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Part I

Introduction





I
Nuclear medicine imaging and

quantification

I.1 Nuclear medicine imaging

Late 19th century, Wilhelm Röntgen discovered a type of electromagnetic radi-

ation that can be used to visualize the interior of the human body [1]: “x-rays”

(i.e. photons of energies within the range of approximately 0.1-100 keV1).

Photons can interact with matter, resulting in their being either fully ab-

sorbed or “scattered” (i.e. transferring only part of their energy, often in com-

bination with a change in direction). The intensity of a beam of photons will

thereby be reduced when traversing matter (“attenuation”). The probability of

an interaction occurring, and therefore the level of attenuation, depends on the

energy of the photon as well as on the density and composition of the media

it traverses. The typical energies of X-ray photons are such that differences

in tissue density and composition cause distinguishable levels of attenuation.

Hence by transmitting beams of x-ray photons through the body and detect-

ing the intensities on the other side an image reflecting tissue densities can be

acquired. Conventional 2D (planar) x-ray imaging is based on this principle

and is a widely used diagnostic tool to date (Figures I.1A and I.4A).

A disadvantage of planar imaging is that it only reflects the total attenuation

in the direction of the beam. Information on the distribution of tissues along

the direction of the beam is lost. Computed tomography (CT) does enable 3D

imaging of the patient’s anatomy. In CT the source and the detector are rotated

around the patient: the resulting x-ray imaging data from various angles are

then reconstructed to yield a 3D image (Figures I.1B and I.4C).

In nuclear medicine imaging the radiation is not transmitted through the body,

but emitted from within the body. The source of the radiation, a radionu-

clide emitting photons upon radioactive decay, is administered to the patient

by intravenous injection and distributed throughout the body by the blood

circulation. The photons exiting the body are then detected using a gamma

camera or positron emission tomography (PET) system. This way the location

1 In the remainder of this text, these photons will be referred to as “x-ray photons” in
order to distinguish these from “gamma photons” or “annihilation photons”.
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BA

X-ray source

Patient

Detector

Figure I.1: Schematic representation of x-ray imaging (shown here imaging one
transverse slice): (A) planar x-ray imaging and (B) CT.

of the source within the body can be ascertained, which enables visualization

of specific structures. For example, as Iodine is known to quickly accumulate in

thyroid tissue, a radioactive isotope of Iodine can be used for thyroid imaging.

Collimator

Figure I.2: Schematic representation of
gamma camera imaging (shown here imag-
ing one transverse slice).

Radionuclides used in gamma cam-

era imaging emit gamma photons (the

energy of the emitted photons be-

ing characteristic for the radionuclide

used; commonly used radionuclides

emit gamma photon of energies be-

tween 100-300 keV). A gamma cam-

era detector uses a collimator (often

a lead honeycomb structure) to limit

the detection of photons to those that

reach the detector surface at a right an-

gle. After collecting data for some time

(when enough of the source’s atoms have decayed2), the result is a planar image

(Figures I.2 and I.4B). Disadvantage is the reduced sensitivity (loss of photons)

due to attenuation by the collimator. Similarly to CT, a 3D image can be re-

constructed by rotating the detector around the patient (single photon emission

computed tomography; SPECT).

Radionuclides used in PET imaging emit positron particles. Positrons lose

their kinetic energy over a range of a few mm by interactions with tissue and

then pair up with an electron to annihilate, creating two “annihilation pho-

tons” (of energies 511 keV) that are emitted in opposite directions3. The

2 “Desintegrated”
3 Positron kinetic energy remaining at the moment of paring up will result in a slight
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I
PET detector is composed of a ring of multiple detectors, enabling 3D imag-

ing (Figures I.3 and I.4D). Only when two annihilation photon are detected

simultaneously by opposite detectors, is the detection registered (“coincidence

detection”). The annihilation event is then assumed to have taken place at

some point along the imaginary line connecting the two detectors (the “line of

response”). This obviates the use of a collimator and thereby greatly increases

detection sensitivity.

A B

C D

Figure I.3: Schematic representation of PET (coincidence detection) imaging (shown
here imaging one transverse slice). (A) No detection due to attenuation. (B) True
detection. (C) False detection due to scatter. (D) False detection due to random
coincidence.

Radionuclides can be attached4 to molecules (“radiolabeling”) of a compound

that is known to be involved in the process of interest. The behaviour (“kinet-

ics”) of the molecules and thereby the process of interest, can then be visualized

with nuclear medicine imaging. For example, tumor cells are known to exhibit

elevated glucose metabolism so to identify viable tumor tissue 18F-labeled flu-

deviation from 180◦.
4 In some cases, one of the molecules’ atoms can be replaced by its radioactive counterpart

(“isotope”), leaving the chemical properties of the molecule unchanged.
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Figure I.4: Example Images of the described imaging techniques. X-ray imaging:
(A) Planar, (C) 3D, showing one slice only (CT). Nuclear medicine imaging: (B)
planar (gamma camera), (D) 3D, showing one slice only (PET). In all images the
grey scale indicates the number of detected photons. The rectangles in (A) and (B)
indicate the transverse slice displayed in (C) and (D).

orodeoxyglucose ([18F]FDG; a radiolabeled glucose analog) is used. Another

useful application is imaging radiolabeled pharmaceutical compounds. Tracing

the whereabouts of the pharmaceutical in the body, could provide more insight

into its mechanism of operation and could possibly be used to predict whether

a patient will respond to the therapy.

A lot of research is focused on developing new radiolabeled compounds (“trac-

ers”) for imaging a variety of processes. Examples are radiolabeled choline for

imaging prostate cancer metastases and radiolabeled nitroimidazoles for imag-

ing hypoxia. Before a newly developed “tracer” can be used for imaging in

the clinic5 it is necessary to verify that the resulting image provides a good

representation of the process of interest: tracer uptake should be specific to the

process of interest. Furthermore, accurate quantification of tracer concentra-

tion level within tissues may be required. For example, to enable comparison

of tracer uptake between scans: to compare tracer uptake between patients or

to compare tracer uptake in a patient before and after therapy (for response

monitoring purposes).

5 Following preclinical evaluation and screening for toxicity and dosimetry.



I.2. QUANTIFICATION 7

II.2 Quantification

Accurate quantification can only be achieved when the image signal is linearly

proportional to the tracer concentration within the volume imaged. In nuclear

medicine imaging, the signal from a volume of interest (VOI; a tumor structure

for example) will depend on several factors. Of particular importance are:

• The imaging technique:

1. Imaging system characteristics.

2. Imaging procedure.

3. Location within the body of the structure of interest.

4. Ability of the system to identify and discard falsely registered de-

tections.

• Quantification errors due to averaging:

5. Heterogeneity in characteristics influencing tracer uptake.

6. Presence of blood vessels within the VOI.

7. Presence of other tissues, fluid or air within the VOI.

8. Patient motion.

• The amount of tracer available for uptake in tissue:

9. Injected activity.

10. The distribution of the tracer throughout the body.

11. Tracer delivery to the tissue.

• The tracer’s kinetics within tissue:

12. The process of interest (specific uptake).

13. Other processes causing tracer accumulation (nonspecific uptake).

14. Presence of free tracer within the VOI.

As the purpose is to quantify specific uptake (12) from the image, influence of

the other items should be taken into account and, when applicable, corrected

for. This will be discussed for each item in the following section.
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The imaging technique

1. Many factors associated with the camera system itself can influence image

signal, for example variation in sensitivity between detectors, dead time and

resolution. The imaging system incorporates a number of corrections to ac-

count for imperfections of the detector system itself, e.g. uniformity correction,

energy calibration and dead time correction. In addition, some corrections can

be incorporated into the 3D reconstruction algorithms. Good quality assurance

can ensure that the system meets with the required specifications [2, 3].

2. In addition to acquisition and reconstruction protocol settings, the resulting

image will also depend on the imaging procedure. For example, scan dura-

tion will influence image signal-to-noise levels. Tissue activity concentrations

will also be affected by biological decay (such as clearance or metabolite for-

mation). Therefore, when comparing quantitative results between scans, it is

very important that the imaging protocols used are consistent, for example

with respect to patient preparation and the time interval between injection

and imaging. To ensure consistency across different hospitals, guidelines have

been published for imaging of the most widely used PET tracer [18F]FDG [4, 5].

3. A very important factor influencing the signal is attenuation. While con-

ventional x-ray and CT imaging rely on attenuation (Figure I.4), in nuclear

medicine imaging attenuation can lead to considerable quantification errors for

deeper structures and for structures located beneath high density tissues (with

respect to the detector). Accurate attenuation correction is required.

As explained at the start of this chapter, x-ray imaging “measures” the

degree of attenuation over the transmission lines between the x-ray source and

the detector. When transmitted over the same lines as the detected gamma

photons, the attenuation measured by the x-ray photons could be used to cor-

rect for attenuation6. In 3D imaging, a CT scan can be used to construct an

“attenuation map” to enable attenuation correction in all directions. However,

the gamma photons will be emitted from within the body and only the emission

line, not the exact origin along this line, is known. Therefore, the exact level

of attenuation perceived by these photons cannot be determined by transmis-

sion. In SPECT imaging the 3D emission image can be used to estimate the

likely origins of the emitted photons, enabling estimation of the attenuation

correction required.

The beauty of PET is that the annihilation photons are always emitted in

pairs and in opposite directions. The attenuation perceived by the photon pairs

is therefore independent of the location on the line of response and is in fact

6 Gamma and annihilation photons have higher energies than x-ray photons and will
therefore perceive less attenuation. The attenuation correction software accounts for
these differences.
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I
equal to the attenuation of a photon (of the same energy) that is transmitted

over the same line through the body. Indeed this equality can be mathemati-

cally verified [6]. The possibility of accurate attenuation correction makes PET

suitable for quantification7.

4. When a scattered photon causes a registered detection, the assumed location

of emission will likely be wrong (Figure I.3C). This leads to quantification

errors. As gamma and annihilation photons are mono-energetic, applying an

energy window can greatly reduce the amount of scattered photons detected.

In addition, many systems incorporate a method of scatter correction where the

estimated amount of scatter is based on simulations using the emission image

in combination with the attenuation map derived from the CT image. The

coincidence detection technique used in PET causes another effect that can

produce false detections: simultaneous detection of two annihilation photons

originating from different locations (“randoms”; Figure I.3D). The number of

randoms is often estimated by pairing detections delayed in time. In that

case coincidence detections can only be the result of randoms. The signal is

then corrected accordingly. Although the scatter and randoms corrections are

approximations, results are considered acceptable for quantification purposes.

However, in extreme cases, such as sharp transitions between areas of extremely

low and extremely high signal, scatter simulations are likely to be less reliable.

Heterogeneity within the VOI causing quantification errors due to averaging

5, 6, 7, 8. Ideally, VOI should be small enough to avoid heterogeneity of the

PET signal within the VOI. On the other hand, smaller VOI will lead to lower

signal-to-noise ratios. The smallest VOI achievable is one PET voxel, which

generally measures 4x4x4 mm3. Therefore, some heterogeneity, for instance

caused by presence of blood vessels or small necrotic areas within the VOI,

cannot be avoided. In addition, patient motion during acquisition causes blur-

ring in the acquired PET image. This can lead to quantification errors, par-

ticularly in case of heterogeneous tracer uptake. To prevent patient motion,

it is important that the patient is comfortable during acquisition. Preferably

head, arm and leg supports or restraints are used. Obviously respiratory and

cardiac motion cannot be prevented, but options are available to compensate

for associated blurring (“gated” imaging).

7 In PET, a technique called “time of flight” measures the difference in arrival at the
detector of the two annihilation photons and is thereby able to determine where on the
LOR the emission took place (accuracy depending on the temporal resolution of the
system).



10 NUCLEAR MEDICINE IMAGING AND QUANTIFICATION

The amount of tracer available for uptake in tissue

9, 10. From the number of photons emitted from within a VOI the (ra-

dio)activity concentration (which reflects actual tracer concentration) in that

VOI can be derived. However, the tracer concentration in any tissue will in-

herently depend on the total amount of tracer injected8. Therefore, when

comparing scans the activity concentrations obtained from the images need to

be normalized to injected activity. As the tracer is distributed throughout the

body and total tissue volume is generally not the same across patients and/or

scans, the signal should also be normalized accordingly9. A commonly used

quantification parameter, the standardized uptake value (SUV) incorporates

normalization factors to account for differences in total distribution volume,

e.g. body weight (BW), body surface area (BSA), ideal body weight (IBW),

body mass index (BMI) and lean body mass (LBM). Which normalization fac-

tor will perform best depends on the actual distribution of the tracer used.

For example, normalization to body weight will not perform well for tracers

that show no or very low uptake in fat. Lean body mass would in this case be

expected to perform better.

11. The amount of tracer available for uptake in a VOI also depends on tracer

delivery to that VOI, i.e. the volume of arterial blood transported to the VOI by

the blood circulation relative to the VOI volume (“perfusion”) and the amount

of free tracer present within the blood (e.g. tracer molecules that are bound

to red blood cells or plasma proteins are not available for uptake). Further-

more, once injected the tracer molecules could be broken down by the body’s

metabolism, leaving radiolabeled metabolites within the bloodpool.

SUV based quantification does not account for these influences. Neither does

it separate between PET signal originating from specific uptake, nonspecific

uptake, and other contributions (6, 12, 13, 14). For some tracers this does not

necessarily lead to clinically relevant errors. For example, when in a patient

metabolite formation rates remain constant throughout a response monitoring

assessment study, the error in SUV caused by metabolite formation would be

the same for each scan (if performed using the exact same imaging procedure).

A relative change in SUV before and after therapy would then be unrelated to

metabolite formation and may be a suitable measure of response even though

single SUV are wrong.

8 (Specific) tracer uptake in tissue is assumed to be linearly proportional to injected dose
(“tracer assumption”). Care is taken to ensure that the injected dose is small enough
(“tracer dose”) to prevent saturation effects that could lead to nonlinear behavior.

9 For example, normalization to total body volume for tracers that are distributed over
the body evenly.
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The validity of SUV should first be verified for every new tracer and character-

istics likely to cause quantification errors should be identified. Pharmacokinetic

modeling can be used to assess the kinetics of the tracer in tissues and thereby

provides a more accurate method of quantification.

The tracer’s kinetics within tissue

In pharmacokinetic modeling the behavior of the tracer in tissue is assumed

to be separable into multiple “compartments” (e.g. tracer that is specifically

bound, nonspecifically bound or free in tissue), connected by transport parame-

ters (“rate constants”: K1, k2, k3, k4, etc.)
10. A schematic overview of several

standard compartment models used in pharmacokinetic modeling studies is

shown in Figure I.5.

The activity concentrations in the various compartments cannot be distin-

guished between based on a single PET image: the activity concentration in a

volume of interest will be the sum of the activity concentrations in the tissue

compartments plus a contribution from the blood activity concentration (as

a VOI will often encompass some blood volume). To obtain information on

activity concentrations of individual compartments, temporal information is

required. In dynamic PET imaging, multiple PET images are acquired consec-

utively, starting from the moment of tracer injection. This way, time activity

curves (TAC; VOI activity concentrations as a function of time) can be derived.

Given the activity concentration over time in the arterial blood (the input

function), the aim is to find “rate constant” values such that the total TAC as

estimated by the model (i.e. the sum of the estimated “tissue compartment”

TAC plus the TAC from the VOI blood volume) best matches the actual TAC

derived from dynamic PET imaging. The model then provides information on

the individual compartments (Figure I.6), and quantification measures such as

the volume of distribution (VT), net influx rate (Ki) or binding potential (BP)

can be calculated (Figure I.5). In case of a new tracer, the performance of

several compartment models will be tested. The model providing the best “fit”

to the PET data is then assumed to best describe the tracer’s kinetics in the

tissue of interest.

The output of any compartment model is highly dependent on the input

function. Deriving an accurate input function is therefore essential for reliable

model selection and quantification. Continuous arterial blood sampling is used

to determine arterial blood activity concentrations over time. As mentioned in

the previous section, the activity concentration alone may not accurately reflect

the amount of free tracer in the blood. Therefore, at set time points, plasma-

10 Transport of the tracer between the arterial blood and the various tissue compartments
is assumed to be proportional to the difference in activity concentrations between com-
partments and is otherwise constant in time.
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Figure I.5: Schematic representation of standard single and two tissue compartment
models and associated quantification parameters. From top to bottom: single tissue
irreversible model (1T1k), single tissue reversible model (1T2k), two tissue irreversible
model (2T3k) and two tissue reversible model (2T4k). CP = activity concentration in
plasma; CT1 + CT2 = activity concentration in tissue; VT = volume of distribution; Ki

= net influx rate; BP = binding potential; Dashed line indicates the total composition
(in terms of compartments) of the PET VOI. Please note that the distinction between
tissue compartments denotes a difference in kinetics and is not per se associated
with a spatial separation. The region where the dashed line intersects the blood
compartment represents VB.

to-blood ratios are determined to correct for the fraction of tracer molecules

bound to red blood cells, and parent fractions11 are determined to correct for

the presence of radiolabeled metabolites (metabolites are assumed not to enter

tissue).

The described elaborate imaging protocol, with dynamic imaging and blood

sampling/analysis, is not ideal in a routine clinical setting. In this thesis,

pharmacokinetic modeling is used for the purpose of evaluating the performance

of novel oncology PET tracers and to assess their clinical applicability. In a

routine clinical setting, “static” imaging (imaging at one time interval only)

and simplified methods, such as SUV, would be preferable. Therefore, for all

11 Parent fraction = (1 - radiolabeled metabolite fraction).
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Figure I.6: Example of a TAC measured by
PET (circles) and associated fits produced
by the reversible two-tissue compartment
model (2T4k+VB). Lines indicate the TAC
estimated by the model: continuous line =
estimated total TAC, dashed line = esti-
mated TAC for the first tissue compartment
(CT1), dotted line = estimated TAC for the
second compartment, dashdot line = esti-
mated TAC for the blood volume within the
VOI.

tracers presented in this thesis, the performance of simplified methods was

was assessed by comparing the results to those obtained with pharmacokinetic

modeling.





II Thesis outline

Chapter 1. [18F]FCH

This chapter on pharmacokinetic modeling of [18F]FCH illustrates the impor-

tance of validation of quantification methods before a tracer can be used in the

clinic: [18F]FCH SUV is found not able to accurately quantify tracer uptake in

prostate cancer metastases due to large variations in tracer delivery between

patients.

Chapter 2. Hypoxia and perfusion imaging

Tracer delivery also complicates quantification of hypoxia tracer uptake. As

one of the main causes of hypoxia is limited oxygen delivery, tracer delivery will

likely also be limited. This chapter explores the link between hypoxia and per-

fusion and provides an overview of the current status of hypoxia and perfusion

imaging research, along with clinical relevance and future applications.

Chapter 3. [18F]FAZA

One promising hypoxia PET tracer is [18F]FAZA. Chapter 3 describes the

development and evaluation of a pharmacokinetic model for quantification of

[18F]FAZA uptake.

Chapter 4. [18F]FAZA, parametric methods

Nonlinear regression analysis (NLR; the method used in chapter 3) is very sen-

sitive to noise. Therefore, the analysis in chapter 3 was based on relatively

large VOI. However, [18F]FAZA is a tracer that exhibits heterogeneous uptake

in tumor tissue. This is to be expected as hypoxia will generally be distributed

heterogeneously in tissue. Given the considerations discussed in section I.2 re-

garding uptake heterogeneity, it is important to study the kinetics for small
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VOI (a voxel being the smallest VOI achievable). Chapter 4 describes pharma-

cokinetic modeling results at the voxel level, using methods that, by making

certain assumptions, are less sensitive to noise than NLR.

Chapter 5. [18F]HX4

[18F]HX4 is another novel hypoxia PET tracer, expected to show faster kinetics

than [18F]FAZA due to its higher hydrophilicity. Chapter 5 represents the first

pharmacokinetic analysis for [18F]HX4.

Chapter 6. Discussion and outlook

This chapter discusses the results presented in the previous chapters within

the framework of the current status of associated research. Considerations for

future research are also addressed.



III Nomenclature

This section defines abbreviations that are used throughout the main text

of this thesis. Chapter-specific abbreviations will be defined at first mention

within the text. PET tracer names are listed in Tables III.2 and III.3.

Cancer types:

PCa prostate cancer

NSCLC non-small cell lung cancer

SCLC small-cell lung cancer

Statistical measures:

ICC intraclass correlation coefficient

R2 Pearson’s correlation coefficient

Data acquisition:

CT computed tomography

SPECT single-photon computed tomography

PET positron emission tomography

MRI magnetic resonance imaging

FOV field of view

3D-RAMLA 3-dimensional row action maximum likelihood reconstruction

algorithm

p.i. post injection

HPLC high-performance liquid chromatography

Data analysis (pharmacokinetic modeling):

VOI volume of interest

TAC time activity curve

BSIF metabolite corrected plasma input function derived from con-

tinuous arterial blood sampling

IDIF metabolite corrected plasma input function derived from the

dynamic PET scan from a VOI in an arterial bloodpool struc-

ture

NLR nonlinear regression analysis
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AIC Akaike’s information criterion (goodness of fit parameter that

includes a penalty for the number of parameters of the model).

K1, k2, . . . “rate constants”, i.e. tracer transport rates between a model’s

compartments

VB blood volume fraction

VT volume of distribution, VT = K1
k2

(1 + k3
k4

)

BP binding potential, BP = k3
k4

Ki net influx rate, Ki =
K1k3
k2+k3

2T4k+VB designation of compartment model type, in this case: a two-

tissue (2T) reversible, i.e. even number of rate constants (k),

compartment model + blood volume parameter (odd number

of parameters → irreversible)

Simplified (semi)quantification methods:

SUV standardized uptake value

commonly used normalisation factors:

BW: body weight

BSA: body surface area

IBW: ideal body weight

BMI: body mass index

LBM: lean body mass

normalisation factors introduced in this thesis:

AUC,WB: cumulative whole-blood radioactivity concentration

AUC,PP: cumulative (metabolite-corrected) plasma radioac-

tivity concentration

TBr tumor-to-blood ratio

TMr tumor-to-muscle ratio
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Table III.2: Radionuclides used for labeling tracers mentioned in this thesis.

Radionuclide Element name Half-life

18F fluorine 109.8 min
11C carbon 20.3 min
15O oxygen 2.03 min
13N nitrogen 9.97 min
124I iodine 4.18 days
*Cu copper various

Table III.3: PET tracer abbreviations.

Aimed at imaging Abbreviation Full name or chemical name

Hypoxia [*Cu]ATSM [*Cu]-diacetyl-bis(N4-methylthiosemicarbazone)

[18F]EF1 2-(2-Nitroimidazol-1H-yl)-N-(3-[18F]fluoropropyl)acetamide

[18F]EF3 2-(2-Nitroimidazol-1H-yl)-N-(3,3,3-[18F]trifluoropropyl)acetamide

[18F]EF5 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-[18F]-pentafluoropropyl)-acetamide

[18F]FAZA [18F]fluoroazomycin arabinoside

[18F]FETA [18F]fluoroetanidazole

[18F]FETNIM [18F]fluoroerythronitroimidazole

[18F]FMISO [18F]fluoromisonidazole

[18F]FRP170 1-(2-[18F]fluoro-1-[hydroxymethyl]ethoxy)methyl-2-nitroimidazole

[18F]FPIMO [18F]pimonidazole

Continued on next page
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Table III.3 – continued from previous page:

[18F]HX4 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3,-triazol-1-yl)-

propan-1-ol

[124I]IAZA [124I]iodazomycin arabinoside

[124I]IAZG [124I]iodazomycin galactoside

Perfusion [15O]H2O [15O]water

[13N]NH3 [13N]ammonia

[82Rb] 82rubidium

[*Cu]PTSM [*Cu]copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone)

Vascular permeability [68Ga]transferrin

[11C]methylalbumin

Cell metabolism [18F]FDG [18F]fluorodeoxyglucose

Prostate cancer [18F]FCH [18F]fluorocholine

anti-[18F]FACBC [18F]fluciclovine

[11C]acetate

Radiolabeled drugs [18F]5-FU [18F]5-fluorouracil

[11C]DACA [11C]N-[2-(dimethylamino)ethyl]acridine-4-carboxamide

[11C]docetaxel
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1 [18F]FCH quantification

Purpose Choline kinase is upregulated in PCa, resulting in increased [18F]FCH

uptake. This study used pharmacokinetic modeling to validate the use of

simplified methods for quantification of [18F]FCH uptake in a routine clinical

setting. Methods 40 min dynamic PET/CT scans were acquired after injec-

tion of 204 ± 9MBq [18F]FCH, from eight patients with histologically proven

metastasized PCa. Plasma input functions were obtained using continuous ar-

terial blood sampling as well as using image-derived methods. Manual arterial

blood samples were used for calibration and correction for plasma-to-blood

ratio and metabolites. TAC were derived from VOI in all visually detectable

lymph node metastases (LNM). [18F]FCH kinetics were studied by NLR fit-

ting of several single- and two-tissue plasma input models to the TAC. Model

selection was based on AIC and measures of robustness. In addition, the per-

formance of several simplified methods, such as SUV was assessed. Results

Best fits were obtained using an irreversible compartment model with blood

volume parameter. Parent fractions were 0.12 ± 0.04 after 20 min, necessi-

tating individual metabolite corrections. Correspondence between venous and

arterial parent fractions was low (ICC = 0.61). Results for IDIF that were ob-

tained from VOI in bloodpool structures distant from tissues of high [18F]FCH

uptake, yielded good correlation to those for BSIF (R2 = 0.83). SUV showed

poor correlation to parameters derived from full quantitative kinetic analysis

(R2 < 0.34). In contrast, lesion activity concentration normalized to the in-

tegral of the blood activity concentration over time (SUVAUC) showed good

correlation (R2 = 0.92 for metabolite corrected plasma and R2 = 0.65 for

whole-blood activity concentrations). Conclusion SUV cannot be used to

quantify [18F]FCH uptake. A clinical compromise could be SUVAUC derived

from two consecutive static PET scans, one centered on a large bloodpool

structure during 0-30 min p.i. to obtain the blood activity concentrations and

the other a whole-body scan at 30 min p.i. to obtain LNM activity concen-

trations.
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1.1 Introduction

PCa is one of the most commonly diagnosed neoplasms in men worldwide and

incidence is increasing [7]. Accurate diagnostic procedures are essential, because

therapeutic options vary greatly with extent of the disease [7, 8]. Conventional

imaging techniques, including transrectal ultrasound, CT and MRI are used

routinely in PCa, but their diagnostic accuracy is suboptimal [9]. PET pro-

vides a very sensitive and accurate noninvasive method to study metabolic ac-

tivity of tumor tissue in vivo. The most commonly used oncologic PET tracer,

[18F]FDG, shows limited sensitivity for the detection of androgen dependent

PCa [10]. In contrast, encouraging results have been published using both 11C

and 18F labeled choline derivatives as PET tracers for PCa [11, 12, 13, 14, 15].

Because of its longer half-life [16], 18F-labeled choline is more suitable for routine

clinical use than 11C-labeled choline. The amino acid choline is an important

precursor for the biosynthesis of phosphatidylcholine, a key component of the

cell membrane phospholipids. After transport into the cell, choline is phospho-

rylated by choline kinase to phosphocholine and trapped within the cell [17].

Most types of cancer, including PCa, are characterized by increased choline

transport and overexpression of choline kinase, in response to the enhanced

demand of phosphatidylcholine in highly proliferating cells [12, 18]. At present,

[18F]FCH is used mainly for restaging of PCa in case of biochemical relapse.

