Hypoxia in cancer: significance and 

impact on clinical outcome. Cancer Metastasis Rev 

2007;26:225-239. 

6. Vaupel P, Thews O, Mayer A, Hockel S, Hockel M. Oxygen-

ation status of gynecologic tumors: what is the optimal 

hemoglobin level? Strahlenther Onkol 2002;178:727-

731. 

7. Hockel M, Vaupel P. Tumor hypoxia: definitions and cur-

rent clinical, biologic, and molecular aspects. J Natl Can-

cer Inst 2001;93:266-276. 

8. Vaupel P, Harrison L. Tumor hypoxia: causative factors, 

compensatory mechanisms, and cellular response. On-

cologist 2004;9 Suppl 5:4-9. 

9. Ivan M, Kondo K, Yang H et al. HIFalpha targeted for VHL-

mediated destruction by proline hydroxylation: implica-

tions for O2 sensing. Science 2001;292:464-468. 

10. Jaakkola P, Mole DR, Tian YM et al. Targeting of HIF-alpha 

to the von Hippel-Lindau ubiquitylation complex by O2-

regulated prolyl hydroxylation. Science 2001;292:468-

472. 

11. Ikeda Y, Taveira-DaSilva AM, Pacheco-Rodriguez G et al. 

Erythropoietin-driven proliferation of cells with muta-

tions in the tumor suppressor gene TSC2. Am J Physiol 

Lung Cell Mol Physiol 2011;300:L64-72. 

12. Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst MW. 

Tumor hypoxia adversely affects the prognosis of carci-

noma of the head and neck. Int J Radiat Oncol Biol Phys 

1997;38:285-289. 

13. Nordsmark M, Overgaard M, Overgaard J. Pretreatment 

oxygenation predicts radiation response in advanced 

squamous cell carcinoma of the head and neck. Radio-

ther Oncol 1996;41:31-39. 

14. Zimny M, Gagel B, DiMartino E et al. FDG--a marker of tu-

mor hypoxia? A comparison with [18F]fluoromisonida-

zole and pO2-polarography in metastatic head and neck 

cancer. Eur J Nucl Med Mol Imaging 2006;33:1426-

1431. 

15. Rasey JS, Koh WJ, Evans ML et al. Quantifying regional 

hypoxia in human tumors with positron emission tomog-

raphy of [18F]fluoromisonidazole: a pretherapy study of 

37 patients. Int J Radiat Oncol Biol Phys 1996;36:417-

428. 

16. [16] Rengan R, Rosenzweig KE, Venkatraman E et al. Im-

proved local control with higher doses of radiation in 

large-volume stage III non-small-cell lung cancer. Int J 

Radiat Oncol Biol Phys 2004;60:741-747. 

17. Kong FM, Ten Haken RK, Schipper MJ et al. High-dose ra-

diation improved local tumor control and overall survival 

in patients with inoperable/unresectable non-small-cell 

lung cancer: long-term results of a radiation dose escala-

tion study. Int J Radiat Oncol Biol Phys 2005;63:324-

333. 

18. Fenwick JD, Nahum AE, Malik ZI et al. Escalation and in-

tensification of radiotherapy for stage III non-small cell 

lung cancer: opportunities for treatment improvement. 

Clin Oncol (R Coll Radiol ) 2009;21:343-360. 

19. Jenkins P, D’Amico K, Benstead K, Elyan S. Radiation 

pneumonitis following treatment of non-small-cell lung 

cancer with continuous hyperfractionated accelerated 

radiotherapy (CHART). Int J Radiat Oncol Biol Phys 

2003;56:360-366. 

rEFErEnCEs



43

PET imaging of tumor hypoxia in NSCLC | 02

20. Koh WJ, Rasey JS, Evans ML et al. Imaging of hypoxia in 

human tumors with [F-18]fluoromisonidazole. Int J Ra-

diat Oncol Biol Phys 1992;22:199-212. 

21. Koh WJ, Bergman KS, Rasey JS et al. Evaluation of oxy-

genation status during fractionated radiotherapy in hu-

man nonsmall cell lung cancers using [F-18]fluoromiso-

nidazole positron emission tomography. Int J Radiat On-

col Biol Phys 1995;33:391-398. 

22. Piert M, Machulla H, Becker G et al. Introducing fluo-

rine-18 fluoromisonidazole positron emission tomogra-

phy for the localisation and quantification of pig liver 

hypoxia. Eur J Nucl Med 1999;26:95-109. 

23. Dubois L, Landuyt W, Haustermans K et al. Evaluation of 

hypoxia in an experimental rat tumor model by [(18)F]

fluoromisonidazole PET and immunohistochemistry. Br J 

Cancer 2004;91:1947-1954. 

24. Gagel B, Reinartz P, Demirel C et al. [18F] fluoromisonida-

zole and [18F] fluorodeoxyglucose positron emission 

tomography in response evaluation after chemo-/radio-

therapy of non-small-cell lung cancer: a feasibility 

study. BMC Cancer 2006;6:51. 

25. Boellaard R, Oyen WJ, Hoekstra CJ et al. The Netherlands 

protocol for standardisation and quantification of FDG 

whole body PET studies in multi-centre trials. Eur J Nucl 

Med Mol Imaging 2008;35:2320-2333. 

26. Boellaard R, O’Doherty MJ, Weber WA et al. FDG PET and 

PET/CT: EANM procedure guidelines for tumor PET imag-

ing: version 1.0. Eur J Nucl Med Mol Imaging 

2010;37:181-200. 

27. van Elmpt W, Hamill J, Jones J, De Ruysscher D, Lambin 

P, Ollers M. Optimal gating compared to 3D and 4D PET 

reconstruction for characterization of lung tumors. Eur J 

Nucl Med Mol Imaging 2011;38:843-855. 

28. Lewis JS, McCarthy DW, McCarthy TJ, Fujibayashi Y, 

Welch MJ. Evaluation of 64Cu-ATSM in vitro and in vivo in 

a hypoxic tumor model. J Nucl Med 1999;40:177-183. 

29. Lewis JS, Sharp TL, Laforest R, Fujibayashi Y, Welch MJ. 

Tumor uptake of copper-diacetyl-bis(N(4)-methylthios-

emicarbazone): effect of changes in tissue oxygenation. 

J Nucl Med 2001;42:655-661. 

30. Takahashi N, Fujibayashi Y, Yonekura Y et al. Evaluation of 

62Cu labeled diacetyl-bis(N4-methylthiosemicarba-

zone) as a hypoxic tissue tracer in patients with lung 

cancer. Ann Nucl Med 2000;14:323-328. 

31. Dehdashti F, Mintun MA, Lewis JS et al. In vivo assess-

ment of tumor hypoxia in lung cancer with 60Cu-ATSM. 

Eur J Nucl Med Mol Imaging 2003;30:844-850. 

32. Lohith TG, Kudo T, Demura Y et al. Pathophysiologic cor-

relation between 62Cu-ATSM and 18F-FDG in lung can-

cer. J Nucl Med 2009;50:1948-1953. 

33. Aerts HJ, van Baardwijk AA, Petit SF et al. Identification of 

residual metabolic-active areas within individual NSCLC 

tumors using a pre-radiotherapy (18)Fluorodeoxyglu-

cose-PET-CT scan. Radiother Oncol 2009;91:386-392. 

34. Sorger D, Patt M, Kumar P et al. [18F]Fluoroazomycinara-

binofuranoside (18FAZA) and [18F]Fluoromisonidazole 

(1818F-MISO): a comparative study of their selective 

uptake in hypoxic cells and PET imaging in experimental 

rat tumors. Nucl Med Biol 2003;30:317-326. 

35. Piert M, Machulla HJ, Picchio M et al. Hypoxia-specific 

tumor imaging with 18F-fluoroazomycin arabinoside. J 

Nucl Med 2005;46:106-113. 

36. Souvatzoglou M, Grosu AL, Roper B et al. Tumor hypoxia 

imaging with [18F]FAZA PET in head and neck cancer pa-

tients: a pilot study. Eur J Nucl Med Mol Imaging 

2007;34:1566-1575. 

37. Postema EJ, McEwan AJ, Riauka TA et al. Initial results of 

hypoxia imaging using 1-alpha-D: -(5-deoxy-5-[18F]-

fluoroarabinofuranosyl)-2-nitroimidazole ( 18F-FAZA). 

Eur J Nucl Med Mol Imaging 2009;36:1565-1573. 

38. Li L, Hu M, Zhu H, Zhao W, Yang G, Yu J. Comparison of 

18F-Fluoroerythronitroimidazole and 18F-fluorodeoxy-

glucose positron emission tomography and prognostic 

value in locally advanced non-small-cell lung cancer. 

Clin Lung Cancer 2010;11:335-340. 

39. van Loon J, Janssen MH, Ollers M et al. PET imaging of 

hypoxia using [18F]HX4: a phase I trial. Eur J Nucl Med 

Mol Imaging 2010;37:1663-1668.   

     



PET-based analysis of tumor glucose metabolism and tumor hypoxia before and during anti-neoplastic treatment

44

40. Dubois LJ, Lieuwes NG, Janssen MH et al. Preclinical 

evaluation and validation of [18F]HX4, a promising hy-

poxia marker for PET imaging. Proc Natl Acad Sci U S A 

2011;108:14620-14625. 

41. Eschmann SM, Paulsen F, Reimold M et al. Prognostic im-

pact of hypoxia imaging with 1818F-MISOnidazole PET in 

non-small cell lung cancer and head and neck cancer be-

fore radiotherapy. J Nucl Med 2005;46:253-260. 

42. Phelps ME. Inaugural article: positron emission tomogra-

phy provides molecular imaging of biological processes. 

Proc Natl Acad Sci U S A 2000;97:9226-9233. 

43. de Geus-Oei LF, van Krieken JH, Aliredjo RP et al. Biologi-

cal correlates of FDG uptake in non-small cell lung can-

cer. Lung Cancer 2007;55:79-87. 

44. Higashi K, Ueda Y, Sakurai A et al. Correlation of Glut-1 

glucose transporter expression with. Eur J Nucl Med 

2000;27:1778-1785. 

45. Semenza GL. Hypoxia, clonal selection, and the role of 

HIF-1 in tumor progression. Crit Rev Biochem Mol Biol 

2000;35:71-103. 

46. van Baardwijk A, Dooms C, van Suylen RJ et al. The maxi-

mum uptake of (18)F-deoxyglucose on positron emis-

sion tomography scan correlates with survival, hypoxia 

inducible factor-1alpha and GLUT-1 in non-small cell lung 

cancer. Eur J Cancer 2007;43:1392-1398.   

47. Schwickert G, Walenta S, Sundfor K, Rofstad EK, Mueller-

Klieser W. Correlation of high lactate levels in human cer-

vical cancer with incidence of metastasis. Cancer Res 

1995;55:4757-4759. 

48. Walenta S, Salameh A, Lyng H et al. Correlation of high 

lactate levels in head and neck tumors with incidence of 

metastasis. Am J Pathol 1997;150:409-415. 

49. Vera P, Bohn P, Edet-Sanson A et al. Simultaneous posi-

tron emission tomography (PET) assessment of metabo-

lism with (1)F-fluoro-2-deoxy-d-glucose (FDG), prolifer-

ation with (1)F-fluoro-thymidine (FLT), and hypoxia with 

(1)fluoro-misonidazole (18F-MISO) before and during 

radiotherapy in patients with non-small-cell lung cancer 

(NSCLC): a pilot study. Radiother Oncol 2011;98:109-

116. 

50. Cherk MH, Foo SS, Poon AM et al. Lack of correlation of 

hypoxic cell fraction and angiogenesis with glucose 

metabolic rate in non-small cell lung cancer assessed by 

18F-Fluoromisonidazole and 18F-FDG PET. J Nucl Med 

2006;47:1921-1926. 

51. Toma-Dasu I, Uhrdin J, Antonovic L et al. Dose prescrip-

tion and treatment planning based on 18F-MISO-PET hy-

poxia. Acta Oncol 2011. 

52. Cox JD. Are the results of RTOG 0617 mysterious? Int J 

Radiat Oncol Biol Phys 2012;82:1042-1044.







PET imaging of tumor hypoxia using fluoroazomycin arabinoside in 

stage iii–iV non–small cell lung cancer patients

V. R. Bollineni, G. S. M. A. Kerner, J. Pruim, 

R. J. H. M. Steenbakkers, E. M. Wiegman, M. J. B. Koole, 

E. H. de Groot, A. T. M. Willemsen, G. Luurtsema, 

J. Widder, H. J. M. Groen, and J. A. Langendijk

Published in 

Journal of Nuclear Medicine 2013; 54:1175–1180

Chapter 3



PET-based analysis of tumor glucose metabolism and tumor hypoxia before and during anti-neoplastic treatment

48

aBsTraCT

Purpose: 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  fluoroazomycin arabinoside (FAZA) over commonly used  FDG in the 

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

Materials and Methods: Eleven patients with stage III or stage IV NSCLC underwent FDG and FAZA PET 

before chemoradiotherapy. The maximum standardized uptake value (SUVmax) was used to de-

pict FDG uptake, and the tumor-to-background (T/B) ratio and tumor fractional hypoxic volume (FHV) 

were used to quantify hypoxia. The spatial correlation between FDG and FAZA uptake values was in-

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

results: All 11 patients showed clear uptake of FAZA in the primary tumor. However, different patterns 

of FDG and FAZA uptake distributions were observed and varied widely among different tumors. No 

significant correlation was observed between FDG SUVmax and FAZA T/B ratio (P = 0.055). The me-

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

the FAZA T/B ratio and FHV of 1.4 (P < 0.001). There was no correlation between the lesion size and 

FHV or between the FDG SUVmax and FHV. The pattern of tumoral FDG uptake was rather homoge-

neous, whereas FAZA uptake was more heterogeneous, suggesting that FAZA identifies hypoxic ar-

eas within metabolically active areas of tumor. A significant correlation between FDG SUVmax and 

lesion size (P = 0.002) was observed.

Conclusion: FAZA PET imaging is able to detect heterogeneous distributions of hypoxic subvolumes 

out of homogeneous FDG background in a clinical setting. Therefore, FAZA might be considered a tool 

for guiding dose escalation to the hypoxic fraction of the tumor.
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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 disease [1]. 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%, 

respectively [2]. 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 chemoradio-

resistance, which can be attributed to a large extent to the presence of hypoxia [3]. The hallmark of 

tumor hypoxia is upregulation of hypoxia-inducible factor, leading to an increased expression of hy-

poxia-responsive elements such as the vascular endothelial growth factor, which induces angiogen-

esis 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 metas-

tases; 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 resistance [4–7].

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 re-

searchers 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 cells [8]. Among nitroimidazole derivatives, fluoromisonidazole 

was the first-generation compound that has been studied extensively in humans and animals [9,10]. 

More recently, fluoroazomycin arabinoside (FAZA) has been developed as a hypoxia tracer, because it 

exhibits more favorable tumor-to-background (T/B) ratios in most anatomic regions than fluoromiso-

nidazole [11]. In addition,  FAZA exhibits in vivo stability against enzymatic activity, rendering it a 

promising tracer for tumor hypoxia in clinical studies [12].
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It has been suggested that 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 1α activity, which is upregulated in a hypoxic envi-

ronment [14]. Hence, it has been assumed that FDG uptake of tumors is affected by tumor hypoxia 

[15]. Previous studies have reported significant discrepancies between fluoromisonidazole and FDG 

uptake, indicating that tumor hypoxia and glucose metabolism do not always correlate [16,17]. How-

ever, to our knowledge, the relationship between tumor hypoxia determined by FAZA PET and glucose 

metabolism determined by 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 spe-

cific hypoxia tracer FAZA over the commonly used FDG in the treatment of advanced-stage NSCLC. 

Voxel-by-voxel analysis was performed to determine the spatial correlation between FDG and FAZA 

uptake assessed in the same patients at close time points.

MaTErials anD METHoDs

Patients 

Patients with stage III or IV NSCLC treated with primary chemotherapy or concurrent chemoradiother-

apy according to our institutional protocol were selected for inclusion. The patient work-up minimally 

included bronchoscopy with biopsy, contrast enhanced staging CT and 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 Institu-

tional Ethics Review Board, and written informed consent was obtained from all patients.

FDG PET/CT

FDG PET scans were obtained at the department of Nuclear Medicine and Molecular Imaging of the 

University Medical Centre Groningen on a (Siemens, Germany) Biograph mCT machine according to 

guidelines of the European Association of Nuclear Medicine [18]. Blood samples were taken before 

tracer injection to confirm an acceptable blood sugar level (<11 mmol/L) after an overnight fast mini-

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

riod of 60 min, a scan was obtained from the mid thigh to the brain. The maximum standardized uptake 

value (SUVmax) was obtained by delineating the volume of interest (VOI) comprising the entire tumor 

volume using the Imalytics system (Philips, Germany), a computer-based workstation for visualiza-

tion, 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 an 8-mm 
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gaussian postprocessing filter (NEDPASS Protocol) and had a spatial resolution of 2.04 × 2.04 × 2 

mm3.

Production of FaZa

Procedures for good-manufacturing-practice production of the hypoxia tracer FAZA have been devel-

oped previously. The synthesis of FAZA was optimized using a Micro Fluid Chemistry Module (Advi-

on). The routine production was performed using a robot system (Zymark). Briefly, the precursor (2 

nitro imidazole) for labeling 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, FAZA was formulated using an Oasis HLB plus cartridge. The final sterile solution 

was analyzed using high-performance liquid chromatography and released for administration to the 

patient.

