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1 Introduction 

1.1 Background 
 
The term "translational research" is used to describe the transfer of basic 
biological knowledge into clinical practice, a process which has become 
essential in the development of cancer therapeutics. Molecular imaging has 
so far played a minor role in this development but the rapid technical devel-
opment, especially in the fields of chemistry, pharmacology and technical 
innovations, offers pre-clinical approaches such as animal Positron Emission 
Tomography (PET) which enable translation from pre-clinical environment 
to clinical practice. This provides options for non-invasive investigations of 
molecular processes in vivo which supplies e.g. pharmacokinetic informa-
tion about a radiolabeled anticancer drug and pharmacodynamic information 
using PET tracers sensing target interaction or effects on cellular physiology 
[1-7]. 
 
However, although advanced techniques such as animal PET offer a consid-
erable reduction in the number of animals required for a study [6], there are a 
number of factors, e.g. time aspects, economical concern, and ethical issues 
that need to be considered prior to planning of animal experiments. It is 
therefore desirable to introduce less resource-demanding yet still reliable 
preclinical methods for obtaining valuable data allowing a more efficient 
planning of studies in animal models and human trials.  
 
Despite considerable efforts to improve the limited resolution of small-
animal PET, an adequate quantification of changes to PET tracer uptake 
after anticancer treatment is still under development [8-10]. Transplanted 
tumours in animal develop necrosis, which makes it difficult to separate 
cellular physiological effects versus necrosis-induced treatment effects on 
PET tracer alteration. Thus a determination of viable volume and normaliza-
tion of metabolic changes to the viable fraction is another important aspect 
in quantification of therapeutically induced effects.  
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In preclinical cancer research, the Multicellular Tumour Spheroid (MTS) 
model has gained an important role as an intermediary system between cells 
growing as monolayer and solid tumours in experimental animals or patients. 
MTS are biologically and physiologically more similar to in vivo grown 
tumours than 2D-cultured cells and are less laborious to use than animal 
models. The model provides the possibility of minimizing animal experi-
ments and helping to set up in vivo studies more efficiently. Furthermore 
viable volume determination and consequently sufficient quantification of 
metabolic drug effect with PET tracers and other biomarkers, offer an ade-
quate interpretation that hopefully can be useful in clinical applications.    

1.2 Aim of the thesis 
The aim of this thesis was to introduce a fast, reliable and novel method in 
the pre-clinical evaluation of breast cancer chemotherapy by combining the 
MTS model and PET.  
 
The vision was to introduce a preclinical approach in translational PET im-
aging for monitoring the response to chemotherapy, which can guide the 
selection of appropriate PET tracer for response evaluation in clinical trials, 
and support the planning of PET studies with respect to most suitable time- 
and dose-points. The method is also hoped to give supportive data with re-
spect to interpretation of PET tracer effect in relation to growth inhibition 
and in relation to other biomarkers. Finally a future potential application for 
individualization of breast cancer treatment is envisaged. 

1.3 Structure of the thesis 
To achieve the aim of the thesis, a number of basic experiments to explore 
the character of 2-[fluorine-18]-fluoro-2-deoxy-d-glucose (FDG) uptake in 
MTS was performed. FDG as the most established PET tracer was a suitable 
initial option for the evaluation of the model. For further assessment, we 
studied FDG uptake alteration in MTS treated with five routinely used che-
motherapy agents. For association of effect on PET tracer uptake and effect 
on size of MTS, we developed a reliable and user-friendly method for size 
determination of MTS. The next step was to apply the MTS model to screen 
PET tracers for analysis of early response to chemotherapy in breast cancer. 
Finally the method was used for translational imaging exemplified with a 
new chemotherapy agent. The method was applied in vitro aiming to quickly 
assess a therapy profile of this new anticancer drug under development in 
order to investigate the effects on tumour growth, for selection of appropri-
ate PET tracer for treatment monitoring and finally understanding relation 
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between growth inhibition and biomarkers as part of translational imaging 
activities. 
 
Section 2 presents an introduction to imaging innovations (with PET in fo-
cus) followed by a review of different pre-clinical models that have been 
applied in breast cancer chemotherapy research. This is followed by a de-
scription of our proposed method, including short presentations of the at-
tached publications of our work. A presentation of a few unpublished sets of 
experiments complements and relates the proposed method and its applica-
tion for drug development.  In Section 3 the outcome of the work is inter-
preted and concluded, then followed by a vision of proposed future work. 
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2 Background 

2.1 Imaging innovations in translational cancer 
research  

The perception in cancer research is completely different today from that a 
few decades ago. Basic science is constantly growing and biotechnological 
revolutions in molecular targeting have introduced new opportunities and 
concepts for cancer treatment. The radical shift has been from cytotoxic 
agents that were screened in the laboratory and then tested in early clinical 
studies with toxicity and efficacy as endpoints, to molecular therapeutics, 
intelligently designed to target key checkpoints that cause the malignant 
phenotype (Figure 1). 
 

 
Fig. 1 -The new thinking in anticancer drug development 

(URL:http://www.molecularimaging.com/technologies.htm ) 

The progress in translational cancer research has been promoted by the de-
velopment of new techniques of investigations of the tumour biology to 
evaluate the new families of potential anticancer agents. This evolution has 
also involved development of translationable preclinical approaches. Mo-
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lecular imaging techniques with PET in the forefront have provided the 
translatable preclinical methods that are comparable and applicable to the 
clinical practice.  
 
 
PET is a non-invasive, molecular imaging technique, using radiopharmaceu-
ticals labelled with positron-emitting radionuclides (Figure 2), which provide 
quantitative images of tissue metabolism or other biochemical or functional 
characteristics in the body [11].  
 

 
 

 
Fig. 2 - The principle of PET is based on detection of anti-parallel generated photons 
(coincidences) with energy of 511 keV, during a specific time window (~12 ns), by 
a ring of detectors positioned around the patient in the PET camera and gathered in 
so-called sinograms. The acquisition is followed by correction and reconstruction 
procedures to create PET images for further exploration. 