As uptake of [18F]FCH should reflect viable tumor tissue, changes over time

may serve as a measure of response to therapy. For monitoring response to

systemic treatment in metastasized PCa, however, accurate quantification is

required. To date, [18F]FCH biodistribution has been assessed with encourag-

ing results [19, 20, 21, 22], but full kinetic analysis has not yet been reported.

In the present study, pharmacokinetic modeling of dynamic PET data in

combination with arterial blood sampling was used to determine the appropri-

ate plasma input compartment model for [18F]FCH. In addition, the validity

of using an image-derived input function in combination with manual venous

blood samples instead of arterial blood sampling was investigated and the va-

lidity of using simplified methods for quantification of [18F]FCH was assessed.

1.2 Methods

Eight patients with histologically proven prostate cancer with lymphatic or

hematogeneous metastases were included. Inclusion criteria were the presence

of at least two metastases (diameter ≥ 1.5 cm) and ability to remain supine

for 50 min. Exclusion criteria were claustrophobia, multiple malignancies and
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anticoagulant therapy. The study was approved by the Medical Ethics Review

Committee of the VU University Medical Center. Prior to inclusion, each

patient signed a written informed consent after receiving verbal and written

explanation.

Synthesis Of [18F]FCH

[18F]FCH was synthesized according to the methods proposed by DeGrado et

al. [12] with minor modifications and by use of automated modules [23]. Details

are given in Appendix A.1.

Data Acquisition

Each patient underwent a low-dose CT scan (50 mAs, 120 kVp) followed by a

40 min dynamic PET scan with the FOV centered over the largest metastases

(abdominal region: N = 5; lung area: N = 3), on a Gemini TF-64 PET/CT

scanner (Philips). At the start of the PET scan a bolus injection of approxi-

mately 204 ± 9MBq [18F]FCH (specific activity 94.9 ± 65.7 GBq·μmol-1) was

administered intravenously using an automated injector (Medrad) and flushed

with 40 mL of saline (5 mL at 0.8 mL·s-1 followed by 35 mL at 2 mL·s-1).
PET data were normalized and corrected for attenuation, dead time, randoms,

scatter and decay, and reconstructed into 34 frames (1·10, 8·5, 4·10, 3·20, 5·30,
5·60, 4·150, 4·300 s) with a matrix size of 144·144·45 voxels (4·4·4 mm3) using

3D-RAMLA [5].

Arterial blood activity concentration over time was determined by continuous

arterial blood sampling (5 mL·min-1 for 5 min, 2.0 mL·min-1 thereafter) using

an automated blood sampling device [24] connected to a cannula inserted into

the radial artery. At six time points (5, 10, 15, 20, 30 and 40 min p.i.) manual

arterial blood samples were collected, while blood sampler operation was briefly

paused. In addition, manual venous blood samples were collected at 5, 15 and

30 min p.i. After each sample, the cannula was flushed with heparinized saline

to prevent clotting. Each manual sample was analyzed for whole-blood activity

concentration, plasma-to-blood ratio and presence of radiolabeled metabolites

in plasma. After plasma protein extraction, metabolite analysis was performed

on the remaining plasma (extraction efficiency of 88%) using a method based

on Sutinem et al. [18] involving HPLC.
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Kinetic Analysis

In pharmacokinetic modeling, tracer kinetics are assumed to be separable into

compartments that are connected in series to the arterial blood compartment,

represented by the plasma input function, by (transport) rate constants. For

example, in the irreversible two-tissue compartment model the first compart-

ment often represents tracer free in tissue and the second represents irreversible

specific uptake. From the rate constants connecting the compartments, the net

influx rate for the second compartment can be calculated: Ki = K1k3/(k2+k3).

Please refer to Figure I.5 for a schematic overview of several standard compart-

ment models and associated quantification parameters.

BSIF were derived from blood sampler data (corrected for intermittent reduc-

tions in counts associated with saline flushes), calibrated using whole-blood

activity concentrations measured from manual arterial blood samples. In ad-

dition, data were multiplied by the plasma-to-blood ratio curves and parent

fraction curves derived from manual arterial blood samples using a single ex-

ponential fit and Watabe fit [25], respectively, and corrected for delay [26]. IDIF

were derived from VOI (2.85 ± 1.65 mL; range: 0.64-5.89 mL) defined manually

on an early PET frame most clearly displaying the bloodpool (Figure 1.1A),

within the largest arterial bloodpool structures available (left ventricle or aor-

tic, femoral or iliac arteries). These VOI were then projected onto the dynamic

PET scan to derive TAC, which were processed in the same fashion as BSIF.

Tissue TAC were derived from several tissue VOI. Lesion VOI were defined

using a 50% threshold technique with background correction, in all metastatic

lymph nodes that were clearly visible on the averaged PET image over 25-

40 min p.i. (24 in total; 4.76 ± 3.54 mL; range: 0.7-12.8 mL). Healthy tissue

VOI were manually defined using the low-dose CT (muscle, fat, liver).

Several standard compartment models were then fitted to the lesion TAC using

standard NLR routines [27], with both BSIF or IDIF as input functions. Models

evaluated were 1T1k, 1T2k, 2T3k and 2T4k. To account for contribution from

blood activity to the tissue TAC, performance of all models was evaluated with

and without VB. Boundary conditions for all estimated kinetic parameters

were determined after multiple runs (K1: 0-3, k2: 0-2, k3/k4: 0-10 and VB:

0-1). Fits with low precision (as indicated by SE > 500% in at least one of

the estimated rate constants) were considered unsuccessful and excluded from

further analysis. The robustness of the model was evaluated as the percentage

of successfully fitted lesion TAC.
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Validation

Model selection

Selection of the model providing the best fits to the lesion TAC was based on

AIC for small sample sizes [28], as well as on model robustness. In clinical

practice, lengthy (dynamic) scanning procedures are less attractive. Therefore,

the minimal scan duration required to derive accurate results was assessed by

comparing relevant uptake parameters resulting from kinetic modeling of parts

of the dynamic scan (0-5, 0-10, 0-15, 0-20, 0-25 or 0-30 min p.i.) with those of

the full dynamic scan (0-40 min p.i.).

Alternatives to arterial blood sampling

Deriving an accurate plasma input function requires insertion of an arterial

cannula, automated blood sampling and specialist metabolite analysis. As

these methods may not be feasible in a routine clinical setting, the validity of

using IDIF instead of BSIF as well as the need for manual arterial or venous

blood samples, were assessed.

Simplified methods

Once validated, simplified methods can provide estimates of relevant uptake

parameters using a far simpler imaging protocol than that required for full

kinetic modeling. Therefore, performance of several simplified measures was

evaluated, e.g. lesion-to-muscle ratio (LMr), lesion-to-blood ratio (LBr) and

SUV for several normalization factors.

1.3 Results

Eight patients diagnosed with PCa were included: age 66 ± 8 years, weight

89 ± 12 kg, height 185 ± 7 cm, T-stage ≥ 2, Gleason score 7 (N = 2) or 9

(N = 6) and high prostate-specific antigen at the time of PET/CT imaging

(113 ± 91 ng/mL). Patients were previously treated by prostatectomy (N = 4)

or external beam radiotherapy on the prostate in combination with antihor-

monal therapy (N = 4). Three patients were receiving therapy at the time of

PET/CT imaging: luteinizing hormone-releasing hormone antagonists, oral an-

drogen receptor inhibitor enzalutamide and dendritic cell therapy, respectively.

Figure 1.1 shows typical [18F]FCH PET/CT images. Two typical examples of

acquired blood activity concentrations are shown in Figure 1.2.
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Figure 1.1: Typical example of PET/CT images acquired from a patient diagnosed
with PCa. Shown are (A) the low-dose CT, (B) an early PET image acquired from
35-40s p.i. displaying the bloodpool and (C) averaged image over 25-40 min after
[18F]FCH injection.
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Figure 1.2: Two typical examples of measured whole-blood TAC for (A) a patient
imaged over the thorax and (B) a patient imaged over the abdominal region. Lines
represent calibrated blood sampler data, dashed lines (image-derived) aortic arch,
dash-dot lines (image-derived) abdominal descending aorta, triangles manual arterial
blood samples and squares manual venous blood samples.

Validation

Model selection

Typical tissue TAC are shown in Figure 1.3A. Figure 1.3B shows the same

lesion TAC with associated NLR fits. AIC results indicate irreversible kinetics,

with 2T3k+VB producing the best fits (preferred model in 7/24 lesion TAC),

followed by the simpler irreversible model 2T3k (7/24) and 1T1k+VB (5/24).

However, as displayed in Table 1.1, 2T3k+VB was less robust than 1T1k+VB

while correspondence between respective quantification parameters was excel-

lent (R2 = 0.96; ICC = 0.94; Table 1.2) and remained so even for K1 derived
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Figure 1.3: (A) Typical measured time TAC for the same patient shown in Figure 1.1.
Square represents liver, circle lesion, diamond muscle and triangle fat tissue. (B) NLR
fits to the lesion TAC displayed in A, using various compartment models.

from shorter scan durations (R2 > 0.92; ICC > 0.89; SEK1
< 5%; for scan

durations > 20 min). It is thus conceivable that Ki can be substituted by

K1 produced by the 1T1k+VB model without loss of accuracy. Therefore, in

the validation analysis presented in this chapter, K1 produced by full kinetic

modeling with 1T1k+VB for the 40 min dynamic PET scan will be used as ref-

erence. One patient was excluded because for this patient estimated K1 values

were outside of the expected physiological range (see section 1.4). For sake of

completeness, Figure 1.7 shows results for 2T3k+VB.

Alternatives to arterial blood sampling

IDIF overestimated whole-blood activity concentrations at later time points

compared to BSIF (as illustrated in Figure 1.2), most markedly when derived

from VOI located near high [18F]FCH uptake structures, such as the liver

(Figure 1.2B) or kidneys. Figure 1.4 shows NLR results using IDIF derived

from VOI in blood structures located away from the liver or kidneys only,

compared with those using BSIF. To minimize calibration errors due to pos-

sible overestimation at late time points, calibration of IDIF was performed

using data obtained at approximately 500-1500 s p.i. For one patient, imaged

over the abdominal region, no suitable IDIF could be found because marked

overestimation of blood activity concentrations was observed all along the de-

scending aorta. Good correlation was found for calibrated IDIF (calibration

factor 0.82 ± 0.13), although a bias was observed (R2 = 0.83, slope = 1.19;

ICC = 0.74). Figure 1.4B shows results for noncalibrated IDIF (R2 = 0.72;

ICC = 0.80). Input function correction based on venous blood samples was

not equivalent to correction based on arterial blood samples. Although good

correspondence was found for whole-blood activity concentrations at late time
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Table 1.1: Comparing scan durations.

Parameter
(model)

Scan
duration
(min)

Robustness
(%)

Linear regression analysis1 ICC1

Slope Intercept R2

K1 (1T1k+VB) 5 100 0.98 0.05 0.82 0.84
10 100 0.98 0.03 0.94 0.95
15 100 0.99 0.02 0.97 0.98
20 100 1.01 0.01 0.99 0.99
30 100 1.00 0.00 1.00 1.00

Ki (2T3k+VB) 5 60 0.82 0.09 0.59 0.75
10 65 0.93 0.03 0.97 0.98
15 75 1.07 -0.02 0.94 0.97
20 75 1.05 -0.01 0.90 0.95
30 80 1.03 -0.01 1.00 1.00

1 Results for comparison of quantification parameters from short scan durations to those
derived from the full 40 min dynamic scan.

Table 1.2: Comparing 1T1k+VB to 2T3k+VB.

Scan duration (min) Linear regression analysis1 ICC1

Slope Intercept R2

5 0.98 0.09 0.69 0.65
10 0.98 0.07 0.82 0.79
15 1.01 0.05 0.88 0.85
20 1.03 0.03 0.92 0.89
30 1.04 0.02 0.95 0.93
40 1.04 0.02 0.96 0.94

1 Comparison of K1 derived with 1T1k+VB for various scan durations to Ki derived with
2T3k+VB from the full 40 min dynamic scan.

points, and for plasma-to-blood ratios (ICC = 0.89), parent fraction measures

were substantially different (ICC = 0.61; Figure 1.5).

Simplified methods

Correlation between SUV (35-40 min p.i.) en K1 was poor (Table 1.3; Fig-

ure 1.6A) with R2<0.34, irrespective of the normalization factor used. LMr

(35-40 min p.i. Figure 1.6B) and LBr (35-40 min p.i) performed somewhat

better (R2 = 0.50 and R2 = 0.44, respectively).

In contrast, SUVAUC,PP, calculated by dividing lesion activity concentra-
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Figure 1.4: K1 obtained using 1T1k+VB with (A) calibrated and (B) noncalibrated
IDIF derived compared with BSIF. Symbols indicate IDIF origin: triangle aortic arch,
square descending aorta, plus femoral artery.

Table 1.3: Comparing 1T1k+VB to 2T3k+VB.

Simplified parameter Linear regression analysis

Slope Intercept R2

SUVBW 13.53 1.18 0.30
SUVBSA 315.39 27.53 0.33
SUVLBM 9.02 0.86 0.32
SUVBMI 4.65 0.20 0.34
SUVIBW 10.96 1.28 0.31
LMr 22.54 -0.36 0.50
LBr 30.38 0.32 0.44

SUVAUC,WB 5.88 -0.02 0.65
SUVAUC,PP 14.73 -0.20 0.92

tions (35-40 min p.i.) by cumulative delivery, i.e. the area under curve (AUC)

of the parent plasma input function (0-40 min p.i.), provided an excellent cor-

relation to K1 (R2 = 0.92). This correlation reduced to R2 = 0.65 when using

whole-blood AUC rather than parent plasma AUC (SUVAUC,WB). SUVAUC

calculated from lesion activity concentrations at 30-40 min p.i. and AUC over

0-30 min p.i. resulted in similar correlations: R2 = 0.91 for SUVAUC,PP (Fig-

ure 1.6C) and R2 = 0.64 for SUVAUC,WB (Figure 1.6D), respectively. Good cor-

respondence was found between SUVAUC derived from BSIF and SUVAUC de-

rived from IDIF (calibrated: R2 = 0.98; ICC = 0.93; noncalibrated: R2 = 0.86;

ICC = 0.91).
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Figure 1.5: Manual blood sample data as function of time: (A) mean parent fractions
(triangle arterial, square venous), (B,C,D) ratio of venous to arterial parent fractions
(B), whole-blood activity concentrations (C) and plasma-to-blood ratios (D). Error
bars represent ± 1 SD.

1.4 Discussion

This study focused on pharmacokinetic analysis of [18F]FCH in PCa metastases

and investigated the validity of strategies to simplify acquisition and analysis,

to enable quantification of [18F]FCH uptake in a routine clinical setting.

On the basis of AIC alone, [18F]FCH kinetics in PCa lymph node metastases

could best be described using a 2T3k+VB model. However, the fitting pro-

cedure proved nonrobust, particularly for shorter scan durations (as shown

in Table 1.1). We hypothesize that this was caused by the rapid uptake in

combination with the limited efflux to the bloodpool (k2). This renders the
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Figure 1.6: Correlation between simplified uptake measures and K1 (1T1k+VB). (A)
SUVBW, (B) LMr and lesion activity concentration in kBq at 30-40 min p.i. divided
by AUC of (C) parent plasma and (D) whole-blood activity concentration in MBq
over 0-30 min (SUVAUC,PP and SUVAUC,WB, respectively).

model unable to accurately distinguish K1 and k3, which also explains why

1T1k+VB yielded similar results (R2 = 0.96; ICC = 0.94). This indicates that,

even though AIC selected 2T3k+VB, 1T1k+VB can be used without loss of

quantification accuracy. Moreover, 1T1k+VB results were more robust and

consistent for shorter scan durations, indicating this to be the most suitable

model.

An additional issue arising from the fast kinetics observed for [18F]FCH is

the inability of either model to accurately distinguish between the first tissue

compartment (influx K1 and efflux k2) and signal originating from blood volume

in the VOI. High VB areas were therefore excluded.

One patient was excluded because K1 estimates were found to be unrealis-

tically high (K1 > 1) using either irreversible model. We hypothesize that this

might be the result of high lesion blood volume fraction; despite our efforts to
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Figure 1.7: Correlation between simplified uptake measures and Ki derived from
irreversible two tissue compartment model. (A) SUVBW, (B) LMr (C) lesion activity
concentration in kBq at 30-40 min p.i. divided by AUC of parent plasma activity
concentration in MBq over 0-30 min (SUVAUC,PP) and (D) lesion activity concentra-
tion in kBq at 30-40 min p.i. divided by AUC of whole-blood activity concentration
in MBq over 0-30 min (SUVAUC,WB). Three data points were excluded for unreliable
fits (SE>500% in one of the estimated rate constants). Fits for one patient (indi-
cated by star) were suspected to be unreliable. Thick regression line (top equation)
excludes this patient’s data. Thin regression line includes these data.

exclude large blood volume structures, as described previously, VB estimates

were 0.49 ± 0.05. As rapid lesion uptake occurs, delayed arrival of blood ac-

tivity concentrations in bloodpool structures may have rendered them visually

indistinguishable from lesion tissue.

Another explanation may be markedly different kinetics in this patient,

leading to inaccurate estimates caused by using the wrong model. We were

unable to verify or reject either hypothesis based on the available data. In-

terestingly, all lesions of this patient were located within the mediastinum. In

the rest of the study population, three of four mediastinal lesions also showed
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increased VB estimates (0.23 ± 0.11 compared with 0.08 ± 0.05 for all other

lesions studied).

Also of interest is that this particular patient had received an experimental

type of therapy (dentritic cell therapy; up to one month prior to the PET/CT

scan). As many patients eligible for [18F]FCH PET will receive some form

of therapy, possible influence of drugs on [18F]FCH kinetics should be investi-

gated. For example, it has been suggested that androgen deprivation therapy

(ADT), a pharmaceutical used to maintain the biochemical castration level in

recurrent PCa, causes decreased choline uptake in hormone-sensitive PCa in

various studies [29]. In the present study, one patient was on ADT during the

scan. Nevertheless, results were consistent with the rest of the study popula-

tion, indicating negligible influence on [18F]FCH uptake for this patient.

Having determined the kinetic model and relevant quantification parameter,

the possibilities for simplifying the acquisition protocol and analysis methods

were investigated, that is, alternatives for deriving plasma input functions as

well as the validity of using simplified methods for quantification.

For several blood VOI locations, overestimation of blood activity concentrations

was observed (for this reason one patient could not be analyzed with IDIF). We

hypothesize that the apparent increase in image-derived blood activity concen-

trations near high [18F]FCH uptake structures was caused by incorrect scatter

correction in these areas, possibly leading to large quantification errors with

IDIF derived from blood VOI in these areas. For other blood VOI, however,

good correspondence was found for results with IDIF and BSIF (R2 = 0.83 and

ICC = 0.74 for calibrated IDIF). The observed 19% bias was mainly caused

by results for IDIF originating from small (femoral) arteries (Figure 1.4), in-

dicating that these may not be suitable for deriving IDIF. In summary, IDIF

derived from large bloodpool structures located away from high-uptake struc-

tures, such as the aortic arch, can substitute continuous arterial blood sampling.

Unfortunately, manual arterial blood samples and specialized laboratory anal-

ysis remain necessary as parent fractions are greatly reduced shortly after in-

jection and variability between patients is high (0.12 ± 0.04 at 20 min p.i.

Figure 1.5). Parent fractions measured from venous blood showed low corre-

spondence to those obtained from arterial blood samples.

High metabolite formation rates may also complicate quantification when

radiolabeled metabolites enter tissue. The main metabolite is betaine, an or-

ganic osmolyte [17]. Because the presence of [18F]betaine will not be specific

to lesions and LMr as high as 7.84 ± 3.15 were observed (Figure 1.6B), it is

unlikely that radiolabeled betaine significantly affected observed lesion activity

concentrations.
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A major simplification of the imaging protocol would be to use simplified meth-

ods instead of full kinetic modeling. Simplified methods, such as SUV, however,

do not take into account possible influences on quantification by, for exam-

ple, VB and metabolite formation. Therefore, results obtained using simplified

methods were compared with those obtained with full kinetic modeling. Com-

monly used simplified methods showed poor correlation to results from full

kinetic modeling (SUV: R2<0.34, LMr: R2 = 0.50; LBr: R2 = 0.44).

We hypothesize that as [18F]FCH kinetics are rapid and irreversible, even

late-time lesion activity concentrations will depend heavily on the AUC of the

plasma input function, a characteristic not accounted for in commonly used

simplified methods. SUVAUC performs better since it incorporates informa-

tion from the input function itself (R2 = 0.92 for SUVAUC,PP and R2 = 0.65

for SUVAUC,WB). For the sake of completeness, Figure 1.7 showed the results

for the 2T3k+VB model. Although the magnitude correlation coefficients are

naturally different, the conclusions about the relative performance of the sim-

plified quantification parameters are conserved, i.e. SUVAUC,PP performs best,

followed by SUVAUC,WB, then LMr and SUVBW.

In a routine clinical setting, static imaging would be preferable. Whole-

blood AUC can be image-derived directly from a static PET image acquired

over 0-40 min p.i. (R2 = 0.98), from a VOI within the aortic arch defined using

the low-dose CT. However, simultaneous imaging of both the lesions and the

aortic arch will be impossible in most patients, as the typical metastatic pattern

of PCa usually involves the pelvic or abdominal region. Therefore, SUVAUC

was also validated when obtained from two consecutive time intervals: AUC

over 0-30 min p.i. and lesion activity concentrations averaged over 30-40 min

p.i. (R2 = 0.91 for metabolite-corrected plasma data, R2 = 0.64 for whole-blood

data). As lesion activity concentrations appear stable from 10 min onward, the

latter can also be obtained with a whole-body PET scan.

To obtain SUVAUC,PP arterial blood sampling and analysis would be re-

quired. With the proposed static imaging protocol, VOI cannot be adjusted

to exclude high VB areas because for this an early PET image over the le-

sion would be required. Apart from aforementioned modeling issues, high VB

causes underestimation in simplified parameters. We therefore recommend cau-

tion when evaluating lesions near arterial structures until the clinical impact

of these potential errors has been fully investigated.

Characteristics such as metabolism, perfusion and blood volume fraction are

likely to change over the course of therapy. Therefore, the performance of

the parameters presented in this chapter should be verified in test-retest and

longitudinal trials, before they can be validated or disqualified for application

in a clinical (response monitoring) setting. Should [18F]FCH metabolism re-

main constant throughout the response monitoring study, the performance of

SUVAUC,WB and to a lesser extent SUV may be equivalent to SUVAUC,PP as
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a relative measure of response. Challapalli et al. recently reported on a novel

[18F]labeled choline tracer that metabolizes less rapidly than [18F]FCH, with

parent fractions gradually decreasing to approximately 0.3 over the first hour

p.i. [30, 31]. With decreased interpatient variability in parent fractions, perfor-

mance of SUV and SUVAUC,WB may improve with respect to SUVAUC,PP.

1.5 Conclusion

[18F]FCH uptake should be quantified using full kinetic modeling with 1T1k+VB

and metabolite-corrected plasma input function based on arterial blood sam-

pling. Results indicate that SUV cannot be used to estimate [18F]FCH uptake.

A clinically feasible alternative could be SUVAUC,WB based on two consecutive

static PET scans. Further studies are needed to substantiate these findings.



2 Hypoxia and perfusion imaging

In lung cancer, tumor hypoxia is a characteristic feature, which is associated

with a poor prognosis and resistance to both radiation therapy and chemother-

apy. As the development of tumor hypoxia is associated with decreased perfu-

sion, perfusion measurements provide more insight into the relation between

hypoxia and perfusion in malignant tumors. PET is a highly sensitive nu-

clear imaging technique that is suited for noninvasive in vivo monitoring of

dynamic processes including hypoxia and its associated parameter perfusion.

The PET technique enables quantitative assessment of hypoxia and perfusion

in tumors. To this end, consecutive PET scans can be performed in one scan

session. Using different hypoxia tracers, PET imaging may provide insight

into the prognostic significance of hypoxia and perfusion in lung cancer. In

addition, PET studies may play an important role in various stages of person-

alized medicine, as these may help to select patients for specific treatments

including radiation therapy, hypoxia modifying therapies, and antiangiogenic

strategies. In addition, specific PET tracers can be applied for monitoring

therapy. The present review provides an overview of the clinical applications

of PET to measure hypoxia and perfusion in lung cancer. Available PET trac-

ers and their characteristics as well as the applications of combined hypoxia

and perfusion PET imaging are discussed.
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2.1 Introduction

Worldwide, lung cancer is the most common cause of cancer related death

among men and women [32]. Every year, approximately 1.2 million new cases

of lung cancer are diagnosed globally and 1.1 million patients die of this dis-

ease [33]. NSCLC and SCLC are the main histological types and represent

approximately 85% and 15% of the lung cancer cases, respectively [34, 35]. The

prognosis of both NSCLC and SCLC is poor and depends on the stage of the

disease [36, 37]. For example, the 5-year overall survival is approximately 1%

and 2% for stage IV NSCLC and extensive stage SCLC, respectively.

Treatment of lung cancer depends on histological type, stage and perfor-

mance status. The available treatment options include surgery, radiation ther-

apy and chemotherapy, or a combination of these modalities. Systemic therapy

of lung cancer consists mainly of a platinum-based doublet, such as cisplatin

or carboplatin, in combination with a third generation cytotoxic drug such as

gemcitabine, pemetrexed, paclitaxel or docetaxel [38, 39]. In addition, targeted

agents, including gefitinib, erlotinib, bevacizumab and crizotinib, have been in-

troduced for the treatment of advanced NSCLC [40, 41, 42, 43, 44, 45, 46, 47]. For

the last decades, several tumor characteristics have been under investigation in

order to further understand the biology of lung cancer and enhance the efficacy

of the several treatment modalities.

In lung cancer, tumor hypoxia is a characteristic feature [48], which is

associated with a poor prognosis [49, 50, 51] and resistance to both radiation

therapy [52] and chemotherapy [53]. Hypoxia is a reduced O2 tension in tis-

sue and is defined between normoxia (pO2 levels of 40-60 mmHg) and anoxia

(0 mmHg) [54]. In clinical practice, no consensus has been achieved for hypoxic

thresholds in tumors, but tumors with pO2 values below 10 mmHg are usually

considered hypoxic [54].

Tumor hypoxia is the result of an imbalance between oxygen supply and con-

sumption and can be caused by the following mechanisms [54]: 1. the struc-

turally and functionally abnormal tumor vasculature leads to a perfusion-

limited delivery of oxygen [55], thereby inducing “acute” hypoxia; 2. tumor

proliferation increases the distance between tumor cells and blood vessels that

provide nutrients and oxygen to tumor cells. Consequently, the distances to

blood vessels can become larger than the diffusion distance of oxygen (>70 μm),

locally causing diffusion-limited hypoxia (referred to as “chronic” hypoxia); 3.

tumor hypoxia is also associated with a systemic decrease in oxygen supply,

i.e. anemia, which can be caused by tumor-related factors as well as anticancer

therapy.

To promote cell survival in hypoxic conditions HIF-1 is upregulated, which
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in turn activates a number of processes including growth factor signaling, an-

giogenesis, proliferation, glycolysis, tissue invasion, and finally metastasis [56].