FaZa PET/CT

FAZA PET scans were acquired on the same mCT machine as the FDG images according to local stan-

dard operating procedures for 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.  FAZA SUVmaxwas estimated in the same way 

as  FDG SUVmax, including correction for the partial-volume effect. The median time interval be-

tween FDG PET and 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 post-

processing filter and had a spatial resolution of 2.04 × 2.04 × 2 mm3.

Calculation of voxel-based spatial correlation between FDG and FaZa PET/CT

FDG whole-body PET and 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 FDG PET/CT was registered 

to the CT of the thorax FAZA PET/CT using rigid registration. In a second step, CT–CT registration was 

locally adjusted for motion with a constrained, intensity-based, free-form deformable image registra-

tion (DIR) algorithm using an Advanced Work station MIM Vista (version 5.6; MIM Vista Corp.). The qual-

ity 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 non-rigid deformation 

field obtained from aligning the CT data were used to align the FDG and FAZA PET data. A 3-dimen-

sional VOI was defined on the FDG data comprising the metabolically most active part of the tumor by 

thresholding the lesion using 34% of maximum FDG uptake [21]. This VOI was then projected onto the 
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aligned FAZA PET data, yielding a spatial correspondence between FAZA and FDG uptake for all tumor 

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

bution of corresponding FDG and FAZA standardized uptake value (SUV) for the tumor lesion.

FiGurE 1. 34 percent of FDG-SUVmax VOI defined on FDG-PET and then projected onto aligned FAZA-

PET. 

Calculation of fractional hypoxic volume (FHV)

The FHV was defined as the volume within the tumor exhibiting a T/B ratio ≥ 1.2 or ≥1.4 on the FAZA 

scans [10, 22]. The FHV of the tumor was determined along the following steps. First, the VOI repre-

senting 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 refer-

ence background. The mean SUV of this background area was calculated. Finally, the FAZA T/B ratio 

was assessed by calculating the ratio between SUVmax within the tumor and mean SUV background.

Statistical analysis

The data were analyzed with SPSS software (version 18.0; SPSS Inc.) for Windows (Microsoft). The FDG 

PET SUVmax, FAZA PET T/B 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 
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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.

rEsulTs
relationship between FDG suVmax and FaZa T/B ratio in tumor

All 11 patients showed clear uptake of FAZA in the primary tumor, although the accompanying CT scan 

was indispensable to establish the uptake of FAZA more accurately with respect to anatomic refer-

ence. The FDG uptake was also clearly visible in all tumors studied with reduced or absent uptake in 

necrotic areas of the tumor. The median FAZA T/B ratio was 2.8 (range, 1.8–4.6), and the median FDG 

SUVmax of the tumors was 7.9 (range, 4.4–29.0). The correlation between tumor hypoxia and glu-

cose metabolism was not significant (r = 0.59; P = 0.055). Visual analysis showed that the pattern 

of tumoral FDG uptake was rather homogeneous, whereas FAZA uptake was more heterogeneous 

(figure. 2).

FiGurE 2. Representative transaxial FDG and FAZA-PET/CT images of patient number 4. 

A, 34 percent of maximum FDG accumulation is shown on the corresponding CT image. B, FAZA accumulation is shown on the 

corresponding CT image. C, Transposition of FAZA accumulated areas onto the FDG accumulated area.

spatial correlation between FDG suVmax and FaZa T/B ratio in tumor

A detailed voxel-by-voxel analysis revealed different patterns of  FDG and 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 FDG and 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 FDG and FAZA voxels in the other patients was irregular, and no clear correlation 
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was observed between the uptakes of either tracer in identical voxels. These findings support the no-

tion that FDG and FAZA signals indeed reflect different biologic functions if measured in the same 

tumor. Consequently, a poor correlation between these 2 tracers suggests a highly heterogeneous 

tumor microenvironment.

FiGurE 3. FDG-FAZA scatter plots for all 11 patients.

relationship between FDG suVmax or FaZa T/B tatio and lesion size

The median lesion size was 26 mm (range, 13–63 mm). Lesion size significantly correlated with 

the FDG SUVmax (r = 0.82; P = 0.002), but the correlation between lesion size and FAZA T/B 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 FaZa T/B ratio, FDG suVmax, 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 be-

tween the FAZA T/B ratio and FHV cutoff of 1.4 (r = 0.88; P < 0.001); however, no significant correla-

tion was found between the FAZA T/B ratio and FHV cutoff of 1.2 (r = 0.74; P = 0.009), suggesting 

that an increase of the FAZA T/B ratio is due to heterogeneously distributed high-uptake regions rath-

er than to homogeneous uptake. Also, no correlation was found between lesion size and an FHV cutoff 
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of ≥1.2 (r = 0.15; P = 0.65) or ≥1.4 (r = 0.40; P = 0.21) or between an FDG SUVmax 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 FAZA varies among tumors and is 

more heterogeneous than 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 microenviron-

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

growth. Koh et al. [23] and Rasey et al. [10] were first to publish data about the use of bioreductive 

molecules to visualize hypoxic subvolumes. On the basis of experimental and clinical data [10, 23], 

they proposed the following definition for hypoxic regions: voxels exhibiting a fluoromisonidazole T/B 

ratio ≥ 1.4. Alternatively, Busk et al. proposed a FAZA T/B ratio of ≥ 1.2 to distinguish hypoxia [22]. In 

our study, we decided to test both of these T/B ratio cutoff levels to determine the FHV and its relation-

ship to lesion size, FDG SUVmax, and FAZA SUVmax. We observed no correlation between the FHV and 

tumor size or FDG SUVmax. Our data are similar to those reported by Rasey et al. [10] and Koh et al. 

[23], who also did not find a correlation between FHV measured by FMISO and lesion size in NSCLC. 

Similarly, Rajendran et al. [24] and Stadler et al. [25] 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 FDG SUVmax is in agreement with the visual appearance of FDG and FAZA 

images of single tumors, where greater heterogeneity is seen on FAZA scans than on FDG scans [26, 

27].

It has been suggested that tumor FDG uptake is dependent on hypoxic environment [15, 27, 28]. 

Hence, FDG uptake might serve as surrogate marker for hypoxia, rendering FAZA scanning redun-

dant. The degree of FDG accumulation primarily depends on GLUT-1 expression. Upregulation of GLUTs, 

due to hyperglycolysis driven by hypoxia-inducible factor 1α, is observed in hypoxic regions [14]. In 

our study, a detailed voxel-by-voxel analysis of FDG and FAZA scatterplots manifested large inter- 

and intratumor variability distribution patterns. In short, all possible combinations of hypoxia and glu-

cose metabolism parameters were found: active metabolic areas, which are severely hypoxic; inac-

tive metabolic areas, which are also hypoxic; metabolically active tumor areas, which are nonhypoxic; 

and finally, tumor areas that were metabolically inactive and nonhypoxic. As a result of our observa-

tions, 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 al. [29], under-

lying the need for a specific PET hypoxia tracer. The question arises as to whether these different pat-

terns of uptake reflect different biologic mechanisms and, in addition, different clinical behavior and 
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outcome. High FDG and FAZA uptake levels may correspond to active metabolic cells with high ex-

pression of GLUT, characterizing diffusion-limited hypoxia, whereas low FDG and FAZA uptake may 

characterize perfusion-limited hypoxia. High FDG uptake and no trapping of FAZA may indicate well-

perfused nonhypoxic areas. Low FDG uptake and FAZA trapping might signal tumor cells that are de-

prived 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 strat-

ify patients who may benefit from hypoxia modification or dose escalation strategies [30, 31]. Future 

studies should evaluate the degree of spatial heterogeneity of hypoxia, retention of FAZA uptake us-

ing blood flow measurements, and spatial correlation between FDG and 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 escalation [33]. 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 effec-

tive 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 deliv-

ered to the hypoxic region on the same day of the FAZA PET/CT may be more appropriate.

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 FDG and 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 (figure. 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 option [34]. How-
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ever, 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 pronounced [35].

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 regis-

tered 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 inspec-

tion of the results of the DIR adequate for the application of DIR in this study.

ConClusion

FAZA PET imaging is able to detect heterogeneous distributions of hypoxic subvolumes even within 

homogeneous FDG background. Therefore, FAZA when added to 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

Purpose: Hypoxia is unevenly distributed within malignancies and is associated with resistance to 

chemotherapy. Characterization of changes in intratumoral hypoxic regions is possible with specially 

developed PET tracers such as FAZA while tumor metabolism can be measured with FDG. 

Materials and Methods: PET-CT with FDG and FAZA were performed in patients with NSCLC at baseline 

and after the second chemotherapy cycle. FAZA and FDG scans were 3-dimensionally aligned using 

IMALYTICS software with elastix toolkit. The primary tumors were outlined, and on the FDG scan 

volumes of interest (VOI) were drawn using a 41% adaptive threshold technique. Subsequently, the 

VOI was transferred to the FAZA scan. Maximum tumor to background (FAZA T/B), tumor to blood (FAZA 

T/Bl) ratios and the fractional hypoxic volume (FHV) were assessed. Measurements were corrected for 

partial volume effect. Finally, a voxel-by-voxel analysis of the primary tumor was performed to assess 

regional uptake differences. 

results: In the primary tumor of 7 patients, median FDG SUVmax decreased significantly (p=0.05). 

There was no significant decrease in FAZA uptake as measured with T/Bmax (p=0.40) or T/Blmax 

(p=0.40) or the FHV (p=0.18). 

Additionally, volumetric voxel-by-voxel analysis showed that low hypoxic tumors did not feature a 

significant change in hypoxic status between baseline and after two cycles of chemotherapy, whereas 

highly hypoxic tumors did. Voxel-by-voxel analysis was unable to establish a relationship between 

hypoxia (T/Bl) and metabolism (SUV) at baseline (R2=0.25) or after 2 cycles of chemotherapy 

(R2=0.18). 

Conclusion: By traditional analysis a decreased glucose metabolism but no hypoxic change in 

primary NSCLC tumors was observed after chemotherapy. Volumetric voxel-by-voxel analysis, by 

contrast, showed hypoxic changes after chemotherapy in highly hypoxic tumors. Voxel-by-voxel 

analysis did not show a relationship between hypoxia and metabolism, indicative that FDG is not an 

adequate tool for measuring hypoxia in this setting.
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inTroDuCTion

Hypoxia is an important feature of malignant tumors with direct influence on the efficacy of chemo- 

and radiotherapy. It is unevenly distributed within tumors, which can be related to an abnormal 

vasculature and to an elevation in interstitial pressure associated with tumor growth [1]. Hypoxic 

tumor cells are associated with more aggressive phenotypes and with resistance to both chemo- and 

radiotherapy [2]. 

The gold standard in assessing tumor hypoxia is the polarographic Eppendorf electrode method. 

Unfortunately, this technique is invasive, and therefore, it can only be applied in well accessible 

superficial tumors. And it can measure oxygen concentrations at the site of the electrode only. 

Consequently, multiple punctions are necessary to measure heterogeneity in oxygen distribution 

within a tumor. These shortcomings may be overcome by using PET radiopharmaceuticals aimed at 

visualizing and quantifying hypoxia. Different radiopharmaceuticals have been developed, most of 

them based upon nitroimidazole compounds. The intracellular retention of these compounds is based 

upon the oxygen concentration with tissue retention (in vitro) in hypoxic conditions observed up to 

28 times normal uptake [3, 4]. Nitroimidazole tracers are diffused through the cell membranes and 

then undergo reduction to yield radical anions. Under normoxic conditions, these radicals anions are 

reoxidized and diffuse out of the cell. However, under hypoxic concentration, re-oxidation cannot 

occur and the radicals are irreversible bound to macromolecules, resulting in increasing tracer 

accumulation under decreasing oxygen concentration. The most widely used PET hypoxia tracer from 

this group is fluoromisonidazole (FMISO). Another hypoxic tracer is fluoroazomycin arabinoside 

(FAZA) [5-9], when compared to FMISO has a more favorable signal to noise ratio [6, 10]. 

Hypoxia and glucose metabolism are distinct metabolic processes, yet closely interlinked through 

the hypoxia inducible factor (HIF). Consistent HIF pathway activation in tumors is related to the 

expression of two different receptors viz. GLUT-1 and GLUT-3 [11, 12]. There is a clear relationship 

between FDG uptake (especially) GLUT-1 and GLUT-3 expression [13]. This suggests an 

interdependency of both processes and consequently FDG uptake could function as a biomarker of 

hypoxia. Indeed, such a relationship has been shown [14] but a number of recent publications failed 

to show a clear relation between the two tracers [8, 15-17].

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

value (SUV), tumor to background mean ratio (T/B) and/or tumor to blood mean (T/Bl) ratio are used. 

Nowadays, total lesion glycolysis (TLG) and metabolic tumor volume (MTV) have also become popular 

[18-21]. Despite their widespread use, they all have a drawback in the sense that heterogeneity of 



PET-based analysis of tumor glucose metabolism and tumor hypoxia before and during anti-neoplastic treatment

66

tumor metabolism is ignored. Alternatively, assessing localized treatment effects in the individual 

tumor areas is possible by using volumetric voxel-by-voxel techniques. Using these techniques, each 

individual PET voxel representing a predefined volume is anatomically aligned on CT and comparisons 

are made between subsequent PET/CT scans. This technique is already used clinically in other imaging 

modalities such as magnetic resonance imaging (parametric response mapping) [22, 23].

The purpose of this paper is to apply a voxel-by-voxel approach in a clinical setting and to compare the 

techniques with traditionally measured SUVmax, tumor to background (T/B) and tumor to blood (T/Bl) 

calculations. As the model for this comparison we chose to use patients with NSCLC, and to test it with 

2 PET modalities: FDG and FAZA.

MaTErials anD METHoDs
Patients

Treatment naive patients with advanced NSCLC were selected. All patients underwent PET-scans with 

both FAZA and FDG at baseline and after 2 cycles of chemotherapy. The study was approved by the 

Institutional Review Board of the University Medical Center Groningen according to the ICH/GCP 

principles as is outlined under EU and Dutch law. All patients gave written informed consent prior to 

study participation.

FDG-PET/CT

FDG-PET was performed on a (Siemens, Germany) Biograph mCT 64. FDG images were reconstructed 

according to EANM guidelines [24]. 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 of 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 kg[25]. 

Standard Uptake Values (SUV) was obtained by delineating the volume of interest comprising the 

entire tumor volume using the IMALYTICS Research Workstation (Philips Technologie GmbH Innovative 

Technologie, Aachen, Germany). SUVs were normalized for blood glucose levels. If the tumor size in 

the shortest axis was smaller than 30 mm, the SUVmax was corrected for partial volume based on 

historical data obtained with a NEMA phantom [15]. Tumor response was assessed according to the 

1999 EORTC recommendations [26]. 
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Contrast enhanced CT was performed on the Somatom CT which is part of the mCT in the same session. 

Scan time was 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 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. The tumor size of the primary tumor and response was 

measured according to RECIST 1.1 criteria [27].

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.

FaZa-PET/CT

FAZA-PET scans were made on the same mCT machine as described previously [15]. Patients received 

370 MBq of FAZA intravenously. After 120 min, a scan was made from the mid-thigh to the brain. The 

same FDG scan patient position and contention system were used in order to improve reproducibility. 

FAZA T/Bgmax and T/Blmax were estimated in the same way as FDG SUV, using the FDG volume of interest 

(VOI) as will be discussed below. Partial volume correction was applied using the same method as for 

the FDG PET. Baseline scan was performed as soon as possible after inclusion (median 2 days after 

FDG PET). The scan after 2 cycles of chemotherapy was performed 2-3 days after the second cycle of 

chemotherapy (median 1 day after FDG PET).

image registration

The IMALYTICS Research Workstation was used for deformable image transformations with the elastix 

toolbox (version 4.6) [28]. FDG and FAZA scans for each patient were matched at both baseline and 

after 2 chemotherapy cycles. The elastix non-rigid PET to PET transformation has been previously 

investigated and was found to have a good performance in a test-retest setting with no absolute 

differences in SUVmax or SUVmean [29]. The voxel-by-voxel analysis was also validated by our group in 

NSCLC patients (data submitted for publication). This validation was done by using the low-dose CT 

based images, the follow-up FDG images were aligned to the baseline FDG images and then aligned 

back to the follow-up FDG images in order to generate a realigned image. This was done in 39 patients. 

We found in this validation study that 94% of the voxels fell within the 95% range of the difference 

between original and realigned PET images.
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Defining volumes of interest

In order to provide operator independent VOIs, calculations were performed on the FDG images using 

an adaptive threshold technique with a setting of 41% based on the study by Cheebsumon et al. [30]. 

For the background ratio, a VOI was manually defined in a tumor-free area in the mediastinum, not 

including the trachea, heart or vertebrae. These VOI were later transferred to the FAZA-PET/CT aligned 

images and was used as the reference background. Similarly, a VOI was drawn inside the thoracic 

aorta in order to calculate the T/Bl ratio. The fractional hypoxic tumor volume was defined as the 

fraction of the tumor exceeding a T/B ratio of 1.2. 