Cancer tissue is characterized by increases in the activity of certain signal-
ling pathways, which in turn lead to the abnormal behaviour of cancer, and 
in turn is associated with increases in several forms of metabolism. Several 
different metabolic substrates/indicators have been explored and thus PET 
makes it possible to evaluate the metabolic activity of cancer tissue which 
may be highly valuable for a better understanding of cancer biology. The 
potential use of the PET technique for clinical oncology is tumour detection 
and grading, biological characterization of tumours, and evaluation of treat-
ment [12-16]. 
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The effectiveness of chemotherapy may be assessed by comparison of the 
level of tumour metabolism on PET scans taken before and after a chemo-
therapy cycle. A successful response seen on a PET scan frequently precedes 
alterations in anatomy and would therefore be an earlier indicator of tumour 
response than that seen with other diagnostic modalities.  
 
Assessing response is valuable in two possible situations: to evaluate tumour 
response at the end of a full course of treatment, or to predict tumour re-
sponse in the early course of a treatment regimen. In the first case, detection 
of treatment failure permits a physician to initiate a second-line therapeutic 
approach. In the second case, early prediction of treatment failure allows 
substitution with an alternative regimen, without exposing the patient to the 
toxicity of the full course.    
 
In breast cancer treatment assessment, beside FDG, the “proliferation” 
marker [18F]3´-deoxy-3´-fluorothymidine (FLT) and the estrogen receptor 
indicator 16�-[18F]fluoroestradiol-17� (FES) have been proposed as suitable 
PET tracer candidates. 

2.2 Preclinical tools in breast cancer chemotherapy 
research 

Preclinical approaches in chemotherapy research have been utilized among 
other things in: 

� Early screening of new therapeutic agents [17] 
� Identification of patterns of chemo-sensitivity for different 

types and subtypes of tumours [18] 
� Identification genomic and proteomic profiles associated with 

anticancer drug effect [19] 
� Evaluation of metabolic changes after chemotherapy [20] 
� Optimization of time and dose schedule for the treatment proto-

col [21, 22] 
� Tailoring chemotherapy regimens to the individual patient: de-

termining tumours that are likely to respond to a particular 
agent and eliminating ineffective drugs [23, 24] 

  
 
The most widely used preclinical models in chemotherapy research are pri-
mary cell culture, established tumour cell lines and animal models. The fol-
lowing sections briefly describe each of the mentioned models followed by a 
discussion of their pros and cons.  
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There are a wide variety of assays designed to evaluate cellular drug effect. 
These assays essentially fall into three groups:  

� those that measure cytotoxicity 
� those that measure cell survival 
� and target based assays.  

 
Cytotoxicity assays assess the structural integrity and metabolic function of 
the cells e.g. protein synthesis determination, membrane permeability, and 
respiratory or lysosomal activity after drug exposure. In contrast, the cell-
survival assays measure end results of these effects on the cell, typically 
expressed as number of cells, growth rate or recovery of growth at a late 
time after treatment.  
 
The target based assays aim to identify the specific molecular lesions 
thought to be responsible for the development and maintenance of the ma-
lignant phenotype in various forms of cancer. Since development of new 
anticancer drugs has evolved from a reliance on non-specific antiprolifera-
tive effects to a more cancer specific mechanism, the target based assay has 
become important. 

2.2.1 Primary cell culture  
Primary cell culture refers to the growth of explants taken directly from the 
living organism (e.g. biopsy material). These materials, either in the form of 
small fragments or dispersed to single cells, are used for in vitro assay-
assisted treatment selection for cancer patient particularly in breast cancer. 
Conventional assays used in primary cell culture are clonogenic assay*, 
measurement of mitochondrial function (e.g. MTT and ATP assays), mem-
brane integrity (e.g. propidium iodine uptake), differential staining cytotox-
icity (e.g. DiSC assay) and proliferation markers (e.g. 3H-thymidine). 
 
Black & Spear (1953, 1954) were the pioneers of using human tumour frag-
ment culturing for assessment of therapy response. Their assay evaluated the 
in vitro response to aminopterin† exposure of tumour tissue fragments com-
posed of both malignant and non-malignant components [25]. 
 
Some concerns that should be considered in this culturing method are:  
 

� First, because of the mixed composition in the culture, this assay 
measures the effect in both cancer and normal cells, making it diffi-

                               
* Clonogenic assay or colony formation assay is an in vitro cell survival assay based on the    
ability of a single cell to grow into a colony 
† An anticancer drug that belongs to the family of drugs called antimetabolites 
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cult to distinguish between drug effects on the normal versus cancer 
components.  

 
� Since individual human tumour fragments are used, the contribution 

of the malignant component to the endpoint signal varies from pa-
tient to patient, making it difficult to standardize the system and 
compare results between patients.  

 
� The system is more accurate for identifying ineffective treatment 

than for positive prediction. 
  
The model has been improved by growing disaggregated* tumour biopsies in 
agar or low serum-containing medium which preferentially supports the 
growth of transformed cells, while the non-malignant cellular components 
do not proliferate. This improvement ensures that assay endpoints deter-
mined after several days of tissue culture measure cancer cell proliferation or 
metabolism with minimal contributions from normal cellular components. 
One major concern of this culturing method is the disruption of the 3D nor-
mal tissue architecture and cell–cell communications that exist in vivo and 
which play a significant role in cell physiology and thereby also in response 
to treatment.  
 
Although this approach has obvious attractions [26], various technical obsta-
cles have restricted the incorporation of these technologies into standard 
practice. The difficulty in obtaining samples, finite lifespan, poor viability of 
the tissues in culture and low reproducibility are shortcomings of the model 
for drug development utilization.   

2.2.2 Tumour cell lines  
Tumour cell lines are established (immortalized) cell cultures from explants† 
that have the potential to proliferate indefinitely. Development of new ap-
proaches has led to establishment of breast cancer cell lines derived from 
primary tumour as well as metastasis lesion or pleural effusions [27]. The 
essential advantage of established cell lines is that their genomic and pro-
teomic profiles are well characterized which makes it possible to assess the 
specific as well as the general effects of an anticancer drug, on specific or a 
range of different cell types. 
 