Therefore, markers of the HIF signaling cascade such as HIF-1α, glucose trans-

porter one, and vascular endothelial growth factor (VEGF), have been investi-

gated as surrogate markers for tumor hypoxia in lung cancer [49, 50, 57, 58]. Al-

ternatively, immunohistochemical staining using injectable exogenous bioreduc-

tive markers like pimonidazole and 2-(2-nitro- 1[H]-imidazol-1-yl)-N-(2,2,3,3,3-

pentafluoropropyl)- acetamide (EF5) can be applied [59]. However, immuno-

histochemistry requires tissue samples and represents an indirect measurement

of tumor hypoxia. Alternatively, pO2 levels in tumors can be directly assessed

using Eppendorf polarographic electrodes. This an invasive technique that can

be applied in tumors that are easily accessible [60]. In lung cancer, this tech-

nique is not feasible [48], as these tumors are usually deeply seated within in

de body.

PET may be useful, as it enables direct assessment of tumor hypoxia in

patients noninvasively [61]. As the development of tumor hypoxia is associated

with decreased perfusion, perfusion PET imaging may provide more insight

into the relation between hypoxia and perfusion in malignant tumors. PET

scans may not only reveal the prognostic significance of hypoxia and perfusion

in lung cancer, but may also help to select patients for specific treatments

including radiation therapy, hypoxia modifying therapies, and antiangiogenic

drugs [62, 63]. This review provides an overview of the clinical applications of

PET to measure hypoxia and perfusion in lung cancer.

2.2 PET principles

PET enables noninvasive 3D imaging of dynamic processes in vivo. To this

end, molecules of interest are radiolabeled with positron emitting radionuclides.

For PET imaging, commonly used radionuclides are 15O, 11C and 18F. These

radionuclides are isotopes of elements that are often naturally present in organic

molecules as well as in chemically produced molecules, e.g. anticancer drugs.

After replacing one of the molecule’s atoms by its radioactive isotope, the

molecular structure is unchanged, leaving chemical properties unaffected. After

intravenous injection of a PET tracer, the radiolabeled molecules can be located

within the body by detecting the emitted photons. Since only a small amount

of radiotracer is required for PET imaging, it is assumed that the radiotracer

does not affect the dynamic process under study.

PET is based on the detection of positron emission. During radioactive

decay, the radionuclide, e.g. 18F, emits a positron which, after traveling a short

distance (few mm) in tissue, annihilates with a nearby electron to emit two 511

keV photons in opposite directions. These two “annihilation” photons are reg-
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istered by the PET scanner using a coincidence detection circuitry, providing

3D information of the tracer distribution with high sensitivity and resolution.

To achieve quantitative accuracy, imaging data needs to be corrected for at-

tenuation: when emitted from tissues deeper in the body, photons are more

likely to be absorbed than from superficial structures. As a result, 3D images

would falsely show low tracer concentrations in deeper structures compared to

superficial structures. In PET, the attenuation perceived by the annihilation

photon pairs, traveling in opposite directions over a line through the body, is

mathematically equivalent to the attenuation perceived by one photon trans-

mitted through the body over that same line. Therefore, accurate attenuation

correction can be achieved using a transmission source, e.g. CT. In addition,

PET/CT systems can correct for false detections due to random coincidence

detection or scattered annihilation photons. As a result, PET provides radioac-

tivity measurements with high quantitative accuracy [4].

Quantification of tracer uptake, however, remains challenging. First, the

measured radioactivity concentration in tissue depends on the tracer concen-

tration in blood over time, which, in turn, depends on the injected dose and

distribution volume. SUV takes this variability into account, as the radioac-

tivity concentration in tissue is normalized by the ratio of the injected dose

to patient weight. Second, the PET signal does not necessarily reflect specific

uptake, e.g. trapping of the tracer by the process of interest. A tracer could

also be free in tissue, trapped by a different process or reside in blood vessels

within the region of interest, e.g. tumor (Figure 2.1).

Pharmacokinetic modeling can be applied to distinguish between the vari-

ous kinetic processes and separates the total signal into these components [64].

In addition to spatial information, temporal information of the tracer’s dis-

tribution is used in pharmacokinetic modeling. To obtain information on the

changes in tracer activity concentrations over time (TAC), sequential PET

images are acquired over the same body area. In addition, accurate temporal

data on tracer concentration in plasma is obtained from arterial blood sampling

and dedicated lab analysis. Mathematical models (“compartment models”) are

then used to extract measures of the relevant components of the tracer’s kinet-

ics, such as specific uptake or binding. As absolute quantification by kinetic

modeling can be challenging and cumbersome in the clinic, alternatives have

been introduced to measure tracer uptake. Before clinical implementation,

these “simplified parameters” (such as SUV) should be validated and corre-

lated with parameters from pharmacokinetic modeling.

To date, [18F]FDG is the most commonly used PET tracer. As [18F]FDG is

a glucose analogue, it accumulates in malignant tumors with high glucose con-

sumption. As a result, [18F]FDG PET is extensively used for diagnosis, staging

and response monitoring of cancer. Currently, [18F]FDG PET is routinely per-

formed for initial staging [65] and pre-operative staging [66, 67] of patients with

NSCLC. As tumor hypoxia is associated with increased glycolysis, it is con-
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Figure 2.1: Graphical representation of the different components that determine the
total positron emission tomography signal. Examples 1 and 2 can represent either
different patients, different lesions in one patient or different scans of one patient,
for example before and after therapy. In both examples the contributions of specific
uptake (the uptake of interest) are equal, but the total signal is different due to
differences in contribution of other (nonrelevant) signals. Measured SUV values are
reflected by the dashed lines. As SUV does not only reflect the specific signal, its use
should be validated before it is used in a clinical setting, i.e. it is required to assess if
contributions from nonspecific signals affect SUV values in a nonpredictable way. For
the purpose of illustration, the Y-axis represents SUV values on an arbitrarily chosen
scale.

ceivable that hypoxia is associated with increased [18F]FDG uptake. However,

results on [18F]FDG to assess tumor hypoxia have been conflicting [68], indi-

cating that [18F]FDG is not specific enough to identify hypoxia. Therefore,

other PET tracers have been developed to measure hypoxia and perfusion in

tumors more specifically. In the following paragraphs, these PET tracers will

be discussed.

2.3 Tumor hypoxia imaging

Clinical relevance

Tumor hypoxia is associated with resistance to both radiation therapy [52] and

chemotherapy[53]. Radiation therapy requires oxygen to induce DNA damage

and hypoxic cancer cells are three times less sensitive to radiation therapy

than normoxic cancer cells [69, 70]. In addition, the resistance to anticancer
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drugs is attributed to the lack of O2 available for drug activation, the increased

genetic instability, the antiproliferative effects of hypoxia, and the increased

gene transcription induced by HIF-1 [71, 72].

Currently, drugs that selectively target tumor hypoxia and its increased

gene transcription are still under study and have entered the first clinical tri-

als [73, 74, 75]. Since tumor hypoxia may affect clinical outcome, hypoxia imag-

ing may be useful to determine prognosis and tumor response in lung cancer

patients. Furthermore, hypoxia assessment may help to optimize treatment

strategies in individual patients.

In particular, the efficacy of radiation therapy may be increased by several

interventions. First, the systemic oxygenation level can be increased by hy-

perbaric chamber treatment [76], carbogen breathing [77] and improved oxygen

transport by hemoglobin. For the latter, blood transfusions and erythropoi-

etin injections are available [78]. Oxygen transport can be further improved by

agents that improve perfusion and affect vascular permeability [79]. Second,

the apparent oxygenation level in tumors can be increased using radiosensitiz-

ers, which are usually based on a nitroimidazole-group and specifically target

hypoxic tumor cells (pO2 < 10 mmHg). Once incorporated in hypoxic tumor

cells, radiosensitizers mimic oxygen, thereby increasing the efficacy of radia-

tion therapy [80]. Third, the radiation therapy plan can be adjusted to increase

the dose administered to hypoxic tumor tissue. This can be achieved by dose

boosting to the whole tumor, dose painting, or dose painting by numbers [81].

For dose boosting, an increased dose is administered to hypoxic areas, thereby

increasing the radiation dose to normal tissue and, potentially, its associated

side effects. For dose painting, the dose to a specific area (e.g. hypoxic area)

is increased, whereas the radiation to the remaining part of the tumor can be

either maintained or decreased. In the latter case the total dose level can be

maintained. Dose painting can be further refined when it is directly based on

the voxel-by-voxel values of a PET image (referred to as “dose painting by

numbers”).

For successful implementation of the previous mentioned radiation ther-

apy strategies, hypoxia imaging may help to identify hypoxic tumors, prevent

unnecessary side effects in patients with normoxic tumors, and reveal hetero-

geneous distribution of hypoxia within tumors. Figure 2.3 summarizes the

potential applications of hypoxia imaging for radiation therapy.

Characteristics of a hypoxia PET tracer

The ideal hypoxia tracer would freely and rapidly diffuse to tissue, including

remote areas. For optimal contrast of the PET image, accumulation of the

tracer should be high in hypoxic cells, whereas no binding should occur in nor-

moxic cells. To achieve the best image quality, an optimal balance between
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tracer half-life, accumulation rates and clearance rates is required: the tracer’s

half-life should be long enough to obtain a high signal-to-noise ratio whilst al-

lowing the tracer enough time to diffuse and bind to hypoxic cells and clear

from normoxic tissues and blood. Accumulation and clearance rates are influ-

enced by the tracer’s octanol/water partition coefficient. More lipophilic com-

pounds may more readily pass through the cell membrane. On the other hand,

more hydrophilic compounds may more easily diffuse across tissues and show

faster clearance from blood and normoxic tumors through the urinary path-

way [61, 82]. Besides these hypoxia specific characteristics, the tracer should be

metabolically inert, since the formation of radiolabeled metabolites results in

a decreased amount of the original tracer available for hypoxia-specific uptake,

poor image contrast and inaccurate tracer quantification.

For clinical implementation, hypoxia tracers require fast kinetics, allowing

for rapid accumulation in hypoxic tissues, thereby limiting the time between

tracer injection and imaging. In addition, simplified and reproducible methods

(e.g. SUV) are needed to quantify tracer uptake.

Hypoxia tracers for PET

Over the last decades, several PET tracers have been developed to measure

tumor hypoxia. To identify all relevant hypoxia tracers in lung cancer, a lit-

erature search was conducted in PubMed to identify studies published before

January 1st 2014. To this end, PET specific search terms (PET, positron emis-

sion tomography) were combined with hypoxia-specific search terms (hypoxia,

anoxia), and/or lung cancer specific search terms (lung cancer, lung neoplasms,

non-small cell lung cancer, small cell lung cancer), and/or kinetic modeling

specific search terms (kinetic modeling, modeling), and/or radiation therapy

specific search terms (radiation therapy, radiation).

For these search terms, the corresponding Mesh terms were included. There-

after, the obtained English abstracts were evaluated for relevance. Based on the

obtained publications, a specific search strategy was subsequently performed

for each identified hypoxia PET tracer. Additional publications were iden-

tified by crossreferencing. Brain studies were excluded since the bloodbrain

barrier may affect tracer kinetics. Figure 2.2 and Table 2.1 give an overview

of the identified hypoxia tracers that have been evaluated in oncology. Tracer

names and abbreviations are displayed in Table III.3. Hypoxia tracers can be

subdivided in nitroimidazole-based and thiosemicarbazone-based tracers. In

the following paragraphs, these tracers and their potential applications in lung

cancer patients will be discussed.
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Figure 2.2: Timeline for development and evaluation of hypoxia-specific tracers
that have been evaluated by preclinical or clinical positron emission tomography.
Development and in vitro analysis (blank), preclinical PET (grey), and clinical PET
evaluation (black). The number of published clinical studies in oncology is indicated
(excluding brain studies). See Table III.3 for full names.
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Nitroimidazole-based tracers

Originally, nitroimidazoles have been developed as radiosensitizers. Already in

1984, Chapman et al. have proposed nitroimidazoles for hypoxia imaging [83].

Upon entering the cell, nitroimidazole undergoes electron reduction, thereby

becoming a radical. In normoxic cells, this reaction is reversed by O2. In hy-

poxic cells, the radical can react with an intracellular macromolecule instead

and remains trapped. As the latter process occurs at pO2 < 10 mmHg, an

oxygenation level associated with increased radiation therapy resistance, ni-

troimidazoles are able to detect clinically relevant hypoxia [84].

Among the developed hypoxia tracers for PET (see Figure 2.2), [18F]FMISO

has been investigated most extensively. Although [18F]FMISO showed rapid

metabolism in mice studies, it appeared to be a robust hypoxia tracer in hu-

mans, with parent fractions up to 96% at 90 min after injection [85]. Since

[18F]FMISO is rather lipophilic with a partition coefficient (log P) of 0.4, clear-

ance from blood and normoxic tissues is slow. Therefore, the required time

intervals between injection and imaging are long, at least 3h [86]. Efforts have

been made to develop hypoxia tracers with more favorable characteristics. Be-

ing the most evaluated and validated hypoxia tracer to date, the performance

of new hypoxia tracers is often compared with [18F]FMISO (see Table 2.1).

Among these tracers, [18F]FAZA has been introduced in the clinic. [18F]FAZA

(log P = 0.04) is more hydrophilic than [18F]FMISO and shows faster clearance

from blood and normoxic tissues [87]. This allows for a shorter time interval

between injection and imaging [88]. In addition, [18F]FAZA has a high parent

fraction during imaging, accounting for a parent fraction of 90% at 70 min

after injection (see chapter 3). Other more hydrophilic nitroimidazole tracers

include [18F]FETNIM and [18F]HX4, which have a partition coefficient (log P)

of 0.17 [89] and -0.69 [90], respectively. An example of a more lipophilic tracer is

[18F]EF5, which is the 18F-labelled version of exogenous hypoxia marker EF5,

with a partition coefficient (log P) of 0.6.

Thiosemicarbazone-based tracers

Thiosemicarbazones-based tracers represent another subgroup of hypoxia trac-

ers for PET. Thiosemicarbazones possess a strong antitumor activity, particu-

larly when coupled with a metal ion like copper (Cu) [91]. Copper(II)-diacetyl-

bis(N4-methylthiosemicarbazone) ([Cu]ATSM) is a therapeutic agent which,

by replacing the Cu atom with a suitable radioactive Cu isotope, can be used

for hypoxia PET imaging [92]. In nuclear medicine, Cu is of particular in-

terest for its favorable radiochemical properties. First, Cu is relatively easy

to incorporate in molecules and has multiple radioactive isotopes suitable for

PET imaging. Second, with half lives ranging from 24 min to 13 h for 60Cu

and 64Cu, respectively, Cu has several potential applications. The short-lived

radionuclides can be used for sequential measurements, whereas radionuclides

with longer half lives do not require a cyclotron on-site and are more suitable for
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Table 2.1: Evaluated hypoxia tracers in oncology.

Tracer2 Half-life Validation studies3,4 Evaluated in clinical oncology4

BC Probe Ex-M En-M FMISO Lung

cancer

Other cancer

types

[*Cu]ATSM [60Cu]: 23.7 min

[61Cu]: 3.3h

[62Cu]: 9.7 min

[64Cu]: 12.7h

1, 2, 3, 4 1, 5, 6, 7, 8 2, 4, 5, 6,

9, 10, 11

12, 13, 14,

15

3, 4, 5, 16, 17 18, 19,

20, 21

12, 22, 23, 24,

25, 26, 27, 28, 29,

30, 31

[18F]EF1 [18F]: 110 min n.a. n.a. 32 n.a. n.a. n.a. n.a.

[18F]EF3 33, 34 n.a. 34 n.a. 33, 35 n.a. 36

[18F]EF5 n.a. n.a. 37, 38 n.a. n.a. n.a. 39

[18F]FAZA 40, 41, 42,

43, 44

41, 44, 45,

46

43, 45, 47,

48, 49, 50,

51, 52

14, 42 40, 41, 53 54, 55,

56, 57

58, 59, 60, 61,

62, 63

[18F]FETA 64 64 n.a. n.a. 65 n.a. n.a.

[18F]FETNIM 66 67 n.a. 68 66, 67 68, 69 70, 71, 72, 73,

74, 75

Continued on next page
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Table 2.1 – continued from previous page:

[18F]FMISO 4, 76, 77,

78, 79

5, 7, 41, 80,

81, 82, 83,

84, 85, 86,

87, 88, 89

4, 79, 88,

90, 91, 92,

93, 94, 95,

96

96, 97, 98,

99, 100, 101,

102, 103

- 103,

104,

105, 106,

107, 108

80, 81, 82, 83,

85, 87, 98, 100,

101, 102, 109,

110, 111, 112,

113, 114, 115,

116, 117, 118,

119, 120, 121,

122, 123, 124,

125, 126, 127,

128, 129, 130,

131, 132, 133,

134, 135, 136,

137, 138, 139, 140

[18F]FRP170 n.a. n.a. n.a. n.a. n.a. 141 n.a.

[18F]FPIMO n.a. n.a. 49 n.a. n.a. n.a. n.a.

[18F]HX4 142 n.a. 142 98 98 143, 144 98

[124I]IAZA [124I]: 4.2 d 40 n.a. n.a. n.a. 40 n.a. n.a.

[124I]IAZG n.a. 145 n.a. n.a. 145, 146 n.a. n.a.

1 References given in separate bibliography (“Bibliography for tables”).
2 Refer to Table III.3 for full tracer names.
3 Preclinical and clinical studies comparing the uptake of the hypoxia tracer under study with other hypoxia markers.
4 Excluding brain studies.

Abbreviations: BC, induced hypoxia by breathing conditions; Probe, polarograpic electrode; Ex-M, exogenous hypoxia marker (pimonidazole, EF3 or EF5);

En-M, endogenous hypoxia marker (HIF-1 or CA IX); FMISO, [18F]FMISO PET; n.a., not available.
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the clinical setting. Remarkably, 64Cu can also be applied as radiation therapy

agent, since it also emits a β particle (40% yield) [93, 94]. In oncology, [Cu]ATSM

has been evaluated both preclinically and clinically. This tracer shows favorable

kinetics with rapid uptake in hypoxic tissue and fast clearance from normoxic

tissues, enabling imaging within 30 min after injection [95, 96]. However, the

exact uptake mechanism of [Cu]ATSM is still under debate [92, 97, 98] and sev-

eral preclinical studies have shown that [Cu]ATSM uptake depends on tumor

type and other characteristics than hypoxia alone [99, 100, 101, 102, 103, 104, 105].

Clinical evaluation of hypoxia PET tracers in lung cancer

Hypoxia PET imaging is in development and most clinical studies have been

focused on notoriously hypoxic cancer types such as cervical cancer and head

and neck cancer. Nevertheless, several clinical PET studies have evaluated

hypoxia imaging in lung cancer (Table 2.2). In the following paragraphs, data

acquisition, quantification and clinical observations of these hypoxia tracers

will be discussed.

Data acquisition and analysis

Nitroimidazole based tracers require relatively long time intervals for accumu-

lation in hypoxic cells and clearance from normoxic cells. In concordance, most

studies used images > 2 h after injection for hypoxia assessment. The length of

the time interval between injection and imaging may affect the tracer’s distribu-

tion pattern in tumors. For example, it has been shown that the distribution

of [18F]FMISO at 2 h is significantly different from the distribution at 4 h,

whereas only the 4 h data are predictive of tumor recurrence [106]. In contrast,

the distribution of [18F]HX4 was similar at 2 h and 4 h [107]. Compared to

nitroimidazole based tracers, [Cu]ATSM shows fast kinetics and images were

acquired after time intervals as short as 10 min after injection [96, 108, 109, 110].

Quantification of hypoxia

To identify hypoxia in tumor tissue, several simplified parameters have been

used, including TBr, tumor-to-background ratio, TMr, tumor-to-mediastinum

ratio, and SUV. In addition, several studies have used dynamic PET scans

to investigate the tracers’ kinetics in more detail, for example by using phar-

macokinetic modeling for quantification [111, 112] (see chapters 3, 4 and 5).

Furthermore, consecutive imaging using multiple tracers has been performed

to facilitate the identification and quantification of hypoxia. For example, con-

secutive PET scans have been performed with hypoxia tracer [Cu]ATSM and

perfusion tracer [Cu]PTSM. Here, the ratio of [Cu]ATSM SUV to [Cu]PTSM

SUV has been used as a measure of hypoxia [110].

To date, it is not known which measure and threshold accurately reflects
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pO2 levels in tumors. As repeated measurements with a polarographic electrode

are not feasible in lung cancer, a more pragmatic approach is required. The

clinical relevance of a threshold can be determined by clinical parameters like

tumor response, progression-free survival and overall survival.

Determination of clinically relevant hypoxia

Among the clinical studies on hypoxia PET tracers in lung cancer, most stud-

ies have only evaluated tumor hypoxia prior to treatment. For [18F]FMISO, a

pretreatment threshold of > 2 for tumor-to-mediastinum ratio was associated

with poor outcome after radiation therapy. However, the shape of the TAC

appeared to be a better predictor of response [106]. In contrast to these results,

other authors did not find a predictive value for [18F]FMISO after chemora-

diation [113, 114]. In other patients treated with chemoradiation, a threshold

of TBr > 1.9 for [18F]FETNIM [115, 116] and TBr > 3.0 for [Cu]ATSM [117]

was associated with poor overall survival and tumor response, respectively. In

addition, a number of studies have evaluated the changes in hypoxia tracer up-

take during therapy. While hypoxic cells are considered to be more resistant to

radiation therapy, most studies in lung cancer reported a decrease in hypoxia

tracer uptake after radiation therapy [88, 113, 118].

2.4 PET for tumor perfusion measurements

Tumor angiogenesis

Blood flow is not only required for the delivery of PET tracers and anticancer

drugs to tumors, but also for the transport of nutrients, e.g. glucose, and oxy-

gen. Under hypoxic conditions in tumors, the HIF protein is usually upregu-

lated.

Activated HIF translocates to the nucleus of tumor cells and results in tran-

scription of a large repertoire of genes including VEGF) [119, 120]. VEGF is a

potent protein and plays a key role in tumor angiogenesis, which is the for-

mation of new blood vessels. This tumor angiogenesis is essential for tumor

growth, metastatic spread and survival of tumor cells. As a result, VEGF

signaling has become an important therapeutic target for the treatment of

malignant tumors. To date, several antiangiogenic drugs have been devel-

oped including monoclonal antibodies that bind circulating VEGF (e.g. be-

vacizumab [121]) and tyrosine kinase inhibitors that target the intracellular

domain of the VEGF receptors (e.g. sunitinib and sorafenib [122]). Among the

currently available antiangiogenic drugs, bevacizumab has been registered for

the treatment of patients with NSCLC. In combination with paclitaxel and
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Table 2.2: Hypoxia tracer studies in lung cancer.

Tracer2 Year Authors N3 Stage Time4 Duration5 Measure6 Therapy7

[60Cu]ATSM 2003 Dehdashti et al. [21] 18 I-IV 30 min 30 min TMr (Chemo)radiation, chemother-

apy

[62Cu]ATSM 2000 Takahashi et al. [147] 6 n.a. 10 min 10 min TBr

2008 Wong et al. [19] 2 n.a. 15 min 5 min SUV

2009 Lohith et al. [18] 13 I-IV 10 min 10 min SUVmean

2013 Zhang et al. [20] 5 I-IV 15 min 5 min SUVhypoxia/perfusion
8

[18F]FAZA 2009 Postema et al. [56] 13 n.a. 2-3h 3-4 min TBgr

2013 Trinkaus et al. [54] 11 III 4 h 30 min TBgr Chemoradiation

2013 Bollineni et al. [57] 11 III-IV 2 h n.a. TBgr

2013 Verwer et al. [55] 9 n.a. 0h 70 min9 VT
10

[18F]FETNIM 2010 Li et al. [69] 26 III 2 h 20 min TBrmax Radiation, chemotherapy

2013 Hu et al. [68] 25 II 2 h n.a TMer Chemotherapy

[18F]FMISO 1995 Koh et al. [107] 14 III 2 h 40 min TBr Radiation

1996 Rasey et al. [108] 21 III-IV 2 h 40 min TBr

2005 Eschmann et al. [104] 8 III-IV 4 h n.a. TMer Radiation

2006 Cherk et al. [103] 21 I-II 2 h n.a. SUVmax

2006 Gagel et al. [105] 8 III-IV 3h 30 min SUV, TMr Chemoradiation

2011 Vera et al. [106] 7 III 3h n.a. SUVmax Chemoradiation, chemother-

apy

Continued on next page
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Table 2.2 – continued from previous page:

[18F]FRP170 2007 Kaneta et al. [141] 3 n.a. 0h 60 min9 SUV TAC

[18F]HX4 2010 van Loon et al. [144] 4 IV 2 h n.a. TBr

2013 Zegers et al. [143] 15 II-IV 4 h 30 min TBr

1 References given in separate bibliography (“Bibliography for tables”).
2 Refer to Table III.3 for full tracer names.
3 Number of lung cancer patients (evaluable scans).
4 Start time after injection of the PET frame that was used for quantification.
5 Duration of the PET frame that was used for quantification.
6 (Semi)quantitative measure used for evaluation.
7 Evaluated therapy.
8 Hypoxia marker uptake normalized to perfusion marker uptake: mean (SUV[Cu]ATSM/SUV[Cu]PTSM).
9 Dynamic PET data used for quantification.
10 Volume of distribution derived from full pharmacokinetic modeling.

Abbreviations: TMer, tumor-to-mediastinum ratio; TBgr, tumor-to-background ratio; n.a., data not available.
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carboplatin, bevacizumab has been approved for first-line treatment of non-

squamous NSCLC [46]. As tumor vascularization is an important factor in the

biology of malignant tumors, and antiangiogenic strategies have been intro-

duced for the treatment of lung cancer, imaging techniques are increasingly

used for perfusion measurements in lung cancer.

Imaging of tumor perfusion

PET is a sensitive technique to quantify tumor perfusion [123]. To this end, per-

fusion tracers like 82Rb [124], [15O]H2O [125, 126, 127, 128, 129, 130, 131] or [13N]NH3

[132] can be administered. Other PET tracers such as [68Ga]transferrin and

[11C]methylalbumin are available to assess vascular permeability [133, 134]. Cur-

rently, experience with perfusion PET tracers is rather limited in oncology, ex-

cept for [15O]H2O. In particular, previous PET studies have shown that quan-

tification of tumor perfusion using [15O]H2O is feasible in patients with lung

cancer [127, 135, 136].

[15O]H2O PET

As [15O]H2O is a freely diffusible tracer with near 100% extraction over a

wide perfusion range (0-6 mL/min per mL), its kinetics directly reflect tumor

perfusion. As a result, [15O]H2O is an ideal tracer for quantitative perfusion

imaging. The short half-life of 15O, which is 2.03 min, enables sequential PET

scans using both [15O]H2O and another tracer, e.g. [18F]FDG [127] or a hypoxia

tracer [137]. However, it requires the presence of a nearby cyclotron. Because

[15O]H2O is metabolically inert and is not retained in cells, quantification using

SUV, which is a parameter for quantification of irreversible uptake, is not

possible. Instead, pharmacokinetic modeling, using short (< 10 min) dynamic

PET scans, is required to quantify tumor perfusion.

Monitoring tumor perfusion during treatment

Currently, [15O]H2O PET scans are increasingly used to assess response of the

tumor vasculature to antiangiogenic therapy [138, 139, 140, 141]. As [15O]H2O

PET has shown high reproducibility in lung cancer [136], it can be applied for

response monitoring during treatment.