Voxel-by-voxel analysis

After the alignment of the images, each voxel in a VOI is normalized to the mean background or mean 

blood value (obtained from corresponding VOIs) in order to calculate a T/B or T/Bl. This enables a 

regional comparison between FDG SUV and FAZA T/B or FAZA T/Bl respectively.

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

baseline FDG was chosen and transported to the FAZA after image registration. Per patient 4 image 

reconstructions were made: between baseline and scans performed after 2 chemotherapy cycles of 

both FDG and FAZA, between FDG and FAZA at baseline, and between FDG and FAZA after 2 cycles.

statistics

Pre and post chemotherapy FDG and FAZA scans using the maximum uptake values were analyzed 

with the Wilcoxon signed rank test. The voxel-by-voxel relationship between the FDG SUV and the FAZA 

T/B and T/Bl at baseline and after 2 cycles of chemotherapy was calculated using simple linear 

regression. All calculations were performed using SPSS 20.0 (International Business Machines Corp, 

Armonk, NY, USA).

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 

platinum containing doublets. Partial response according to RECIST was observed in 1 patient, stable 

disease in 4 patients, and progressive disease in 2 patients.
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Pre and post chemotherapy differences in FaZa and FDG uptake using traditional (max and mean 

uptake) methods

FDG uptake (SUVmax) between baseline and after 2 cycles of chemotherapy decreased significantly 

(p=0.05) (Table 1). No difference in T/Bmax (p=0.40), T/Blmax (p=0.40) was observed when 

comparing FAZA uptake at baseline and after 2 cycles of chemotherapy.

Pre and post chemotherapy uptake analyzed voxel-by-voxel.

There was a no relationship between the baseline FDG SUV and FAZA T/B (R2=0.08), and a weak 

relationship between the baseline FDG SUV and FAZA T/Bl (R2=0.25) (figure 1A). 

After 2 cycles of chemotherapy, no relationship was found between FDG SUV and FAZA T/B (R2<0.01) 

and a weak relationship between FDG SUV and FAZA T/Bl (R2=0.18) (figure 1B). Tumor response and 

regional hypoxic changes could not be analyzed due to small numbers.

In areas with low FAZA uptake at baseline a range of FAZA responses were seen with overall stable 

activity pre and post chemotherapy. In areas with high FAZA uptake reoxygenation became evident 

after chemotherapy. The decrease was more pronounced with the T/Bl ratio than T/B. A more evenly 

distributed decrease of FDG activity was observed after 2 cycles of chemotherapy (images not 

shown).

DisCussion

In this proof-of-concept study we analyzed the use of a voxel-by-voxel technique and compared it 

with traditional SUV, T/B and T/Bl calculations. Our results show that the technique can be used robustly 

in a clinical setting. Heterogeneity could be assessed and the effects of therapy varied with the 

metabolic status of the tumor. We established a weak relationship between FDG SUV and FAZA T/Bl in 

this study.

Our study is novel because it is to our knowledge the first study in which the effects of chemotherapy 

alone is studied on hypoxia in patients with NSCLC with FAZA using voxel-by-voxel analysis besides 

traditional maximum intensity methods. Our study also utilized both T/B and T/Bl and only found a 

weak relationship between metabolism and hypoxia when measured using T/Bl.
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Hypoxia and metabolism: chemotherapeutic effects

Voxel-by-voxel analysis confirmed a weak relationship between these two tracers, and added 

information on tracer uptake heterogeneity. It showed heterogeneous responses on chemotherapy 

between the hypoxic and (high) metabolic tumor areas. We observed little to no overlap between 

hypoxia and metabolic activity at baseline. After treatment, the overall metabolic activity decreased, 

yet 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 FAZA 

uptake tended to have a larger decrease in the FAZA uptake then regions with an initial low FAZA uptake, 

where a random distribution around the overall baseline activity was observed. For this reason, on 

figure 1B no decrease is seen in FAZA uptake, while a decrease in FDG is visible. A weak relationship 

only measurable using voxel-by-voxel analysis between hypoxia and metabolic tracers was found at 

baseline and after 2 cycles of chemotherapy, confirming the results of prior publications using 

traditional analytic methods [8, 15-17]. 

How to explain the lack of an association between the two tracers? Consistent HIF pathway activation 

is related to both GLUT-1 [11] and GLUT-3 [12] receptor expression in tumors, the same receptors of 

which the expression is directly related to FDG uptake [13]. Hypoxia causes increased HIF activation 

which is related to GLUT-1 and subsequently to FDG uptake [14]. Kaira et al. [14] investigated 140 

patients and found a strong relationship between HIF and FDG uptake. 

Different prior studies have shown a lack of a relationship between nitroimidazole PET tracers and 

metabolism. First, Gagel et al. [17] similarly to our study but using pre and post chemotherapy in 

NSCLC patients showed no relationship between tumor hypoxia and glucose metabolism measured 

with FDG PET. They furthermore showed that a decrease of FMISO uptake occurred after two cycles of 

chemotherapy and that unchanged or increased FMISO uptake corresponded to worse local tumor 

outcomes [17]. A second study showed response to chemoradiotherapy measured with FDG PET yet 

no response with FMISO PET [31]. A third study assessed the effects of chemoradiotherapy in NSCLC 

and after treatment the hypoxic lesions (measured with FAZA) resolved in the majority of patients 

[32]. Recently, our group did not find a relationship between FAZA and FDG in 11 untreated NSCLC 

patients [15]. Taken together, these four studies combined with this study indicate a lack of a 

relationship between metabolism and hypoxia in NSCLC, yet these studies did not perform a voxel-by-

voxel analysis as we did. 

Nitroimidazole compounds cannot differentiate between chronic and acute hypoxia. Acute (transient) 

hypoxia and chronic hypoxia can both co-exist within the same tumor [33]. Interestingly, an in vivo 
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study by Lin et al. [34] found that acute or chronic hypoxia had differential effects on the distinct HIF 

protein [34]. Furthermore, high and low levels of GLUT-1 expression were observed during acute and 

chronic hypoxia at 2% O2 respectively whereas the level of GLUT-1 expression was similar at 1% O2. The 

different effects of acute and chronic hypoxia on HIF proteins and subsequently on GLUT-1expression 

provides an explanation why metabolism and hypoxia, while closely interlinked, are not necessarily 

simultaneously measurable using FDG and FAZA. This suggests that the hypoxic information gained 

with voxel-by-voxel analysis of FAZA PET could be seen as complimentary to the metabolic information 

provided by FDG PET.

Calculating hypoxia: blood, background ratio or voxel-by-voxel analysis

We used both the tumor to background as well as the tumor to blood ratios for FAZA, as there is yet no 

consensus which ratio better reflects hypoxia. Using traditional maximum intensity uptake methods, 

no relationship was observed between SUV and T/B, or between SUV and T/Bl. However, this study 

shows that volumetric analysis instead of single hypoxic spot analysis brings more understanding of 

tumor biology and characterizes the heterogeneity response towards treatment. This may have 

practical implications for using local treatments such as radiotherapy.

The drawback of T/Bl ratio is that metabolites which do not necessarily defuse into the “regular” 

background tissue are present and these metabolites still have activity. In a mouse model, T/Bl 

showed higher uptake ratio after 60 and 180 minutes compared with tumor to muscle [6]. The same 

study also showed rapid elimination via renal excretion and hepatic metabolism of the FAZA and its 

metabolites and after 60 minutes, approximately 73% of activity was due to unchanged FAZA [6]. One 

recent kinetic modeling study in humans showed that an image derived plasma input function (IDIF) 

correlated well with blood sampler-based plasma input function, indicative that an IDIF could be used 

without losing accuracy (i.e. T/Bl ratio) [35]. The authors showed that FAZA metabolism in humans is 

very slow, with less than a 10% decrease in 70 minutes [35]. For this reason, and because we observed 

only with T/Bl a weak relationship between hypoxia and SUV, we decided to only show images 

calculated with T/Bl ratio.

limitations with FaZa imaging

At the start of this protocol, our group chose to use 3 minutes per bed position in order to perform 

whole body imaging as described previously. Only scanning the primary tumor (as is necessary for 

planning PET/CT for radiotherapy) opens up possibilities for full quantitative dynamic scanning and/or 

the use of 4D mode for future research. This limits the use of FAZA in whole body imaging for patients 

with metastatic disease.
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No use was made in our study of 4D mode, because the choice was made to perform whole body 

scans. The extent of breathing motion in our study was minimal, as in 5/7 patients the tumor was in 

the upper and middle lobe respectively and 1 patient had a metastasis of the clavicle only. 

ConClusion

No early changes during chemotherapy were observed with traditional hypoxic and metabolic imaging 

parameters in primary NSCLC tumors, except SUVmax. Using a volumetric analysis, a weak relationship 

between FAZA T/Bl and FDG SUV prior to and after chemotherapy was observed. Between baseline and 

2 cycles of therapy using FDG the biggest decrease was seen in the primary tumor area with highest 

initial uptake, while in areas with initially low uptake stable to increased FDG was observed. Although 

to a lesser extent, a shift in hypoxic regions was observed within the primary tumor affecting high 

tumor hypoxia regions most, which was independently of glucose metabolism.

Therefore, hypoxia behaves in a way that is different to glucose metabolism during first-line treatment 

with chemotherapy in patients with stage III/IV NSCLC. FAZA PET offers additive tumor information to 

FDG PET. Further investigation in larger trials is needed to determine the complimentary clinical value 

of hypoxia imaging with FAZA in the setting of targeted treatment against hypoxic tumor cells. 
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FiGurE 1: Comparison of regional voxel distribution in the primary tumor of FAZA (T/Bl) versus FDG 

(SUV) at baseline (A) and after 2 cycles of chemotherapy (B). Each tumor has a distribution lacking an 

association between hypoxia and glucose metabolism.

R2 = 0.25 for all primary tumor voxels. Each color represents one primary tumor at baseline; each point represents a tumor area 

of 38.4 mm3. No clear relationship is visible between hypoxia and metabolism.

R2 = 0.18 for all primary tumor voxels. Each color represents the same primary tumor as in 1A, but now after 2 cycles of 

chemotherapy. A decrease is seen in FDG, although no decrease is seen in FAZA activity. 
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aBsTraCT

Purpose: To define the optimal time point for the integration of hypoxia FAZA-PET/CT information into 

radiotherapy treatment planning to benefit from hypoxia modification or dose escalation treatment. 

Therefore, we performed a prospective cohort study, using serial hypoxic imaging (FAZA-PET/CT) prior 

to and at several time-points during (chemo) radiotherapy (CHRT) in six head and neck squamous cell 

(HNSCC) and six non-small cell lung cancer (NSCLC) patients.

Materials and Methods: The spatio-temporal dynamics of tumor hypoxia and fractional hypoxic 

volumes (FHV) were evaluated using a voxel-by-voxel analysis based on a FAZA-T/B ratio of 1.4 at four 

time points in HNSCC patients, at baseline (FAZA-BL), at week one (FAZA-W1), two (FAZA-W2), and four 

(FAZA-W4) during CHRT and at three time points in NSCLC patients (baseline; W2, W4).

results: Ten out of twelve patients has showed substantial pre-treatment tumor hypoxia representing 

a FHV ≥ 1.4 assessed by FAZA-PET/CT. The median FHV was 38% (FAZA-BL), 15% (FAZA-W1), 17% 

(FAZA-W2) and 1.5% (FAZA-W4) in HNSCC patients, and 34% (FAZA-BL), 26% (FAZA-W2) and 26% 

(FAZA-W4) in NSCLC patients, respectively. Stable tumor hypoxia was observed in three HNSCC 

patients and two NSCLC patients at FAZA-W2. In three HNSCC patients and two NSCLC patients FHVs 

declined to non-detectable hypoxia levels at FAZA-W4 during CHRT, while two NSCLC patients, showed 

increasing FHVs.

Conclusion: Our results indicate that, instead of using the FAZA-BL scan as the basis for the dose 

escalation, FAZA-W2 of CHRT is most suitable and might provide a more reliable basis for the integration 

of FAZA-PET/CT information into radiotherapy treatment planning for hypoxia-directed dose escalation 

strategies.
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inTroDuCTion

Hypoxia exists in approximately 60% of human tumors [1]. In vitro and in vivo studies have shown that 

tumor hypoxia is associated with increased resistance to ionising radiation and various types of 

chemotherapy with subsequently higher rates of local and distant failure [2,3]. In human tumors, two 

types of hypoxia can be distinguished, including acute and chronic hypoxia. Acute hypoxia develops 

as a result of a temporary microvasculature shutdown and local disturbances in perfusion, resulting 

from periodic episodes of opening and closing of blood vessels, which creates dynamic or intermittent 

hypoxia [2,4,5]. In contrast to acute hypoxia, chronic hypoxia results from increased diffusion 

distances between the blood vessels and the tumor cells. This causes low oxygen tension levels in the 

tumor leading to initiation of hypoxic signaling pathways and increased radioresistance [4].

Tumor oxygenation patterns can be heterogeneous. First, the amount of hypoxia present in tumors 

remarkably differs from patient to patient [6-10]. In addition, the intratumoral distribution of hypoxia 

may also depend on histologic tumor type [11]. Second, the severity of hypoxia in tumor cells 

depends on the increased diffusion distance between tumor and blood supply. Third, the distribution 

of oxygen status is variable, some parts of a tumor exhibit higher levels of hypoxia than others due to 

differences in dynamic blood flow as a result of periodic episodes of opening and closing of blood 

vessels. Finally, the tumor cells that are hypoxic today may or may not be hypoxic at subsequent time 

points due to a changing tumor microenvironment and/or to treatment itself. 

 At present, dedicated hypoxia PET tracers are available to visualize tumor hypoxia, of which the 

Nitroimidazoles, flouromisonidazole (FMISO) and fluoroazomycin arabinoside (FAZA) are the most 

frequently used [6,7,12,13]. However, the dynamics of hypoxic areas during treatment remain to be 

determined. One of the strategies to overcome hypoxia induced radioresistance may be dose 

escalation to hypoxic areas. However, given data suggesting changes in tumor hypoxia may vary 

during the course of treatment, it is essential to distinguish geographically stable and dynamic 

hypoxia during therapy, because the choice of a dose escalation strategy to hypoxic areas will 

strongly depend on the dynamics of tumor hypoxia during the course of radiation. Thus, hypothesizing 

that tumor hypoxia measured by FAZA PET/CT might guide radiation dose escalation to more 

radioresistant parts of tumors; this study was designed to determine spatio-temporal dynamics of 

tumor hypoxia during (chemo) radiotherapy (CHRT). To this end, we performed a prospective cohort 

study using serial hypoxic imaging before and at several time-points during CHRT in head and neck 

squamous cell carcinoma (HNSCC) and non-small cell lung cancer (NSCLC).
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MaTErials anD METHoDs 
Patients

From December 2011 to March 2013, we included 12 patients (8 male and 4 female) in this prospective 

observational cohort study with a median age of 58 years (range 47-68). All patients included in the 

study had stage IV HNSCC (n=6) or stage III or IV NSCLC (n=6) and were treated with concurrent CHRT 

according to our institutional protocols. The study protocol was approved by the ethical committee of 

the University Medical Center Groningen. All patients gave written informed consent prior to 

participation in the study. The patient characteristics and imaging data are shown in Table 1a (HNSCC) 

and 1b (NSCLC). 

scheduling of FaZa imaging

The imaging schedule for the HNSCC and NSCLC patients is presented in figure.1 All patients underwent 

baseline FAZA-PET/CT before CHRT referred to as FAZA-BL. In the HNSCC patients, repeat FAZA-PET/CT 

scans were made during treatment at week 1 (FAZA-W1), week 2 (FAZA-W2) and week 4 (FAZA-W4) 

after the start of treatment. NSCLC patients underwent repeat FAZA-PET/CT scans at 2 weeks (FAZA-W2) 

and 4 weeks (FAZA-W4) only. All PET/CT scans were carried out on a Biograph Sensation (Siemens 

Medical Solutions, Hoffman Estates, Knoxville, TN, USA).

FDG-PET/CT 

FDG-PET scans were made at the Department of Nuclear Medicine and Molecular imaging (NMMI) of 

the University Medical Center Groningen (UMCG) on a (Siemens, Germany) Biograph mCT machine 

FiGurE 1: Imaging schedule for the HNSCC and NSCLC patients
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and executed according to EANM guidelines [14]. Blood samples were taken before tracer injection to 

confirm an acceptable blood sugar level (<11 mmol/l) after an overnight fast minimum of 5 to 6 hours. 

Patients were injected with 3 MBq/kg bodyweight intravenously. After a waiting period of 60 min, a 

scan was made from the mid-thigh to the brain. The SUVmax was obtained by delineating the volume 

of interest comprising the entire tumor volume. The data were reconstructed with an iterative ordered 

subsets expectation maximization (OSEM), TOF (Time of Flight) + HD (High Definition) reconstruction 

algorithm with three iterations, 21 subsets with 8 mm Gaussian post-filter (NEDPASS Protocol) with a 

spatial resolution of 2.04 × 2.04 ×2 mm3. All PET and CT scans were analyzed using the MIM Vista 

software (MIM corp., Version 6.1, Ohio, USA), a computer-based workstation for visualization, 

quantification, and analysis of PET/CT images.