                               
* By mechanically or enzymatic digestion with enzymes such as collagenase, trypsin, or 
pronase, which break down the extracellular matrix 
† Biopsy from primary tumour or metastasis, or samples collected by aspiration in pleural 
effusions  
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Tumour cell lines are used in 2D-cell culturing, multicellular tumour sphe-
roids and xenograft tumour models.  
 

2.2.2.1 2D or monolayer cell culture 
Most tumour cell lines grow as monolayer i.e. a single cell thickness cell 
layer or sheet attached to a plastic or glass surface.  
 
This model has gained an important role in oncology for e.g. test of antican-
cer drug toxicity and efficiency [28]. Simplicity, specificity, sensitivity and 
reproducibility are the beneficial characteristics of this method. Cell viabil-
ity, cell proliferation and many important live-cell functions including apop-
tosis, cell adhesion, multidrug resistance, endocytosis, secretion and signal 
transduction, can be monitored with various well-established assays. Fur-
thermore, expansion of proteomic and genomic techniques including e.g. 
gene transfection has contributed to the use of cell culture models in drug 
development. 
 
Yet, there are some obvious drawbacks of the mono-layer method, particu-
larly for monitoring of treatment response. The accelerated growth and lack 
of direct communication with neighbouring cells casts doubts on the physio-
logical relevance of cells in this culture mode [29], with the expectation that 
cellular function is aberrant [30]. 
 
In monolayer culturing techniques, once cells reach confluence, the growth 
slows and then ceases. Thus, in order to keep the cells healthy and actively 
growing, it is necessary to subculture them at regular intervals. This fact 
limits the time for follow-up and restricts the experiment set-up. 

2.2.2.2 Multicellular tumour spheroids 
 
Multicellular Tumour Spheroids (MTS) are tumour cells that alone or in 
combination with non-malignant cells (e.g. fibroblast cells) are grown as 3D 
tumour models in either spinner culture or in static, agar-coated multi-well 
plates. MTS represent an intermediary level between cells growing as 
monolayer and solid tumours in experimental animals or patients [31]. Fig-
ure 3 shows a photograph of MTS of BT474 cell-line.  
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Fig. 3 - Photograph of a MTS with nice spherical shape. The dark centre represents 
necrosis. 

 

The multicellular spheroid model is an established tool for tumour biological 
studies. Several review articles [30, 32-39] and two books [40, 41] have 
described the use of multicellular spheroids in cancer research and their ba-
sic biology properties. It is from this literature known that multicellular 
spheroids have radial gradients regarding pH, pO2, nutrition supply and cata-
bolic products and that these gradients most likely are similar to the gradi-
ents in a metastatic nodule in vivo. The pH is often about 0.2-0.5 units lower 
and the pO2 in the range 80-140 mmHg lower in the central regions of a 
spheroid than in the surrounding culture medium [42]. Furthermore, there 
are regional variations in the levels of ATP, glucose and lactate in spheroids 
[37].  
 
Different types of spheroids have different growth rate and different sizes of 
their central necrosis [32, 43]. Thus, it is important to consider what type of 
cell spheroid that is applied in a certain study. An advantage with the model 
is that it offers possibilities to study the action of therapy effective sub-
stances under strictly controlled conditions in vitro where many of the vari-
ables affecting in vivo studies (i.e. drug clearance, variations in nutrition 
supply, host defence mechanisms) are minimized [34]. 
 
Spheroid growth mimics the growth of naturally occurring human tumours 
before neovascularization and the similarity of the cellular characteristics in 
MTS with that in vivo, e.g. creation of cell–cell and cell–extracellular matrix 
contacts [39, 44], induction of quiescence, appearance of a necrotic centre, 
and differentiation, make the model appropriate for tumour biology studies 
[45, 46] .   
 



 19

The comparability of cellular proliferation status in MTS with that in vivo 
and the fact that cells in MTS are often more resistant� [33, 47] than 
monolayer to a variety of chemotherapeutic agents [34], are additional moti-
vations for the preference of this model to evaluate effects of different anti-
cancer drugs that later can be extended to an in vivo application. It is also 
possible to study the effects of treatment under strictly controlled conditions 
in MTS where many of the variables affecting in vivo studies (i.e. drug 
clearance, variation in nutrition supply and host defence mechanisms) are 
minimized.  
 
Most of the assays used for 2D-cell culture can be applied in MTS after dis-
aggregation of the cells, including Clonogenic Survival assays but many 
biomarker assays can also be used without distraction of the MTS, e.g. 
through staining of MTS cryostat sections to measure drug effect by immu-
nohistochemistry. 
 

2.2.2.3 Xenograft tumour models  
The tumour cells can be inoculated to an immunodeficient rodent. Xenograft 
in nude rats or mice is the most common animal model in oncology.  

 
Human breast cancer is one of the more difficult tumours to transplant di-
rectly into experimental animals. However, several research teams have con-
tributed to the availability of many human xenograft models in breast cancer 
research [48]; most of them are derived from established cancer cell lines or 
spontaneously or genetically engineered immortalized normal breast epithe-
lial cells.  

 
The techniques used for chemotherapy research and advantages and limita-
tion of the xenograft model are introduced in the next section.  

 
 

                               
� Mechanism of resistance can be categorized in two:  

� Unicellular resistance, in which only intracellular mechanisms are involved; i.e. 
multidrug resistance pumps, quantitative and qualitative drug target modifications, 
repair enzymes. 

� Multicellular resistance (MCR), that emerges as soon as cells have established con-
tact with their microenvironment, i.e. homologous cells, heterologous cells, or ex-
tracellular matrix. 

MTS represent both unicellular and multicellular resistance mechanisms in the tumour.  
 
 



 20 

2.2.3 Animal models 
 
Animal models in chemotherapy research include animals that spontane-
ously develop mammary tumours, carcinogen-treated animal models, subcu-
taneous xenograft models, orthotopic xenograft models, transgenic animal 
and gene knockout animal that develop mammary tumours.  
 