De Langen et al. [142] have investigated changes in tumor perfusion in 44

NSCLC patients who were treated with bevacizumab and erlotinib. Three

weeks after the start of treatment, a mean decrease of 11% in tumor perfusion

was measured using [15O]H2O PET [142]. A significant reduction in tumor

perfusion was measured in patients with a partial response according to the
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response evaluation criteria in solid tumors (RECIST [143]). More importantly,

patients with > 20% reduction in tumor perfusion had an improved progression-

free survival as compared to other patients (12.5 months versus 2.9 months).

The latter findings indicate that [15O]H2O PET may have predictive value in

lung cancer patients who are treated with antiangiogenic drugs. For early

prediction of tumor response, early perfusion measurements may be useful, as

the effects of antiangiogenic can be very rapid [144].

Tumor perfusion and drug delivery

As the short half-life of 15O enables sequential PET scans using both [15O]H2O

and an additional tracer, [15O]H2O PET is a useful tool to investigate drug

delivery of radiolabeled anticancer agents by correlating uptake of radiolabeled

drugs with [15O]H2O perfusion data [145, 146]. Apparently, it has been shown

that tumor perfusion is an important determinant of drug tumor exposure,

as indicated by several PET studies on [18F]5-fluorouracil(FU) [147, 148, 149],

[11C]DACA [150], and [11C]docetaxel [151, 152]. Consequently, tumor perfusion

may be predictive of tumor response to the above mentioned anticancer drugs.

These findings advocate further studies investigating the predictive value of

tumor perfusion for tumor response to chemotherapy.

As tumor perfusion is the key factor for the uptake of several anticancer

drugs in tumors [153], antiangiogenic drugs may affect drug exposure in tumors.

To investigate this concept, a PET study has been performed in NSCLC pa-

tients using both [15O]H2O and the radiolabeled taxane [11C]docetaxel [144].

In that study, bevacizumab reduced both perfusion and net influx rate of

[11C]docetaxel within 5h. These rapid effects persisted after 4 days and were

not associated with significant changes in tumor heterogeneity. The mentioned

studies indicate that [15O]H2O PET may reveal the role of perfusion in drug

delivery and antiangiogenic therapy in malignant tumors [154].

2.5 Imaging hypoxia and perfusion

It is conceivable that the development of tumor hypoxia is associated with

a decrease in tumor perfusion. This may complicate PET imaging, as tracer

delivery will be reduced in these areas. Although the uptake of the ideal hypoxia

tracer is not directly related to perfusion, lack of perfusion will limit tracer

delivery.

Diffusion-limited hypoxia is present in tumor cells located away from cap-

illaries, i.e. further than the diffusion distance of oxygen. As perfusion is rela-

tively low in these areas, tracer delivery may be limited and this may, in turn,
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affect uptake of hypoxia tracers. In addition, low perfused areas can become

necrotic. The PET signal will be decreased in areas containing necrosis even

though these areas may also contain highly hypoxic cells.

In Figure 2.4, these hypothetical considerations are summarized. The figure

also illustrates the limitations of using a predefined threshold to delineate hy-

poxic areas on a PET image, as areas likely to contain the most severely hypoxic

cells will be missed. The mentioned considerations may explain the conflict-

ing results between the uptake of hypoxia tracers and the direct assessment of

tissue oxygenation using polarographic electrodes [155, 156, 157, 158]. [15O]H2O

PET may help to understand these conflicting results and may identify the

remote, low perfused areas. An example of images obtained from consecutive

perfusion and hypoxia PET imaging is displayed in Figure 2.5.

Acute hypoxia is directly caused by a (temporary) lack of tumor perfusion.

Since acute hypoxia is presumed to be transient or even cycling [159], hypoxia

tracer uptake may not accurately reflect this type of hypoxia. [15O]H2O PET

may help to study the effect of acute hypoxia and its relation with hypoxia

tracer uptake.
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Figure 2.4: Representation of hypothetical considerations on the link between per-
fusion and the hypoxia signal as measured by imaging positron emission tomography.
The continuous curve represents hypothetical level of hypoxia in tissue for increas-
ing levels of perfusion (i.e. closer to the capillaries). The dotted line represents the
positron emission tomography signal obtained from hypoxia imaging using an optimal
imaging protocol. The horizontal line represents a threshold used for delineation of
hypoxic areas.

Besides the previous considerations for combining [15O]H2O perfusion PET

imaging with hypoxia tracer PET imaging, the combination may provide fur-

ther insight into the effects of treatment. Jain has previously proposed that an-

tiangiogenic therapy may normalize the abnormal tumor vasculature [160, 161],

thereby decreasing tumor hypoxia and improving drug delivery of cytotoxic

agents. This is underscored by the fact that a decrease in [18F]FMISO uptake

has been measured in renal cell cancer after treatment with sunitinib [162]. On
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Figure 2.5: Example of consecutive perfusion and hypoxia positron emission to-
mography in a patient with NSCLC. (A) Low dose computed tomography, (B) per-
fusion image (averaged image acquired over time interval 30-120 s after injection
of 370 MBq [15O]H2O) and (C) hypoxia image (averaged image over time interval
40-70 min after injection of 185 MBq [18F]FAZA).

the other hand, an increase in [18F]FMISO uptake after sorafenib [163] and

a rapid decrease in tumor perfusion after bevacizumab have been reported as

well [144]. The latter findings suggest that antiangiogenic therapy may decrease

tumor perfusion and subsequently the delivery of hypoxia tracers to tumors.

To further clarify these findings, future PET studies need to combine hypoxia

tracers with [15O]H2O at different time points after drug administration.

2.6 Future perspectives

In the present review, the currently available tracers for PET imaging of hy-

poxia and perfusion in lung cancer patients were discussed. Considering the

currently available studies, PET seems feasible to assess hypoxia and perfusion

in lung cancer. In contrast to traditional probe measurements, PET hypoxia

imaging is noninvasive and provides information on the heterogeneous distribu-

tion of hypoxia in tumors. In addition, whole-body PET scans using a hypoxia

tracer can reveal hypoxic areas not only in primary tumors, but in metastases as

well. To date, several tracers have been developed to measure tumor hypoxia,

whereas tumor perfusion has been mostly quantified using [15O]H2O. While ac-

quisition and quantification of [15O]H2O data is rather straightforward, several

challenges remain for PET hypoxia tracers.

Although several hypoxia tracers have been developed and evaluated in

the clinical setting, no consensus has yet been reached on the most feasible

tracer, the optimal timing of acquisition, and the most accurate quantification

method. In lung cancer, the studies on hypoxia PET tracers are preliminary

and include a limited number of patients. Ideally, the clinical impact of hypoxia

imaging would be evaluated in large clinical trials validating hypoxia tracers
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for prediction of tumor response and survival. In addition, clinical trials are

needed to reveal the clinical value of hypoxia tracers for advanced radiation

therapy strategies such as dose painting. In NSCLC, several trials are currently

recruiting patients for [18F]FMISO based (NCT01576796) and [18F]FDG based

(NCT01024829) dose boosting.

In patients with lung cancer, quantification of tracer uptake can be chal-

lenging due to tumor movement during respiration. As PET acquisition usually

takes 10 min to 1 h, patient motion during PET imaging is unavoidable and

the acquired image of the lung tumor will be blurred, which complicates accu-

rate delineation of hypoxic areas. As a result, these images are less suitable for

dose painting techniques, especially for dose painting by numbers. For PET

imaging, respiratory gated imaging (4D imaging) is currently under study. In

respiratory gated imaging, patient motion is continuously monitored during

acquisition. As a result, PET data can either be corrected for the registered

motion or PET data from a specific interval of the respiratory cycle can be

used for reconstruction. As similar techniques are also under study for radia-

tion therapy, dose painting strategies may be further improved by combining

4D PET hypoxia imaging with 4D radiation therapy.

Since the introduction of antiangiogenic drugs, perfusion measurements

have been increasingly applied in the clinic. [15O]H2O PET provides quan-

tification of tumor perfusion and may be useful for response monitoring during

antiangiogenic therapy. Further studies are needed to evaluate the predictive

value of tumor perfusion for tumor response to anticancer drugs. In addition,

tumor perfusion may not only affect the delivery of drugs to tumors, but also

the delivery of PET tracers such as hypoxia tracers.

In conclusion, PET using both [15O]H2O and a hypoxia tracer is a promising

method to further understand the development of hypoxia in lung cancer. As

previously mentioned, these PET scans are promising for response monitoring

of radiation therapy and antiangiogenic drugs. In addition, hypoxia tracers may

be useful to select patients for treatment with radiosensitizers (e.g. nimorazole,

NCT01733823) and realize a more precise radiation plan including dose boost-

ing and dose painting. As the available PET studies on hypoxia and perfusion

are rather preliminary in patients with lung cancer, further studies are needed

for validation and clinical implementation in this patient population.



3 [18F]FAZA quantification

Purpose [18F]FAZA is a PET tracer developed to enable identification of

hypoxic regions within a tumor. The aims of this study were to determine the

optimal kinetic model along with validation of using alternatives to arterial

blood sampling for analyzing [18F]FAZA studies and to assess the validity of

simplified analytical methods. Methods Dynamic 70 min [18F]FAZA PET/CT

scans were obtained from nine NSCLC patients. Continuous arterial blood

sampling, together with manual arterial and venous sampling, was performed

to derive metabolite-corrected plasma input functions. VOI were defined for

tumor, healthy lung, muscle and adipose tissue generating [18F]FAZA TAC.

TAC were analyzed using one-and two-tissue compartment models using both

BSIF and IDIF. Results 2T4k+VB best described kinetics of [18F]FAZA in

tumors. VT obtained using IDIF correlated well with those derived using BSIF

(R2 = 0.82). Venous samples yielded the same radioactivity concentrations

as arterial samples for times > 50 min p.i. In addition, both plasma-to-blood

ratios and parent fractions were essentially the same for venous and arterial

samples. Both SUVLBM and TBr correlated well with VT (R2 = 0.77 and

R2 = 0.87, respectively, at 50-60 min p.i.), although a bias was observed

at low VT. Conclusion The 2T4k+VB model provided the best fit to the

dynamic [18F]FAZA data. IDIF with venous blood samples can be used as

input function. Further data are needed to validate the use of simplified

methods.
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3.1 Introduction

In general, tumor hypoxia is associated with increased resistance to radiation

therapy. Combined with increased invasive and metastatic potential this leads

to poorer prognosis [54]. Pre-treatment identification of hypoxia could insti-

gate the use of intensified radiation therapy, hypoxia-specific radiosensitizers or

hypoxia-specific chemotherapy to achieve better therapy response [106, 164, 165].

Furthermore, locating hypoxic areas within a tumor could enable specific tar-

geting of these areas with radiation dose painting [166]. Tissue oxygenation

status can be measured directly using a polarographic needle electrode, but

this procedure is invasive and yields only local information. Alternatively, hy-

poxia imaging using PET shows great promise as a noninvasive in vivo technique

to identify and map hypoxic areas within a tumor [84, 167, 168].

To date, most research has focused on [18F]FMISO, a nitroimidazole deriva-

tive which after entering the cell undergoes reversible electron reduction [169].

Under hypoxic conditions this process can be followed by irreversible binding

to the cells macromolecules. This results in a hypoxia-specific uptake mech-

anism [170]. Another nitroimidazole-based tracer is [18F]FAZA, which shows

improved tumor-to-background ratio compared with [18F]FMISO [87, 171]. A

number of clinical studies have been performed to assess the value of [18F]FAZA

as a clinical marker of hypoxia and therapy response based on static imag-

ing [172, 173, 174]. Although static imaging is convenient for routine clinical

practice, the resulting image does not distinguish between hypoxia-related,

nonspecific and intravascular signals. In addition, if uptake is irreversible it

will strongly depend on perfusion. Before a static imaging protocol can be

used, it needs to be validated against quantitative results obtained with kinetic

modeling of dynamic data. So far, kinetic modeling of [18F]FAZA has been

performed preclinically in mice [175] and clinically in patients with head and

neck cancer [137], using a combination of image-derived input functions and

manual blood samples.

The present PET/CT study, in NSCLC patients, uses continuous arterial

blood sampling, currently the gold standard for deriving the plasma input

function. The main objective was to validate the use of minimally invasive

techniques for deriving the plasma input function, i.e. using IDIF instead of

arterial sampling in analyzing dynamic [18F]FAZA data, and to determine the

pharmacokinetic model best describing [18F]FAZA kinetics. Since full pharma-

cokinetic modeling and dynamic imaging are unsuitable for use in a routine

clinical setting, we have also performed a validation study to assess whether

[18F]FAZA uptake could be quantified using simplified methods, such as SUV

and TBr, which are based on static images alone. As various normalizations for

deriving SUV are used in clinical practice, we have assessed the performance
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of SUV for several commonly used normalizations.

3.2 Methods

Nine patients, over 18 years of age, diagnosed with NSCLC were included. In-

clusion criteria were a haemoglobin level of at least 7.0 mmol·L-1 and the pres-

ence of a histologically or cytologically proven malignancy of at least 2.5 cm in

diameter, located such that tumor and aortic arch could be imaged in a single

bed position. Patients were excluded when they had received either chemother-

apy or radiation therapy within 6 months prior to the PET study, when they

were pregnant or when they were unable to remain supine for 100 min. The

study was approved by the Medical Ethics Review Committee of the VU Uni-

versity Medical Center. Prior to inclusion, each patient signed a protocol-

specific informed consent.

Synthesis of [18F]FAZA

[18F]FAZA was synthesized according to a procedure modified from Reischl et

al. [176], using an automated radiosynthesis unit [23], and producing a ready

for injection solution of 2-3 GBq of [18F]FAZA with a radiochemical purity of

at least 98% and a decay-corrected radiochemical yield of 20-30%. A detailed

description of the procedure can be found in Appendix A.2.

Data acquisition

Scanning protocol

Patients were scanned on a Gemini TF 64 PET/CT scanner (Philips Medi-

cal Systems, Cleveland, OH, USA). First a low-dose CT (50 mAs, 120 kVp)

was obtained for attenuation correction purposes and for anatomical localiza-

tion, followed by a 70 min dynamic PET scan. At the start of this emission

scan an intravenous bolus injection of 168 ± 39 MBq [18F]FAZA, with specific

activity of 143 ± 70 GBq/μmol, was administered using an automated pump

system, flushing with 40 mL of saline (5 mL at 0.8 mL ·s-1 followed by 35 mL

at 2 mL·s-1). Data were normalized and corrected for dead time, randoms,

scatter, attenuation and decay, and reconstructed using 3D-RAMLA into 37

frames (1·10, 8·5, 4·10, 2·15, 3·20, 2·30, 6·60, 4·150, 4·300, 3·600 s) with a ma-

trix size of 144·144·45 voxels (voxel size 4·4·4 mm3). All data were acquired

and reconstructed according to recently published guidelines for quantitative

[18F]FDG PET studies [4, 5].
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Blood sampling

During the [18F]FAZA scan arterial whole-blood radioactivity concentration

was measured continuously from the radial artery using an online flow-through

blood sampling device [24]. At seven time points (5, 10, 20, 30, 50, 60 and

70 min p.i.) continuous blood withdrawal was interrupted briefly to allow for

collection of manual arterial blood samples. Following each sample, the cannula

was flushed with heparinized saline to prevent clotting. At the same time points

manual venous blood samples were collected.

Analysis of blood samples

Manual blood samples were analyzed for whole-blood and plasma radioactivity

concentrations. In addition, plasma was analyzed for radiolabelled metabo-

lites of [18F]FAZA by solid phase extraction combined with HPLC. A detailed

description can be found in Appendix A.3.

Kinetic analysis

VOI-based [18F]FAZA TAC were fitted to the following compartment mod-

els [64]: 1T2k, 2T3k and 2T4k, each with and without VB. Please refer to

Figure I.5 for a schematic overview of evaluated standard compartment models

and associated quantification parameters.

The fitting procedure used NLR routines [27], with Nelder-Mead and trust-

regionreflective optimizer algorithms. For each TAC, model parameters were

estimated in 25 iterations for randomly selected start values, using the following

predetermined boundaries: K1 0-1, k2 0-1.5, k3 0-0.25, k3/k4 0-5, VB 0-1(when

applicable). The (metabolite-corrected) arterial plasma input function was

derived from either the online blood sampler data or the dynamic scan itself,

combined with data from arterial manual blood samples.

Generation of tissue TAC

For each patient, VOI were defined manually on the largest tumor mass visi-

ble on the PET scan and on healthy lung, muscle and adipose tissue. Within

the tumor, five VOI were defined. Two VOI covered the entire tumor volume

based on either the CT scan (VOITumor,CT) or the summed image of the last

30 min of the PET scan (VOITumor,PET). Within the first, two VOI were de-

fined within visually identified areas of relatively low (VOITumor,low) or high

(VOITumor,high) signal on the PET image. To minimise errors due to patient

motion a fifth VOI was defined that corresponded to VOITumor,CT, excluding

edge voxels (VOITumor,interior). All VOI were modified to exclude large blood

vessels. Finally, VOI were projected onto the dynamic emission scan to gener-

ate corresponding TAC.
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Generation of plasma input functions

For each patient, BSIF was derived by processing blood sampler data, including

the following corrections based on data derived from the seven arterial manual

blood samples:

1. Calibration using the measured whole-blood activity concentrations.

2. Corrections for both plasma-to-blood ratio and labelled metabolites by

multiplying the whole-blood activity curve with the average plasma-to-

blood ratio and with a single exponential function fitted to the measured

parent fractions, assuming a parent fraction equal to 1 at time 0 p.i.

3. Since the blood sampler is connected by a line connected to a cannula

inserted into the radial artery, a time difference exists between arrival

of the bolus in the PET FOV and arrival at the blood sampler’s well

counter. This is dealt with by a delay correction using a method similar

to the one described by Lammertsma et al. [26], by fitting an observed

TAC to a 1T2k model with delay parameter.

To derive IDIF, VOI were defined manually on the dynamic PET frame that

most clearly displayed the bloodpool (Figure 3.1B). The following structures

were defined: ascending aorta (VOIAA), descending aorta, aortic arch and,

whenever possible, left ventricle. TAC derived from these VOI were then pro-

cessed in the same way as BSIF, except for delay correction.

Validation

Model selection

Using all derived plasma input functions, the various tissue TAC were fitted

to the aforementioned compartment models. AIC [177] was used to determine

which model provides the best fits to the tissue TAC. For each model AIC was

calculated for each TAC using the equation for small sample sizes [28]:

AIC = N ln
SS

N
+

2(p+ 1)(p+ 2)

N − p− 2
, (3.1)

where p represents the number of parameters, N represents the number of

frames and SS is the weighted residual sum of squares. For each time frame

the weight is determined by L2

T
e−2λt, where L is the frame duration, T is the

estimated total number of trues, λ is the decay constant and t is the frame’s

midtime.

Input function processing

Uptake parameters, specifically VT for reversible models and net influx rate

(Ki) for irreversible models, were used to compare results for the various plasma
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input functions. First, the effect of the choice of TAC used to obtain the

delay parameter on the results obtained with BSIF was investigated. To this

end, from each blood sampler curve three different BSIF were derived, where

TAC derived from either the entire FOV, VOIAA or VOITumor,interior were used

to obtain the delay parameter. The results obtained with these three types

of BSIF were then compared. Next, having selected the most suitable delay

correction for BSIF, IDIF results were compared with those of BSIF.

To assess the necessity of collection and detailed analysis of manual blood

samples, the impact of the corrections based on the manual blood sample data

was investigated. Uptake parameters were derived for plasma input functions

processed without one or all of these corrections, i.e. no calibration, no correc-

tions for both plasma-to-blood ratio and metabolites or no corrections at all.

In addition, the validity of using venous rather than arterial blood samples was

investigated.

Validation of SUV

SUV and TBr values were derived for all tumor VOI in all patients over time

periods 40-50, 50-60 and 60-70 min p.i. and compared with VT. SUV values

were calculated using various normalization factors [178, 179].

3.3 Results

The study group consisted of three male and six female NSCLC patients (mean

age 58 ± 11 years). Median patient weight was 78 kg (range 59-91 kg) and me-

dian height was 166 cm (range 158-183 cm). The median volume of VOITumor,CT

was 67 mL (range 9-312 mL). For one patient blood sampler data were unavail-

able, for one patient collection of venous manual blood samples was omitted

and one patient discontinued scan acquisition after 60 min p.i.

Figure 3.1 displays one slice of typical [18F]FAZA PET/CT images from

an NSCLC patient, namely of the images used to define the tissue VOI: the

low-dose CT and the PET image averaged over the last 30 min of the scan

(Figure 3.1A&C), and of the image used to define the bloodpool VOI: the PET

image acquired at 20-25 s p.i. at which time the bolus was mainly located

within the arteries and tissue uptake was minimal (Figure 3.1B). Whole blood

BSIF and IDIF curves are shown in Figure 3.2A.

Model selection

Figure 3.2B shows typical [18F]FAZA TAC for several tissues and tumor. Fits

for the tumor TAC are shown in Figure 3.3, along with schematics of all eval-
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Figure 3.1: Axial [18F]FAZA PET/CT images of a typical patient diagnosed with
NSCLC. (A) low-dose CT image, (B) [18F]FAZA image acquired between 20 and 25 s
p.i., displaying the bloodpool, in this case the aortic arch, and (C) [18F]FAZA image
acquired between 40 and 70 min p.i. illustrating uptake in the tumor.
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Figure 3.2: Typical example of [18F]FAZA time activity curves. (A) Blood TAC
obtained from both continuous arterial sampling and dynamic PET data using VOI
defined in ascending aorta (AA), descending aorta (AD), aortic arch (Arch) and left
ventricle (LV), together with both arterial and venous blood samples. (B) Tissue
TAC for adipose, healthy lung (HL), muscle and tumor tissue, the latter also for
areas with relatively high (H) and low (L) uptake separately.

uated models, with the best fit provided by the 2T4k+VB model.

Results of model preference evaluation based on AIC are summarized in Ta-

ble 3.1 indicating that in general tumor TAC were best fitted to the 2T4k+VB

model, leading to VT values of 1.13 ± 0.30. In contrast, healthy tissues showed

varying kinetics. Consequently, the 2T4k+VB model did not produce stable

results for these tissue types.

VT values for healthy tissues were therefore derived using the 1T2k+VB

model: 0.24 ± 0.12 for adipose tissue, 0.18 ± 0.04 for healthy lung tissue and

1.09 ± 0.35 for muscle tissue. The remainder of this study focused on [18F]FAZA
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kinetics in tumor tissue using the 2T4k+VB model.
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Figure 3.3: Pharmacokinetic modeling. (A) Schematic representation of evaluated
models. The dashed line represents the tissue VOI, where the shaded area represents
VB. Top: reversible single-tissue compartment model. Bottom: reversible two-tissue
compartment model, irreversible when k4=0. (B) Typical tumor TAC with fits to
2T3k, 2T4k and 2T4k+VB.

Table 3.1: Model preference (%) for various tissues according to AIC.

Tissue VOI Compartment model

1T2k 2T3k 2T4k 1T2k+VB 2T3k+VB 2T4k+VB

Adipose tissue - - 12.5 50.0 25.0 12.5
Healthy lung - - - 100.0 - -
Muscle 12.5 - - 25.0 50.0 12.5
Tumor, CT - - - - - 100.0
Tumor, interior - - - - 12.5 87.5
Tumor, PET - - - - - 100
Tumor, high - - - - 37.5 62.5
Tumor, low - - - - 37.5 62.5

All fits were performed using BSIF as input function after correcting for delay using
VOIAA.
For clarity, values of 0% are not shown.
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Input function processing

Delay correction BSIF was corrected for delay (19 ± 8 s) based on the following

regions: FOV, VOIAA or VOITumor,interior. VT results derived from NLR using

2T4k+VB indicate that the choice of TAC used to derive delay hardly affected

VT (R2 = 0.99).

IDIF versus BSIF

Visual inspection (e.g. Figure 3.2A) showed that VOIAA derived TAC provided

the best correspondence with (calibrated) blood sampler data. Therefore, IDIF-

derived from VOIAA was used for validation.

IDIF-derived VT (1.08 ± 0.24) strongly correlated (R2 = 0.82) with BSIF-

derived values (1.13 ± 0.30), as shown in Figure 3.4A. It should be noted that

the correlation was affected negatively by results from one patient, but these

data were not excluded from further analyses.

Effects of omitting various corrections that are needed for generating IDIF

are shown in Figure 3.4B. It can be seen that either lack of calibration or omis-

sion of the corrections for both plasma-to-blood ratio and labelled metabolites

resulted in an underestimation in VT of approximately 8%.
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Figure 3.4: Comparison of the input functions. (A) VT derived using IDIF versus
VT derived using BSIF. (B) Impact of not applying corrections during preprocessing
of IDIF. VT derived using input functions omitting either calibration (INPUTa) or
corrections for both plasma to blood ratio and metabolites (INPUTb) or all corrections
(INPUTc) are plotted against VT derived using fully processed IDIF. For clarity, scales
of both axes have been adjusted.
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Arterial or venous manual blood samples

Whole blood activity concentrations in arterial and venous manual blood sam-

ples yielded similar results at time points later than 50 min p.i., as shown

in Figures 3.2A and 3.5. Arterial-and venous-derived plasma-to-blood ratios

and parent fractions corresponded well at all time points: ratio of venous to

arterial plasma-to-blood ratio 1.00 ± 0.03 and parent fraction 1.00 ± 0.01. Con-

sequently, VT values derived using venous manual blood samples yielded good

correspondence to those derived using arterial manual blood samples.

Figure 3.5: Mean whole-blood activity concentration ratio of arterial to venous
manual blood samples (error bars represent ± 1SD)

Validation of SUV

Since we were unable to obtain BSIF data for one patient and we found

good correspondence between IDIF-and BSIF-derived VT, we have used IDIF-

derived VT for SUV validation. SUV, using various normalizations, and TBr

at several time intervals were calculated for all tumor VOI in all patients and

compared to VT derived from NLR with 2T4k+VB. The strongest correla-

tions are found for late time intervals. However, since one patient in the study

group discontinued the imaging session before the 60-70 min frame was com-

pleted, correlations for the 50-60 min p.i. time interval will be reported in the

remainder of this chapter.

SUV normalized to LBM, using a combination of weight and height only, as

displayed in Figure 3.6A, showed the strongest correlation with VT (R2 = 0.77)

compared with other normalizations (BSA: R2 = 0.77, BW: R2 = 0.63, IBW:

R2 = 0.66 and BMI: R2 = 0.52). For all normalizations, intercepts were not

equal to zero, indicating overestimation at low VT. The high standard deviation
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for the intercept values between patients indicates that this offset cannot simply

be subtracted to obtain accurate estimates for VT. TBr using either whole-

blood activity concentrations extracted from the TAC obtained from VOIAA

(TBrAA) or metabolite-corrected plasma activity concentrations extracted from

IDIF (TBrIDIF), as displayed in Figure 3.6B, also correlated strongly with VT

(R2 = 0.85 and R2 = 0.87, respectively). Table 3.2 summarises the results

for the most clinically relevant SUV parameters (SUVBW and TBrAA) and the

SUV parameters providing the best results (SUVLBM and TBrIDIF).
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Figure 3.6: Comparison of simplified parameters to NLR. (A) SUVLBM and (B)
TBrIDIF, both at time interval 50-60 min p.i., compared to VT derived using IDIF.

Table 3.2: Comparison of simplified parameters to NLR. Mean ± SD for VT and
SUV, with slopes, intercepts and squared Pearson’s correlation coefficients (R2) for
correlations between various SUV and VT at time interval 50-60 min p.i. Results are
shown for the whole data set and between patients (mean ± SD).