FaZa-PET/CT

FAZA-PET/CT scans were also performed on the same machine as the FDG-PET images mentioned 

above according to EANM guidelines [14]. Patients were injected with 370 MBq intravenously. After a 

waiting period of 120 min, a scan was made from the mid-thigh to the brain and analyzed using the 

above-mentioned research workstation. FAZA SUVmax was estimated in the same way as with FDG-

scans, including correction for the partial volume effect. The median time interval between FDG-PET/CT 

and FAZA-BL scan was 4.5 days (range: 1-17). The data were reconstructed with an iterative ordered 

subsets expectation maximization (OSEM), TOF (Time of Flight) + HD (High Definition) reconstruction 

algorithm with three iterations, 21 subsets with 5 mm Gaussian post-filter with a spatial resolution of 

2.04 × 2.04 ×2 mm3.

assessment of voxel based spatial correlation between FaZa-PET/CT scans

To allow a voxel-wise correlation of tumor SUV values between the different FAZA PET/CT scans, the 

gross tumor volume (GTV) was defined on the baseline FDG PET and CT data using a threshold of 34% 

(NSCLC) and 40% (head and neck) [15,16] for the maximal SUV value within a VOI containing all 

suspected tumor tissue. To determine which voxels of each follow-up FAZA PET/CT corresponded with 

the voxels within the VOI determined on the baseline FDG PET/CT, FAZA PET/CT datasets were aligned 

with the baseline FDG data using the corresponding CT datasets in a two-step procedure based on 

previously published methodology [6]: First, the CT of the FAZA PET/CT was co-registered to the CT of 

the FDG PET-CT using a rigid registration. In a second step, CT-CT registration was adjusted using an 

intensity-based, free-form deformable image registration (DIR) algorithm (MIM VISTA 6.1 corp). (The 

results are cross validated with the Mirada Medical imaging software). The resulting deformation field 

was then applied to the FAZA PET data. In this way, voxels of the deformed FAZA PET/CT datasets were 

aligned with the voxels of other FAZA-PET scans. 
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inverse consistency of deformable image registration of FaZa-PET/CT for voxel based analysis

The CT data of the sequentially acquired integrated PET/CT data were used to calculate the deformation 

vector field between imaging time points. The deformation vector field was subsequently applied to 

the PET data. Apart from visual inspection of the deformation vector field and the deformed image, an 

inverse consistency check was done to assess the performance of the deformation algorithm [17]. 

The FDG-PET tracer uptake per voxel was used as a spatial marker for that specific voxel. Invertibility of 

the transformation was assessed by determining the forward free form deformation which maps the 

baseline FDG-PET/CT data back onto the FAZA-PET/CT next to the backward free form deformation 

mapping the FAZA-PET/CT onto the baseline FDG-PET/CT dataset. Applying the forward and backward 

transformations sequentially to the original FDG-PET data should restore the original FDG-PET data as 

close as possible. To evaluate this, Spearmen’s correlation was determined between the PET tracer 

uptake values of spatially corresponding voxels of the original and transformed FDG-PET data. Since it 

is not straightforward to track voxels individually, we assumed that in case of a proper free form 

deformation, original tracer uptake values should be restored as good as possible after forward and 

backward transformation and therefore the correlation coefficient between original and transformed 

voxel values should approximate the value of one as close as possible.

Calculation of fractional hypoxic volume 

The Fractional Hypoxic Volume (FHV) was defined as the volume within the GTV exhibiting a tumor-to-

background (T/B) ratio ≥ 1.4 on the FAZA scans [6,8,12,13]. The FHV of the tumor was determined 

along the following steps. First, the original baseline GTV on CT was created and the standardized 

uptake values within the GTV were expressed per voxel. Next, a tumor free area in the mediastinum of 

at least 30 mm diameter was chosen as a reference background in NSCLC patients and neck muscle 

was chosen as a reference background in HNSCC patients. The mean SUV of this background area was 

calculated. Finally, the FAZA T/B ratio was assessed by calculating the ratio between the SUV within the 

GTV and SUVmean background. 

spatial-temporal dynamics of tumor hypoxia 

Based on the FAZA T/B ratio cut-off ≥ 1.4, we produced FAZA-FAZA scatter plots divided into four 

quadrants visualizing tumor dynamics during treatment (figure 2): Quadrant A contains voxels that 

were non-hypoxic at baseline but became hypoxic during treatment, corresponding with increased 

hypoxia. Quadrant B contains voxels that were hypoxic at baseline and remained hypoxic during 

treatment; this was considered to represent stable hypoxia. Quadrant C contains voxels that were non-

hypoxic at baseline and remained non-hypoxic during treatment regarded as stable non-hypoxia. 
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Finally, quadrant D contains voxels that were hypoxic at baseline but became non-hypoxic during 

treatment; this was considered to represent decreasing hypoxia. 

FiGurE 2. FAZA-FAZA scatter plots divided into four quadrants visualizing tumor dynamics during 

treatment based on the FAZA T/B ratio cut-off ≥ 1.4.

rEsulTs

Ten out of 12 patients has showed substantial pre-treatment tumor hypoxia representing a FHV ≥ 1.4 

assessed by FAZA-PET. The baseline FHVs ranged from 5% to 85%, (median 38%) in HNSCC patients, and 

from 0.3% to 64% (median: 34%) in NSCLC patients. The serial FHVs during CHRT are listed in Tables 1a 

and 1b. The median FHV at FAZA-W1, FAZA-W2 and FAZA-W4 was 15%, 17% and 1.5% in HNSCC patients, 

and 26% (FAZA-W2) and 26% (FAZA-W4) in NSCLC patients respectively. 

In terms of invertibility of the free form deformable image registrations, correlations between original 

and transformed tracer uptake values of the baseline FDG PET were all significant (Spearman 

correlation p < 0.001) with an average correlation coefficient of 0.76 ± 0.26 (mean ± SD).No 

significantly different correlation coefficients were observed between head and neck PET data and 

lung PET data nor for the transformations determined for the PET data at different time points.
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FiGurE 3. Decreasing tumor hypoxia based on FAZA-FAZA scatter plot and its corresponding transaxial 

FAZA-PET/CT image in patient #4 (HNSCC).

FiGurE 4. Stable hypoxia based on FAZA-FAZA scatter plot and its corresponding transaxial FAZA-PET/

CT image in patient #3 (HNSCC).
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Dynamics of tumor hypoxia in head and neck 

All six patients underwent the FAZA-BL scan. Out of these six, four underwent the FAZA-W1, five the 

FAZA-W2, and four the FAZA-W4 (Table 1a). In one patient (#1), a stable non-hypoxia was observed in 

which the majority of voxels within the GTV were non-hypoxic (95%) at the FAZA-BL and remained such 

until the end of the treatment course.

In patient #2, a stable hypoxia was observed at FAZA-W1, when compared with FAZA-BL. FHV was 50% 

at FAZA-BL, declining to 28% on FAZA-W1, and to 5% at FAZA-W2. In this patient, eventually all voxels 

within the VOI became non-hypoxic at FAZA-W4. In patient #4, 85% of all voxels were hypoxic at FAZA-

BL, decreasing to 24% at FAZA-W2, and 5% at W4 (decreasing hypoxia (figure 3)). In addition, in both 

patients (#2 and #4), a significant reduction in the FAZA T/B ratio was observed on FAZA-W2 and 

FAZA-W4 as compared to FAZA-BL, additionally indicating decreasing hypoxia (data not shown). 

In two patients (#3 and #5), voxels which had been hypoxic at the FAZA-BL remained such at the 

FAZA-W2, suggesting a stable hypoxic area (figure 4). In contrast, at FAZA-W4, 98% of all voxels within 

the VOI became non-hypoxic in patient #5, suggesting a stable non-hypoxic pattern. The remaining 

patient (#6), who had only two FAZA-PET/CT scans available (FAZA-BL and FAZA-W1), also showed a 

stable non-hypoxia with a FHV of 18% at FAZA-BL, even decreasing to 1% at FAZA-W1.

Dynamics of tumor hypoxia in nsClC

All six patients completed FAZA-BL and FAZA-W2, four patients also underwent FAZA-W4 (Table 1b). Two 

patients (patient’s #1 and #2) showed no hypoxia at FAZA-W2 when compared with FAZA-BL (figure 5). 

Patient #1, started with an FHV of 33%, but this decreased to 0% at FAZA-W2 and remained such during 

the treatment course, thus exhibiting a stable non-hypoxia. 

In patient #3, dynamic hypoxia was observed. The FHV of the tumor decreased from 63% at FAZA-BL to 

26% at FAZA-W2, and again increased to 46% at FAZA-W4. This might indicate a highly variable tumor 

microenvironment, in some tumors. In patient #4, 31% of the voxels which were hypoxia at FAZA-BL 

remained so at FAZA-W2, thus exhibiting stable hypoxia. 

In patient #5, dynamic hypoxia was observed, with 42% of the non-hypoxic voxels at FAZA-BL 

becoming hypoxic at the FAZA-W2. The two above-mentioned patients (#4 and #5) underwent only 

two FAZA-PET/CT scans (FAZA-BL and FAZA-W2), making any further interpretation impossible.

In the remaining patient #6, 6% of the FAZA-BL non-hypoxic voxels became hypoxic at FAZA-W2. 
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FiGurE 5. Stable non-hypoxia based on FAZA-FAZA scatter plot and its corresponding  transaxial FAZA-

PET/CT image in patient #2 (NSCLC).

FiGurE 6. Increasing tumor hypoxia based on FAZA-FAZA scatter plot and its corresponding transaxial 

FAZA-PET/CT image in patient #6 (NSCLC).
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Subsequently, 35% of the non-hypoxic voxels at FAZA-W2 became hypoxic at FAZA-W4, indicating 

increasing tumor hypoxia (figure. 6).

In summary, there was a general trend toward decreasing tumor hypoxia in HNSCC patients during 

treatment, with a majority of non-hypoxic voxels within the VOI and remained so for the duration of the 

treatment. However, in NSCLC patients, two patients showed already quite low FHV’s at baseline, which 

may or may not be due to the two courses of induction chemotherapy. FHV’s in these tumors declined 

to non-detectable hypoxia levels at FAZA-W2 during chemoradiation. Two other patients, showed no 

apparent decrease in serial FHV.

DisCussion

To our knowledge, the current study is the first to report on the spatio-temporal dynamics of tumor 

hypoxia as detected by FAZA-PET/CT and was monitored over a prolonged period of observation in six 

head and neck and six NSCLC patients during the course of primary CHRT.

In the present study, a detailed voxel-by-voxel analysis of FAZA-PET/CT scatter plots manifested 

intratumoral hypoxic distribution. In short, four different types of cases were found: (1) increasing 

hypoxia; (2) decreasing hypoxia; (3) stable hypoxia; and (4) stable non-hypoxia. Recently, Bittner et 

al. [10]prospectively studied the capacity of FMISO-PET/CT to determine the changes in hypoxic 

subvolumes in head and neck cancer patients during the course of treatment. Three out of five patients 

showed both a stable and dynamic hypoxia on the second FMISO-PET/CT scan and a stable hypoxia 

was observed in remaining two patients. Similar results were reported by Zips et al. [9], using FMISO-

PET/CT underlying the heterogeneous behavior of tumor hypoxia.

The question arises what the optimal time point will be for hypoxia imaging during treatment, to obtain 

optimal integration of repeat FAZA-PET/CT information into radiotherapy treatment planning for the 

purpose of dose escalation strategies. In our study, ten out of twelve patients showed substantial 

tumor hypoxia at FAZA-BL within the GTV. Dose escalation to the whole GTV will be less attractive as this 

will result in higher radiation doses to the normal tissues as well and subsequently to an increase in 

radiation-induced side effects. On the other hand, tumor hypoxia may vary during the course of 

radiotherapy, which, from a theoretical point of view would make dose escalation more effective. In 

this study three out of six in HNSCC patients and four out of six in NSCLC patients showed detectable 

hypoxia in the FAZA-W2 (week 2) of CHRT. In this regard, a well demarcated hypoxic area at FAZA-W2 of 

CHRT seems to be more appropriate and can be treated with spatially conformed doses by precisely 

targeting tumor hypoxia. A similar time point has been proposed by Bittner et al. [10] and Zips et al. 
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[9]. They suggested that anticipating dynamics of tumor hypoxia on the basis of baseline FMISO-PET/

CT would be inappropriate; because the majority of patient’s exhibit substantial tumor hypoxia at 

baseline and it remains questionable which parts of the tumor remain hypoxic. Although we tried to 

amend scheduled FAZA-PET/CT scans as per protocol, this was not always feasible in all patients 

because of patient logistics and the fact that the accrual rate was very low and that the same accounts 

for the compliance in a highly selected cohort of very motivated patients. 

In our study, most tumors voxels that were hypoxic at the time of irradiation showed improved 

oxygenation status two weeks after the start of treatment and that remained unchanged over the 

subsequent duration of treatment. In addition, it was evident that CHRT resulted in a significant 

decrease in the turnover rate of voxels from hypoxic to non-hypoxic. Therefore, in many tumors, a 

treatment-induced improvement from hypoxic to non-hypoxic tumor status will affect the efficacy of 

the subsequent dose delivered to tumor. It has been reported that the oxygenation status of the tumor 

dramatically improved after radiotherapy as a result of the death of well oxygenated tumor cells 

[18,19].

Locoregional treatment is the mainstay of cancer treatment in non-small cell lung cancer and head 

and neck cancer. For locally advanced disease, dose intense multimodality treatment is required, 

although it is affected by substantial side effects. The goal is to shift away from the current paradigm 

of delivering a homogeneous dose distribution to the tumor toward the delivery of more spatially 

conformed radiation doses to radioresistant areas of tumor [20]. This will thus allow the delivery of 

much higher doses to tumors without increasing the adverse side effects on adjacent normal tissues. 

Such an approach may improve the locoregional tumor control of advanced stage tumors providing 

biological rationale for dose escalation strategies [21]. However, it has also been postulated that 

presence of tumor hypoxia generally reflects a more radioresistant tumor phenotype requiring dose 

escalation of the entire tumor volume rather than boosting the hypoxic areas only [22]. Unfortunately, 

these hypothesis have not been proven yet. To our knowledge, no studies have been performed on 

how hypoxia imaging could be used to intensify the radiotherapy to radioresistant hypoxic 

subvolumes. Therefore, future studies should focus on the dynamics of tumor hypoxia in order to 

select the most optimal treatment technique.

Further technological advances in radiation oncology have led to future visions, that are now starting 

to be realized and that could improve tumor control by using information on hypoxia. For instance, 

incorporation of more conformal radiation delivery techniques, such as intensity modulated 

radiotherapy (IMRT), conformal arc techniques such as VMAT and Rapid Arc, tomotherapy and proton 

therapy into clinical practice has enabled radiation oncologist to deliver more spatially conformed 
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radiation doses often referred as “dose painting” to hypoxic areas of tumor [23]. To our knowledge, no 

dose escalation studies have been performed on specifically targeting FMISO-PET/CT or FAZA-PET/CT 

identified hypoxic subvolumes in HNSCC or NSCLC. Another example is the application of serial 

hypoxic imaging, which might be of considerable importance in accurately stratifying patients into 

high and low risk groups, and therefore assist in selecting treatment regimens that could produce 

optimal outcomes of improved response and minimizing morbidity from futile and expensive 

therapies.

A voxel-by-voxel analysis is only a valid approach if corresponding tumor voxels are considered for 

comparison. Therefore different patient positioning between scans, tumor displacement and 

treatment induced changes of tumor volume need to be accounted for. One could consider imaging 

procedures where patient positioning during scanning is replicated using laser guides. However, 

these imaging procedures require additional staff training and more elaborate patient preparation. 

Another option is to completely rely on software to map corresponding tumor voxels. Our approach is 

a two step approach where first a rigid registration is applied to the whole body CT scan such that 

differences in patient positioning between the two PET scans are accounted for. Once translation and 

rotation parameters are optimized to compensate differences in patient positioning, a deformable 

image registration is applied to the CT data to account for tumor movement and tumor volume changes. 

To allow a voxel-by-voxel analysis, tumor volume changes need to be limited such that deformable 

registration will only compensate for local tumor movement [24,25]. Compensation for tumor volume 

changes should be avoided since it is uncertain how the deformable registration deals with the 

discrepancy in the number of tumor voxels. To check whether functional information within the tumor 

volume is not affected by the deformable registration we performed a straightforward inverse 

consistency check by applying a deformable registration in the reverse direction and look at the 

correlation between the original and voxel values transformed by a forward and backward deformable 

registration. For this study, correlation coefficients were significant and acceptable with Spearmen’s 

correlation coefficient = 0.76 ± 0.26 (mean ± SD), suggesting that the functional information within 

the tumor volume is preserved. However larger tumor volume changes due to successful therapy 

could pose limitations to this approach.

ConClusion

In conclusion, we observed relatively stable tumor hypoxia at FAZA-W2 of CHRT when compared with 

FAZA-BL in three HNSCC patients and two NSCLC patients. Hence, instead of using the FAZA-BL scan as 

the basis for the dose escalation, FAZA-W2 of CHRT is most suitable and might provide a more reliable 

basis for the integration of FAZA-PET/CT information into radiotherapy treatment planning for hypoxia-
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directed dose escalation strategies. However, additional studies are needed on the spatio-temporal 

dynamics of tumor hypoxia, to stratify patients who may benefit from hypoxia based radiotherapy 

treatment planning before implementation.
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aBsTraCT

Purpose: To investigate the prognostic value of fluorodeoxyglucose positron emission tomography 

(FDG-PET) uptake at 12 weeks after stereotactic ablative radiotherapy (SABR) for stage I non-small-

cell-lung cancer (NSCLC). 