In general there are two main approaches to study animal tumour models: 
post mortem and in vivo.  

 
 

2.2.3.1 Post mortem animal studies 
 
In post mortem studies for anticancer drug effect, the animal is treated alive 
and then euthanized and the tumour is excised for further evaluation. It is 
possible to conduct the studies in freely moving, conscious, behaving ani-
mals. 
 
Fixed tissues, frozen tumour slices, and snap-frozen tumour powders are 
suitable for a variety of conventional analytical techniques including immu-
nohistochemistry, histopathology, western blots, and RNA expression profil-
ing. With these techniques drug induced physiological changes and pharma-
codynamic information may be provided. 
 
Innovative techniques such as PET have made it possible to quantify bio-
distribution of a radio-labelled new developed anticancer drug or for detec-
tion or/and monitoring treatment effect on tumour using radionuclide la-
belled metabolic compounds. This is performed by measuring the radioactiv-
ity of different organs or tissues being excised after an intravenous injection 
of the radiotracer. The bio-distribution study can be used separately where it 
is not possible to provide expensive non-invasive imaging equipment (ani-
mal PET), or as a complement to animal PET studies where the quantifica-
tion of data is restricted [49].  
  
Another possibility that radio-isotope techniques provide is in vivo autora-
diography in which the spatial distribution of radioisotope-labelled sub-
stances injected in living animals are recorded. After injection and suitable 
waiting time, the animal is sacrificed and either some dissected organ or the 
whole animal is frozen, sliced and placed on film or on phosphor imager 
plate. 
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Autoradiography in PET oncology has been carried out in whole body sec-
tions (Figure 4) and even used double-tracer studies [50-52], for verification 
of PET tracer uptake anatomically and in comparison to histological stain-
ing, and for orthotopic tumour models with high background activity in the 
pelvic region e.g. in prostate cancer models [51, 53]. 

TumourTumour

 
Fig. 4 – Whole body Ex vivo autoradiography with FDG (adapted from [7]) 

Autoradiography allows measurement of tissue activity with a spatial resolu-
tion that is approximately an order of magnitude higher than possible with 
small-animal PET. However still autoradiography is a 2D sampling method; 
hence a full description of tracer uptake in the tumour cannot be obtained 
without first constructing a 3D volume of the data. Additionally the absolute 
quantification in autoradiography may require additional calibration proce-
dures.  
 
The major drawback of all post mortem animal studies is that an animal can 
only be studied once and the utilized information is representative for one 
time point for each animal. Longitudinal and kinetic studies require the use 
of multiple animals, adding inter-animal variability to other sources of vari-
ability. For tumour model animals that are costly or difficult to produce, 
availability and expense of animals may become restrictive. Last but not 
least the ethically issue in planning of animal experiment should not be over-
looked. 

 

2.2.3.2 In vivo animal studies 
 
In vivo animal studies allow repeated investigations to be performed on the 
same animal. This is particularly valuable in cancer research because it re-
sults in an increase in the statistical quality of the data (subjects can be used 
as their own control) and reduces the number of animals required for a given 
study.  
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The most common technique to evaluate anticancer drug effects in vivo is 
measurement of tumour growth using Vernier callipers (Figure 5) for the 
duration of the treatment. The two perpendicular tumour axes are measured 
and the tumour volume is calculated based on minimum and maximum di-
ameters. However this method is not applicable to most orthotopic xenograft 
models or transgenic animals where the tumour is not superficial. In addi-
tion, this method does not yield information about blood flow, vascularity, 
angiogenesis, tumour metabolism, oedema, necrosis and other factors that 
can be determined with non-invasive imaging. Finally this technique does 
not discriminate the viable and the necrotic part of the tumour. 

 
Fig. 5 -Measurement of tumour size with Vernier Callipers 

Preclinical imaging technologies available include magnetic resonance imag-
ing (MRI), micro computed tomography (μCT), ultrasound, microSPECT, 
bioluminescence, fluorescence and animal positron emission tomography 
(μPET).  Non-invasive imaging capabilities allow tumour detection and anti-
cancer response follow-up, even at the molecular level, in all animal tumour 
models. The non-invasive imaging allows data procurement without sacrific-
ing the animal. This reduces the number of animals needed for a study and 
allows the assessment of the time course of drug effect. This is especially 
important for expensive animals e.g. nonhuman primates, animals which 
have spontaneously developed mammary tumours, or genetically modified 
animals. 
 
Diffusion Weighted (DW) or Dynamic Contrast Enhancement (DCE) MRI 
are translatable preclinical techniques for an early indication of therapeutic 
response and is a reliable surrogate marker for therapeutic efficacy espe-
cially in brain tumour[54] (Figure 6) and mostly related to angiogenesis in-
hibition [55]. DW-MRI tracks the diffusion, or movement, of water through 
the tissue. The tumour cells restrict the movement of water and as cells are 
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damaged and killed by therapeutic agent, the integrity of cell membranes is 
lost and the fractional volume of the interstitial space increases due to apop-
totic body formation and cell loss, so water diffusion changes. The data used 
with DW-MRI are quantitative, with high spatial resolution and clinically 
translatable. The limitation of the technique is motion artifacts, requirement 
of a number of image acquisitions for quantification of data and is well es-
tablished for brain cancer. DCE-MRI records with fast sequences the entry 
of a bolus of contrast agent into the tissue. By mathematical modelling, the 
rate of passage from the vascular space to tissue is determined e.g. ktrans pa-
rameter which is a description of perfusion. DCE-MRI is especially valuable 
for recording effects of agents with antiangiogenetic properties[56]. 

 

 
Fig. 6 - 1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU or carmustine) treatment elicits 
early changes in tumor water diffusion. Quantitative apparent diffusion coefficient 
(ADC) maps of a representative rat brain obtained before treatment and 8, 20 and 27 
days after administration of a single bolus of BCNU at 26.6 mg/kg body weight. 
(adapted from [54]). 