Parameter Mean± SD Linear regression analysis

Full dataset Per patient
all tumour VOI in all patients mean ± SD between patients

Slope Intercept R2 Slope Intercept R2

VT 1.08± 0.24
SUVBW 1.77± 0.33 1.13 0.55 0.63 1.31± 0.38 0.38± 0.44 0.88± 0.19
SUVLBM 1.17± 0.19 0.72 0.39 0.77 0.87± 0.28 0.24± 0.29
TBrAA 0.98± 0.19 0.77 0.15 0.85 0.71± 0.21 0.30± 0.34
TBrIDIF 1.17± 0.22 0.90 0.19 0.87 0.86± 0.27 0.25± 0.31
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3.4 Discussion

Hypoxia imaging using PET is a promising noninvasive technique to identify

and map hypoxic areas within a tumor. Previously it had been demonstrated

that uptake of the PET tracer [18F]FAZA is hypoxia-specific [180, 181, 182]. How-

ever, static imaging of [18F]FAZA uptake has never been validated against

full kinetic analysis. In the present study kinetics of [18F]FAZA were inves-

tigated using various pharmacokinetic models and the main result was that

the 2T4k+VB model best described tumor kinetics. However, of the forty

VOI considered in assessing model preference, seven showed preference for the

2T3k+VB model. Of the latter, four VOI were associated with high VT values

(three VOITumor,high and one VOITumor,interior). In this case, scan duration may

not have been long enough (see “Limitations”) to clearly identify the reversible

component of the second tissue compartment, k4. This hypothesis is supported

by the result of repeating the analysis at shorter time intervals, as shown in

Figure 3.7. The other three VOI are associated with low uptake (VOITumor,low)

. TAC derived from the latter VOI will generally contain relatively high noise

levels, making the fitting procedure less reliable.

Continuous arterial blood sampling, considered to be the gold standard for

tracer kinetic modeling, was used to evaluate the validity of IDIF, which would

be better suited for routine clinical studies. The high correlation between VT

values derived using IDIF and BSIF, as shown in Figure 3.4, indicates that IDIF

can indeed be used without losing accuracy. Manual arterial samples were used

to obtain metabolite-corrected plasma input functions. These samples were

used to: 1. Calibrate the whole-blood curve; 2. Transform the whole-blood

curve into a plasma curve based on plasma-to-blood ratios; 3. Correct the

resulting plasma curve for labelled metabolites.

Using IDIF only makes sense if it can be generated using venous rather

than arterial samples. Therefore, data obtained from arterial and venous man-

ual samples were compared, as illustrated in Figure 3.5. At time points later

than 50 min p.i., venous activity concentrations were found to be similar to

arterial activity concentrations and so these later samples are suitable for cali-

bration purposes. In addition, for the entire study, plasma-to-blood ratios and

metabolite fractions were nearly identical for arterial and venous samples. In

other words, venous samples can be used instead of arterial samples, provided

that only samples after 50 min p.i. are used for calibration.

Interestingly, metabolism of [18F]FAZA was limited (< 10% decrease in

70 min) and plasma-to-blood ratios were close to 1. It could therefore be ar-

gued that these corrections are not needed altogether. Figure 3.4B, however,

shows that omitting these corrections leads to underestimation of VT by ap-

proximately 8%. Since variation between patients was small, using a fixed
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Figure 3.7: Model preference. Percentage of TAC per VOI best fitted with specified
models based on AIC values, when a dynamic PET scan of duration < 70 min
would be considered: (A) 40 min, (B) 50 min and (C) 60 min. (D) shows the
model preference results of the 70 min PET scan. The models considered here are
1T2k+VB, 2T3k+VB) and 2T4k+VB, all with VB.

value for plasma-to-blood ratio and metabolite fraction, derived from popula-

tion means at various time points, might prove to be an alternative to detailed

lab analysis. However, these results will need to be verified in a larger study

population as well as in patients undergoing different stages of therapy.

SUV correlated well with VT, as shown in Table 3.2 and Figure 3.6 for time

interval 50-60 min p.i. The strongest correlations were found for SUV at late

time intervals p.i. normalized to LBM using a combination of weight and height

only. This is consistent with the observation that [18F]FAZA shows virtually

no uptake in adipose tissue. With all normalisations, however, a bias at low

VT was observed, which may be explained, at least in part, by the presence

of blood volume within the tumor VOI, as intravascular activity is excluded
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from VT, but included in any SUV. TBr showed an even stronger correlation

with VT, consistent with the observation that this parameter is theoretically

more closely related to VT. Its calculation, however, requires measurement

of the average blood activity concentration over the same time interval. The

latter can be achieved either by collection of blood samples or, somewhat less

reliably but more easily obtained, by determining the activity concentration

from a VOI over a reasonably sized bloodpool structure. In clinical practice,

often a time difference will exist between collection of blood and tumor activity

concentrations leading to a bias in TBr. However, in this case, for a 10 min

delay a change of only 6% was observed (for time interval 50-60 min p.i. data

not shown). Calculating TBr may therefore be a good alternative to deriving

VT using full quantitative analysis.

Limitations

All VOI in this study were defined manually, a technique that can suffer from

higher intra-observer variability than automated VOI delineation. However,

at the time interval studied, [18F]FAZA images show relatively low tumor-

to-background ratios, which hampers (semi-)automated VOI delineation tech-

niques [183]. It should be noted that the main findings of this study are inde-

pendent of VOI delineation method, as it involved a comparison of different

models and simplified measures for the same VOI.

Another possible issue with VOI-based analysis may arise from the fact

that, in general, hypoxia will be distributed heterogeneously within a tumor.

Since image contrast between hypoxic and normoxic tumor tissue is limited,

the whole tumor VOI used will likely encompass both types. To investigate

the impact of tumor heterogeneity on the present findings, for each patient

in the study group two small VOI representing relatively low and high tracer

uptake in the tumor were considered, but more detailed analysis is warranted.

Especially, parametric methods should be investigated to allow for voxel-based

analysis, minimizing possible effects due to uptake heterogeneity.

In this study the need for continuous arterial blood sampling limited the dura-

tion of the dynamic PET scans to 70 min. This was not long enough to obtain

optimal tumor-to-background ratio, i.e. for [18F]FAZA to clear from blood and

normoxic tissues. It has been shown that [18F]FMISO, a tracer with an up-

take mechanism similar to [18F]FAZA, requires a scan duration of up to 4 h in

order to study its kinetics [184, 185]. Although [18F]FAZA shows faster kinet-

ics [87, 171], 70 min still might be too short.

We did not directly validate [18F]FAZA uptake or binding with direct measure-

ments of oxygenation status. The hypoxia-specificity of [18F]FAZA uptake has
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however been verified in vitro [182], in mice by comparing [18F]FAZA uptake to

results of pimonidazole staining [175] and by comparing uptake in tumor tissue

for mice breathing normal air versus pure oxygen [180, 181].

Direct assessment of oxygenation status requires repeated insertion of a po-

larographic needle electrode or pimonidazole staining followed by immediate

resection of the tumor, in the latter case ignoring possible effects of the pro-

cedure on perfusion and therefore the oxygenation status of the tissue. Both

methods are highly invasive and therefore difficult to obtain in a clinical re-

search setting. This chapter focused on the assessment of the best quantitative

pharmacokinetic analysis of [18F]FAZA studies, which is subsequently used to

assess the validity of various simplified measures that can be derived from rou-

tine whole-body scanning procedures. In future studies it will be of interest

to further validate optimal (simplified) quantitative measures directly against

oxygenation status.

3.5 Conclusion

A reversible two-tissue compartment model with additional blood volume para-

meter best described the observed tumor [18F]FAZA kinetics. An image-derived

plasma input function with venous samples provides a good alternative to con-

tinuous arterial sampling. Simplified methods such as SUV and TBr appear

promising regarding quantification of [18F]FAZA uptake, showing reasonable

correlations with volume of distribution estimates. Highest correlations were

found for TBr followed by SUV normalized to LBM. Since both methods suffer

from bias at low volumes of distribution, further data are needed to validate

their use in a clinical setting.
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parametric methods

Purpose [18F]FAZA is a hypoxia-specific PET tracer. In future clinical ap-

plications of hypoxia imaging, such as early response monitoring or radiation

therapy dose painting, accurate quantification of tracer uptake at the voxel

level will be required. The aim of the present study was to assess the validity

of parametric methods for the quantification of [18F]FAZA studies. Methods

Dynamic 70 min [18F]FAZA scans were obtained from nine NSCLC patients.

Arterial blood samples, collected at seven time points, were used for pre-

processing an image-derived input function derived from VOI defined within

the ascending aorta. Time-activity curves derived from various tumor VOI

were fitted using NLR to a reversible two-tissue compartment model, pro-

viding VT as an outcome measure. Next, parametric images were generated

by use of both Logan graphic analysis with various linear regression start

times and spectral analysis with multiple sets of basis functions. The previ-

ously defined tumor VOI were projected onto these parametric images, and

the resulting VT were compared with those obtained from NLR. In addition,

the results were compared with TBr, which are more easily obtainable. Re-

sults The highest correlations and correspondence with NLR-derived VT were

found for Logan graphic analysis with a start time of 30 min after injection

(R2 = 0.88; ICC = 0.93) and for spectral analysis-derived VT with a set of

30 basis functions with exponents ranging from 0.0175 to 1.9 (R2 = 0.79;

ICC = 0.81). TBr yielded similar correlations but showed significant bias at

high VT (R2 = 0.85; ICC = 0.80). Conclusion Both Logan graphic analysis

and spectral analysis yielded VT that showed high correlations with NLR-

derived VT. TBr showed bias at high VT.
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4.1 Introduction

Under hypoxic conditions, tumor cells are more resistant to radiation ther-

apy [69] and their migratory and invasive potentials are increased [54]. Imaging

of hypoxia may aid in determining patient prognosis and selecting appropriate

therapeutic strategies [106, 164, 165, 186]. In addition, mapping of hypoxic tu-

mor areas may enable specific targeting of hypoxic tumor tissue with intensified

radiation therapy [84, 166, 168].

[18F]FAZA is a promising hypoxia-specific PET tracer that is based on

a nitroimidazole group and that undergoes electron reduction when it enters

cells [88, 137, 172, 186, 187, 188, 189]. Under normoxic conditions, this process is

followed by reoxygenation and transport from the cell. In contrast, under

hypoxic conditions, the tracer is retained because it binds to macromolecules

within cells [170], leading to increased PET signal in areas containing hypoxic

cells. However, the signal depends not only on the oxygenation status of the

tissue under investigation but also on delivery (plasma concentration, blood

flow, and extraction) and nonspecific uptake in tissue. For quantification of

the degree of hypoxia, a tracer kinetic model that describes tracer kinetics in

relation to delivery through the arterial circulation is needed.

In a previous study, 2T4k+VB was identified as the optimal model for de-

scribing [18F]FAZA kinetics (see chapter 3). Through NLR, this model pro-

vided excellent fits to measured TAC. Unfortunately, this method is markedly

sensitive to noise and therefore is not suitable for analysis at the voxel level.

However, the latter type of analysis may be useful given the expected hetero-

geneity in the distribution of hypoxia within a tumor. Several methods for

linearization have been proposed to reduce the sensitivity of the analysis to

noise and enable voxel-level analysis, that is, to enable the generation of para-

metric images; these methods include spectral analysis [190], Patlak graphic

analysis [191] and Logan graphic analysis [192]. The purpose of the present

study was to assess the validity of these parametric methods for analyzing

[18F]FAZA data by comparing the results of parametric analyses and NLR in

patients with NSCLC. In addition, the results derived from parametric meth-

ods were compared with those derived from simplified methods because the

latter methods would require a less elaborate imaging protocol.

4.2 Methods

Patients aged 18 years and older were asked to participate in the study if they

met the following criteria: histologically or cytologically proven NSCLC with a
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lesion measuring at least 2.5 cm in diameter and located within 15 cm of the aor-

tic arch and a hemoglobin level of at least 7.0 mmol/L. Exclusion criteria were

chemotherapy or radiation therapy received within 6 months before the PET

study, pregnancy, and inability to remain supine for 100 min. The study was

approved by the Medical Ethics Review Committee of the VU University Med-

ical Center. Before inclusion, each patient signed a written protocol-specific

informed consent form.

Data Acquisition

Scanning Protocol

Patients were scanned on a Gemini TF 64 PET/CT scanner (Philips). Each

patient underwent a low-dose CT scan (50 mAs; 120 kVp), followed by a 70 min

dynamic emission scan. The start time of the latter scan coincided with the

beginning of an intravenous bolus injection of 168 ± 39 (mean ± SD) MBq of

[18F]FAZA with a specific activity of 143 ± 70 GBq·μmol-1; the injection was

administered and flushed with saline (5 mL at 0.8 mL·s-1 and then 35 mL at

2 mL·s-1) using an automated pump system. PET data were normalized and

corrected for dead time, randoms, scatter, and decay. Attenuation correction

was based on the CT scan, and 3D-RAMLA was used to reconstruct the data

into 37 frames (1·10, 8·5, 4·10, 2·15, 3·20, 2·30, 6·60, 4·150, 4·300, 3·600 s)

with a matrix size of 144·144·45 voxels (voxel size: 4·4·4 mm3). All data were

reconstructed in accordance with recently published guidelines for quantitative

[18F]FDG PET studies [4, 5].

Blood Sampling

At set time points (5, 10, 20, 30, 50, 60 and 70 min after injection), arterial

blood samples were manually collected from a cannula inserted into the radial

artery. These samples were analyzed for plasma-to-whole-blood ratios and for

plasma fractions of parent [18F]FAZA.

Kinetic Analysis

Multiple VOI were defined within tumor tissue. Time-activity curves derived

from these VOI were fitted using NLR. The VOI were also projected onto para-

metric images derived from dynamic PET data with Logan graphical analy-

sis [192] and spectral analysis [190], and onto simplified parameter images de-

rived from static PET imaging. The resulting VOI-based parameter values

were compared.
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NLR (gold standard)

The governing equations for the 2T4k+VB model are as follows [64]:

CT1(t)dt = K1CP (t)− (k2 + k3)CT1 + k4CT2(t), (4.1)

CT2(t)

dt
= k3CT1 − k4CT2(t), (4.2)

CT (t) = CT1(t) + CS(t), (4.3)

where C(t) represents the activity concentrations over time in tissue (CT ), in

the first compartment (free tracer and nonspecifically bound tracer in tissue;

CT1), in the second compartment (specifically bound tracer in tissue; CT2), and

in plasma after correction for metabolites (CP ).

Because each VOI encompasses some blood volume, blood volume correc-

tion was applied with the following equation:

CPET (t) = VBCWB(t) + (1− VB)CT (t), (4.4)

where VB is the blood volume parameter, CWB(t) is the whole-blood TAC and

CPET (t) is the tissue TAC under consideration.

For each TAC, standard NLR routines [27] were used to derive estimates of VB

and rate constants K1, k2, k3, k4. VT were then calculated with Equation 4.5:

VT =
K1

k2
(1 +

k3

k4
). (4.5)

Because NLR is sensitive to noise, for some TAC the method was unable to pro-

duce reliable fits, particularly for small VOI. VT values for these VOI (18/96)

were therefore excluded from further analysis.

Logan graphical analysis

In Logan graphical analysis [192], the governing differential equations for the

reversible model are rearranged to yield

∫ t
0 CPET (τ)dτ

CPET (t)
= α

∫ t
0 CP (τ)dτ

CPET (t)
+ β, (4.6)

with

α = VB + (1− VB)
K1

k2
(1− k3

k4
) = VB + (1− VB)VT ,

and

β = −1− VB

k2k4

(
k2

CT2(t)c

CPET (t)
+ (k3 + k4)

CT (t)

CPET (t)

)
.

For reversible kinetics, Equation 4.6 becomes linear after a certain time, when

β becomes constant. The slope of the “Logan plot”, α, then represents VT,

albeit without correction for the blood volume fraction. Parametric VT images
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were generated from the dynamic PET data by linear regression fitting to the

data in Equation 4.6, estimating α, for each voxel.

Spectral analysis

Spectral analysis [190] assumes that the solution to the governing equations can

be described by a weighted sum of a set of predefined basis functions:

CPET (t) =
n∑

i=1

αie
−βit ⊗ CP (t) + VBCWB(t) (4.7)

where the last term is added to correct for blood volume in the VOI. VT and K1

can then be derived from the amplitudes and exponents of the basis functions:

VT =
1

1− VB

n∑
i=1

αi

βi
, (4.8)

K1 =
1

1− VB

n∑
i=1

αi. (4.9)

Parametric VT, K1 and VB images were generated by fitting Equation 4.7 to

the dynamic PET data, estimating αi and VB values, for each voxel.

Simplified methods

Of the simplified parameters, we chose to compare the results obtained from

the parametric methods with TBr, as we previously found TBr to show the

highest correspondence with NLR-derived VT values (see chapter 3). TBr

images were derived from the average PET frames acquired at 50-60 min p.i.

voxel-by-voxel activity concentrations were normalized to the blood activity

concentrations obtained from a VOI within the ascending aorta.

Derivation of plasma input functions

For each patient, a VOI (2-3 mL) within the ascending aorta was defined manu-

ally from an early PET frame most clearly displaying the bloodpool. IDIF were

then derived from the corresponding TAC, corrected for both plasma-to-whole-

blood ratios and parent fractions obtained from the manually collected arterial

blood samples, and calibrated to the whole-blood activity concentrations of the

samples collected 50 min p.i. as described in Chapter 3).

Input parameter setting selection and validation

For the identification of appropriate input parameter settings, for each patient,

VOI were defined within the largest tumor structure visible on the low-dose CT

image (whole tumor; whole tumor excluding edge voxels) and on the averaged
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image from the last 30 min of [18F]FAZA data (whole tumor; within an area of

relatively low activity concentrations; within an area of relatively high activity

concentrations). All VOI were modified manually to exclude large blood vessels

visible on early PET frames. Time-activity curves derived from these VOI were

fitted with NLR to obtain VT estimates.

Parametric images were generated with Logan graphical analysis and spec-

tral analysis for various input settings (Tables 4.1 and 4.2). Averaged VT

were obtained by projecting the VOI onto the parametric images. The in-

put parameter settings yielding the highest correlations between parametric

method-derived and NLR-derived VT were then selected for further analysis.

Table 4.1: Comparison of Logan graphical analysis with NLR-derived VT values.

Selected starting point for Linear regression analysis
Logan plot fit (min)

Slope Intercept R2

10 0.74 0.18 0.81
20 0.82 0.13 0.86
30 0.87 0.1 0.88
40 0.87 0.16 0.79

In addition, for assessment of whether the parametric methods were able

to accurately quantify the heterogeneous distribution of tracer specific uptake

in tumor tissue, several (4-7) smaller VOI were defined within areas showing

marked heterogeneity. In particular, areas in which voxel-by-voxel differences

were observed in VT derived from Logan graphical analysis and VT derived

from spectral analysis were studied. Input parameter settings were then further

refined on the basis of correlations and correspondence of the resulting VT with

NLR-derived VT for these VOI.

After the selection of appropriate input parameter settings for the paramet-

ric methods, VOI-based VT, VB, K1, and TBr estimates were derived for all

tumor VOI with the aforementioned methods and compared with the results

of NLR, which was used as the gold standard.

Statistics

Statistical analysis was performed with the SPSS Statistics 20 (IBM) soft-

ware package. For comparison of the results of the various methods, linear

regression analysis was performed. Correlations were assessed with R2. Corre-

spondence was assessed with ICC. P values < 0.05 were considered significant.
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Table 4.2: Comparison of spectral analysis with NLR-derived VT values.

Exponents (β) of the 30 basis functions
distributed with exponentially increasing

intervals between values

Linear regression analysis

Slope Intercept R2

0.001 - 0.9 5.16 -2.46 0.43
0.005 - 0.9 1.67 -0.55 0.62
0.01 - 0.5 1.04 -0.25 0.65
0.01 - 0.7 1.12 -0.26 0.69
0.01 - 0.9 1.21 -0.3 0.72
0.01 - 1.1 1.25 -0.3 0.76
0.01 - 1.3 1.28 -0.29 0.79
0.01 - 1.5 1.3 -0.28 0.81
0.01 - 1.9 1.33 -0.27 0.84
0.01 - 2.2 1.34 -0.25 0.85
0.01 - 3.0 1.38 -0.23 0.87

0.0125 - 1.925 1.16 -0.2 0.76
0.015 - 1.9 1.08 -0.16 0.78
0.015 - 1.95 1.08 -0.16 0.78
0.0175 - 1.9 1.01 -0.12 0.79
0.0175 - 3.0 1.13 -0.16 0.79
0.02 - 2.0 0.97 -0.09 0.79
0.025 - 1.9 0.89 -0.06 0.79
0.05 - 0.5 0.51 0 0.54
0.05 - 0.7 0.59 0.03 0.69
0.05 - 0.9 0.64 0.03 0.74
0.05 - 1.9 0.68 0.09 0.77
0.1 - 0.5 0.41 0.02 0.45
0.1 - 0.7 0.43 0.08 0.6
0.1 - 0.9 0.46 0.11 0.63
0.1 - 1.9 0.49 0.19 0.58
0.2 - 3.0 0.4 0.17 0.42
0.25 - 0.5 0.42 0 0.46
0.25 - 0.7 0.4 0.05 0.57
0.25 - 0.9 0.38 0.09 0.59

Bland-Altman plots were constructed to visualize correspondence and variabil-

ity. Plots presented in this chapter were generated with Excel 2007 (Microsoft

Corp.).
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Figure 4.1: Axial images of typical patient diagnosed with NSCLC. (A) Low-dose
CT, (B) [18F]FAZA PET frame displaying the arterial bloodpool, obtained at 25-30 s
p.i. and (C) [18F]FAZA averaged image for interval from 40 to 70 min after injection,
illustrating tumor uptake. Arrow indicates location of tumor (tumor size, 76 mL).

4.3 Results

Nine patients (three men and six women) ranging in age from 36 to 70 years

were included in the study. The median patient weight was 78 kg (range,

59-91 kg), and the median height was 166 cm (range, 158-183 cm). The me-

dian size of the largest tumor structure in each patient was 67 mL (range,

9-312 mL). Figure 4.1 shows [18F]FAZA PET/CT images from a typical pa-

tient with NSCLC. A typical example of acquired blood data and the resulting

IDIF is shown in Figure 4.2.

Figure 4.2: Blood data with time-activity curve derived from ascending aorta (dashed
line), (calibrated) metabolite-corrected image-derived plasma input function (solid
line), and whole-blood activity concentrations obtained from six manually collected
arterial blood samples (diamond). For this patient, one blood sample was omitted
for logistic reasons.
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Figure 4.3: Typical examples of parametric images for whole-tumor VOI. (A) VT

derived from Logan graphical analysis with start time of 30 min after injection. (B)
TBr based on PET data acquired 50-60 min after injection. (C,D) VT (C) and
VB (D) derived from spectral analysis with input response function consisting of
weighted sum of 30 basis functions and exponents ranging from 0.0175 to 1.9. (E-H)
Relative differences between VT derived with (E,G) Logan graphical analysis or (F,H)
TBr, compared to those derived with spectral analysis, where relative difference was
calculated as [(VT,LGAor TBr− VT,SA)/(VT,LGAor TBr− VT,SA)× 2].

Kinetic analysis and validation

Parametric images were obtained from Logan graphical analysis and spectral

analysis at various settings. Figure 4.3 shows representative VT and TBr im-
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ages at the tumor level. Figure 4.4 shows scatterplots and regression lines for

the results of regional comparisons of the various methods. For correlation of

these results, one VOI was excluded, as the gold standard VT (i.e. VT derived

from NLR) for this VOI was considered to be unrealistically high (VT = 2.06)

compared with those for all other VOI. However, because no obvious reason

for the inaccuracy of this data point could be found in PET or blood data, the

data point is shown in the scatterplots. For the sake of completeness, scatter-

plots and regression analysis results for data including this outlier are given in

Figure 4.5.

The best results for Logan graphical analysis were obtained with a start

time of 30 min (R2 = 0.88; ICC = 0.93) (Figure 4.4A; Table 4.1). For spec-

tral analysis, a set of 30 basis functions with exponents ranging from 0.0175

to 1.9 min-1 yielded the best results (R2 = 0.79; ICC = 0.81) (Figure 4.4C;

Table 4.2). Better correlations were achieved by selecting different boundaries

for the basis function exponents (R2 = 0.87 for exponents ranging from 0.01 to

3.0 min-1). However, this approach also changed the slope of the regression line

and decreased the absolute correspondence with NLR-derived VT (ICC = 0.76).

VB values obtained from spectral analysis showed significant correlations with

corresponding NLR results (R2 = 0.89; ICC = 0.93). K1 values showed no

correlation (R2 = 0.09).

Figure 4.4B shows comparisons of TBr with VT (R2 = 0.85; ICC, 0.80).

Figure 4.4D shows the relative differences between VT derived from Logan

graphical analysis and VT derived from spectral analysis as a function of VB.

A typical example of the relative differences at the voxel level is shown in

Figure 4.3E&G. Figure 4.3F&H show the relative differences between TBr and

VT derived from spectral analysis. Bland-Altman plots for the various methods

compared with NLR are given in Figure 4.7.

4.4 Discussion

[18F]FAZA is a nitroimidazole-based PET tracer for noninvasively assessing

tumor tissue pO2 levels. For [18F]FAZA to be used for this purpose, accurate

quantification of specific tracer uptake is required. The present study validated

the use of two parametric methods for quantification at the voxel level.

All methods were compared with NLR. Because NLR is sensitive to noise,

the comparison was VOI based. This approach could lead to quantification

errors in areas with marked variations in PET signal because such variations

could be averaged out. Because hypoxia is expected to be heterogeneously

distributed within a tumor, so is [18F]FAZA uptake. To take possible errors due

to heterogeneity into consideration, we included in the analysis multiple smaller

VOI that were defined within areas of the tumor showing various characteristics
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Figure 4.4: (A-C) Regional VT for all tumor VOI obtained from Logan graphical
analysis (VT,LGA) (A), regional TBr (B), and spectral analysis (VT,SA) (C) as function
of VT derived from NLR (VT,NLR). (D) Differences between VT derived from spectral
analysis and VT derived from Logan graphical analysis, percentage relative difference
was calculated as [(VT,LGAVT,SA)/(VT,LGA + VT,SA) × 200] as function of VB de-
rived from NLR. Solid line = regression line through all data points, excluding one
suspected outlier. Dashed line = line of identity. Star = suspected outlier.

(such as relatively high or low PET signal or differences in VT derived from

the two parametric methods). The results for these smaller VOI were found to

be consistent with those for the other VOI.