Materials and Methods: From November 2006 to February 2010, 132 medically inoperable patients 

with proven stage I NSCLC or FDG-PET-positive primary lung tumors were analyzed retrospectively. 

SABR consisted of 60 Gy delivered in 3-8 fractions. The maximum standardized uptake value (SUVmax) 

of the treated lesion was assessed 12 weeks after SABR using FDG-PET. Patients were subsequently 

followed at regular intervals using CT-scans. The association of post-SABR SUVmax with local control 

(LC), mediastinal failure (MF), distant failure (DF), overall survival (OS), and disease specific survival 

(DSS) was examined.

results: The median follow-up time was 17 months (range: 3-40 months). The median lesion size was 

25 mm (range: 9-70 mm). There were 6 local failures, 15 mediastinal failures, 15 distant failures, 13 

disease-related deaths, and 16 deaths from inter-current diseases. The glucose corrected post-SABR 

median SUVmax was 3.0 (range: 0.55-14.50). Using SUVmax 5.0 as a cut-off, the 2-year LC was 80% 

versus 97.7% for high versus low SUVmax, yielding an adjusted sub-hazard ratio (SHR) for high post-

SABR SUVmax of 7.3 (95% CI: 1.4-38.5; p=0.019). The 2-year DSS rates were 74% versus 91% for high 

and low SUVmax (SHR 2.2; 95% CI: 0.8-6.3; p= 0.113). Two-year OS was 62% versus 81% (HR 1.6; 95% 

CI: 0.7-3.7; p= 0.268).

Conclusion(s): Residual FDG uptake (SUVmax ≥5.0) 12 weeks after SABR signifies increased risk of 

local failure. A single FDG-PET scan at 12 weeks could be used to tailor further follow-up according to 

the risk of failure, especially in patients potentially eligible for salvage surgery.
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inTroDuCTion

The current standard for stage I non-small-cell lung cancer (NSCLC) is surgical resection resulting in a 

60-80% 5-year overall survival (OS) rate [1]. However, many patients with stage I NSCLC have extensive 

cardiovascular and pulmonary co-morbidity and are considered medically inoperable. Stereotactic 

ablative radiotherapy (SABR) is emerging as a new standard for this group of patients. SABR enables 

the accurate delivery of an ablative radiation dose while sufficiently sparing normal tissues in an 

overall treatment of one to two weeks. Recent publications have shown that SABR is a well-tolerated 

and efficient treatment approach in medically inoperable patients, with local control rates well above 

80% at 3 years [2].

Response assessment in NSCLC is usually performed according to the Response Evaluation Criteria in 

Solid Tumors (RECIST), using CT-scans of the thorax [3]. However, the reduction in tumor size can take 

several months, and radiation induced changes such as inflammation and fibrosis may hamper 

adequate evaluation of tumor response and local control [4]. Therefore, radiological response 

assessment may not always be reliable for differentiating between local failure and SABR-induced 

local lung changes. Adding metabolic imaging, using FDG-PET to CT imaging has shown to improve the 

differentiation between radiation induced inflammation and tumor in lung cancer [5]. In addition, it 

has been observed that changes in tumor metabolism are more significant than anatomical changes 

in lung cancer patients 12 weeks after SABR [6], suggesting the utility of FDG-PET as an early response 

parameter. However, the prognostic value of residual FDG uptake in lung tumors treated with SABR has 

not been established. Therefore, in the present study, we examined the prognostic value of post-SABR 

FDG uptake at 12 weeks with respect to local control (LC), mediastinal failure (MF), distant failure (DF), 

overall survival (OS), and disease specific survival (DSS) in medically inoperable patients with stage I 

NSCLC or FDG-PET positive primary lung tumors.
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MaTErials anD METHoDs
Patients

The study population was composed of 132 medically inoperable patients with a solitary FDG-PET 

positive lesion in the lung, considered stage I lung NSCLC, who underwent standardized post-SABR 

FDG-PET-scans at our institution. Work-up minimally included bronchoscopy with biopsy, contrast-

enhanced CT and FDG-PET, and lung-function testing including a flow-volume curve at baseline. Patient 

characteristics are shown in Table 1. All patients were treated with SABR between November 2006 and 

February 2010 at the UMCG after being discussed in a multidisciplinary team consisting of thoracic 

surgeons, pulmonologists, radiation oncologists, nuclear medicine specialists, radiologists, and 

pathologists. Due to relative contraindications to perform a biopsy, pathological confirmation was 

obtained only in 40/132 (30%) of the patients; the remaining 92 patients were treated based on 

medical history (smokers at advanced age with COPD), appearance of the (often growing) tumor on CT, 

and the probability of malignancy of the lesions [7]. Follow-up consisted of a FDG-PET at 3 months, 

followed by CT-scans at regular intervals. 

TaBlE 1. Baseline Patient and Tumor Characteristics

Abbreviations:CCI = Charlson Co-morbidity Index; WHO PS = World Health Organization performance status; Pre-SABR SUVmax = 

baseline maximum standardized uptake value; Post-SABR SUVmax = maximum standardized uptake value 12 weeks after 

SABR; FDG-PET = Fluorodeoxyglucose Positron Emission Tomography.

Characteristic
 

Patients no.(%)
 

     
Sex, number (%)    
Male; Female 95 (72); 37 (28)
   
WHO PS (0-1 vs. 2-3)  
0-1 106 (80)
2-3 26 (20)
   
Probability of malignancy  
Median  (Range) 0.95 (0.80-0.97)
     
CCI     
Median  (Range) 4 (2-12)
   
Pre-SABR SUVmax  
Median  (Range) 7.65 (1.90-58.40)
     
Post-SABR SUVmax  
Median  (Range) 3.0 (0.55-14.50)
     
Staging FDG-PET interval  
Median  (Range) 45.5 (9-157)
   
Age at diagnosis, years  
Median (Range)   75 (46-90)
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stereotactic ablative radiotherapy (saBr)

SABR was delivered using the Novalis system (BrainLAB AG, Feldkirchen, Germany), according to the 

protocol of the Department of Radiation Oncology at the UMCG. In summary, after acquisition of a 

planning 4D CT-scan incorporating breathing motions, the target volume was delineated. Patients 

received 60 Gy prescribed to the margin of the planning target volume (PTV), which corresponded to 

80% of the dose at the isocenter. Based on the tumor location – peripheral; adjacent to the thoracic 

wall; central – three, five, or eight fractions were administered as previously described [8]. 

Positron Emission Tomography (PET) 

Out of 132 patients, 70 patients had undergone a staging FDG-PET in referring centers, with varying 

injection and scanning procedures, which precluded an analysis of pre-treatment SUVmax in these 

patients. All post-SABR FDG-PET-scans (n=132) were made at the department of Nuclear Medicine and 

Molecular imaging of the UMCG on a Siemens/CTI ECAT EXACT HR+ or Siemens mCT machine using the 

Dutch Standard Operating Procedures (SOP) for FDG-PET whole–body scans [9]. Blood samples were 

taken before injection to confirm an acceptable blood sugar level (<11 mmol/l) after fasting for a 

period of 5 to 6 hours. Patients were injected with 5 MBq/kg FDG. After a waiting period of 60 min, a 

scan was made from the mid-thigh to the external acoustic meatus. The SUVmax was obtained by 

delineating the region of interest comprising the entire tumor volume using the Philips Imalytics 

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

images. SUVs were corrected for the blood glucose levels (normalization to 5 mmol/l). 

Data analysis and statistics

Local control, DSS, MF, and DF were estimated using competing risk survival analysis scoring non-

target types of failure as competing risk as appropriate. Overall survival was estimated using the 

Kaplan-Meier method. Curves were compared with the log-rank test. Multivariate Fine and Gray 

competing risk regression analysis for LC and DSS yielding adjusted sub hazard ratios (SHR) was 

carried out with the following factors: post-SABR SUVmax cut-off (<5.0 or ≥5.0), lesion size, Charlson 

comorbidity index (CCI) (≤3 or >3), FDG-PET staging interval, WHO Performance status (0-1 versus 

2-3) and pre-SABR SUVmax cut-off (<5.0 or ≥5.0). The probability of local failure was estimated using 

the cumulative incidence function (CIF) calculated from the start of radiotherapy. For OS, multivariate 

Cox-proportional regression analysis using the above mentioned factors was carried out since there is 

no competing risk. Statistical analyses were performed using STATA statistical software, version 11.0 

(STATA Corp, Texas, USA).
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rEsulTs
Baseline FDG uptake and definition of post-saBr suVmax cut-off

The median baseline SUVmax for patients with evaluable standardized baseline scans (n=62) were 

7.6 (range: 1.9-58.4). The median interval between PET-staging and initiation of radiation was 45.5 

days (range 9-157). The median SUVmax12 weeks post-SABR was 3.0 (range: 0.6-14.5) for all 132 

patients and it was 3.0 (range: 0.6-12.1) for the 62 patients who had undergone standardized pre- and 

post-SABR PET scans at the UMCG. To determine the most appropriate post-SABR SUVmax cut-off, a 

series of SUVmax values between 3 and 7 were tested. A SUVmax cut-off 5.0 was most discriminative 

for LC and DSS. Using this cut-off, receiver operating characteristics (ROC) curve analysis showed an 

area under the curve of 0.75 (95% CI 0.525-0.975) for local control (Data not shown). Therefore, a post-

SABR SUVmax≥ 5 cut-off was applied to distinguish high and low SUVmax groups.

local control

Median follow-up time was 17 months (range 3-40 months). Six patients developed local failure 

yielding a cumulative incidence of local failure of 3.6 % at 2 years. In patients with post-SABR SUVmax< 

5.0 the 2-year LC rate was 97.7% compared to 80.0% in patients with post-SABR SUVmax ≥ 5.0. In the 

univariate analysis, post-SABR SUVmax (SHR 9.5; 95% CI: 1.8-49.0; P=0.007), lesion size (SHR 1.6; 

95% CI: 1.0-2.5; P=0.026) and pre-SABR SUVmax (SHR 0.1; 95% CI: 0.36-0.98; P=0.048) were 

significantly associated with LC (Table 2). The adjusted SHR for post-SABR SUVmax ≥5.0 cut-off was 

7.3 (95% CI: 1.4-38.5; p=0.02) (Table 3). Using SUVmax 5.0 as cut-off, cumulative incidence of local 

failure corrected for lesion size was 2.2% versus 15.3% at two years for low versus high post-SABR SUV 

max (figure 1).

TaBlE 2: Univariate (sub)hazard ratios for potential prognostic factors

  local Control  
Disease specific 

survival
  overall survival  

Prognostic factor sHr (95% Ci) P-value sHr (95%Ci) P-value Hr (95% Ci) P-value

Post-saBr suVmax (≥5 vs. 
<5)  

9.5  (1.8-49.0) 0.007 2.9 (0.9-8.9) 0.057 1.9 (0.8-4.4) 0.11

lesion size (per cm) 1.6 (1.0-2.5) 0.026 1.5 (1.1-2.2) 0.013 1.3 (1.0-1.8) 0.051

Charlson Co-morbidity index 
(≤3 vs. >3)

0.88 (0.16-
4.8)

0.89 1.6 (0.5-5.6) 0.41 2.3 (0.9-5.9) 0.068

staging-PET interval (per 
day) 

1.0 (0.98-1.0) 0.993 0.9 (0.9-1.0) 0.103 0.9 (0.9-1.0) 0.164

WHo Ps (0-1 vs. 2-3) 2.3 (0.43-12.3) 0.325 1.5 (0.4-5.5) 0.522 1.5 (0.6-3.8) 0.347

Pre-saBr suVmax (≥5 vs. 
<5)

0.1 (0.36-
0.98)

0.048 1.3 (0.2-7.9) 0.769 4.4 (0.5-35) 0.158
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Abbreviations: SABR= stereotactic ablative radiotherapy;Post-SABR SUVmax = maximum standardized uptake value 12 weeks 

after SABR; CCI = Charlson Co-morbidity Index; WHO PS = World Health Organization performance status; Pre-SABR SUVmax = 

baseline maximum standardized uptake value

TaBlE 3: Adjusted (sub)hazard ratios for post-SABR SUVmax ≥ 5

outcome (s)Hr (95% Ci)* P value

local Control SHR 7.3 (1.4-38.5) 0.02

Disease specific survival SHR 2.2 (0.8-6.3) 0.113

overall survival HR 1.6 (0.7-3.7) 0.268

* (Sub)hazard ratios adjusted for lesion size, Charlson comorbidity Index, interval between staging-PET and start of SABR and 

WHO performance status. 

FiGurE 1. Cumulative incidence of local failure corrected for lesion size in all patients and for the two 

groups of interest: SUVmax ≥5 and <5

Mediastinal failure

Out of 132 patients, 15 patients developed MF (cumulative incidence, 13.3 %), five of whom in the 

high SUVmax group. The 2-year MF rates in the high and low post-SABR SUVmax groups were 19 % and 

12 % (P=0.392) respectively. No statistically significant factors for MF could be identified. 
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Distant failure

In total, 15 patients (cumulative incidence, 13 %) developed distant failure, five of whom had a post-

SABR SUVmax ≥ 5.0 The two-year DF rates in the high and low SUVmax groups were 24.0 % and 11.0 % 

(P=0.127), respectively. No statistically significant factors for DF could be identified. 

Disease specific survival

The 2-year DSS rates were 74% in the high SUVmax group and 90% in the low SUVmax group. In the 

univariate analysis, high post-SABR SUVmax (SHR 2.9; 95% CI: 0.9-8.9; P=0.057) and tumor size (SHR 

1.5; 95% CI: 1.1-2.2; P=0.013) were associated with DSS (Table 2). The adjusted sub hazard ratio (SHR) 

for post-SABR SUVmax ≥5.0 cut-off was 2.2 (95% CI: 0.8-6.3; p= 0.113) (Table 3).

overall survival 

The 2-year OS rates in the high and low SUVmax groups were 62% and 81%. In addition, lesion size 

showed borderline significance in univariate analysis (HR 1.3; 95% CI: 1.0-1.8; P=0.051) (Table 2). The 

adjusted hazard ratio for post-SABR SUVmax ≥5.0 cut-off was 1.6 (95% CI: 0.7-3.7; p= 0.268) (Table 3).

DisCussion

SABR is an emerging technology for the treatment of stage I medically inoperable NSCLC patients, 

achieving superior survival rates compared to conventional fractionated radiotherapy, together with 

favorable quality-of-life results [8]. Therefore, SABR is increasingly considered as the new standard 

treatment for medically inoperable patients with stage I NSCLC [10]. 

Substantial effort has been made to identify factors that predict treatment outcome using FDG-PET. 

Although data indicate that a high baseline FDG uptake (i.e. SUVmax ≥ 5) of the primary tumor was 

associated with poor local control in stage I to III NSCLC patients [11], these findings remain 

controversial [12,13]. Recently we published data from a pilot study, investigating metabolic changes 

during SABR, indicating that assessment of SUVmax during SABR (after the first of three fractions) 

could not predict treatment outcome [14]. To our knowledge the present study is the first investigating 

the prognostic value of FDG-PET 12 weeks after completion of SABR in a larger patient population. We 

showed that a residual SUVmax ≥5.0 was a prognostic factor for treatment outcome with respect to LC. 

Still, FDG-PET has its drawbacks. FDG is an unspecific tracer, which also detects inflammation. 

Radiation pneumonitis (RP) is relatively common in patients after thoracic radiotherapy and appears 
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as a region of enhanced FDG uptake on FDG-PET after [15], but also during treatment [14,16]. In a 

situation without radiation pneumonitis, tumor metabolism can be easily assessed. If a tumor exhibits 

complete metabolic response, the SUVmax for controlled tumors is around 2.0, with a narrow range of 

values (range, 1.5 to 2.8), representing the uptake of normal lung tissue [17]. However, if localized RP 

occurs, such as typically seen after SABR, it remains difficult to assess metabolic tumor response 

since the FDG uptake of RP may be confused with that of the tumor. Together with our finding that 

SUVmax ≥ 5.0 may represent true tumor metabolism, an intermediate group (SUVmax 2 - 5) still 

showing FDG enhancement likely represents patients with a complete metabolic response together 

with signs of RP. These patients may be referred to as having a “blurred complete metabolic response,” 

meaning that the observed FDG uptake at the location of the stereotactically ablated tumor is due to 

local pneumonitis or fibrosis rather than due to neoplasia. It is crucial to differentiate these patients 

from patients with residual tumor uptake. As such, calculating the SUVmax at the approximate location 

of a treated lesion may be insufficient. Careful examination of the precise location, aspect, and 

dimension of the lesion on FDG-PET/CT, while taking into account possible translocations of lung tissue 

after treatment, is needed. Innovative scanning techniques such as dynamic scanning with kinetic 

analysis [18] or dual time point imaging [19] may be of additional value for the discrimination 

between tumor activity and radiation-induced inflammation. It should be stressed that the cut-off 

value found in this study cannot be easily translated to other centers. Due to differences in SUV 

quantification, fasting duration, blood glucose correction, waiting time between FDG injection and 

image acquisition, SUVs will vary among different centers. Following the standardization of tumor PET 

imaging, such as proposed by the European Association of Nuclear Medicine (EANM) [20] as we did, 

is highly desirable to enable adequate comparison with other studies.