 

Bioluminescence is a technique in which cells or animals can be genetically 
altered to express genes which protein product is spontaneously luminescent 
or can activate a luminescent substrate. These genes can be constitutively 
expressed to indicate tumour burden or conditionally expressed and used as a 
reporter for a specific gene or function of interest. It is useful for detection 
and growth determination of orthotopic tumours and metastases [57], also 
for assessment of viable fraction for characterization of cytostatic treatment 
effectiveness [58]. Furthermore, bioluminescence can be utilized to measure 
cellular proliferation, physiological changes, apoptosis [59] (Figure 7), p53- 
and Akt-activation and gene expression [60]. The technique typically uses a 
luciferase expressing tumour cell line and systemic luciferin injection.  
However, the major role that bioluminescence imaging has in preclinical 
models [61] is only in limited cases possible to translate into a notable clini-
cal role. 
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Fig. 7 - In vivo bioluminescence image superimposed on a conventional photograph 
of a mouse with a subcutaneous Luciferase expressing (D54-Luc-ER) tumor 
(glioma) obtained before (A) and 60–75 min after (B) TRAIL treatment. Activation 
of caspase-3 was imaged non-invasively by tumor necrosis factor alpha-related 
apoptosis-inducing ligand (TRAIL) treatment during tumor growth evaluation in 
mice (adapted from [59]). 

 

 
By tagging of cells or injectable molecules with fluorescent probes, or by use 
of transgenic animals that express genes for fluorescent proteins, tumour 
burden or cellular and molecular level interactions can be quantified. By 
simultaneous use of fluorescent labels in different regions of the light excita-
tion or emission spectrum, multiple readouts can be obtained in a single ex-
periment. Poor spatial resolution and high background fluorescence present 
quantification challenges and the technique is highly restricted in its transla-
tion to the clinical setting. 
 

 
In oncology research, animal PET studies use the same radio-tracers as used 
in clinical PET, providing the same possibility in imaging molecular and 
cellular function in vivo e.g. measuring the metabolic activity [62]of tu-
mours. PET tracers are available to measure cellular glucose metabolism 
(FDG), cellular “proliferation” (FLT) and protein synthesis (MET). Therapy 
monitoring using PET takes advantage of metabolic changes in tumour cells 
which promote alteration of these tracers uptake. Animal PET is a well ac-
cepted translational modality that can be used to validate clinical PET imag-
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ing methods and is used for evaluation of PET tracers as a tool for non-
invasive tumour detection (Figure 8) and treatment response monitoring [63-
65]. It may also provide pharmacokinetic information about a radiolabeled 
anticancer drug [66, 67] which is important for drug development. While the 
attractions of animal imaging with PET are obvious, the challenges are also 
significant. Apart from the practical problems of anaesthesia, cannulation 
and intravenous administration of the PET tracers, there are a number of 
particular issues e.g. immobilisation and positioning and region of interest 
identification to be considered during the performance of animal PET stud-
ies. Furthermore, the image resolution should be considerably improved to 
compensate for the small structures in the mouse and rat and for orthotopic 
tumour models with high background activity in the pelvic region e.g. in 
prostate cancer model.  

 
Fig. 8 – Longitudinal FDG/PET images of a MIN-O transplant recipient (adapted 

from[62]). 

 

 
A common drawback of all preclinical imaging technique for in vivo studies 
of animals is anaesthesia of the animal and its impact on the outcome of the 
experiments. 
 
Even if development in preclinical techniques for in vivo studies is remark-
able, it is always desired to minimize the number of experimental animals.  
This is possible with the performance of in vitro experiments aimed to re-
duce the range of unknown factors e.g. treatment duration time and dose. 

 
In the next chapter we introduce our proposed method: MTS combined with 
PET in chemotherapy research. 
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2.3 Proposed approach 
 
 
This section focuses on description of the proposed methodologies and find-
ings aiming to reach the goal of this work based on introduction of a well-
established reliable in vitro model in which short-term anticancer drug effect 
can be monitored with a translational technique and be correlated to the 
long-term efficacy. We considered MTS in combination with PET technique 
as a convincing candidate.   
 
The following sections guide the reader through the introduction, develop-
ment and application of the technique for assessment of anticancer drug in 
breast cancer treatment.   
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2.3.1 Paper I 
 

 

2.3.1.1 Background 
The ultimate intent of the use of chemotherapy is to control or destroy the 
growth of malignant cells. Hence evaluation of effect on tumour size, and in 
our study the size of MTS, is essential. Size determination of MTS is also 
important in PET studies in which the total uptake of radiotracer is evaluated 
and normalized to the size of the MTS. Alteration of PET tracer uptake after 
treatment can be physiologically and/or morphologically related. The most 
suitable PET tracer for cancer treatment monitoring is the one which is able 
to early detect the metabolic changes.   
 
The most commonly used technique for size determination of MTS is to 
measure two diameters of the spheroid, using a calibrated ocular micrometer 
on an inverted microscope. These values are then used to estimate the vol-
ume. 
 
This method is labour intensive and imprecise and does not well consider 
situations in which the spheroids deviate from an ellipsoid shape. Further-
more, it is not common to separately evaluate the volume of the necrosis and 
volume of the viable part of the spheroid. 
 
We have therefore aimed to develop an effective, fast and semi-automated 
method to determinate the size of MTS, both with respect to necrotic and to 
viable areas. 

2.3.1.2 Material and methods 
The method initially builds on digital low magnification microscopy of the 
MTS which are stored as files in the computer. A software program in Mat-
lab with user friendly interface was developed for performing the MTS im-
age analysis. The program automatically finds and delineates the outer pe-
riphery of the spheroids as well as the inner border between necrosis and 
viable cells. The areas of necrotic and total spheroid are determined and the 
volumes then calculated assuming the third diameter is equal to the one gen-
erating the determined areas. A small metal sphere with known size is pho-
tographed in the same setting and used for calibration to �m3. 
The method was applied and tested in MTS of three different cell-lines. Fro-
zen section autoradiography and Hemotoxylin-Eosin (H&E) staining was 
used for further confirmation of viable and necrosis part of the MTS. 
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2.3.1.3 Results and contributions 
The automatic outlining of the necrosis and the total edge behaved properly 
in all cases (Figure 9). The computation time for a set of 25 images was be-
low 20 seconds. 
 