Both parametric methods produced VT showing high correlations with those

obtained from a full kinetic analysis. However, as shown in Figures 4.3 and

4.4, some differences between the methods were observed. Figures 4.3D and

4.3E&G indicated that these differences might be explained by high blood

volume fractions within voxels because Logan graphical analysis does not in-

corporate blood volume correction. Regional analysis, however, showed no
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Figure 4.5: Regional values for all tumor VOI of (A) VT derived from Logan graphical
analysis (VT,LGA), (B) TBr and (C) VT derived from spectral analysis (VT,SA) as
function of VT derived with NLR (VT,NLR). (D) Relative difference (%) [(VT,LGA −
VT,SA)/(VT,LGA + VT,SA)× 200] as function of VB derived with NLR. Solid line =
regression line through all data points, including the suspected outlier. Dashed line
= line of identity. Star = suspected outlier.

correlation of VB with differences between VT derived from Logan graphical

analysis and VT derived from spectral analysis. Logan graphical analysis per-

formed well (R2 = 0.88; ICC = 0.93), although some increased variability was

observed at relatively low as well as relatively high VT. A possible explanation

is that even though a start time of 30 min generally led to the highest correla-

tion with NLR-derived VT, for some VOI, particularly those with high VT, the

second term in Equation 4.6 might not yet have been constant at that start

time. The observed bias at high VT can indeed be decreased by selection of

a later start time (e.g. 40 min after injection; Figure 4.6), but this approach

leads to errors for other VOI. Another explanation is noise-induced bias. Lo-
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gan graphical analysis is known to have noise-induced bias, particularly at high

VT, causing underestimation [193]. Logan graphical analysis performance could

be somewhat improved (R2 = 0.90; ICC = 0.94) by fitting Equation 4.6 with

orthogonal regression analysis [194].
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Figure 4.6: Regional VT,LGA for all tumor VOI derived using start time 40 min p.i.
as function of VT,NLR
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Figure 4.7: Bland Altman plots of each method: (A) Logan graphical analysis, (B)
spectral analysis and (C) TBr [percentage of relative difference was calculated as
(VT − VT,NLR)/(VT + VT,NLR)× 200]

Spectral analysis results showed high correspondence with NLR-derived VT

(R2 = 0.79; ICC = 0.81). The disadvantages of spectral analysis are the sen-

sitivity of the method to minor changes in input parameters and long com-

puting times (∼10 times longer than Logan graphical analysis). As shown in

Figure 4.7, spectral analysis results were more variable than Logan graphical

analysis results; this finding was expected because more parameters need to

be estimated in spectral analysis. However, spectral analysis also has advan-

tages. VB values correlated highly with those obtained from NLR (R2 = 0.89).

Calculating VB may be useful as a quality assurance step and for providing in-
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formation on tumor vascularity. Estimates of K1 by spectral analysis and NLR

were markedly sensitive to noise. For the final selection of input parameters, no

correlation was found between spectral analysis-derived and NLR-derived K1

values (R2 = 0.09) when all VOI were considered. Correlation was improved

when the analysis was limited to larger VOI (R2 = 0.52 for VOI sizes > 10 mL),

illustrating the influence of noise on estimates of K1 with spectral analysis.

Both parametric methods required an elaborate imaging protocol consisting

of dynamic PET imaging and blood sampling. For [18F]FAZA, use of the IDIF

in combination with venous blood sampling instead of (continuous) arterial

blood sampling has been validated (see chapter 3), simplifying the protocol.

However, the need for venous blood sampling and metabolite analysis may still

limit the clinical applicability of the presented methods. In the study presented

in Chapter 3 metabolite formation was observed to be slow, plasma-to-blood

ratios were typically equal to 1, and both measures showed limited interpatient

variability. Indeed, omission of the corrections for plasma-to-blood ratios and

parent fractions led to an underestimation of VT by only 8%. These findings

need to be further substantiated under various clinical conditions but hint at

the possibility of using the whole-blood IDIF, which would improve the clinical

feasibility of the acquisition protocol.

Nevertheless, in routine clinical settings, a static imaging protocol may

be preferable because dynamic imaging generally requires longer imaging times

and may therefore be more costly and more prone to artifacts related to patient

motion. Therefore, TBr was also investigated. For calculation of TBr, typically

a short duration (e.g. 10 min) static PET/CT scan is acquired at a late time

point (> 50 min p.i.). Tumor tissue and blood activity concentrations are then

derived from the PET image directly. The bloodpool will not be clearly visible

on the late PET image, but this characteristic will not be a limitation with

respect to deriving blood activity concentrations because the ascending aorta

and aortic arch are clearly identifiable on the low-dose CT image. However, it

can lead to considerable quantification errors caused by the blood volume in

the tumor tissue VOI because TBr does not correct for VB (Figure 4.3F&H). In

the present analysis, VOI were manually adjusted to exclude areas of markedly

high VB (i.e. visible blood vessels) by use of early PET frame data, thereby

reducing potential errors caused by high VB. With a static imaging protocol,

this quality assurance step cannot be performed.

In future applications, this limitation of TBr should be considered. In the

present analysis, regional TBr estimates showed high correlations with NLR-

derived VT (R2 = 0.85) but significant negative bias, particularly at high VT.

Which method should be used in clinical settings ultimately depends on the

clinical objective. For assessing whether tumor tissue is hypoxic or not, defining

a suitable threshold for the quantification parameter used could be sufficient.

Depending on the threshold, systematic bias and underestimation at high VT

(like those observed with TBr) might not affect clinical conclusions. In that
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situation, TBr would be the method of choice because both the method and

the acquisition protocol are straightforward. Large clinical trials relating quan-

tification parameter values to clinical outcomes are needed to assess whether

the observed bias in TBr results in clinically relevant quantification errors. For

purposes requiring more detailed information, such as radiation dose painting

and early response monitoring (for which the ability to assess minor variations

is essential), accurate voxel-by-voxel quantification is required. In such scenar-

ios, parametric methods are recommended. spectral analysis is more versatile

than Logan graphical analysis but shows larger variability. On the other hand,

Logan graphical analysis results may be affected by the lack of blood volume

correction. However, the effect will be less pronounced for Logan graphical

analysis than for TBr because with Logan graphical analysis, early PET frame

data are available for excluding large blood volume regions.

Even though the parametric methods performed well in the present study,

clinical conditions are likely to change over the course of a response monitoring

study. Longitudinal trials are needed to evaluate the robustness of the methods

under various clinical conditions. It would also be of interest to directly com-

pare [18F]FAZA voxel VT derived from the parametric methods with localized

pO2 needle electrode measurements to assess the relationship between VT and

tissue pO2 levels. However, such a study would be invasive and feasible only

for superficial tumor structures.

4.5 Conclusion

Both Logan graphical analysis and spectral analysis produced accurate VT im-

ages for the quantification of [18F]FAZA. Additionally, the latter also produced

accurate VB values. TBr also correlated well with NLR-derived VT but showed

significant bias, particularly at high VT.



6 General discussion and outlook

PET is a nuclear medicine imaging technique that can be used to localize,

and assess the extent of, specific biological processes within the body. For

this purpose, molecules known to be involved in the process of interest are

“labeled” with positron emitting radionuclides. After this “tracer” is injected

intravenously, it will be distributed throughout the body by the blood cir-

culation. Ideally, the tracer will then accumulate (or bind) specifically at

locations where the extent of the biological process of interest is high. The

radiation emitted by the radioactive labels is registered with a PET system

and reconstructed into a 3D image. This 3D image will reflect tracer activ-

ity concentrations, and thereby tracer concentrations, throughout the body.

Since the introduction of PET in 1977 and its successful implementation in

the clinic over the years, more and more novel PET tracers aimed at imaging

a variety of processes are becoming available. After successful preclinical eval-

uation, tracers are evaluated clinically before being introduced in a routine

clinical setting. Technically, PET is capable of accurate quantification of ac-

tivity concentrations. However, several factors need to be taken into account

before the measured activity concentrations can be translated into clinical

decisions. A simple example is the total activity injected: this will inherently

affect the activity concentrations in tissue, irrespective of the extent of the

process of interest. The first step towards translation is relating measured

activity concentrations to tracer uptake that is caused solely by the process of

interest (“specific uptake”). This can be achieved with full pharmacokinetic

modeling using an elaborate imaging protocol. For a tracer to be successfully

applied in a routine clinical setting, a simpler imaging protocol and analysis

method, such as SUV, is preferred. This thesis aims to validate clinically

feasible methods for quantification of tracer uptake for several oncology PET

tracers using full pharmacokinetic modeling as reference.
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6.1 [18F]FCH PET imaging

Summary and discussion

Chapter 1 describes a clinical study to assess the kinetics of [18F]FCH. Radio-

labeled choline has been introduced as a promising tracer for PCa [10, 18, 207].

The increased choline transport and overexpression of choline kinase in PCa is

presumed to lead to increased trapping of choline within the tumor cell mem-

brane. With its active transport and specific uptake mechanism, [18F]FCH

seems ideal for imaging PCa. However, the results presented in chapter 1 show

that quantification of [18F]FCH uptake is not as straightforward. Dynamic

PET/CT imaging and arterial blood sampling was performed for eight pa-

tients with metastasized PCa. Full pharmacokinetic modeling found 2T3k+VB

to best fit the dynamic PET data from metastatic lymph nodes, but kinetics

were too fast for the model to precisely distinguish between K1 and k3. The

1T1k+VB model was found to yield equivalent quantification parameter values,

whilst providing more robust fits to the data. SUV showed poor correlation to

K1 derived with 1T1k+VB full pharmacokinetic modeling (R2<0.34). This is

likely caused by differences between patients in tissue distribution and clear-

ance of the tracer. Therefore, an alternative simplified method was proposed:

normalizing lymph node activity concentrations to the area under the blood

TAC (SUVAUC,WB). The protocol for obtaining this measure would still be

feasible in a routine clinical setting and consists of a 30 min PET scan over the

aortic arch (started at the moment of injection) followed by a PET scan over

the lesions of interest. SUVAUC,WB yielded better correlation to K1 (R2 = 0.65).

However, like SUV, SUVAUC,WB does not take into account breakdown of

the tracer into metabolites. PET imaging cannot distinguish between signals

originating from the tracer and radiolabeled metabolites. As metabolites often

exhibit different kinetics than the original tracer, the plasma input function

is corrected for the presence of radiolabeled metabolites. To this end, man-

ual arterial blood samples obtained at several time points p.i. were analyzed

with HPLC. [18F]FCH metabolite formation rates were found to be very high

and large relative differences between patients were observed. Using the al-

ternative simplified method, but this time incorporating metabolite correction

(SUVAUC,PP), yielded high correlation to K1 (R2 = 0.92).

Outlook

As [18F]FCH kinetics were found to be irreversible, a direct relation between

tracer accumulation and tissue perfusion is expected. Whether this could lead
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to clinically relevant quantification errors, should be investigated. Furthermore,

SUVAUC,PP requires arterial blood sampling because measures from venous

blood samples were found to be unreliable. This will limit clinical applicability

of the method. Future research should determine whether the performance of

SUVAUC,WB would be sufficient for clinical applications. If a choline derivative

could be found that is not metabolized as quickly as [18F]FCH, the performance

of SUVAUC,WB is expected to improve. Currently, studies on development and

performance of alternative choline-derivatives are ongoing [30, 31].

In the study presented in Chapter 1, only lymph nodes characterized as

malignant were considered. In clinical studies, [18F]FCH has been shown to

accumulate in benign lymph nodes as well. The inability to distinguish be-

tween benign and malignant lymph nodes could be an important limitation of

[18F]FCH PET imaging. Recently, Oprea-Lager et al. have shown that relative

differences in [18F]FCH uptake between 2 and 30 min p.i. may characterize

lesions as malignant or benign [20]. This indicates that [18F]FCH kinetics in

benign lesions may fit a different model and this warrants further investigation

using pharmacokinetic modeling. Blood sampling may not be required in this

case, as intra-patient differences in kinetics would be studied.

Other PET tracers are currently under evaluation: [11C]acetate has an up-

take mechanism in the tumor cell membranes similar to [18F]FCH but requires

an on-site cyclotron [208]; anti-[18F]FACBC), an aminoacid analogue, shows

equally fast kinetics whilst, in contrast to [18F]FCH, being very robust in hu-

man subjects. Uptake in tumor tissue, however, was shown to be reversible [209].

Recently, another type of PET tracer for imaging PCa has been gaining inter-

est: prostate-specific membrane antigen (PSMA) targeted PET tracers. PSMA

is a dimeric type II integral membrane glycoprotein with high expression on

PCa cells, and is associated with disease progression. PMSA PET tracers could

potentially image PCa with very high specificity [210]. Given the experience

with [18F]FCH, it would be recommended to perform a full pharmacokinetic

modeling study in patients for any novel tracer that is to be introduced in a

clinical (research) setting. This way the assumptions made by commonly used

quantification methods can be verified before a lot of of time, effort and money

is invested in clinical trials based on static PET imaging alone.

6.2 Hypoxia imaging

Summary and discussion

As described in chapters 3 and 5, kinetic modeling of [18F]FAZA and [18F]HX4

is more straightforward and a number of simplified measures were found to
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perform well. Also for the most evaluated hypoxia tracer, [18F]FMISO, Wang

et al. found simplified methods to be suitable for quantification of tracer up-

take [86]. When it comes to quantification of hypoxia with PET, the challenge

lies in correctly interpretating of quantification measures, i.e. the translation of

“tracer uptake” into “level of hypoxia”. This is complex due to the almost uni-

form distribution of the tracer throughout the body, the inevitable dependence

on perfusion and the heterogeneous distribution of hypoxia in tumor tissue.

[18F]FAZA, [18F]HX4 and [18F]FMISO are nitroimidazole based hypoxia PET

tracers. Upon entering the cell the tracer molecule undergoes electron reduc-

tion and subsequently either reacts with a macromolecule within the cell and

is retained (under hypoxic conditions), or reacts with oxygen and is free to

diffuse out of the cell [84]. Herein lies the problem: transport into the cell is

not specific to hypoxic cells. In fact, tracer uptake is seen in virtually all tis-

sues. It is only at later time points, when the tracer has had time to clear from

normoxic cells, that tracer retained in hypoxic tissue can be visualized with

PET. To complicate matters further, tracer delivery to the tissue will depend

on perfusion, while hypoxia itself can be caused by a localized (momentary or

long term) lack of perfusion [211], and consequently in areas of limited tracer

delivery. These considerations should be taken into account when attempting

to quantify hypoxia with PET imaging.

Chapter 2 provided an overview of the current status (up to January 1st 2014)

of research on hypoxia and perfusion PET imaging in lung cancer. Most suit-

able tracer for imaging perfusion is [15O]H2O as for this tracer, due to its 100%

extraction, perfusion is equal to K1 (as evaluated with pharmacokinetic mod-

eling, for example using a basis function method). In lung cancer, [15O]H2O

imaging has been thoroughly investigated, but limited data are available on

hypoxia imaging. Drawing conclusions from published clinical data is compli-

cated as studies use different hypoxia tracers, different imaging protocols and

various simplified parameters for quantification. Pharmacokinetic modeling is

a more objective method for quantification of tracer uptake: quantification is

based on the shape of TAC instead of its value at one time point p.i. only,

and incorporates information on tracer delivery over time. Therefore, pharma-

cokinetic modeling is often recommended for quantification of hypoxia tracer

uptake [212, 213, 214, 215]. Chapters 3, 4 and 5 presented pharmacokinetic mod-

eling results for hypoxia tracers [18F]FAZA and [18F]HX4.

In chapter 3, 70 min dynamic PET data, in combination with continuous arte-

rial blood sampling, obtained from nine patients were used to study [18F]FAZA

kinetics in NSCLC. Results indicated a 2T4k+VB model for [18F]FAZA kinet-

ics in tumor tissue. In addition, it was found that arterial blood sampling

may not be required: the input function can be derived from the PET image
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itself and the necessary correction factors can be obtained from venous blood

samples. Because variability between patients in both plasma-to-blood ratios

and parent fractions was minimal, population based corrections of the input

function might be sufficient. This would obviate the need for blood sampling

altogether, but these hypotheses should be tested in a larger study population.

Good correlation was found between simplified methods and VT derived with

full pharmacokinetic modeling, with best results obtained with TBr (R2 = 0.87,

50-60 min p.i).

NLR, the method used in chapter 3 for fitting the TAC, is very sensitivity to

noise. It can therefore only be used for averaged TAC obtained from VOI large

enough to average out noise levels to an acceptable level. However, as the level

of hypoxia will likely vary within tumor tissue, differences in tracer uptake

may also be averaged out by using large VOI. In chapter 4, several methods

for pharmacokinetic modeling at the voxel level were tested by comparing re-

sults to NLR. Using the input parameter settings recommended in chapter 4,

both Logan graphical analysis and spectral analysis performed well (R2 = 0.88,

ICC = 0.93; and R2 = 0.79, ICC = 0.81, respectively). In addition, the per-

formance of TBr was re-evaluated for the smaller VOI used in this chapter.

Consistent with the results obtained in chapter 3, good correlation was found

for TBr compared with NLR (R2 = 0.85; ICC = 0.80). It should be noted

that bias was observed at high VT. Furthermore, VOI cannot be adjusted to

exclude high VB areas based on static PET imaging alone. Further studies are

needed to ascertain whether the observed bias and lack of VB correction would

lead to clinically significant quantification errors.

Chapter 5 presents the results for pharmacokinetic modeling with another ni-

troimidazole based hypoxia tracer: [18F]HX4. Eight patients diagnosed with

NSCLC received a dynamic PET scan spanning 4.5 h (including two “coffee

breaks”), providing the opportunity to study kinetics up to late time points.

Consistent with the results obtained for [18F]FAZA in chapter 3, [18F]HX4

kinetics were found to be reversible (2T4k+VB) and simplified methods per-

formed well, particularly TBr (R2 = 0.96 when compared to NLR derived VT).

Modeling results for the complete 4.5 h dataset were found to be equivalent to

those for the first 2.5 h, leading us to conclude that imaging at 2.5 h p.i. could

suffice for quantification of [18F]HX4 uptake. It would be interesting to see if

this conclusion holds at the voxel level, for instance when analyzing the data

using spectral analysis.

On the development of hypoxia tracers

The observation that [18F]FMISO kinetics are slow, leading to limited image

contrast within a clinically feasible time interval between injection and imaging,
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has sprung the development of myriad alternative hypoxia tracers1. Most of

these (like [18F]FMISO, [18F]FAZA and [18F]HX4) are nitroimidazole based and

should therefore, theoretically, have the same uptake mechanisms in tissue.

Differences lie in the partition coefficient of the tracer molecules. A hypoxia

tracer with a relatively high partition coefficient (“lipophilic”) will likely more

easily diffuse across the cell membrane, but the relatively low hydrophilicity

may prevent such a tracer from diffusing to distant hypoxic cells. This would

pose a problem for imaging “diffusion limited hypoxia” as these hypoxic cells

will be located a fair distance from the capillaries. In contrast, a hydrophilic

tracer will more easily reach remote tissue areas, but diffusion into the cell could

be limited or even be prevented by the (lipid-rich) cell membrane.

A lot of effort is invested in finding a tracer with the ideal balance between

these properties. This competition between multiple tracers that are really not

that different seems an inefficient use of resources. To illustrate, Figure 7.3

demonstrates the similarities between [18F]HX4 and [18F]FAZA kinetics. The

figure shows averaged VOITumor,viable TAC (± 2 SD) from the eight NSCLC pa-

tients from the study presented in chapter 5 and seven NSCLC patients imaged

with [18F]FAZA in a trial currently ongoing at VU University medical center.

Imaging protocol of the latter was as described in chapter 3, but augmented

with 30 min PET scans at 2 h p.i. Coregistration and VOITumor,viable TAC

generation was performed as described chapter 5. In the figure, TAC were

normalized to injected dose and body surface area to allow for comparison.
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Figure 6.1: Averaged TAC for eight patients imaged with [18F]HX4 (white squares)
and seven patients imaged with [18F]FAZA (grey squares). Shown are SUVBSA as well
as TBr curves. For clarity, error bars (± 2 SD) are only shown for time points > 0.1 h
(upwards for [18F]FAZA, downwards for [18F]HX4).

It seems contradictory that for [18F]FAZA and [18F]HX4 kinetics were found to

1 An overview of clinically evaluated hypoxia tracers is given in Table 2.1. Many other
hypoxia tracers are currently in preclinical stages.
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be reversible, while for [18F]FMISO often an irreversible model is used based on

the uptake mechanism of nitroimidazole [111, 213, 214]2. This may be an example

of differences in modeling approaches: theory-driven or data-driven. Both

methods have advantages as well as disadvantages. In theory-driven methods

the model is based on theoretical hypotheses, often corroborated by in vitro

data. In data-driven methods the model yielding the best fits to acquired data

is selected from a set of standard models. The latter method can therefore

be quite sensitive to the quality of the data, e.g. signal-to-noise ratio, patient

motion, the bolus injection etc. A theory-driven model will be less sensitive, but

the hypotheses on which it is based need to be correct to prevent quantification

errors. It may be that for [18F]FMISO the reversible component (k4) is indeed

absent, as is assumed in the theory-driven models. In that case it would be

interesting to investigate why [18F]FAZA and [18F]HX4 models were found to

be different.

This raises questions on whether these tracers are perhaps too hydrophilic

for the tracer to diffuse across the cell membrane. However, preclinical results

do indicate retention of [18F]FAZA in hypoxic cells [182]. Furthermore, Shi et

al. confirmed a negative correlation between perfusion and [18F]FAZA uptake

as assessed with 2T4k+VB [137], which also indicates retention.

Another possible cause could be lack of hypoxic tissue in the tumors that

were analyzed in chapters 3, 4 and 5. Indeed this was not verified in the stud-

ies. However, given the size of the tumors, the presence of necrotic tissue and

the observed increase of TBr over time, it seems unlikely that hypoxia was not

present in the tumor tissue evaluated. Furthermore, unpublished data from on-

going analysis, comparing [15O]H2O K1 to [18F]FAZA VT values for the dataset

used in chapters 3 and 4, do show presence of clusters of voxels where perfu-

sion is low while [18F]FAZA uptake is high (unpublished, preliminary results),

indicating [18F]FAZA accumulation in low-perfused regions.

A more plausible explanation is that it is an effect of the heterogeneous

distribution of hypoxia within the tumor. TAC derived from PET will always

be averaged over some tissue volume. With heterogeneity in tracer uptake, this

averaging could result in the TAC to appear to show reversible kinetics, i.e. the

averaging can lead to a “virtual k4” [216]. Even though in the model selection

studies presented in chapters 3 and 5, multiple VOI were considered and no

marked differences in kinetics were found, heterogeneity at the intra-voxel level

could theoretically still have caused a virtual k4. This would, however, not

explain why [18F]FMISO does not show the same.

Finally, it may be that [18F]FMISO kinetics are in fact also reversible, but

that k4 is so small that the reversibility is not yet apparent over the time

interval of imaging (limited not only for logistic reasons but also by the limited

half-life of 18F (109 min).

2 Interestingly Bruehlmeyer et al. do identify a reversible model for [18F]FMISO in
glioblastoma multiforme [85]
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On clinical applications

As mentioned in chapter 2 hypoxia PET imaging would have several benefits

in a clinical setting. Apart from determining prognosis and monitoring therapy

response, hypoxia imaging could be used to enhance treatment efficacy and to

prevent unnecessary side effects in individual patients by aiding in personalized

selection of an appropriate treatment strategy.

1. Radiation dose manipulation

Recent advances in radiation therapy technique enable manipulation of

administered dose levels with high precision. Along with current de-

velopments on respiratory gating on the diagnostic as well as on the

therapeutic side, radiation dose painting based on hypoxia PET images

is possible from a technical standpoint [166, 197, 217, 218, 219, 220, 221, 222].

Trials investigating the efficacy of localized dose level boosting are cur-

rently recruiting patients (NCT01576796, NCT01024829).

Boost trials based on hypoxia imaging [223, 224, 225, 226] are inherently

complex: dose boosting of specified tumor areas will increase overall dose

to the tumor which could in itself lead to increased efficacy (as well as to

increased adverse effects). On the other hand, boosting whilst maintain-

ing overall dose level implies dose levels be reduced in areas not identified

by PET as hypoxic. Due to perfusion limitations in combination with

partial volume effects3, hypoxia PET imaging may miss highly hypoxic

areas [227].

2. Treatment selection

An alternative approach is to use PET hypoxia imaging for personalized

therapy selection, for example for treatment with radiosensitizers [80] or

hypoxia-specific chemotherapy [73, 74, 75]. As these pharmaceuticals are

associated with increased adverse effects, careful selection of patients who

would benefit from these type of treatments is required. PET hypoxia

imaging could be used to classify tumor tissue as “nonhypoxic” or “hy-

poxic”.

The imaging time point can strongly influence hypoxic volume delineation. For

example, at early time points, hypoxia tracer concentrations are expected to

be high in areas of high perfusion and low in areas of low perfusion. Over

time, due to clearance from normoxic cells and accumulation in hypoxic cells,

the relative difference between tracer concentrations in these areas will likely

change. However, in an absolute sense, areas of high perfusion may still contain

higher activity concentrations than hypoxic areas, even up to late time points.

3 For example, high PET signal pertaining from highly hypoxic cells could be averaged
out by lack of signal in adjacent necrotic areas.
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Therefore, (static) imaging should be performed at late time points, when the

balance between activity concentrations in hypoxic areas and normoxic areas

is such that contrast between hypoxic and normoxic areas is sufficient for de-

lineation. However, identifying a single optimal time point for imaging of all

areas within a tumor is nontrivial: the rate of hypoxia tracer accumulation

will depend on the amount of hypoxic cells and levels of hypoxia, which will

vary throughout tumor tissue. In case of reversible specific uptake (as was

indicated for [18F]FAZA and [18F]HX4), tracer clearance from hypoxic tissues

will complicate defining the optimal imaging time point further. In contrast to

simplified quantification methods, parametric methods take into account the

shape of the TAC and are therefore more capable of accounting for local differ-

ences in kinetics. It would be interesting to see whether parametric results are

indeed more consistent with direct measures of tissue pO2 tension4 than has

previously been found for simplified methods [158, 228, 229].

In dose painting, quantification and delineation errors could cause highly hy-

poxic cells to receive a reduced radiation dose. Therefore, parametric methods

would be recommended to quantify tracer uptake at the voxel level (particularly

spectral analysis as this method also corrects for VB). For treatment selection

purposes, perhaps a less precise quantification method would be sufficient. In

that case, static PET hypoxia imaging in combination with a validated simpli-

fied parameter might be an option.

Before commencing clinical trials with hypoxia-imaging based dose painting

strategies, the link between perfusion and hypoxia imaging should be inves-

tigated further. Given the hypothesized link between hypoxia and perfusion

combined PET imaging with hypoxia and perfusion tracers may be required for

accurate delineation of hypoxic regions. Unfortunately, perfusion PET imaging

using [15O]H2O requires presence of an onsite cyclotron. Strategies have been

proposed for estimating the level of perfusion from a dynamic hypoxia PET

scan [112]. However, although hypoxia tracers are designed to readily diffuse

through tissue, diffusion rates will not be as high as for [15O]H2O. Furthermore,

[15O]H2O is metabolically inert while hypoxia tracers are designed to react with

molecules present within cells. Although this implies that hypoxia tracer K1

values may not be an accurate measure of perfusion, early hypoxia tracer up-

take may be indicative of perfusion levels (as demonstrated by Bruehlmeier

by comparing [18F]FMISO uptake with [15O]H2O in patients with glioblastoma

multiform [85]).

4 As found by Bartlett et al. for [18F]FMISO in a preclinical setting [212]
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Outlook

For clinical applications, a standardized method for accurate translation of

hypoxia PET images into clinical decisions is required. Ideally, the optimal

hypoxia tracer, the optimal yet clinically feasible imaging protocol, a validated

method for quantification of hypoxia and clinically relevant threshold values

for classification or delineation, should be determined.

Many hypoxia tracers are currently under evaluation and comparing tracer

performance has proven difficult. To date, mixed results have been found in

studies comparing hypoxia tracer uptake to “gold standard” methods such as

polarographic electrode measurements and pimonidazole staining. This stresses

the need for validated methods for quantification. Only when using validated

quantification methods, can definite conclusions be drawn on the performance

of specific hypoxia tracers and can different tracers be compared.