ConClusions

In conclusion, our results suggest that residual FDG uptake 12 weeks after SABR predicts LC. A trend 

was found towards better DSS and even OS for post-SABR SUVmax< 5.0. A single FDG-PET scan at 12 

weeks could be used to tailor further follow-up, according to the risk of failure. Patients with post-SABR 

SUVmax ≥ 5.0 should be considered as having an increased risk of local failure and their follow-up 

should be intensified. These finding are particularly interesting in case SABR is administered to 

operable patients or patients potentially eligible for sublobar salvage resections. If confirmed in an 

independent patient population, this strategy might enable early salvage surgery in patients eligible 

for at least sublobar resections.
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suMMarY 

Biological information obtained from imaging modalities such as Positron Emission Tomography (PET) 

prior to and during the course of radiation may provide valuable information required for radiation 

treatment optimization and adaptation [1]. PET can be used to adjust the radiation treatment plan by 

monitoring tumor biological characteristics, such as glucose metabolism and hypoxia [1]. This 

information may guide radiation oncologists to deliver higher doses of radiation to tumor subvolumes, 

e.g., by depicting metabolically active and/or hypoxic tumor cells, which are more radioresistant. Such 

strategies may be more suitable to improve the therapeutic ratio, i.e., improving tumor control without 

enhancing radiation-induced side effects, than escalating the dose to the entire tumor bed. Tumor 

hypoxia is an important contributor to radioresistance, which has been demonstrated in several tumor 

types [2-4]. Tumor hypoxia results from an imbalance between oxygen supply and consumption due 

to an abnormal structure and function of the microvessels supplying the tumor [5-7]. The response of 

cells to ionizing radiation is strongly dependent on oxygen levels [7]. An enhancement of radiation 

damage by oxygen is generally referred to as the oxygen-fixation hypothesis. When radiation is 

absorbed in biological material, free oxygen radicals are formed, which are highly reactive molecules 

that initiate a chain of events resulting in DNA damage [8]. In a hypoxic state, oxygen radicals are less 

likely to arise. Consequently, a higher radiation dose is needed to achieve the same tumor control rate 

in hypoxic tumors [7,8]. 

The gold standard in assessing tumor hypoxia is the Eppendorf electrode method [9]. This approach 

has been used to group patients based on their median p02 values. However, this method is invasive, 

and can only be applied for well accessible superficial tumors. These limitations made clinicians 

concentrate on non-invasive techniques such as PET imaging with specific hypoxic tracers. Recently, 

Busk et al. [10]compared tumor oxygen levels as determined by gold standard Eppendorf electrodes 

with hypoxic areas as determined by FAZA-PET T/B ratio in an animal model. A significant correlation 

was found between the FAZA T/B ratio and oxygen pO2 values. In addition, the PET assisted hypoxia 

imaging has several advantages over Eppendorf electrode measurements: it is a non-invasive 

procedure; it generates three-dimensional images; and finally, it allows measuring multiple sites of 

tumors simultaneously. Moreover, PET is capable of visualizing the often heterogeneous pO2 

distribution within the tumor volume without the need of multiple electrode measurements [11,12].

It is clear that tumor hypoxia is a major risk factor for failure after radiotherapy or chemoradiation due 

to increased radioresistance of hypoxic tumor cells. Precise delivery of higher radiation doses per 

fraction to the hypoxic sub volumes during the entire course of treatment may be a strategy to improve 

the therapeutic ratio by increasing local tumor control without inducing excess radiation-induced side 
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effects. This requires methods that provide spatial information on tumor hypoxia prior to and during 

the course of radiation. 

In this thesis, we focused on number of methodological issues related to the development of hypoxia 

guided radiation dose escalation strategies in HNSCC and NSCLC. 

In chapter 2, the literature on different hypoxia tracers was summarized focussing on tumor hypoxia 

detection in NSCLC patients. The aim was to establish whether the presence of hypoxia could be used 

to predict outcome. The current clinical data do not offer sufficient evidence for superiority of any 

specific hypoxia PET tracer. As Fluoromisonidazole (FMISO) is a first generation hypoxia tracer, it has 

been excessively used to detect hypoxia in both humans and animals. 

A more recently developed hypoxia tracer is fluoroazomycinarabinoside (FAZA), which also belongs to 

the nitroimidazole group. Preclinical studies indicated that FAZA is a promising hypoxia tracer in 

various tumor models [13]. These studies showed that FAZA is rapidly cleared from the circulation and 

normoxic tissues, and is excreted mainly via the renal pathway, thereby providing a more favourable 

tumor-to-background (T/B) ratio in most anatomical regions as compared to FMISO [14]. In addition, 

FAZA exhibited in vivo stability against enzymatic activity and therefore could be recommended as a 

potential tracer for tumor hypoxia in clinical studies [15].

FAZA-PET/CT imaging of tumor hypoxia is a valuable tool not only to identify the presence of hypoxia, 

but also to determine the spatial hypoxia distribution across the tumor volume. Apart from that, the 

fractional hypoxic volume based on FAZA-PET/CT showed that hypoxic areas are heterogeneously 

distributed throughout the tumor volume, reflecting a highly heterogeneous tumor microenvironment 

[16]. This information is required to develop radiation dose escalation strategies for precise targeting 

of hypoxic (sub)-volumes. 

FDG (Flourodeoxyglucose) is routinely used to assess tumor glucose metabolism [17]. The extent of 

FDG accumulation in solid tumors depends primarily on the over-expression of Glucose transporter 1 

(GLUT-1) and glycolytic enzymes [18,19]. Up-regulation of glucose transporters (GLUTs) is observed 

also in hypoxic regions, [20], which is due to an increased hyperglycolysis driven by HIF. Tumors with 

a high SUVmax have higher HIF and GLUT-1 expression than tumors with a low SUVmax, as detected by 

FDG-PET [21]. Therefore, it has been assumed that the degree of tumor FDG uptake may reflect the 

level of tumor hypoxia and may therefore be used as a surrogate marker for tumor hypoxia. We have 

studied this issue and presented the results in Chapters 3 and 4.

In chapter 3, we estimated the potential added clinical value of the specific hypoxia tracer FAZA over 
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FDG, which is routinely used in the diagnostic work up, response evaluation and radiotherapy 

treatment planning of advanced-stage NSCLC. In this prospective study, we included eleven patients 

with stage III or stage IV NSCLC who underwent FDG and FAZA-PET before chemoradiotherapy. The 

spatial correlation between  FDG and  FAZA-uptake values was investigated using voxel-based 

analysis. All 11 patients showed clear uptake of FAZA in the primary tumor. No significant correlation 

was observed between FDG SUVmax and FAZA T/B ratio. The pattern of tumoral FDG uptake was 

rather homogeneous, whereas  FAZA uptake was more heterogeneous. These findings support the 

notion that  FDG and  FAZA signals indeed reflect different biological functions if measured in the 

same tumor. Consequently, a poor correlation between these 2 tracers suggests a highly 

heterogeneous tumor microenvironment. A significant correlation between FDG-SUVmax and lesion 

size (P = 0.002) was observed indicating that larger tumors are generally more metabolically active 

than smaller tumors. 

This study showed that the FAZA tumoral uptake pattern varied widely among tumors and that FAZA 

was more heterogeneously distributed than  FDG. Moreover, FAZA PET-CT imaging detected 

heterogeneous distributions of hypoxic subvolumes within a homogeneous FDG background [16]. 

Therefore, when added to FDG, FAZA provided more specific information on tumor hypoxia different 

from that of FDG. Based on these results, we concluded that FAZA PET-CT provides additional information 

to FDG PET-CT and could be a promising tool for a more individualized treatment of advanced NSCLC, 

e.g. Hypoxia imaging during treatment could be a promising way to stratify patients who may benefit 

from hypoxia modification or dose escalation strategies. 

Chapter 4. The results presented in Chapter 4 showed that loco-regional effects of chemotherapy on 

tumor hypoxia and tumor glucose metabolism can be better quantified and visualized when the FAZA 

uptake is measured per voxel. Besides the traditional SUVmax, T/Background or T/Blood ratio approach, 

the voxel-by-voxel analysis was chosen in order to evaluate the tumor heterogeneity. In this study, we 

investigated how chemotherapy affected the individual tumor hypoxic areas measured with FAZA 

voxel-by-voxel analysis, as well as whether these changes correspond to metabolic effects as 

measured with the FDG. A voxel-by-voxel analysis is only a valid approach if corresponding tumor 

voxels are considered for comparison. Therefore different patient positioning between scans, tumor 

displacement and treatment induced changes of tumor volume need to be accounted for. One could 

consider imaging procedures where patient positioning during scanning is replicated using laser 

guides. However, these imaging procedures require additional staff training and more elaborate 

patient preparation. Another option is to completely rely on software to map corresponding tumor 

voxels. Our approach was a two-step approach where first a rigid registration was applied to the whole 

body CT scan in such a way that differences in patient positioning between the two PET scans were 
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accounted for. Once translation and rotation parameters were optimized to compensate differences in 

patient positioning, a deformable image registration was applied to the CT data to account for tumor 

movement and tumor volume changes. To allow a voxel-by-voxel analysis, tumor volume changes 

needed to be limited such that deformable registration would only compensate for local tumor 

movement [22,23]. Compensation for tumor volume changes should be avoided since it is uncertain 

how the deformable registration deals with the discrepancy in the number of tumor voxels. To check 

whether functional information within the tumor volume was not affected by the deformable 

registration we performed a straightforward inverse consistency check by applying a deformable 

registration in the reverse direction and looked at the correlation between the original and voxel values 

transformed by a forward and backward deformable registration. For this study, correlation coefficients 

were significant and acceptable, suggesting that the functional information within the tumor volume 

is preserved. However larger tumor volume changes due to successful therapy could pose limitations 

to this approach.

We showed that the FDG uptake measured by SUVmax decreased significantly after 2 cycles of 

chemotherapy (p=0.02). The voxel-by-voxel technique revealed an overall decrease in the FDG 

uptake after 2 cycles of chemotherapy. Furthermore, the baseline FDG SUV did not overlap neither 

with the FAZA T/B ratio (R2=0.05) nor with theFAZA T/Blood ratio (R2=0.08). After 2 cycles of 

chemotherapy, no relationship was found between FDG SUV and FAZA (R2=0.03 and R2=0.08, 

respectively) during follow up. Our result showed no significant association between hypoxia and 

glucose metabolism. Although hypoxia results in HIF activation and subsequently in an increased 

glucose metabolism, the overall hypoxia was not related to the FDG even after chemotherapy, as 

measured with FAZA. The traditional maximum intensity uptake measures (SUVmax, T/Bgmax or T/

Blmax) did not reflect the true changes in the activity of the whole tumor. The voxel-by-voxel analysis, 

by contrast, is able to detect heterogeneity changes within the tumor. Furthermore, this method 

allowed detecting heterogeneous responses between hypoxic and (highly) metabolic tumor areas. 

Therefore, future studies should incorporate volumetric analysis by the voxel-by-voxel approach 

instead of single hypoxic spot analysis as it brings more understanding of tumor biology and 

characterizes the heterogeneity response towards treatment.

In chapter 5, we performed a prospective observational cohort study using serial hypoxic imaging 

before treatment initiation and at several time-points during (chemo) radiotherapy in head and neck 

squamous cell carcinoma (HNSCC) and NSCLC patients in order to understand spatio-temporal 

dynamics of tumor hypoxia. The information rendered from sequential hypoxia imaging may allow us 

to define the optimal time point for the integration of hypoxia FAZA-PET/CT information into radiotherapy 

treatment planning to benefit from hypoxia modification or dose escalation strategies. In this study, 
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The spatio-temporal dynamics of tumor hypoxia and fractional hypoxic volumes (FHV) were evaluated 

using a voxel-by-voxel analysis based on a FAZA-T/B ratio of 1.4, at four time points in HNSCC patients, 

at baseline (FAZA-BL), at week one (FAZA-W1), two (FAZA-W2), and four (FAZA-W4) during CHRT and at 

three time points in NSCLC patients (baseline; W2, W4).

A detailed voxel-by-voxel analysis of FAZA-PET/CT scatter plots manifested a heterogeneous 

intratumoral hypoxic distribution. In short, four different types of cases were found: 1) increasing 

hypoxia, 2) decreasing hypoxia, 3) stable hypoxia, and 4) stable non-hypoxia. Ten out of twelve 

patients showed substantial pre-treatment tumor hypoxia representing a FHV ≥ 1.4 assessed by 

FAZA-PET/CT. Stable tumor hypoxia was observed in three out of five HNSCC patients and two out of five 

NSCLC patients at FAZA-W2. In three HNSCC patients and two NSCLC patients FHVs declined to non-

detectable hypoxia levels at FAZA-W4 during CHRT, while two NSCLC patients, showed increasing FHVs.

In this regard, a well demarcated hypoxic area at FAZA-Week 2 of chemoradiotherapy is more 

appropriate for dose escalation and can be treated with spatially conformed doses by precisely 

targeting tumor hypoxia. 

Chapter 6. Response assessment in non-small cell lung cancer (NSCLC) is usually performed 

according to the RECIST criteria using CT scans of the thorax [24]. However, the reduction in tumor size 

can take several months, and radiation induced lung injury changes, such as inflammation and 

fibrosis can hamper response evaluation of the tumor and local control. FDG accumulation in tumor 

cells is related to biological characteristics of the tumor. Treatment induced changes, such as cell 

death or growth arrest, result in reduction of the FDG uptake. Therefore, this phenomenon can be 

referred to a sensitive marker for treatment response. Using the FDG-PET metabolic imaging can help 

us differentiate between radiation induced pneumonitis and tumor changes in lung cancer. In addition, 

it was observed that changes in tumor metabolism are more significant than anatomical changes in 

lung cancer.  

The prognostic value of the residual FDG uptake in lung tumors treated with SABR has not been 

established. Therefore, we examined the prognostic value of the post-SABR FDG uptake at 12 weeks 

with respect to local control (LC), mediastinal failure (MF), distant failure (DF), overall survival (OS), 

and disease specific survival (DSS) in resectable but medically inoperable patients (e.g. due to 

concomitant cardiovascular disease) with stage I NSCLC and FDG-PET positive primary lung tumors. 

Our results suggest that the residual FDG uptake at 12 weeks after SABR predicts LC [25]. A trend was 

found towards a better DSS and even OS for post-SABR SUVmax< 5.0. 

Therefore, a single FDG-PET scan at 12 weeks can be used to tailor further follow-ups. Patients with the 
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post-SABR SUVmax ≥ 5.0 should be considered as having an increased risk of local failure. Therefore, 

their follow-up should be intensified. Our results are in line with those of others [26-28].

Sasaki et al. [26] found that SUVmax 5.0 was the best cut-off to predict 2 year overall survival rate in 

patients with NSCLC (n = 162; 2-year OS, 94% vs 65%; P = 0.02).In a series of 44 patients with stage I 

NSCLC treated with surgery, Higashi et al. [29] found that patients with an SUVmax ≤ 5.0 had improved 

five year disease free survival (88% vs 17%) when compared with patients with an SUVmax of > 5.0. 

Hamamoto et al. [28] also divided the stage I NSCLC patients into the high SUVmax and low SUVmax 

tumor group with the cut-off point of SUVmax 5.0. In their study, pre-treatment high SUVmax of a 

primary tumor on FDG-PET scan was associated with poor local control. This indicates the close 

correlation between the primary SUVmax and patient outcome. Patients with increased glucose 

metabolism of tumor cells are associated with poorer prognosis. Therefore, the SUVmax, an indicator 

of local FDG uptake, may become one of the potential prognostic factors. Patients with a FDG SUVmax 

> 5.0 may be considered at increased risk of failure and may benefit from more effective approaches, 

for instance, higher radiation dose, and consequently improve treatment efficiency. 

General discussion and Future perspectives

In NSCLC, locoregional failure rates between 30% and 55% at 3 years [30], while in stage III-IV HNSCC 

locoregional failure rates vary from 18% t0 73% at 3 years [31]. Therefore, improving locoregional 

tumor control is still of major concern. Tumor hypoxia is a significant adverse prognostic factor and 

contributes to resistance for chemoradiotherapy. This has been demonstrated in several tumor types 

[2-4], including also in NSCLC and HNSCC [4,32-34]. 

Solid tumors contain mixture of normoxic and hypoxic cells. A radiation dose kills a greater population 

of normoxic cells than hypoxic cells because normoxic cells are radiosensitive [7]. As a consequence, 

a higher radiation dose is needed to achieve the same local control rate, in hypoxic tumors. Dose 

escalation is therefore an important strategy to overcome tumor hypoxia and thereby improving local 

tumor control and is expected to improve outcome in terms of overall survival as well.

However, from a clinical point of view, dose escalation is more complex. Dose escalation to the entire 

Gross Tumor Volume (GTV) will give rise to a higher dose to the normal tissues as well, leading to an 

increase of radiation-induced toxicity. In NSCLC, administering a prescribed dose of 60 to 66 Gy is 

already difficult to achieve in 5-10% of the cases without accepting an unacceptable risk of severe 

side effects such as pulmonary and/or cardiac toxicity. In HNSCC, dose escalation will result in an 

increase of acute and late radiation-induced toxicity such as xerostomia, dysphagia and mucosal 

ulcers which have a significant negative effect on quality of life after completion of treatment [35]. 
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Therefore, dose escalation specifically to hypoxic areas within the tumor offers more opportunities to 

escalate the dose to the most radioresistant parts of the tumor without or minimally increasing the 

dose to the normal tissue.