The method was time-saving, reproducible and user friendly. The variability 
in-between repetitive measurements in the same MTS was below 5% but the 
variability between different MTS in the same experiment was of the order 
of 15%. However, groups of MTS generated at different occasions showed a 
larger variability.  This is another confirmation of how important it is to de-
terminate the size of MTS for each experimental set-up.  
 
To conclude, the image analysis in MTS provides an excellent method to 
compute the viable volume of MTS which can later be used to calculate PET 
tracer uptake per viable volume. This feature is important for the evaluation 
of effect of the anticancer agent on growth pattern and for selection of PET 
biomarker for an early assessment of treatment response. 

 
Fig. 9 - Segmented image (right) and H&E staining (left) of a MTS. Arrows; A- the 
outer periphery of the MTS B-the inner border between necrosis and viable region
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2.3.2 Paper II 

2.3.2.1 Background 
The glucose analogue FDG is the most commonly used and the best estab-
lished PET radiotracer in breast cancer imaging.  FDG is useful in cancer 
imaging because the increased metabolism of tumour cells leads to increased 
used of glucose which translates into a higher expression of the GLUT-
transporter and hexokinase, the factors mediating uptake of FDG.  
 
Conventional clinical evaluation of tumour response relies on changes in 
tumour size via e.g. radiological anatomical imaging. FDG-PET evaluates 
changes in the level of metabolic activity in the tumour thus it has been sug-
gested as an earlier and more accurate indicator of tumour response to ther-
apy.  
 
To introduce and evaluate MTS as a preclinical model in PET oncology, 
FDG as the most established PET tracer was an obvious initial option. 

2.3.2.2 Material and methods 
MTS of two breast cancer cell lines with different characteristics were pre-
pared. BT474 cells have up-regulated mRNA and HER2/neu tyrosine 
kinase-linked receptor protein in comparison to MCF7, while the expression 
of the estrogen receptor alpha is known to be up-regulated in MCF7 cells. 
These two cell lines were assumed to be representative for the diversity of 
breast cancers. 
 
Initially we investigated the nature of FDG uptake in MTS. We challenged 
the FDG uptake in MTS with low temperature, or competition by unlabeled 
glucose or inhibition with cytochalasin-B. We also investigated changes in 
FDG transport with insulin addition.  
 
The response of five routinely used chemotherapies was then evaluated by 
measurement of the FDG uptake and viable volume of the MTS after 2 and 3 
days of treatment. 
 
SASDM was utilized to estimate the viable volume of the MTS and after-
wards the FDG uptake was normalized to the viable fraction of the MTS. 
Immunohistochemical staining for apoptosis and proliferation was per-
formed to give a qualitative assessment of these aspects. 



 30 

2.3.2.3 Results and contributions 
We verified a reduced metabolism after either challenging with low tempera-
ture, or competition by unlabeled glucose or inhibition with cytochalasin-B. 
We also observed a transport increase with insulin addition. These sets of 
tests confirmed that in MCF-7 MTS, FDG accumulation is a biomarker that 
is related to specific cellular uptake and utilization such as transport via the 
specific glucose transporters GLUT, followed by phosphorylation by 
hexokinase. 
 
Taxanes significantly reduced the uptake of FDG in both cell lines but more 
so in BT474. Doxorubicin reduced FDG uptake more noticeably in MCF-7 
than in BT474 MTS. Tamoxifen reduced FDG uptake only in MCF-7 at the 
highest dose of 1�M. Imatinib slightly increased FDG uptake in MCF-7 at 
the intermediate dose of 100 nM and 2 days follow up, otherwise no effect 
was observed (figure 10). 

 
Fig. 10- Traced drug effect using FDG 

 
To conclude, the combination of PET radiotracers, SASDM plus histo-
chemical analyses of proliferation and apoptosis in MTS provides a good 
model to evaluate the relationship between tumour volume and the uptake of 
metabolic tracer before and after chemotherapy. This feature could be used 
for screening and selecting PET biomarkers for early assessment of treat-
ment response. In addition, this model gives a possibility of assessing 
quickly, and in vitro, a good preclinical profile of existing and newly devel-
oped anticancer drugs. 
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2.3.3 Paper III 

2.3.3.1 Background 
PET has been suggested as useful non-invasive modality for monitoring 
response to cancer therapy e.g. treatment follow-up of breast cancer. An 
efficient therapy induces physiological modifications in tumours; with the 
right choice of PET tracer, this modification can be monitored early after 
initiation of treatment and the therapeutic response can be assessed. Conse-
quently, a less effective therapy can be modified, patient outcome will im-
prove and the treatment will be more cost effective.  
 
Despite the successful use of FDG in cancer imaging, other PET tracers are 
required to improve the characterization of tumour biology. The appropriate 
selection of the optimal PET tracer or combinations of PET tracers will en-
sure the best prediction of treatment outcome. 
 
This study aimed to demonstrate the potential of the MTS model to correlate 
drug effects on PET tracer uptake (short time effect) with their effects on 
spheroid growth (long time effect). This introduces the possibility of using 
the MTS model in combination with SASDM as an applicable preclinical 
method to screen a range of PET tracers for breast cancer treatment monitor-
ing. 

2.3.3.2 Material and methods 
In this work five established PET tracers: [1-11C]Acetate, [11C]Choline, 
[11C]Methionine, [18F]3´-Deoxy-3´-fluorothymidine and FDG were used to 
record the effect of five different anticancer drugs in MTS of the MCF-7 cell 
line. The anticancer drugs were those that we used in Paper 2, i.e. paclitaxel, 
docetaxel, doxorubicin, tamoxifen and imatinib.  The effect of the chemo-
therapy agents on MTS size was also computed in order to correlate inhibi-
tion or retardation of MTS growth, with effect on the PET tracer uptake. The 
most sensitive PET tracer would be that with the best ability to predict 
growth pattern alteration. 