Translating hypoxia PET images into clinical decisions involves:

1. Translating PET images to “specific uptake” of the hypoxia tracer.

2. Translating “specific uptake” to tissue pO2 levels and verifying hypoxia-

specificity.

3. Translating tumor pO2 levels to clinically relevant hypoxia levels.

4. Translating results on clinically relevant hypoxia levels into clinical deci-

sions.

Figure 7.4 provides an overview of research steps to be performed subsequently

when developing a validated method for quantification of hypoxia. This is by

no means a complete list of all research that should be performed before a novel

PET tracer is introduced in a routine clinical setting, but it does provide an

overview of some important steps to ensure correct interpretation of hypoxia

PET images and to avoid having to repeat clinical trials.

In developing a hypoxia PET imaging biomarker, first, the hypoxia-specificity

of the tracer’s uptake should be verified. This can be achieved by inducing hy-

poxia in (tumor) cells and comparing tracer uptake. As inducing hypoxia in

patients would be unethical, this step is performed in a preclinical setting (in

vitro and in vivo). Preclinical assessment often includes other proof-of-concept

studies such as comparison of tracer distribution to “gold standard” methods

for assessing tissue pO2 levels, and pharmacokinetic modeling. However, pre-

clinical results cannot necessarily be directly translated to the clinical setting.

Therefore, ideally, all findings should be verified in patients. Due to ethical con-

siderations, patient studies are inherently less controlled and careful selection

of trial participants is key. Pharmacokinetic modeling can be used to translate
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Preclinical 

Clinical 

Hypoxia-specificity (in vitro and in vivo) 1 

Tracer distribution vs. distribution of hypoxia 1 

Predictive value 3,4 

Prognostic value 3,4 

To validate 
quantification 
parameters 

Using validated 
quantification 
parameters 

Response assessment 3,4 
Surrogate endpoint 3,4 

Technical validation 

Biological validation 

Clinical value assessment 

Biodistribution and tracer plasma metabolism 1 

Full pharmacokinetic modeling 1 

Baseline test-retest evaluation 1 
Perfusion dependency 1 
Influence of heterogeneity 1 

Performance of simplified methods 1 

Proof of concept 

Relation tracer specific uptake to pO2 2 

Tracer distribution vs. distribution of hypoxia 1 

Figure 6.2: Overview of some important translational research steps to develop valid
PET imaging biomarker for hypoxia.
1 Translating PET images to “specific uptake”
2 Translating “specific uptake” to tissue pO2 levels and verify hypoxia-specificity.
3 Translating tumor pO2 levels to clinically relevant hypoxia levels.
4 Translating results on clinically relevant hypoxia levels into clinical decisions.

PET images into information on specific uptake and provide insight into other

factors contributing to the PET signal. As pharmacokinetic modeling requires

an elaborate imaging protocol and extensive analysis, the aim is to find sim-

plified methods (such as SUV) that provide an acceptable estimate of specific

uptake5. Even if a suitable parameter can be identified, the parameter will

not yet be validated for use in clinical value assessment. First, consistency of

tracer specific uptake and the influence of perfusion and heterogeneity should

be investigated. If found necessary, the quantification method should then be

adjusted accordingly.

Given the complexity of interpreting hypoxia PET images, hypoxia imaging

alone may not be enough for accurate quantification. Multiparametric imaging

could lead to a better understanding of how to interpret hypoxia PET images

and could an important step towards translating hypoxia PET images into clin-

5 It should be noted that even though pharmacokinetic modeling is more capable of sepa-
rating between compartments than simplified methods, the method may still be unable
to truly extract a measure for “specific” uptake, i.e. k3 or BP (as was observed for
[18F]FCH due to inability to distinguish between K1 and k3 and for [18F]FAZA and
[18F]HX4 due to data noise levels).
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ical decisions. At the least, consecutive imaging with tracers for perfusion and

hypoxia would be recommended6. Additionally, a combination with [18F]FDG

PET imaging to assess tissue viability may be useful since the nitroreductase

enzymes required for the presumed hypoxia-specific uptake mechanism can

only be present in viable cells. High hypoxia PET signal in areas of limited

[18F]FDG uptake may then indicate presence of a limited concentration of vi-

able yet highly hypoxic cells7. This method may thereby help to account for

partial volume issues arising from the heterogeneous distribution of hypoxia in

tissue8.

Ideally, biological validation would be performed on the technically vali-

dated parameter to verify the hypoxia-specific uptake mechanism, as assessed

preclinically, in patient studies and to translate parameter values to tissue pO2

levels. However, “gold standard” methods for assessing pO2 levels are highly

invasive and it remains unclear which level of pO2 tension actually designates

clinically relevant hypoxia. Moreover, levels are thought to differ between tissue

(and tumor) types. Alternatively, biological validation could be performed in a

limited amount of clinical studies only to verify the hypoxia-specificity and re-

search could move on to translating parameter values into clinically meaningful

measures directly.

Once the quantification method has been validated, and only then, can the

tracer be used in clinical trials investigating the clinical value of the method.

Prognostic and predictive significance of tracer uptake and possibly associated

threshold values for classification could then be derived. To enable assessment

of the performance in a response monitoring setting, further validation would

be required since, apart from response, the treatment itself may well influence

tracer uptake (such as changes in perfusion and tracer plasma metabolism).

Finally, the efficacy of hypoxia-targeted therapies can only be evaluated when

patients participating in the trial have been carefully selected based on the

presence of hypoxic tumor tissue (as determined by a validated quantification

method). The performance of hypoxia dose painting strategies can only be as-

sessed when a validated quantification method is used to determine appropriate

local dose levels.

The considerations discussed in this chapter summarize some of the challenges

that need to be overcome before hypoxia PET imaging can be implemented in

a routine clinical setting. With continuing technological and methodological

6 As perfusion assessment would in this case be used only for interpreting the hypoxia
PET signal, perhaps a semiquantitative method would suffice and perfusion assessment
could be performed using techniques more feasible in a routine clinical setting, such as
CT or MRI, rather than using dynamic [15O]H2O PET imaging.

7 Alternatively, such a discrepancy could also be caused by presence of hypoxia tracer in
interstitial fluids in these areas. Therefore, results should be interpreted with care.

8 It should be noted that due to the long imaging time intervals required for hypoxia
imaging and the relatively long half-life of 18F, such a combined imaging protocol would
require imaging on separate days. Consequently, coregistration issues are to be expected
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advances, clinical applicability of hypoxia PET imaging is improving. How-

ever, successful clinical implementation for personalized therapies can only be

achieved through rigorous validation studies.





Part III

Dutch summary





Discussie en toekomstvisie

Positron emissie tomografie (PET) is een beeldvormende techniek in de nucle-

aire geneeskunde. Met PET kunnen specifieke processen in het lichaam worden

bestudeerd. Hiertoe worden moleculen, waarvan bekend is dat ze betrokken zijn

bij het proces, voorzien van een radioactief “label”: aan het molecuul wordt een

radioactief atoom vastgeplakt dat (bij radioactief verval) positron deeltjes uit-

zendt. Deze “tracer” wordt vervolgens intraveneus toegediend aan de patiënt

en door de bloedsomloop door het gehele lichaam verspreid. Idealiter zal de

tracer vervolgens specifiek daar accumuleren of binden waar het te bestuderen

biologische proces een verhoogde activiteit vertoont. De straling die door de

radioactieve labels wordt uitgezonden (“emissie”), wordt geregistreerd met een

PET scanner. Met behulp van computersoftware worden de verzamelde data

omgezet naar een 3D beeld. Dit 3D beeld geeft de radioactiviteitsconcentraties,

en daarmee de verdeling van de tracer over het lichaam, weer.

Sinds de introductie van PET in 1977 en de succesvolle implementatie van

deze techniek in het ziekenhuis, worden steeds meer nieuwe PET tracers ontwik-

keld, elk gericht op het visualiseren van een specifiek biologische proces. Na suc-

cesvolle preklinische evaluatie worden tracers eerst in klinisch patiëntonderzoek

geëvalueerd voordat ze kunnen worden gebruikt voor patiëntdiagnostiek. Tech-

nisch gezien is PET in staat om zeer nauwkeurig de radioactiviteitsconcentra-

ties in het lichaam te bepalen (“kwantificeren”). Echter, voordat uit het re-

sulterende 3D beeld klinische conclusies kunnen worden getrokken, moet men

rekening houden met verscheidene factoren die van invloed kunnen zijn op de

gemeten radioactiviteitsconcentraties. Een eenvoudig voorbeeld hiervan is de

hoogte van de gëınjecteerde dosis: een hogere dosis zal leiden tot hogere radioac-

tiviteitsconcentraties in het lichaam, maar die verhoging heeft in dit geval niets

te maken met de activiteit van het biologische proces dat bestudeerd wordt.

Daarnaast kunnen ook andere processen of omstandigheden van invloed zijn

op de hoogte van de gemeten radioactiviteitsconcentraties. Denk bijvoorbeeld

aan lokaal verhoogde bloed- en dus tracertoevoer.

Een eerste stap in de vertaalslag van PET beeld naar klinische conclusies is
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dan ook het bepalen in hoeverre de gemeten radioactiviteitsconcentraties spe-

cifiek zijn toe te schrijven aan het te bestuderen proces (“specifieke opname”).

Om de gemeten radioactiviteitsconcentratie te kunnen opsplitsen naar de con-

tributies van specifieke opname en die van andere factoren, kan gebruik gemaakt

worden van farmacokinetische analyse. Deze methode vereist echter ingewik-

kelde kwantificatiemethoden en een zeer uitgebreid acquisitieprotocol, met o.a.

dynamische PET scans9 om het verloop van de radioactiviteitsconcentraties

over de tijd te meten (“tijdsactiviteitscurves”), en continue arteriële bloed-

sampling om de tijdsactiviteitscurves van het bloed te meten. Dit maakt de

methode minder geschikt voor routine patiëntdiagnostiek. Versimpelde kwan-

tificatiemethoden, zoals SUV (“simplified uptake value”) op basis van statische

PET scans10, verdienen de voorkeur. Dit proefschrift is gericht op het valide-

ren van klinisch toepasbare methoden voor het kwantificeren van traceropname

voor verschillende oncologische PET tracers met volledige farmacokinetische

analyse als referentie.

[18F]FCH PET

Samenvatting en discussie

Hoofdstuk 1 beschrijft een klinische studie naar de kinetiek van [18F]FCH

([18F]fluorocholine). Radiogelabeled choline is gëıntroduceerd als een veel-

belovende tracer voor prostaatkanker [10, 18, 207]. Aangenomen wordt dat de

verhoogde expressie van choline kinase in kankercellen in combinatie met het

verhoogde choline transport leidt tot verhoogde opname van choline in de cel-

membranen van kankercellen. Vanwege zijn actieve transport en specifieke

opnamemechanisme voor tumorcellen lijkt [18F]FCH een ideale tracer voor

prostaatkanker diagnostiek. De studie beschreven in hoofdstuk 1 toont ech-

ter aan dat kwantificering van [18F]FCH opname niet zo eenvoudig is. Van

8 patiënten met uitgezaaide prostaatkanker werd een dynamische PET scan

gemaakt in combinatie met continue arteriële bloedsampling. Uit farmacoki-

netische analyse bleek dat het 2T3k+VB model het best past bij de met PET

geobserveerde kinetiek van [18F]FCH in lymfeklier metastasen. Dit model bleek

echter geen nauwkeurig onderscheid te kunnen maken tussen twee parameters

van het model met hoge onzekerheid in de resultaten tot gevolg. Hierdoor kon

voor meerdere lymfeklieren de traceropname niet precies bepaald worden. Een

eenvoudiger model dat dit onderscheid niet probeert te maken (1T1k+VB), gaf

9 Dynamische PET scan: een serie van direct opeenvolgende PET scans gestart op het
moment van injectie.

10 Statische PET scan: een enkele PET scan uitgevoerd op een bepaald tijdspunt na
injectie.
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numeriek vergelijkbare resultaten maar met veel hogere precisie. Het is dan

ook aan te bevelen om dit laatste model te gebruiken.

Bovenstaande methoden vereisen dynamische PET scans en arteriële bloed-

sampling, en zijn daarom minder geschikt voor routine patiëntdiagnostiek dan

een methode als SUV. Helaas bleek de correlatie tussen SUV en de resultaten

afgeleid met 1T1k+VB teleurstellend laag (R2 < 0.34) en kan SUV dus niet wor-

den gebruikt om [18F]FCH opname te kwantificeren. Waarschijnlijk is dit het

gevolg van verschillen tussen patiënten in tracerverdeling over het lichaam en

de snelle afbraak van [18F]FCH door de lever. We hebben daarom gezocht naar

een alternatieve versimpelde kwantificatiemethode: door de lymfeklier radioac-

tiviteitsconcentraties te delen door de cumulatieve radioactiviteitsconcentratie

in het bloed verkrijgen we een andere kwantificatiemaat die we SUVAUC,WB heb-

ben genoemd. Hier is geen ingewikkeld protocol voor nodig: eerst een 30 min

durende statische PET scan van de aortaboog (gelijktijdig gestart met injectie

van de tracer) voor de bepaling van de cumulatieve radioactiviteitsconcentra-

tie in het bloed, en vervolgens een 10 min durende statische PET scan van het

gebied waarbinnen de metastasen zich bevinden. Voor SUVAUC,WB werd een

betere correlatie gevonden (R2 = 0.65).

Echter, SUVAUC,WB houdt, net als de standaard SUV methode, geen re-

kening met afbraak van de tracer door de lever. Uit de PET scan van de

aortaboog kan niet worden opgemaakt welk deel van de gemeten radioactivi-

teitsconcentratie in het bloed daadwerkelijk afkomstig is van [18F]FCH en welk

deel van radiogelabelde metabolieten. Aangezien metabolieten doorgaans een

andere kinetiek in het lichaam vertonen, wordt in farmacokinetische analyse

de bloed-radioactiviteitscurve gecorrigeerd voor de aanwezigheid van radiogela-

belde metabolieten. Hiertoe werden op gezette tijden bloedsamples afgenomen,

die vervolgens in een laboratorium werden geanalyseerd. De snelheid waarmee

[18F]FCH wordt afgebroken bleek zeer hoog en bleek bovendien sterk te variëren

tussen patiënten. Dit maakt individuele metabolietencorrectie noodzakelijk.

Inderdaad bleek de correlatie met de resultaten van farmacokinetische analyse

hoger voor SUVAUC,PP, waarbij de cumulatieve radioactiviteitsconcentratie in

het bloed is corrigeerd voor metabolieten (R2 = 0.92).

Toekomstvisie

[18F]FCH opname in lymfeklier metastasen bleek irreversibel. Daardoor zal

traceropname waarschijnlijk direct afhankelijk zijn van perfusie11. Of dit tot

klinisch relevante kwantificatiefouten leidt, moet nog worden onderzocht.

De voorgestelde alternatieve kwantificatiemethode SUVAUC,PP vereist het

afnemen en analyseren van arteriële bloedsamples om te kunnen corrigeren

11 Perfusie is een maat voor de hoeveelheid bloedaanvoer ten opzichte van het volume van
het te beschouwen weefsel.
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voor metabolieten. Veneuze bloedsamples bleken hiervoor namelijk te onbe-

trouwbaar. Het plaatsen van een arteriële lijn is invasief en de benodigde ana-

lysemethode voor het bepalen van de metabolietenfractie, specialistisch. In de

toekomst zal dus ook moeten worden onderzocht of SUVAUC,WB, ondanks het

negeren van afbraak van de tracer, niet toch voldoende nauwkeurige kwantifica-

tieresultaten biedt voor klinische toepassingen. Daarnaast zijn momenteel we-

tenschappelijke studies gaande naar alternatieve choline-tracers [30, 31]. Mocht

een choline-tracer gevonden worden met eenzelfde kinetiek als [18F]FCH, maar

die minder snel wordt afgebroken, dan zal SUVAUC,WB waarschijnlijk ook beter

presteren.

In hoofdstuk 1, werden alleen lymfeklier metastasen beschouwd. Van [18F]FCH is

echter aangetoond dat het ook wordt opgenomen in goedaardige lymfeklieren.

Onderscheid maken tussen goedaardige en kwaadaardige lymfeklieren is dan

ook niet zonder meer mogelijk en dit zou een belangrijke beperking betekenen

voor gebruik van [18F]FCH PET voor patiëntdiagnostiek. Oprea-Lager et al.

hebben aangetoond dat uit het relatieve verschil in [18F]FCH opname tussen 2

en 30 min na injectie de betreffende lymfeklier kan worden geclassificeerd als

kwaadaardig of goedaardig [20]. Dit zou kunnen betekenen dat het kinetisch

model voor [18F]FCH kinetiek in goedaardige lymfeklieren anders is dan voor

kwaadaardige lymfeklieren. Dit verschil, en de implicaties hiervan voor kwanti-

ficatie en classificatie, zou verder moeten worden onderzocht m.b.v. kinetische

analyse. Voor dit onderzoek zal het nemen van bloedsamples niet strikt nood-

zakelijk zijn, aangezien uitsluitend gekeken wordt naar verschillen in kinetiek

tussen verschillende structuren binnen patiënten. Variabiliteit tussen patiënten

in afbraak van de tracer e.d. is dan niet relevant.

Behalve [18F]FCH, worden momenteel ook andere prostaatkanker PET tracers

onderzocht. Bijvoorbeeld:

1. [11C]acetaat. Deze tracer heeft een vergelijkbaar opname-mechanisme in

tumor cellen maar kan, vanwege de zeer korte halveringstijd van 11C,

alleen gebruikt worden in ziekenhuizen met een eigen of nabijgelegen cy-

clotron [208].

2. anti-[18F]FACBC. Deze tracer wordt minder snel afgebroken dan [18F]FCH.

Opname in tumorweefsel is vergelijkbaar snel maar, in tegenstelling tot

[18F]FCH, reversibel [209].

3. PET tracers die binden aan membraan prostaat-specifiek antigeen (PSMA).

PSMA is een glycoprotëıne met verhoogde expressie in prostaatkanker-

cellen. Verhoogd PMSA wordt bovendien geassocieerd met progressie

van de ziekte. Om die reden wordt verwacht dat de opname van PMSA

gerichte PET tracers zeer specifiek zal zijn voor prostaatkanker [210].
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De in hoofdstuk 1 geschetste resultaten met [18F]FCH tonen aan dat het erg

belangrijk is om voor elke nieuw ontwikkelde tracer eerst een volledige farma-

cokinetische analysestudie in patiënten uit te voeren, voordat de tracer wordt

gebruikt in klinische studies die conclusies trekken op basis van versimpelde

kwantificatiemethoden, zoals SUV. De aannames die ten grondslag liggen aan

de versimpelde kwantificatiematen, kunnen dan voor die tracer worden geveri-

fieërd voordat mogelijk ten onrechte veel tijd, arbeid en geld wordt gëınvesteerd.

Hypoxie

Samenvatting en discussie

Tumorcellen met een te lage zuurstofspanning kunnen “hypoxisch” worden.

Hypoxische tumorcellen zijn agressiever en minder gevoelig voor (radio)therapie.

Er wordt daarom gezocht naar een minimaal-invasieve methode om de mate

van hypoxie in de tumor te kunnen bepalen, o.a. met PET. In hoofdstuk 3

en 5 is aangetoond dat voor zowel [18F]FAZA als [18F]HX4 versimpelde kwan-

tificatiemethoden vergelijkbare resultaten geven als kinetische analyse. Bo-

vendien vonden Wang et al. eerder al dat versimpelde methoden ook voor de

meest geëvalueerde tracer [18F]FMISO goede resultaten gaven [86]. Bij kwan-

tificatie van hypoxie PET beelden ligt de uitdaging niet zozeer in het vinden

van versimpelde kwantificatiemethoden maar meer in het correct interprete-

ren van de PET beelden: dit is complex vanwege de bijna uniforme hypoxie-

tracerverdeling over het gehele lichaam, de onvermijdelijke relatie tussen tra-

ceropname en perfusie, de heterogene verdeling van hypoxie in tumorweefsel,

en de vertaling van “traceropname” naar “mate van hypoxie”.

De moleculen van de tracers [18F]FAZA, [18F]HX4 en [18F]FMISO bevatten alle

een molecuulgroep genaamd “nitroimidazole”. Verondersteld wordt dat wan-

neer een dergelijk tracermolecuul een cel binnenkomt, het een reactie met zoge-

noemde nitroreductase enzymen ondergaat, waardoor het een radicaal wordt.

Deze reactie kan worden teruggedraaid door een reactie met zuurstof, waarna

het tracermolecuul de cel weer kan verlaten. Echter, wanneer de zuurstofspan-

ning in de cel te laag is (hypoxie), kan het radicaal binden aan één van de

in de cel aanwezige macromoleculen en daarmee in de cel blijven hangen [84].

Theoretisch gezien, zal het PET beeld van een dergelijke tracer dus verhoogde

radioactiviteitconcentraties weergeven voor hypoxisch weefsel. Men dient ech-

ter wel rekening te houden met het feit dat ook in niet-hypoxische weefsels

tracermoleculen aanwezig kunnen zijn, die niet aan een macromolecuul gebon-

den zijn maar gewoonweg de cel nog niet hebben verlaten. Het tijdsinterval
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tussen het toedienen van de tracer en de PET scan zal dus voldoende lang

moeten zijn opdat in hypoxische gebieden voldoende tracermoleculen in de cel-

len zijn vastgehouden en de niet-gebonden tracermoleculen de cellen hebben

verlaten. Een volgende complicerende factor is de relatie tussen traceropname

en perfusie. Hoe hoger de perfusie, hoe meer tracer aan het weefsel wordt ge-

leverd, dus hoe hoger de traceropname in het weefsel12. Andersom geldt: hoe

lager de perfusie, hoe minder tracer aan het weefsel wordt geleverd en hoe lager

de traceropname. Verlaagde perfusie is echter ook een belangrijke oorzaak van

hypoxie [211]. Juist in hypoxische weefsels zal de aanvoer van de tracer dus be-

perkt zijn, hetgeen kan kan leiden tot relatief lage radioactiviteitsconcentraties

(en daarmee een relatief laag signaal op het PET beeld).

In hoofdstuk 2 is een overzicht gegeven van de huidige status (tot 1 januari

2014) van het onderzoek op het gebied van hypoxie PET en perfusie PET in

longkanker. Voor het meten van perfusie met PET is de tracer [15O]H2O het

meest geschikt. Water kan namelijk volledig vrij diffunderen van en naar het

weefsel en bindt niet in cellen. Daardoor is de mate van perfusie direct te be-

palen uit farmacokinetische analyse. Over het gebruik van [15O]H2O voor het

bepalen van perfusie in longkanker is inmiddels al veel gepubliceerd. Over hy-

poxie PET bij longkanker is minder bekend. Bovendien is het niet gemakkelijk

om eenduidige conclusies te trekken uit de publicaties die er zijn, aangezien

verschillende scanprotocollen en verschillende kwantificatiemethoden gebruikt

zijn.

Farmacokinetische analyse is een meer objectieve methode voor het kwan-

tificeren van traceropname: kwantificatie is in dit geval namelijk gebaseerd

op het verloop van de radioactiviteitsconcentraties in het weefsel gedurende de

tijd (de tijdsactiviteitscurves), in plaats van gebaseerd op een enkele statische

scan. Voor hypoxie-tracers wordt dan ook aanbevolen gebruik te maken van

farmacokinetische analyse methoden voor kwantificatie [212, 213, 214, 215]. In de

hoofdstukken 3, 4 en 5 zijn de resultaten van farmacokinetische analyse voor

de hypoxie-tracers [18F]FAZA en [18F]HX4 gegeven.

Hoofdstuk 3 beschreef de resultaten van een studie met negen patiënten met

niet-kleincellig longcarcinoom. Om de kinetiek van hypoxie-tracer [18F]FAZA

te bestuderen werden van deze patiënten data verzameld middels 70 minu-

ten durende dynamische PET scans en continue arteriële bloedsampling. Het

2T4k+VB model bleek het best te passen bij de kinetiek van [18F]FAZA in tu-

morweefsel. Bovendien bleek dat het voor het kwantificeren van [18F]FAZA op-

name in tumorweefsel niet strikt noodzakelijk is om arteriële bloedsamples af te

nemen: de radioactiviteitsconcentraties in het bloed kunnen ook direct worden

afgeleid uit de dynamische PET scan en de correctiefactoren voor plasma-bloed

12 Uitgaande van de “tracer aanname”: de hoeveelheid tracermoleculen is zodanig laag dat
verondersteld mag worden dat geen saturatie optreedt.
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ratio en metabolieten kunnen ook worden bepaald uit veneuze bloedsamples.

Sterker nog, aangezien de hoogte van de correctiefactoren niet veel verschilden

tussen patiënten, zou wellicht zelfs een algemene (populatiegemiddelde) correc-

tie kunnen volstaan. In dat geval zou het afnemen van bloedsamples niet nodig

zijn. Echter, deze hypothese zal eerst moeten worden geverifieërd in een grotere

studiepopulatie. Versimpelde kwantificatiemethoden bleken een redelijk goed

alternatief voor farmacokinetische analyse voor kwantificatie van [18F]FAZA

opname in tumorweefsel. Het beste resultaat werd gevonden voor tumor-bloed

ratio (TBr; R2 = 0.87 voor TBr bepaling op basis van een statische PET scan

op 50-60 min na injectie).

In hoofdstuk 3 werd gebruik gemaakt van niet-lineaire regressiemethoden voor

de farmacokinetische analyse. Deze methoden zijn zeer gevoelig voor ruis en

daarom niet geschikt voor het kwantificeren van traceropname in kleine re-

gio’s. Er zijn andere methoden, “parametrische methoden”, beschikbaar die,

middels een aantal slimme aannames, wel geschikt zijn voor farmacokinetische

analyse van kleine regio’s, zelfs op voxel-niveau13. Aangezien hypoxische ge-

bieden waarschijnlijk juist kleine regio’s binnen de tumor zullen zijn, verdienen

deze methoden de voorkeur. Echter, voordat een dergelijke methode gebruikt

kan worden, moet eerst worden onderzocht of de daarmee gemoeide aannames

geen kwantificatiefouten veroorzaken. Hoofdstuk 4 vergeleek de resultaten van

enkele parametrische methoden, “Logan plot analyse” en “spectraal analyse”,

met de resultaten van niet-lineaire regressie analyse. Beide methoden bleken

geschikt (R2 = 0.88, ICC = 0.93; en R2 = 0.79, ICC = 0.81, respectievelijk).

“Logan plot analyse” en “spectraal analyse” vereisen een dynamische PET

scan. Een versimpelde kwantificatiemethode op basis van een statische PET

scan zou dus beter bruikbaar zijn voor routine patiëntdiagnostiek. Daarom zijn

in dit hoofdstuk de prestaties van de versimpelde methode TBr opnieuw onder-

zocht, maar nu ook voor kleinere regio’s. De resultaten waren consistent met

de resultaten gevonden in hoofdstuk 3 (R2 = 0.85; ICC = 0.80). Wel bleek dat

in regio’s met relatief hoge traceropname, TBr de opname onderschat. Versim-

pelde methoden hebben nog een nadeel: zelfs een voxel zal naast weefsel ook

bloedvaten omvatten en dit bëınvloedt de gemeten radioactiviteitsconcentratie.