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 FAZA PET/CT may be more appropriate. 

radiotherapy techniques to achieve dose-escalation

The goal of radiation treatment planning is to specify the number of beams and the settings that 

together determine the way in which the beams are delivered to the target volume. This may result in 

a higher probability of a successful curative treatment with minimal radiation induced side effects. 

Three-dimensional conformal radiation therapy (3DCRT) allows directing beams at multiple angles, 

with each beam is shaped at its corresponding target projection. This type of treatment enables more 

conformal dose distribution to target volume compared to 2D planning. However this requires 

adequate quality assurance methods, including 3D dosimetry using phantoms. Most importantly, the 

risk of late complications may be increased if the 3DCRT technique does not compensate for the 

additional dose.

Intensity modulated radiation therapy (IMRT) has certain advantages over 3DCRT, namely, varying 

fluence over the cross-section of each beam. In IMRT, the modulation of the fluence within each field 

can yield a dose distribution that conforms closer to the target than when only uniform beam fluences 

are used. This allows delivering lower doses to organs at risk (OAR), compared to when 3DCRT is used. 

However, larger volumes are exposed to low doses with IMRT, which may increase the risk of radiation 

induced second malignancies. Recently, Madani et al. [35]evaluated adaptive IMRT planning in head 

and neck cancer patients based on “Dose Painting By Numbers” (DPBN) according to FDG-PET voxels.

They reported that the median total dose of 85.9 Gy is feasible in a total of 32 fractions. However, they 

noted development of late onset mucosal ulcers at levels as high as 80.9 Gy and defined this level as 

a maximum tolerated dose. Although treatment options have expanded, the loco-regional recurrence 

rate is still relatively high, and a five-year overall survival rate is below 50% [36]. Therefore, new 

treatment techniques are needed to improve outcomes for this patient group.

The simultaneous integrated boost (SIB) method attempts to integrate the information obtained from 
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fractionation studies into the standard model of differential doses for IMRT delivery [37]. SIB method 

can still deliver treatment on a once daily basis but delivers higher fractions (> 2.0 Gy per fraction/

day) to GTV. This accelerated delivery of higher radiation doses can address tumor hypoxia and 

proliferation, delivering a given dose in a shorter period of time. The advantage of SIB-IMRT consists in 

a better target conformity, less dose to critical structures and the option if dose escalation in the GTV. 

However, there is limited experience in normal tissue tolerance following SIB-IMRT in head and neck 

cancer; to date there is no universally agreed standard of dosage. However, SIB-IMRT is feasible and 

yields highly conformal dose distributions, but tissues embedded in the target volume may be at 

higher risk, and caution should be observed when applying higher than conventional fraction sizes. 

Therefore, the potential benefits and drawbacks of the SIB-IMRT should be carefully evaluated before 

the clinical implementation for each site. Special attention should be paid to the dose and dose 

fractions for each target volume. 

Currently, Stereotactic ablative body radiotherapy (SABR) is considered as a treatment option for 

patients with medically inoperable early-stage non-small-cell lung cancer. SABR can be applied to 

deliver higher radiation doses to tumors with greater precision when compared with conventional 

techniques. SABR also offers the capability to deliver fractionated radio surgical treatment plans for 

bigger lesions, decreasing the radiation of adjacent healthy tissues to potentially minimize the rate of 

complications. Recent data from stage I and II NSCLC, from prospective single institutional trials 

indicate that local tumor control rates are > 88% can be achieved using SBRT [38]. However, distant 

metastases constitute the predominant failure pattern following SABR, a finding similar to that seen 

after surgery [38]. These outcomes suggest that higher dose may not necessarily lead to higher 

locoregional tumor control or overall survival. There have been several dose escalation studies of SBRT 

for lung cancer. In all such studies, SABR was found to be safe and feasible [27,28,39], except in 

patients with prior thoracic radiation. However, a subsequent phase II study demonstrated that this 

regimen should not be used for patients with tumors near the central airways due to excessive 

toxicity. In additional, there are several factors that might influence tumor control such as method of 

fixation, respiratory control, treatment planning strategy, size of PTV derived from GTV, also, it remains 

controversial whether the PTV should be irradiated homogeneously or heterogeneously. These factors 

might have an additional influence on locoregional tumor control. Therefore, new treatment techniques 

are needed to improve outcomes for this patient group.

Another technique, Intensity modulated proton therapy (IMPT), has a potential to overcome 3DCRT, 

SIB, SABR, IMRT shortcomings. Firstly, proton beam shows a significant increase in dose deposition at 

the end of the proton range [40]. The region of an increased dose is called the Bragg peak. Beyond the 

Bragg peak, dose deposition is negligible, which enables to spare healthy tissues surrounding the 
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tumor. Secondly, the depth of the Bragg peak can be controlled by alteration of protons’ energy. In this 

way, different energy levels can be achieved, which makes it possible to spread the Bragg peak 

covering the full target volume in depth. This approach will optimize local tumor control by introducing 

heterogeneous dose delivery, where the most active parts of the tumor receive higher dosage, unlike 

with conventional homogeneous approach. However, the characteristics of protons make IMPT highly 

vulnerable to uncertainties. These uncertainties arise from interfractional variations such as tumor 

shrinkage, patient weight, tissue density and patient set up. Some robust optimization methods for 

IMPT have been proposed to account for range and setup uncertainties such as probabilistic nonlinear 

programming and robust linear programming approaches. The resulting treatment plans showed 

reduced sensitivity to uncertainties [40]. 

Drawbacks of dose escalation of hypoxia volumes

Radiotherapy plays an important role in cancer treatment by effectively improving loco-regional 

tumor control. Studies by Lee N et al. [41] and Chao KS et al. [42]showed that tumor recurrence can 

occur within the whole tumor. Therefore, it has been hypothesized that dose escalation strategies 

should include the entire tumor volume rather than hypoxic areas alone. One trial by Cox et al. [43] 

showed no such effect in stage III NSCLC patients. The use of 69.6 Gy produced a statistically 

significant increase in survival relative to the use of 60 Gy. However, no additional increase in survival 

was found with the two higher total doses, 74.4 Gy and 79.2 Gy and the survival rates at 2 years were 

actually lower than 35% seen with 69.6 Gy. Rasey et al. [12] found that tracer uptake varied markedly 

and heterogeneously between tumors in the same region.

Tumor hypoxia can be heterogeneous. First, the amount of hypoxia present in tumors remarkably 

differs from patient to patient [6,8,9]. In addition, the intratumoral distribution of hypoxia may also 

depend on histologic tumor type [12]. Second, the severity of hypoxia in tumor cells depends on the 

increased diffusion distance between tumor and blood supply. Third, the distribution of oxygen status 

is variable, some parts of a tumor exhibiting higher levels of hypoxia than others due to differences in 

dynamic blood flow as a result of periodic episodes of opening and closing of blood vessels. Finally, 

the tumor cells that are hypoxic today may or may not be hypoxic at subsequent time points due to a 

changing tumor microenvironment and/or to treatment itselfHowever, given that data suggesting 

changes in tumor hypoxia may vary during the course of treatment, it is essential to distinguish 

geographically stable and dynamic hypoxia during therapy, because the choice of a dose escalation 

strategy to hypoxic areas will strongly depend on the dynamics of tumor hypoxia during the course of 

radiation.
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The traditional maximum intensity uptake measures (SUVmax, T/Bgmax or T/Blmax) did not reflect the 

true changes in the activity of the whole tumor. They are characteristics of the single voxel with the 

least oxygenation status within the gross tumor volume (GTV). However, it is unlikely that single 

hypoxic voxel measurements within the GTV reflect the oxygenation status of the entire tumor volume. 

Therefore, voxel-by-voxel analysis, which provides detailed information about the hypoxic distribution 

across the entire tumor rather than a single voxel. The voxel-by-voxel analysis, by contrast, is able to 

detect heterogeneity changes within the tumor. Furthermore, this method allowed detecting 

heterogeneous responses between hypoxic and (highly) metabolic tumor areas. Therefore, future 

studies should incorporate volumetric analysis by voxel-by-voxel approach instead of single hypoxic 

spot analysis brings more understanding of tumor biology and characterizes the heterogeneity 

response towards treatment.

Clinical data on determining the actual time point for hypoxia based dose escalation is scarce. Very 

recently, Zips et al. [1] suggested that anticipating dynamics of tumor hypoxia on the basis of baseline 

FMISO-PET/CT would be inappropriate; because the majority of patients exhibited substantial tumor 

hypoxia at baseline and it remained questionable which parts of the tumor remain hypoxic. In addition, 

they determined the prognostic value of the FMISO uptake before and during chemoradiotherapy in 

locally advanced HNSCC patients (n=25). In this study, the hypoxic volume thresholds (≥ 1.4, 1.6, 1.8 

and 2.0) were significantly correlated with a local failure at 1 (8-10 Gy) or 2 weeks (18-20 Gy) during 

treatment (n=8). In addition, baseline imaging parameters were not found to be good predictors for 

local recurrence. The authors concluded that hypoxic imaging at 1 or 2 weeks during treatment is a 

promising way to select patients that may benefit from hypoxic modification or dose escalation 

strategy.

The concept of voxel-based analysis can be used for voxel-wise dose prescription and dose escalation 

related to the PET tracer uptake. Very recently, researchers suggested that the DPBN is feasible 

according to the PET tracer voxel uptake in head and neck cancer patients using FMISO-PET images 

[44,45]. The DPBN strategy aims for a linear relationship between the dose prescription to a voxel and 

the underlying SUV value. In this way, the whole GTV of the primary tumor is considered. Very recently, 

Dieter et al. [46] evaluated the feasibility of using deformable image registration in adaptive DPBN in 

head and neck cancer patients. The median prescription dose to the dose painted target was 70.2 Gy 

(fractions 1-30) and to elective neck was 40 Gy (fractions 1-20). Acute grade 3 toxicity was limited to 

dysphagia in three out of ten patients and mucositis in another two out of ten patients. The authors 

concluded that adaptive DPBN using currently available tools is feasible. However, irradiation of 

smaller target volumes might have contributed to mild acute toxicity. In another study, Thorwarth et al. 

[44] estimated that the tumor control probability (TCP) would increase from 56% to 70% using the 
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DPBN based on FMISO-PET imaging. To this end, large clinical data of local tumor control and toxicity 

are needed to correlate dose volume parameters obtained by various dose summation methods with 

outcome and to allow a rational selection of the best methods. In future, next generation radiotherapy 

treatment planning systems should be able to deal with heterogeneous voxel-by-voxel prescriptions 

to deliver heterogeneously distributed doses accordingly [47,48].

ConClusions

In conclusion, PET/CT imaging of tumor hypoxia is feasible in HNSCC and NSCLC cancer patients. FAZA 

PET imaging allows detecting heterogeneous distributions of hypoxic subvolumes even within a 

homogeneous FDG background. Therefore, FAZA, when added to FDG, provides good information on 

tumor hypoxia and its heterogeneity. This can help in developing tools for guiding individualized 

treatment of advanced NSCLC and HNSCC. From our prospective observational cohort study, we 

observed a relatively stable tumor hypoxia at FAZA-Week 2 (W2) of CHRT, compared to FAZA-Baseline. 

Hence, FAZA-W2 of CHRT is a most suitable moment for dose escalation. It may also serve as a more 

reliable basis for integration of FAZA-PET/CT information into the radiotherapy treatment planning for 

hypoxia-directed dose escalation strategies. Additional studies are needed on the spatio-temporal 

dynamics of tumor hypoxia to stratify patients who may benefit from hypoxia based radiotherapy 

treatment planning.

Implementation of PET imaging for personalized adaptive radiotherapy treatment planning is a 

potentially promising approach that will modify the way treatments are prescribed and delivered to 

ultimately improve overall outcomes.
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Biologische informatie uit beeldvormende modaliteiten, zoals Positron Emissie Tomografie (PET), kan 

waardevolle informatie geven die gebruikt kan worden voor het optimaliseren en aanpassen van de 

radiotherapie behandeling [1]. PET biedt de mogelijkheid om biologische karakteristieken zoals het 

glucose metabolisme en hypoxie te monitoren en kan daarom gebruikt worden om het bestralingsplan 

aan te passen [1]. Deze biologische informatie kan de radiotherapeut-oncoloog helpen om een hogere 

bestralingsdosis te geven aan de radioresistente, metabool actieve en/of hypoxische subvolumes, in 

de tumor. Deze behandelstrategieën kunnen geschikt zijn om de therapeutische ratio te vergroten, 

namelijk door het verbeteren van de tumor controle zonder de bijwerkingen van de bestraling te 

verhogen. Tumor hypoxie is een belangrijke factor die invloed heeft op de radioresistentie van het 

tumorweefsel. Dit is aangetoond voor verschillende tumor typen [2-4]. Tumor hypoxie ontstaat door 

een abnormale structuur en functie van de tumor microvasculatuur waardoor er een verstoorde 

balans tussen zuurstof aanvoer en consumptie optreed [5-7]. De reactie van tumorcellen op 

ioniserende straling is grotendeels afhankelijk van de zuurstofconcentratie [7]. De toegenomen 

schade door ioniserende straling wordt gebruikelijk de ‘oxygen-fixation’ hypothese genoemd. 

Wanneer straling wordt geabsorbeerd in biologisch weefsel vormen zich zuurstofradicalen. Dit zijn 

hoog reactieve moleculen die een cascade van gebeurtenissen in gang zetten met als gevolg DNA 

schade [8]. Wanneer er een tekort aan zuurstof is, verkleint de kans op de vorming van zuurstofradicalen. 

Als een gevolg daarvan is er een hogere bestralingsdosis nodig om in hypoxische tumoren een 

vergelijkbare tumor controle te krijgen [7-8]. 

De gouden standaard om tumor hypoxie te meten is het gebruik van Eppendorf elektroden [9]. Deze 

methode kan gebruikt worden om patiënten te stratificeren op basis van de mediane pO2 waarde. 

Echter, deze methode is invasief en kan alleen gebruikt worden voor gemakkelijk toegankelijke en 

oppervlakkige tumoren. Deze beperkingen hebben ervoor gezorgd dat men zich geconcentreerd heeft 

op het gebruik van non-invasieve technieken, zoals PET beeldvorming met specifieke hypoxie tracers. 

Recent heeft Busk et al. [10] in een proefdiermodel de zuurstofspanning, gemeten met Eppendorf 

elektroden, vergeleken met de hypoxische gebieden, zoals bepaald met FAZA PET T/B ratio. Er werd 

een significante correlatie geobserveerd tussen de FAZA T/B ratio en de pO2 waarden. Daarnaast biedt 

hypoxie PET beeldvorming verschillende voordelen ten opzichte van de Eppendorf elektrode 

metingen; het is een niet-invasieve procedure; het genereert driedimensionale beeldvorming; en het 

biedt de mogelijkheid om meerdere tumoren tegelijkertijd te meten. Daarnaast geeft PET de 

mogelijkheid om de heterogene pO2 verdeling in de tumor te visualiseren, zonder dat er meerdere 

elektrode metingen uitgevoerd dienen te worden [11, 12]. 
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Het is bekend dat tumor hypoxie, door de toegenomen radioresistentie van hypoxische tumorcellen, 

een grote risicofactor is voor het falen van radiotherapie of chemoradiatie. Een strategie om de 

therapeutische ratio te verhogen, zonder de bijwerkingen te vergroten, zou gebaseerd kunnen zijn op 

een exacte afgifte van hogere bestralingsdosissen per fractie aan de hypoxische subvolumes 

gedurende de gehele bestralingsperiode. Hiervoor is er een methode gewenst die spatiële informatie 

biedt van tumor hypoxie voorafgaand en gedurende de radiotherapie. 

In dit proefschrift is vooral gekeken naar een aantal methodologische punten die gerelateerd zijn aan 

de ontwikkeling van hypoxie gerichte dosis escalatie strategieën in plaveiselcelcarcinoom in het 

hoofdhals gebied (HNSCC) en niet-kleincellig longcarcinoom (NSCLC).

In Hoofdstuk 2 is de literatuur van de verschillende hypoxie tracers samengevat, met de focus op 

tumor hypoxie detectie in patiënten met NSCLC. Het doel was vast te stellen of de aanwezigheid van 

tumor hypoxie de uitkomst kan voorspellen. De huidige klinische data geven onvoldoende bewijs om 

de superioriteit van een specifieke hypoxie tracer vast te stellen. Fluoromisonidazole (FMISO) is een 

eerste generatie hypoxie tracer en is veelvuldig gebruikt om hypoxie te detecteren in mensen en 

dieren.

Een meer recent ontwikkelde hypoxie tracer is fluoroazomycinarabinoside (FAZA). Deze tracer behoort 

ook tot de nitroimidazole groep. Preklinische studies in verschillende tumor modellen lieten zien dat 

FAZA een veelbelovende hypoxie tracer is [13]. Deze studies laten zien dat FAZA snel geklaard wordt 

uit de bloedsomloop en normoxische weefsels, en dat FAZA voornamelijk geklaard wordt via de nieren, 

waardoor er een betere tumor-to-background (T/B) ratio ontstaat in vergelijking met FMISO [13]. 