2.3.3.3 Results and contributions 
We observed high sensitivity of FLT, compared with FDG and other tracers, 
to monitor the effects of the drugs in MTS. This is an illustration where con-
sidering PET tracers other than FDG is required to measure and predict re-
sponse to cancer therapy more accurately.  
 
In this study we showed the use of MTS and SASDM as a promising pre-
clinical approach to probe and select PET tracer for treatment monitoring of 
anticancer drugs (Figure 11).  
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Fig. 11-Correlation between long term drug effect (size alteration) and short term 

drug effect (PET-tracer uptake changes). Growth inhibition of 0 % means continued 
growth as control, 100 % means lack of further growth and values > 100% means 

reduction of viable volume. 

 

SASDM proved to be an accurate method to record the growth pattern of the 
MTS, and also to calculate the effect of the drug on PET tracer uptake.  In 
this study only one cell line (MCF-7) was used aiming to primarily show the 
methodology. To allow more general conclusions with respect to treatment 
monitoring of breast cancer it would be necessary to explore further sets of 
breast cancer cell lines, evaluate more concentrations of the drugs, investi-
gate the time course of drug effect by using pulse treatment, and probe more 
carefully the uptake pattern of the PET tracers. 
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2.3.4 Paper IV 

2.3.4.1 Background 
Molecular targeting has become a prominent concept in cancer treatment and 
heat shock protein 90 (Hsp90) inhibitors are suggested as one most promis-
ing class of anticancer drugs for breast cancer treatment [68]. The HSP90 
complex is one of the chaperones that facilitate the refolding of unfolded or 
miss-folded proteins. Hsp90 is elevated in breast tumour tissue and responsi-
ble for ensuring the conformational stability, shape and function of a se-
lected range of key oncogenic proteins such as Her2, Raf-1, Akt/PKB, mu-
tant p53 and many others. The extent of Hsp90´s overexpression is varied in 
different breast cancer types and is more evident in e.g. HER2-positive 
breast cancer. 
 
A high affinity and high specificity low molecular inhibitor of HSP90 is 
under clinical development as an anticancer drug. Application of our method 
in the preclinical development of this new agent, for optimization of dosing 
schedule and screening of a proper PET tracer for effect monitoring, was 
therefore highly appropriate. 
 
The aim of this study was to apply the preclinical method based on combina-
tion of the MTS model and PET to investigate the effects of Hsp90–
inhibition by the drug on tumour growth and its relation to PET tracer up-
take, for selection of appropriate PET tracer. A further aim was to evaluate 
the concentration and time dependence in the relation between growth inhi-
bition and biomarkers as part of translational imaging activities. 

2.3.4.2 Material and methods 
MTS of two breast cancer cell lines (MCF-7 and BT474), one glioblastoma 
cell line (U87MG) and one colon carcinoma cell line (HCT116) were pre-
pared. BT474 cells have up-regulated mRNA and HER2/neu tyrosine 
kinase-linked receptor protein in comparison to MCF7, while the expression 
of the estrogen receptor alpha is known to be up-regulated in MCF7 cells.  
 
Initially we investigated the MTS growth pattern and 3H-Thymidine incorpo-
ration in MTS after continuous exposure to the drug in order to determine 
the dose response relation. Then short-term effect of the drug with respect to 
alteration in uptake of the four PET tracers was correlated to the changes in 
growth pattern to determine the adequate PET tracer with high predictability. 
 
Next, the growth inhibitory effect of the drug given in different dose sched-
ules was evaluated to determine the optimal dose and time. 
 



 34 

Finally the effect of 2-hour pulse exposure to the drug was evaluated with 
respect to growth pattern, FDG/FLT uptake. 

 

2.3.4.3 Results and contributions 
A dose-dependent growth inhibition and decrease in 3H-thymidine uptake 
was observed with 100% growth cessation in the dose range 7-50 nM and 
about 50% 3H-thymidine reduction in the range of 10-25 nM, with a more 
evident effect on the BT474 cell-line.  
 
The effect of the drug on tracer uptake per viable cell volume was best de-
tected by FLT. The results suggested that a complete cessation of growth of 
the viable cell volume was achieved with about 50% inhibition of FLT up-
take after three days of continuous treatment.  
 
Significant growth inhibition was observed at all doses and all exposure time 
spans. Two-hour exposure to the drug generated a growth inhibition which 
was maximum soon after treatment and persisted dose dependently up to 10 
days.  
 
The uptake of FDG per viable tumour volume was reduced by only 25% 
with 300 nM treatment whereas the FLT uptake altered by up to 80% in cor-
relation with the growth inhibition and recovery. 
 
Our result suggests that this drug has a significant antitumoural effect which 
is different among tumour types. Among the four tested PET tracers, FLT 
showed the largest effect [69], an effect which correlated well with growth 
inhibition (Figure 12).  

Fig. 12- Correlation of FLT uptake alteration and growth inhibition  
 
A short pulse treatment with the drug induced an effect which remains for 
many days after the drug was washed away from the culture medium.  
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2.3.5 Paper V 

2.3.5.1 Background 
For an effective use of PET as a response biomarker in early clinical trials of 
a new anticancer agent, a number of issues should be considered: the se-
lected tracer should show an early response which characterizes an antitu-
moural effect and is equated with the end-point effect. Furthermore, the tim-
ing of the PET scan should be optimised in relation to action of the drug. 
These factors are not necessarily known at a start of a drug development 
program, and need to be investigated.  
 
Our previous study suggested FLT as an appropriate biomarker for early 
effect monitoring of an HSP90-inhibiting drug. In addition for the determi-
nation of optimal timing for performance of PET scan, we proposed a trans-
lational imaging activity in which experiments in MTS and later in xenograft 
are coupled to modelling of growth inhibition and relation to PET tracer 
used for planning of clinical trials. 

2.3.5.2 Material and methods 
The concept was illustrated in MTS of BT474 treated with an HSP90 inhibi-
tor. The growth inhibitory effect after a pulse treatment with the drug was 
measured with SASDM, determining effects on viable volume with high 
accuracy. The growth inhibitory effect was described mathematically by a 
combined Emax and time course model fitted to the data. The model was 
then used to simulate a once-per-week treatment, and in such experiments 
the uptake of the PET tracers FDG and FLT was determined.  