Bij een dynamische PET scan, zoals gebruikt voor “Logan plot” en “spectraal

analyse”, kunnen regio’s waarbinnen het bloedvolume erg hoog is, van te voren

geëxcludeerd worden. De tracer bevindt zich kort na injectie immers alleen

in het bloed en de PET beelden die gedurende die periode verzameld worden,

geven dus een indicatie van het in een regio aanwezige bloedvolume. Wanneer

alleen een statische PET scan gemaakt wordt (bijvoorbeeld na 60 minuten),

is dit niet mogelijk. Of deze nadelen tot klinisch relevante kwantificatiefouten

zouden leiden, moet worden onderzocht in een grotere studiepopulatie.

13 De software van de PET scanner verdeelt de data over “voxels” (“pixels” maar dan in
3D). Een voxel is dus de kleinst mogelijke regio die met PET kan worden weergeven.
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In hoofdstuk 5 zijn de resultaten gegeven van farmacokinetische analyse voor

een andere hypoxie-tracer: [18F]HX4. Acht patiënten met de diagnose niet-

kleincellig longcarcinoom ondergingen allen een serie van drie dynamische PET

scans verspreid over 4.5 uur. Net als bij [18F]FAZA in hoofdstuk 3 bleek de kine-

tiek van [18F]HX4 in tumorweefsel reversibel (2T4k+VB) en gaven versimpelde

kwantificatie methoden goede resultaten (TBr: R2 = 0.96). Farmacokinetische

analyse van de volledige 4.5 uurs dataset bleek bovendien gelijkwaardige re-

sultaten op te leveren als wanneer slechts data van de eerste 2.5 uur werden

beschouwd. Of deze conclusies stand houden op voxel-niveau, moet nog worden

onderzocht.

Hypoxie-tracers

Dertig jaar geleden is de hypoxie-tracer [18F]FMISO gëıntroduceerd en sinds-

dien uitvoerig onderzocht, met veelbelovende resultaten. Echter, de kinetiek

van [18F]FMISO is dermate langzaam dat het contrast tussen hypoxisch en

niet-hypoxisch weefsel in het PET beeld beperkt is. Er wordt daarom gezocht

naar soortgelijke tracers die een snellere kinetiek vertonen (zie tabel 2.1). De

meeste bevatten, net als [18F]FMISO, [18F]FAZA en [18F]HX4, een nitroimida-

zole groep, en zouden daarom theoretisch gezien hetzelfde opnamemechanisme

moeten laten zien. Het verschil zit hem in de partitiecoëfficient: de oplosbaar-

heid in olie ten opzichte van de oplosbaarheid in water. Een tracer die goed

oplosbaar is in water, zal relatief snel door het weefsel verspreiden en daarmee

hypoxische gebieden relatief snel bereiken. Echter, de matige oplosbaarheid in

vet kan maken dat de tracer de celmembranen (die vooral bestaan uit vetten)

niet goed kan passeren, en dus niet in die hypoxische gebieden vastgehouden

zal worden. Door de jaren heen is men naarstig op zoek naar een tracer met

de ideale balans tussen deze twee eigenschappen, wat zich uit in een heel scala

aan tracers met minimale verschillen. Om dit te illustreren toont figuur 7.3 een

grafiek met daarin het verloop over de tijd van de radioactiviteitsconcentraties

in tumorweefsel van [18F]HX4 en [18F]FAZA.

Het lijkt tegenstrijdig dat de kinetiek van [18F]FAZA en [18F]HX4 reversibel

bleek, terwijl voor [18F]FMISO vaak juist een irreversibel model14 gebruikt

wordt om te kwantificeren [111, 213, 214]. Dit laatste vanwege het verondersteld

irreversibele opnamemechanisme van nitroimidazole in hypoxische cellen.

Dit is mogelijk een voorbeeld van verschillende benaderingen in farmacoki-

netische methoden: ontwikkelen we het model vanuit de theorie of direct vanuit

de data. Beide methoden hebben voor- en nadelen. Bij theorie-gebaseerde me-

thoden wordt het model ontwikkeld op basis van theoretische hypothesen (vaak

ondersteund door in vitro data). Bij data-gebaseerde methoden, zoals gebruikt

in dit proefschrift, wordt het model bepaald aan de hand van metingen: van een

14 Bruehlmeyer et al. vonden overigens wel een reversibel model voor [18F]FMISO in glio-
blastomen [85]
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Figuur 7.3: Tijdsactiviteitscurves in tumorweefsel van [18F]HX4 (gemiddeld over
data van 8 patiënten, weergegeven in witte symbolen) en [18F]FAZA (gemiddeld
over data van 7 patiënten, weergegeven in grijze symbolen). Ten behoeve van eer-
lijke vergelijking zijn de radioactiviteitsconcentraties gedeeld door schattingen van de
lichaamsoppervlakte (SUVBSA) en bloedactiviteitsconcentraties (TBr). Voor tijdstip-
pen > 0.1 uur is bovendien de precisie van de gemiddelden weergegeven: + 2 SD
voor [18F]FAZA, − 2 SD voor [18F]HX4.

set standaardmodellen wordt gekeken welk model het best past bij de gemeten

data. Deze laatste methode kan dus heel gevoelig zijn voor kwaliteit van de

data (bijvoorbeeld de signaal-ruisverhouding, patiëntbeweging, hoe de tracer is

toegediend, etc.). Een theorie-gedreven methode is hier minder gevoelig voor,

maar het is natuurlijk wel zaak dat de hypothesen die ten grondslag liggen aan

het model, correct zijn.

Het zou natuurlijk ook kunnen dat de kinetiek van [18F]FMISO inderdaad geen

reversibele component kent, zoals wordt verondersteld in de theorie-gebaseerde

modellen. In dat geval zou het interessant zijn om te onderzoeken waarom dit

wel gevonden werd voor zowel [18F]FAZA als [18F]HX4. Mogelijke verklaringen

zijn:

1. Wellicht hebben [18F]FAZA en [18F]HX4 een te lage partitiecoëfficiënt

waardoor de tracers de celmembranen niet kunnen passeren en daardoor

niet kunnen worden opgenomen, laat staan vastgehouden, in de cellen.

Preklinische resultaten laten echter zien dat [18F]FAZA wel degelijk re-

latief hogere opname vertoont in hypoxische cellen [182], en dit zou niet

kunnen als de tracer de cellen niet in zou kunnen komen. Daarnaast zou

een positieve correlatie met perfusie gevonden moeten worden. Shi et al.

bevestigden de negatieve correlatie tussen perfusie en [18F]FAZA opname

(afgeleid met 2T4k+VB) [137].

2. Wellicht bevatten de in hoofdstuk 3, 4 en 5 geanalyseerde tumoren ge-
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woonweg geen hypoxisch weefsel. Dit is immers binnen de studie niet

geverifieërd. Echter, gezien de grootte van de tumormassa en de aanwe-

zigheid van necrotisch weefsel is dit onwaarschijnlijk. Bovendien blijkt

uit nog ongepubliceerde analyse waarbij [18F]FAZA met [15O]H2O PET

vergeleken wordt, dat de geanalyseerde tumoren clusters bevatten waarbij

de [18F]FAZA opname verhoogd is, terwijl de perfusie laag is.

3. Het kan een effect zijn van de heterogene verdeling van traceropname

in de tumor. Heterogeniteit in traceropname kan namelijk de tijdsac-

tiviteitscurve zodanig vervormen dat het ten onrechte lijkt alsof er een

reversibele component is [216]. In dit proefschrift zijn steeds verschillende

regio’s, o.a. van verschillende grootte, beschouwd en daartussen zijn geen

duidelijke verschillen in kinetiek gevonden die zouden kunnen duiden op

een dergelijke virtuele reversibele component. Echter, de laagst haalbare

regio is 4·4·4 mm3 en hierbinnen kan de traceropname nog steeds hete-

rogeen zijn. De hypothese kan dus niet geheel weerlegd worden op basis

van de data. Blijft echter de vraag waarom dit effect voor [18F]FMISO

niet aanwezig lijkt.

4. Het zou ook kunnen dat de kinetiek van [18F]FMISO wel reversibel is,

maar dat de reversibele component zodanig klein is dat de reversibili-

teit nog niet aantoonbaar is ten tijde van de scan. [18F]FMISO kinetiek

is namelijk langzaam terwijl het tijdsinterval tussen injectie van de tra-

cer en het maken van de scan niet te lang mag zijn in verband met de

halveringstijd van 18F (109 min).

Klinische toepassingen

In hoofdstuk 2 werden mogelijke toepassingen beschreven van hypoxie PET

in de patiëntdiagnostiek. Naast de prognostische waarde en toepassingen met

betrekking tot het monitoren van therapierespons, kan hypoxie PET mogelijk

ook worden ingezet bij het selecteren van een geschikte behandelstrategie voor

de individuele patiënt (teneinde effectiviteit van het behandelplan te vergroten

en onnodige bijwerkingen te voorkomen).

1. Aanpassing van de radiotherapiedosis Een van de mogelijke toepassingen is “ra-

diation dose painting”. Hypoxische tumorcellen zijn minder gevoelig

voor radiotherapie. Daarom wordt bij “radiation dose painting” aan

hypoxische delen van de tumor toe te dienen stralingsdosis verhoogd.

Technisch gezien is het mogelijk om zo gericht en nauwkeurig te bestra-

len [166, 197, 217, 218, 219, 220, 221, 222] en er zijn reeds wetenschappelijke

studies gestart naar de effectiviteit van dergelijke strategieën bij patiënten

(NCT01576796, NCT01024829).

De opzet van dit soort studies is complex [223, 224, 225, 226]: wanneer de

dosis wordt verhoogd voor delen van de tumor (bijvoorbeeld regio’s die
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geclassificeerd zijn als hypoxisch), dan zal de totale toegediende dosis ook

hoger zijn. Verhoging van de totale dosis kan op zichzelf ook leiden tot

hogere effectiviteit van de therapie, wat het moeilijk maakt om conclusies

te trekken uit een dergelijke studie. Bovendien is er niet voor niets een

maximum dosis vastgesteld: een verhoogde dosis zal leiden tot meer bij-

werkingen met alle nadelige gevolgen van dien. Een alternatief zou zijn

het verlagen van de dosis voor de andere delen van de tumor, zodanig

dat de totale toegediende dosis gelijk blijft. Als dit gebaseerd wordt op

hypoxie PET is het mogelijk dat kleine clusters van zeer hypoxische cel-

len een te lage dosis ontvangen omdat deze niet zijn waargenomen met

PET15 [227].

2. Selectie van therapie Hypoxie PET kan ook een hulpmiddel zijn bij het selec-

teren van een geschikte therapie voor een patiënt. In geval van hypoxie,

kunnen bijvoorbeeld middelen worden gegeven die de cellen gevoeliger

maken voor radiotherapie [80] of speciaal op hypoxie gerichte chemothe-

rapie [73, 74, 75]. Deze stoffen kunnen echter ernstige bijwerkingen veroor-

zaken. Het is dus zaak om vooraf in te schatten of een patiënt wel baat

zal hebben van een dergelijke therapie, bijvoorbeeld door het maken (en

correct interpreteren) van een hypoxie PET scan.

Voor beide toepassingen geldt dat het tijdsinterval tussen injectie van de tracer

en de PET scan van invloed is op de tracerverdeling in de tumor en daarmee op

de classificatie. De snelheid waarmee de tracer wordt opgenomen (en vastgehou-

den) in het weefsel zal immers afhangen van zowel het aantal hypoxische cellen

en de mate van hypoxie als van de perfusie en zal dus binnen de tumor variëren.

Bovendien bleek de opname van [18F]FAZA en [18F]HX4, ook in hypoxisch weef-

sel, reversibel. Dit maakt het nog moeilijker, zo niet onmogelijk, om één enkel

tijdspunt te definiëren dat optimaal zou zijn voor het beoordelen van de mate

van hypoxie in de gehele tumor. Parametrische analyse is dan ook aanbevolen.

“Spectraal analyse” bevat bovendien een correctie voor de aanwezigheid van

bloedvolume in een regio. Het zou interessant zijn om te onderzoeken of de

resultaten van parametrische methoden overeenkomen met resultaten van de

invasieve methoden die momenteel gebruikt worden voor het bepalen van de

zuurstofspanning in het weefsel (zoals een naald-electrode)16. Voor versimpelde

methoden bleek dit tot nu toe namelijk teleurstellend [158, 228, 229].

Daarnaast moet de relatie tussen hypoxie PET en perfusie in voldoende

mate onderzocht zijn. Zeker voor toepassingen als “radiation dose painting” ge-

15 Een PET voxel is ongeveer 4·4·4 mm3. Als zo’n regio een klein cluster van hypoxische
cellen bevat, maar ook een gedeelte necrotisch weefsel, kan het zijn dat het PET signaal
wordt uitgemiddeld. De regio wordt dan ten onrechte geclassificeerd als niet-hypoxisch.

16 Bartlett et al. hebben dit bijvoorbeeld geconstateerd voor [18F]FMISO in een preklini-
sche studie [212]
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baseerd op hypoxie PET. Mogelijk geeft een combinatie van hypoxie en perfusie

PET, bijvoorbeeld door binnen een scansessie achtereenvolgens een [15O]H2O

PET scan en een hypoxie PET scan uit te voeren, een betrouwbaarder beeld

van de verdeling van hypoxie in het weefsel.

Toekomstvisie

Om hypoxie PET te kunnen gebruiken voor patiëntdiagnostiek is een gestan-

daardiseerde en gevalideerde methode voor het vertalen van hypoxie PET beel-

den naar klinische conclusies, een vereiste. Uit het scala van hypoxie-tracers

zal de ideale tracer moeten worden geselecteerd. Daarnaast zullen een klinisch

haalbare scanprocedure en kwantificatiemethode moeten worden ontwikkeld en

zullen drempelwaarden moeten worden bepaald waarboven tumorweefsel kan

worden geclassificeerd als “hypoxisch” (op een klinisch relevant niveau).

Het vergelijken van de verscheidene tracers is echter niet eenvoudig. De tot

nu toe gevonden de resultaten van studies waarin hypoxie PET werd vergele-

ken met geijkte invasieve methoden zijn niet consistent. Dit kan echter puur

het gevolg zijn van de verschillen in kwantificatiemethoden die gebruikt zijn

in die studies. Definitieve conclusies over de prestaties van een tracer kunnen

alleen getrokken worden wanneer een voor de betreffende tracer gevalideerde

kwantificatiemethode wordt gebruikt om het PET beeld te interpreteren.

Om de vertaalslag van hypoxie PET naar klinische conclusies te kunnen maken,

zullen methodes moeten worden ontwikkeld voor:

1. Het uit de PET scan afleiden van een maat voor specifieke binding van

de tracer in het weefsel.

2. Het vertalen van die maat naar zuurstofspanning van het betreffende

weefsel.

3. Het vertalen van de zuurstofspanning naar de mate van klinisch relevante

hypoxie.

4. Het vertalen van de mate van klinisch relevante hypoxie niveaus naar kli-

nische conclusies.

Figuur 7.4 geeft een overzicht van de volgorde van het wetenschappelijk onder-

zoekstraject dat gevolgd moet worden om tot een gevalideerde kwantificatie-

methode te komen voor een hypoxie PET tracer. Deze opsomming is geenszins

volledig maar toont enkele belangrijke stappen die noodzakelijk zijn om zeker te

zijn van een correcte interpretatie van hypoxie PET beelden en om het onnodig

moeten herhalen van klinische studies te voorkomen.
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Preklinisch onderzoek 

Patiëntonderzoek 

Hypoxie-specificiteit (in vitro en in vivo) 1 

Tracer verdeling vs. hypoxie verdeling 1 

Predictieve waarde 3,4 

Prognostische waarde 3,4 

Om de 
kwantificatie 
methode te 
valideren 

Gebuikmakend 
van een 
gevalideerde 
kwantificatie 
methode Monitoren van therapie response 3,4 

Klinische uitkomst 3,4 

Technische validatie 

Biologische validatie 

Klinische relevantie 

Biodistributie en  metabolieten 1 

Farmacokinetische analyse 1 

Consistentie van kwantificatieresultaten 1 
Relatie met perfusie 1 
Invloed van heterogeniteit 1 

Versimpelde kwantificatie methoden 1 

Proof of concept 

Specifieke traceropname vs. gemeten 
zuurstofspanning 2 

Tracer verdeling vs. hypoxie verdeling 1 

Figuur 7.4: Overzicht van enkele belangrijke stappen in het onderzoekstraject naar
een gevalideerde hypoxie PET tracer.
1 Het uit de PET scan afleiden van een maat voor specifieke traceropname.
2 Het vertalen van die maat naar zuurstofspanning van het betreffende weefsel.
3 Het vertalen van de zuurstofspanning naar de mate van klinisch relevante hypoxie.
4 Het vertalen van de mate van klinisch relevante hypoxie niveaus naar klinische
conclusies.

Allereerst zal moeten worden aangetoond dat de opname van de tracer in

de cellen inderdaad samenhangt met de mate van hypoxie. Dit kan worden

onderzocht door hypoxie te induceren en te bepalen of de radioactiviteitscon-

centraties in de betreffende cellen inderdaad verhoogd zijn. Daarnaast kunnen

de resultaten direct worden vergeleken met geijkte invasieve methoden. Het

induceren van hypoxie in patiënten is echter ethisch moeilijk te verantwoorden.

Dit wordt dan ook gedaan middels preklinisch onderzoek (zowel in losse cellen

als in proefdieren). Daarnaast wordt preklinisch onderzoek ook gebruikt om

te voorspellen of een tracer in patiëntstudies met succes te evalueren is. Met

andere woorden: of het zin heeft om patiëntstudies op te starten.

Preklinische resultaten kunnen echter niet zomaar vertaald worden naar

mensen. Alle bevindingen zullen dus vervolgens moeten worden geverifieërd

middels patiëntstudies. Echter, vanwege ethische overwegingen zijn dit soort

studies minder gecontroleerd. Zorgvuldige selectie van proefpersonen is dan

ook zeer belangrijk. Farmacokinetische analyse kan worden gebruikt om in-

zicht te krijgen in de kinetiek van de tracer in patiënten en om specifieke op-
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name van de tracer te kwantificeren. Daarna kan worden onderzocht of dit

laatste ook mogelijk is met een versimpelde methode, zoals SUV. Echter, zelfs

als dit mogelijk blijkt, betekent het nog niet dat de methode geschikt zal zijn

voor patiëntdiagnostiek. Eerst moet nog worden aangetoond dat de kwanti-

ficatiemethode robuust is, d.w.z. dat het resultaat niet wordt bëınvloed door

factoren waarvoor in de methode niet gecorrigeerd wordt. Dergelijke facto-

ren kunnen bijvoorbeeld zijn: perfusie, mate van heterogeniteit, afbraak van

de tracer, maar ook de patiëntvoorbereiding (heeft de patiënt vooraf gegeten,

op welk moment van de dag wordt de scan uitgevoerd, etc.). Als blijkt dat

er inderdaad een verstorende factor is, zal de methode hierop moeten worden

aangepast.

Voor hypoxie PET is perfusie waarschijnlijk zo’n factor. Het is dan ook aan

te bevelen om naast de hypoxie PET scan ook een perfusie scan te maken17.

Daarnaast is het wellicht nuttig om een [18F]FDG PET scan te maken om de

levensvatbaarheid van het weefsel te kunnen beoordelen. Zoals eerder in dit

hoofdstuk is uitgelegd, geeft het uitmiddelen van de radioactiviteitsconcentra-

ties over de beschouwde regio’s mogelijk kwantificatiefouten. Bijvoorbeeld in

een regio waarbinnen zich naast hypoxische cellen ook necrotische cellen bevin-

den. Het PET signaal afkomstig van hypoxie-traceropname in de hypoxische

cellen wordt dan uitgemiddeld met het signaal uit necrotische cellen (gelijk

aan nul vanwege afwezigheid van de nitroreductase-enzymen in deze cellen), en

daarmee ten onrechte relatief laag. Door ook een [18F]FDG scan te maken, kan

hiervan mogelijk een inschatting gemaakt worden .

Parametrische analyse van een combinatie van PET scans met verschillende

tracers kan meer inzicht geven in hoe hypoxie PET beelden te interpreteren en

is daarmee een belangrijke stap richting het vertalen van hypoxie PET naar

klinische conclusies.

In de ideale wereld wordt de inmiddels technisch gevalideerde kwantificatieme-

thode ook “biologisch” gevalideerd, d.w.z. het middels patiëntstudies vertalen

van de kwantificatiemaat naar de zuurstofspanning van het weefsel. Echter, de

hiervoor benodigde metingen zijn invasief en het is bovendien nog onduidelijk

bij welke waarde van de zuurstofspanning nu echt gesproken kan worden van

(klinisch relevante) hypoxie. Dit laatste lijkt zelfs te verschillen tussen weef-

sels. Het is daarom te verantwoorden om deze validatiestap over te slaan, te

volstaan met de preklinische resultaten m.b.t. de hypoxie-specificiteit van de

traceropname, en het onderzoek direct te richten op de klinische relevantie van

de kwantificatieresultaten. Bijvoorbeeld om te bepalen welke waarde voorspel-

17 [15O]H2O PET is niet erg geschikt voor routine patiëntdiagnostiek: de halveringstijd
van 15O is zo kort dat de tracer ter plaatse gefabriceerd moet worden met behulp van een
speciaal cyclotron. Echter, aangezien de perfusie scan in dit geval slechts gebruikt zal
worden om het hypoxie PET beeld beter te kunnen interpreteren, kan wellicht volstaan
worden met een semi-kwantitatieve methode, bijvoorbeeld met behulp van CT of MRI
of wellicht de dynamische hypoxie PET scan zelf [85, 112].
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lend is voor het verloop van de ziekte of bij welke mate van traceropname een

verandering van therapie gëındiceerd is.

Dit kan alleen als de kwantificatiemethode is gevalideerd. Anders worden

mogelijk conclusies getrokken op basis van foutieve maten. Ook onderzoeken

naar de effectiviteit van hypoxie-specifieke therapie heeft alleen zin als deel-

nemers worden geselecteerd op aanwezigheid van hypoxisch weefsel en als de

mate van hypoxie wordt gemeten m.b.v. gevalideerde kwantificatiemethoden.

In dit hoofdstuk zijn enkele uitdagingen uiteengezet, die overwonnen moe-

ten worden voordat hypoxie PET imaging kan worden gëımplementeerd in

patiëntdiagnostiek en behandeling. Door de voortdurende technologische en

methodologische vooruitgang, wordt klinische toepassing van PET hypoxie

steeds realistischer. Echter, voordat PET hypoxie beeldvorming kan worden

ingezet voor het personaliseren van therapie, zal eerst de validiteit van de kwan-

tificatiemethoden moeten worden bewezen en de vertaalslag naar klinische con-

clusies worden verwezenlijkt.





Part IV

Reference material





A Appendix

A.1 Description of [18F]FCH synthesis

Cyclotron produced [18F]fluoride (30-40 GBq) was reacted with dibromometh-

ane and the obtained [18F]fluorobromomethane was purified over 4 in-line con-

nected Waters Sep-Pak silica plus long cartridges (Waters, Etten-Leur, The

Netherlands) [230] and passed over two Waters tC18 Sep-pak plus cartridges

connected in-line (pretreated with 10 mL of 96% ethanol and subsequently

10 mL of water for injection) containing the precursor 2-(dimethylamino)ethanol.

Alkylation of the precursor on the Sep-pak was done at room temperature. Af-

ter completion of the reaction, the product was rinsed of the tC18 Sep-pak

cartridges and passed over a Waters Accell plus CM Sep-pak cartridge (pre-

treated with 8 mL of 1M HCl) to trap the precursor. The ethanolic solution of

[18F]fluorocholine was diluted with a solution of 0.9% NaCl (Fresenius Kabi) to

a ethanol concentration of less than 2% and passed over sterile 0.22μm Millex-

GV filter (Millex, Barendrecht, the Netherlands) yielding 2-5 GBq [18F]FCH

(6-16% uncorrected yield) as a sterile, isotonic and pyrogen free solution. The

radiochemical purity was > 99% and no chemical impurities were detected as as-

sessed by analytical radio/ultraviolet-HPLC. Residual concentrations of dibro-

momethane and 2-(dimethylamino)ethanol were determined by flame ionization

detector - gas chromatography and were below 25 and 400 ppm respectively.

A.2 Description of [18F]FAZA synthesis

Cyclotron produced 18F was extracted from the enriched water on a Sep-Pak

QMA cartridge, which was pre-treated with 20 mL of a 0.6 M NaHCO3 solu-

tion. The fluoride was eluted from this cartridge into the synthesis unit with a

solution of 15 mg (4 μmol) of Kryptofix 2.2.2 and 5.0 mg (5 μmol) of KHCO3

in 1 mL of 10% water/acetonitrile. After evaporation of the solvent, 500 μL

of acetonitrile was added and the solvent was evaporated again. After comple-
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tion of the evaporation, 5 mg of 1,2,3-tri-O-acetyl-5-tosyl--D-arabinofuranose

(11 μmol) in 1000 μL of DMSO was added and this mixture was heated at

100◦C for 5 min. The reaction mixture was cooled to 20◦C and 1000 μL of a

0.1 M solution of NaOH in water was added and allowed to react for 3 min at

20◦C. After neutralisation of the mixture with 250 μL of a 1 M HCl solution the

[18F]FAZA was purified by HPLC using a Merck LiChrospher 100 RP-8 5 μm

250·25 mm column and 15/85 v/v methanol/water as eluent at 15 mL·min-1,

with on-line radioactivity detection and UV monitoring at 230 nm. The frac-

tion containing the product was isolated and mixed with 20 mL of water of

injection. The product was trapped by passing this mixture over an OASIS

HLB Plus cartridge, which was pre-treated with subsequently 5 mL of ethanol

and 10 mL of water for injection. After washing of the cartridge with 20 mL

of water for injection the product was eluted with 1.6 mL of sterile ethanol fol-

lowed by 17 mL of a sterile 7.06 mM NaH2PO4 / 0.9% NaCl (aq) solution. The

resulting clear, colourless solution was filtrated over a sterile 0.22 μm Millex-

GV filter into a 20 mL sterilized vial, yielding a ready for injection solution of

2000-3000 MBq of [18F]FAZA at EOS with a radiochemical purity of 98% or

more and a decay corrected radiochemical yield of 20-30%.

Analytical HPLC: Merck Chromolith Performance RP-18e; 100·4.6 mm with

92.5/7.5 Water/MeOH as eluent.

A.3 Description of metabolite analysis for [18F]FAZA

1-mL of plasma was diluted with 2 mL of water and loaded onto an activated

Waters OASIS HLB. The cartridge was first washed with 3 mL of water and

then eluted with 1.5 mL of methanol followed by 1.5 mL of water. Radioac-

tivity in all three fractions (plasma, water, Methanol/water) was quantified.

Radioactivity in the plasma and water fraction represented the polar radiola-

belled metabolites of [18F]FAZA. Radioactivity in the methanol/water fraction

was further analysed with HPLC with radioactivity detection. The eluate was

mixed and injected onto a gradient HPLC system. Stationary phase Phe-

nomenex LUNA C18, 5μm. 250·10 mm. Mobile phase: flow 3 mL/in. A = ace-

tonitrile, B = 0.1% TFA. t=0 90%B, t=9 50%B, t=12 50%B, t=13 90%B, t=15

90%B. The HPLC eluate was monitored in series for UV and radioactivity.

Fractions were collected and counted for radioactivity using a gammacounter.

A radiochromatogram was reconstructed using Microsoft Excel.
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