Daarnaast heeft FAZA een hoge stabiliteit in-vivo en kan om deze reden aangeraden worden als een 

potentiële tracer voor tumor hypoxie in klinische studies [15].

FAZA-PET/CT beeldvorming biedt naast het identificeren van de aanwezigheid van hypoxie ook een 

waardevolle tool om de spatiële verdeling van hypoxie over het gehele tumor volume te bepalen. Het 

fractionele hypoxische volume, gebaseerd op de FAZA-PET/CT liet zien dat de hypoxische regio’s 

heterogeen verdeeld zijn over het tumor volume, wat weergeeft dat er een sterk heterogeen 

micromilieu aanwezig is [15]. Deze informatie is noodzakelijk om radiotherapeutische dosis escalatie 

strategieën toe te passen gericht op de hypoxische (sub)-volumes. 

FDG (2-[18F]fluoro-2-deoxy-d-glucose) wordt standaard gebruikt om het glucose metabolisme in de 

tumor te bepalen [17]. De mate van FDG accumulatie in solide tumoren is primair afhankelijk van de 

overexpressie van glucose transporter 1 (GLUT-1) en glycolytische enzymen [18, 19]. In de 

hypoxische regio’s wordt er ook een overexpressie van glucose transporters (GLUTs) geobserveerd, 
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welke ontstaat door een verhoogde hyperglycolyse onder invloed van hypoxia inducible factor (HIF) 

[20]. Tumoren met een hoge maximum standardized uptake value (SUV max) op de FDG-PET hebben een 

hogere HIF en glucose transporter (GLUT-1) expressie dan tumoren met een lage SUVmax [21]. Om deze 

reden wordt er verondersteld dat de mate van FDG opname in de tumor informatie zou kunnen geven 

over de mate van hypoxie, en daarom gebruikt zou kunnen worden als een surrogaat marker voor 

tumor hypoxie. We hebben dit onderwerp bestudeerd en presenteren de resultaten hiervan in 

Hoofdstuk 3 en 4.

In Hoofdstuk 3, wordt de potentiële klinische waarde van de specifieke hypoxie tracer FAZA vergeleken 

met FDG. FDG wordt routinematig gebruikt in de diagnostiek, maar ook in de response evaluatie en 

radiotherapie planning in patiënten met lokaal uitgebreid stadium NSCLC. In deze prospectieve studie, 

werden elf patiënten geïncludeerd met stadium III of IV NSCLC die FDG- en FAZA-PET ondergingen 

alvorens chemoradiotherapie te ondergaan. De spatiële correlatie tussen FDG en FAZA uptake werd 

onderzocht door middel van een voxel gebaseerde analyse. Alle 11 patiënten lieten een duidelijke 

FAZA opname zien in de primaire tumor. Geen significante correlatie werd gevonden tussen FDG 

SUVmax en FAZA T/B ratio. De patroon van FDG opname in de tumor was vrij homogeen, terwijl de FAZA 

uptake meer heterogeen was. Deze bevindingen ondersteunen het idee dat FDG en FAZA signalen 

inderdaad twee verschillende biologische functies meten binnen dezelfde tumor micro-omgeving. 

Een duidelijke correlatie werd gevonden tussen FDG SUVmax en laesie grootte (P=0.002), wat 

indicatief is dat grotere tumoren over het algemeen meer metabool actief zijn dan kleinere tumoren.

Deze studie liet zien dat het patroon van FAZA uptake erg varieerde tussen de verschillende tumoren. 

Daarnaast was de FAZA distributie meer heterogeen vergeleken met FDG. FAZA PET-CT kon ook 

heterogene hypoxische subvolumes detecteren binnen een homogene FDG achtergrond [16]. 

Daardoor kan FAZA toegevoegd aan FDG meer specifieke informatie geven over tumor hypoxie, 

verschillend van FDG. Gebaseerd op deze resultaten, concludeerden wij dat FAZA PET-CT toegevoegde 

informatie geeft bij FDG PET-CT en mogelijk kan worden gebruikt bij geïndividualiseerde therapie van 

NSCLC. Hypoxie imaging gedurende de behandeling kan een veelbelovend manier zijn om patiënten 

te stratificeren voor studies met hypoxie modificatie of radiotherapie dosis escalatie.

Hoofdstuk 4. De resultaten uit hoofdstuk 4 lieten zien dat de locregionale effecten van chemotherapie 

op tumor hypoxie en tumor glucose metabolisme beter kan worden gekwantificeerd en gevisualiseerd 

wanneer FAZA uptake wordt gemeten per voxel. Behalve de traditionele SUVmax, T/Background of T/

Blood ratio, werd de voxel-by-voxel analyse methode gekozen om de tumor heterogeniteit nader te 

evalueren. In deze studie werd door ons onderzocht hoe onder chemotherapie de individuele tumor 

hypoxische gebieden veranderen, gemeten met FAZA voxel-by-voxel analyse. Daarnaast, hoe deze 
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veranderingen gepaard gaan met andere metabole effecten gemeten met FDG.

Een voxel-by-voxel analyse tussen twee verschillende scans is alleen valide als bijbehorende tumor 

voxels met elkaar vergeleken kunnen worden. Hiervoor zullen verschillen in patiëntenposities bij de 

verschillende scans, beweging van de tumor, als ook behandeleffecten op de tumor moeten worden 

gecorrigeerd. Een manier om deze problemen op te vangen, is het gebruik van lasers bij patiënt 

positionering. Echter, deze imaging procedures gaan gepaard met additionele training van personeel 

en complexere patiëntvoorbereiding. Een andere optie is om volledig op software gebaseerde correctie 

methodes te vertrouwen. Onze methode bestond uit twee stappen, waarbij ten eerste een rigide 

registratie werd toegepast op de “whole body” CT scan. En wel op zo’n manier dat voor de verschillen 

tussen de twee PET scans voor wat betreft de patiëntpositie wordt gecorrigeerd. Eenmaal dat de 

translatie- en rotatieparameters zijn geoptimaliseerd om te compenseren voor veranderingen in 

patiëntenpositie, werd een deformable image registration toegepast op de CT data om te compenseren 

voor beweging van de tumor en tumor volume verandering. Om vervolgens een voxel-by-voxel analyse 

te kunnen doen, moet de tumor volume verandering dusdanig gelimiteerd blijven dat deformable 

registration alleen compenseert voor locale tumorbewegingen [22, 23]. Compensatie voor tumor 

volume veranderingen moet worden vermeden omdat het niet duidelijk is hoe de deformable 

registratie omgaat met discrepanties in de hoeveelheid tumor voxels. Om te kijken of de functionele 

informatie binnen de tumor volume niet door de deformable registratie werd beïnvloed, werd door ons 

eerst een inverse consistentie check gedaan door de deformable registration twee maal te doen, heen 

en terug naar het oorspronkelijk beeld, met als doel om te kijken naar de correlatie tussen de 

oorspronkelijke en de aangepaste voxelwaardes. Voor deze studie waren de correlatie coëfficiënten 

significant en acceptabel. Dit suggereert dat de functionele informatie binnen de tumor wordt bewaard. 

Echter, grotere tumor volume veranderingen door succesvolle therapie kunnen een beperking zijn van 

deze methode.

We lieten zien dat FDG opname zoals gemeten door de SUVmax significant daalde na 2 cycli van 

chemotherapie (p=0.02). De voxel-by-voxel techniek liet een algemene daling zien in de FDG opname 

na 2 cycli chemotherapie. Er was geen overlap tussen de FDG SUV gemeten voor behandeling met de 

FAZA T/B (R2=0.05) noch met FAZA T/Blood ratio (R2=0.08). Na 2 cycli chemotherapie werd ook geen 

relatie gevonden tussen FDG SUV en FAZA (R2=0.03 en R2=0.08, respectievelijk). Onze resultaten 

lieten geen significante associatie zien tussen hypoxie en glucose metabolisme. Hoewel hypoxie 

resulteert in HIF activiteit en daardoor ook in verhoogd glucose metabolisme, was de hypoxie zoals 

gemeten met FAZA niet gerelateerd aan FDG, zelfs niet na chemotherapie. De traditionele maximum 

intensiteits uptake meting methodes (SUVmax, T/Bmax of T/Bl max) reflecteerden niet de 

daadwerkelijke veranderingen van de activiteit binnen de volledige tumor. De voxel-by-voxel analyse, 
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daarentegen, kan heterogeniteit meten binnen de tumor. Deze methode laat ook toe om heterogene 

response tussen hypoxie en (hoog) metabole tumor gebieden te kunnen detecteren. Daardoor 

moeten toekomstige studies volumetrische analyse door middel van de voxel-by-voxel methode 

gebruiken in plaats van een enkel hypoxische plek meting, aangezien dit meer begrip brengt van de 

tumor biologie en de heterogene response van behandeling laat zien.

Hoofdstuk  5 beschrijft een prospectieve cohort studie die werd uitgevoerd door gebruik te maken van 

hypoxie beeldvorming voor de aanvang van de behandeling en op verschillende momenten tijdens 

(chemo) radiatie bij patiënten met een HNSCC en bij NSCLC patiënten. Dit met als doel een beter beeld 

te krijgen van de dynamiek van tumor hypoxie in ruimte en tijd. De informatie die met hypoxie 

beeldvorming op achtereenvolgende tijdstippen wordt verkregen zou het voor ons mogelijk kunnen 

maken om het optimale tijdstip vast te stellen waarop hypoxie FAZA-PET/CT informatie geïntegreerd 

kan worden in de radiotherapie planning, om op die manier voordeel te kunnen behalen uit hypoxie 

modificatie of dosis escalatie. In deze studie werden de dynamiek van tumor hypoxie in ruimte en tijd 

en de fractionele hypoxische volumes (FHV) geëvalueerd door gebruik te maken van een voxel-by-

voxel analyse. Dit werd gebaseerd op een FAZA-T/B ratio van 1.4, op vier tijdstippen bij HNSCC patiënten: 

voor aanvang van de behandeling (FAZA-BL); in week één (FAZA-W1); twee (FAZA-W2); en vier 

(FAZA-W4) tijdens CHRT en op drie tijdstippen bij NSCLC patiënten (voor aanvang van de behandeling; 

W2; W4).

Een gedetailleerde voxel-by-voxel analyse van FAZA-PET/CT spreidingsdiagrammen toonde een 

heterogene verdeling van hypoxie in de tumor. In het kort, werden er vier verschillende typische 

patronen onderscheiden: 1) toenemende hypoxie; 2) afnemende hypoxie; 3) stabiele hypoxie; en 4) 

stabiele afwezige hypoxie. Tien van de twaalf patiënten lieten voor aanvang van de behandeling een 

substantiële tumor hypoxie zien met een FHV ≥ 1.4 op de FAZA-PET/CT. Stabiele tumor hypoxie werd 

gezien bij drie van de vijf HNSCC patiënten en twee van de vijf NSCLC patiënten op FAZA-W2. Bij drie 

HNSCC patiënten en twee NSCLC patiënten daalden de FHV’s tot een niet detecteerbaar niveau op 

FAZA-W4 tijdens CHRT, terwijl twee NSCLC patiënten een stijging van de FHV’s lieten zien.

Op basis hiervan kan dosis escalatie het best worden toegepast in het geval van een goed begrensde 

hypoxische regio op FAZA-W2 tijdens CHRT. Hierbij wordt de dosis in de ruimte zodanig geconformeerd 

dat de hypoxische regio’s nauwkeurig worden bestraald tot een hogere dosis.

Hoofdstuk 6. Bij het NSCLC wordt de behandelingsrespons gewoonlijk vastgesteld aan de hand van 

thorax CT scans volgens de RECIST criteria [24]. Echter, een afname van de tumorgrootte kan enkele 

maanden duren en veranderingen ten gevolge van stralingsgeïnduceerde longschade, zoals 



PET-based analysis of tumor glucose metabolism and tumor hypoxia before and during anti-neoplastic treatment

134

ontsteking en fibrose, kunnen de evaluatie van tumorrespons en locale controle bemoeilijken. FDG 

ophoping in tumorcellen is gerelateerd aan de biologische karakteristieken van de tumor. 

Veranderingen ten gevolge van de behandeling, zoals celdood of gestopte groei, resulteren in een 

verminderde opname van FDG. Daarom kan dit fenomeen gezien worden als een gevoelige marker 

voor de behandelingsrespons. De toepassing van metabole beeldvorming met FDG-PET kan ons 

helpen om onderscheid te maken tussen stralingsgeïnduceerde longontsteking en tumorveranderingen 

bij longkanker. Daarbij is gezien dat bij longkanker veranderingen in tumormetabolisme meer 

significant zijn dan veranderingen in anatomie. 

The prognostische waarde van residuale FDG opname is nog niet vastgesteld bij longtumoren die met 

SABR (stereotactic ablative body radiotherapy) zijn behandeld. Daarom onderzochten wij de 

prognostische waarde van FDG opname 12 weken na SABR in relatie tot locale controle (LC), 

mediastinaal falen (MF), falen op afstand (DF), totale overleving (OS), en ziekte specifieke overleving 

(DSS) in resectabele, maar medisch gezien inoperabele, patiënten (bijvoorbeeld vanwege een 

gelijktijdige cardiovasculaire aandoening) met stadium I NSCLC en FDG-PET positieve primaire 

longtumoren. Onze resultaten suggereren dat de residuale FDG opname 12 weken na SABR een 

voorspeller is voor LC [25]. Er werd een trend gevonden naar een verbeterde DSS en zelfs OS bij 

waarden voor SUVmax < 5.0 na SABR.

Daarom kan een enkele FDG-PET scan na 12 weken worden gebruikt om verdere follow-up af te 

stemmen voor individuele patiënten. Patiënten met SUVmax waarden na SABR groter of gelijk aan 5.0 

zouden moeten worden beschouwd als patiënten met een verhoogde kans op lokaal falen. Daarom 

zou bij hen de follow-up geïntensiveerd moeten worden. Onze resultaten komen overeen met die van 

anderen [26-28].

Sasaki et al. [26] vond dat SUVmax 5.0 de beste grenswaarde was om bij patiënten met NSCLC de totale 

overleving na 2 jaar te voorspellen (n = 162; 2-jaars OS: 94% vs. 65%; P = 0.02). In een serie van 44 

patiënten die chirurgisch werden behandeld voor een stadium I NSCLC vonden Higashi et al. [29] dat 

patiënten met een SUVmax ≤ 5.0 een verbeterde 5-jaars ziektevrije overleving hadden (88% vs. 17%) in 

vergelijking met patiënten met een SUVmax van > 5.0. Hamamoto et al. [28] verdeelden stadium I 

NSCLC patiënten ook in een “hoge” en “lage” SUVmax tumor groep op basis van de grenswaarde voor 

SUVmax van 5.0. In hun studie werd een hoge SUVmax van de primaire tumor op FDG-PET geassocieerd 

met een matige locale controle. Dit wijst op het nauwe verband tussen de SUVmax van de primaire tumor 

en de uitkomst voor patiënten. Patiënten met een verhoogd glucose metabolisme in tumorcellen 

worden geassocieerd met een slechtere prognose. Daarom zou de SUVmax, een indicator voor locale 

FDG opname, een van de mogelijke prognostische factoren kunnen worden. Patiënten met een FDG 
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SUVmax > 5.0 zouden kunnen worden beschouwd als patiënten met een verhoogd risico op lokaal falen 

en zouden kunnen profiteren van effectievere benaderingen, bijvoorbeeld een hogere bestralingsdosis 

met als gevolg daarvan een verbeterde efficiëntie van de behandeling. 

ConClusiEs

Concluderend, voor HNSCC en NSCLC patiënten is het in beeld brengen van tumor hypoxie door PET/CT 

goed mogelijk. Het in kaart brengen van heterogene verdeling van hypoxische subvolumes kan met 

FAZA PET, zelfs met een FDG homogene achtergrond. Om deze reden kan de toevoeging van FAZA aan 

FDG informatie geven van tumor hypoxie en tumor heterogeniteit. Deze informatie kan gebruikt 

worden voor de ontwikkeling van een geïndividualiseerde behandeling van lokaal uitgebreid NSCLC en 

HNSCC. We hebben gezien vanuit onze prospectieve observationele cohort studie dat de tumor 

hypoxie redelijk stabiel is tijdens de chemoradiatie in FAZA-week 2 (W2) vergeleken met de FAZA die 

voor de behandeling (baseline) gemaakt wordt. Om deze reden is tijdens de chemoradiatie FAZA-W2 

het beste bruikbaar voor dosisescalatie. Verder zou het integreren van FAZA-PET/CT informatie met 

radiotherapie planning een betrouwbare basis kunnen zijn voor hypoxie gestuurde dosisescalatie 

strategieën. Meer studies zijn nodig naar de spatiële dynamiek van tumor hypoxie om patiënten te 

kunnen selecteren die baat hebben bij een hypoxie gestuurde radiotherapie planning.

Het implementeren van PET beelden voor een individuele adaptieve radiotherapie planning is 

potentieel een veel belovende benadering. Dit zou de manier van voorschrijven en geven van de 

behandeling veranderen en de uiteindelijk behandelresultaten verbeteren. 
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