2.3.5.3 Results and contributions 
The drug exposure of 2 hours generated a growth inhibition which was max 
within the first day and persisted dose dependently up to 10 days. The model 
fitted adequately to the experimental data (Figure 13). The uptake of FDG 
per viable tumour volume was unaffected by the treatment whereas the FLT 
uptake decreased in correlation with the growth inhibition. 
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Fig. 13 - From the model, the momentary growth inhibition was derived and plotted 
against time after dosing for different doses The study suggests a prolonged action 
of the drug which supports a once-per-week schedule that FLT would be a suitable 
tracer for the monitoring of effect and that the FLT PET study might be performed 

within the first 3 days after dosing. 
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2.3.6 Additional applications of the method 
Translational research is a “two-way road”; it is about continuously bilateral 
collaboration and communication between in vitro and in vivo (Figure 14). 

 
Fig. 14 – Translational research intends both the translation of basic research knowl-
edge into improved patient care and the translation of clinical insights into hypothe-

ses that can be validated in the laboratory. 

In the next sections we demonstrate some further applications of our method 
to answer in vivo questions. These data and experiments are not yet pub-
lished but we feel they are of definite interest as further extensions of the 
method. 

 

2.3.6.1 Tracer development 
The proper application of PET in drug development requires new develop-
ments of PET tracers. The aspects that can be investigated with this tech-
nique include:  

 
� Use the radiolabeled drug candidate to assess pharmacokinetics 

(PK) and absorption, distribution, metabolism, elimination (ADME) 
characteristics. Of special value is to study the drug distribution to 
target tissues, such as tumours. Many features of tumours tend to 
restrict drug availability, such as poor perfusion, complicated ex-
tracellular matrix, increased interstitial tumour pressure, aberrant 
expressions of natural cell membrane transporters, overexpression 
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of efflux pumps and acidic and hypoxic intracellular environment. 
The distribution of new drugs into tumour tissue is therefore of 
value for characterization of the drug, of special tumours and in the 
individual patient. 

� Use a radioligand for the drug target to assess pharmacodynamic 
(PD) properties of the drug candidate with respect to its direct ac-
tion on the target, with respect to magnitude and time course. This 
may be essential in early trials to ensure adequate exposure below 
maximum tolerated dose, and to stabilize adequate dosing and 
scheduling. 

� Use a radiolabeled biomarker to assess biological efficacy of the 
drug candidate. A PET method allowing evaluation of effects on the 
signalling cascade downstream from the target or on alternative 
pathways would be very important for ensuring action on the de-
sired cascade and evaluation if alternative cascades might be up-
regulated to compensate for the inhibition. 

� Tailoring chemotherapy regimens to the individual patient: deter-
mining tumours that are likely to respond to a particular agent and 
eliminating ineffective drugs. E.g. by ensuring that the drug’s target 
is expressed in the individual tumour as a prerequisite for a specific 
treatment. Target evaluation before and after treatment as a critical 
part of translational science. 

 
 
In this section we exemplify the application of MTS in tracer development 
using radiolabelling of an Hsp90-inhibiting drug.  
 
Additionally a probe Hsp90 PET-tracer was developed and used as a tool to 
screen different non-labelled candidates in competition experiments (radio-
labelled probe challenged with unlabeled compounds) to select a candidate 
with acceptable affinity for the target.  
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Fig. 15 - Uptake of PET probe for Hsp90 

The lead PET tracer candidate showed a relevant uptake in MTS which was 
dose-dependently decreased by the candidate cold drug and with a high frac-
tion of specific uptake. This specific uptake increased almost linearly with 
time (Figure 15).  
 
Then this selected tracer was used as a probe to evaluate inhibition of bind-
ing by different new Hsp90 compounds. These studies aimed to determine 
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whether some of the compounds were superior to others and aid in the selec-
tion of candidates for labelling (Figure 16). 

 
Fig. 16 - Inhibition of cellular uptake of the PET probe by a range of alternative 

compounds 

2.3.6.2 PK and target interaction 
There are a few aspects of the behaviour of the Hsp90 inhibitor which have 
been discussed but not yet clarified, related to the observation in xenograft 
model of a very high and prolonged residence of the drug in the tumour, 
whereas the pharmacodynamic effect as indicated by dissociation of HSP90 
and p21 seems to be of significantly shorter duration. This would suggest 
that the drug resides in the tumour in a form which does not affect the phar-
macodynamic markers. 
 
The observation of a discrepancy between the time course of intracellular 
drug and the pharmacodynamic effect might be related to re-synthesis of 
Hsp90 but would additionally require that the cellular drug is in a form 
where it does not inhibit this newly formed Hsp90. This form could be 
glucuronidation, lysosomal trapping pre-existing Hsp90 bounded. 
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By both labelling the anticancer drug with a short-lived radionuclide, and in 
the same experiment applying the PET-labelled probe for the target, we had 
the possibility to examine the cellular pharmacokinetics of cellular drug up-
take and retention and the pharmacodynamic consequences with respect to 
target interaction in MTS.  
 
The issues to be clarified were: 
   

� Describing the kinetics of uptake and retention of the drug in MTS 
as part of the development of a model to describe the pharmacoki-
netic-pharmacodynamic relation and its temporal course after treat-
ment with the drug 

 
� Describing the relation between intracellular drug and its inhibition 

of target. Exploring if there is in fact a discrepancy between resi-
dence of the drug and its target inhibition. 

 
� Evaluating whether there is a potential that the drug can be accumu-

lated in acidic organelles and whether this phenomenon can explain 
a high accumulation. 

 
The performed experiments were: 

 
� Time and concentration dependence of uptake and wash-out: 

MTS were incubated with different concentration of 14C-drug for a 
time range of 1 to 5 hours. MTS incubated for 2 hours at different 
concentrations of the drug were washed, and then left in drug-free 
medium for up to 7 days before measurements. 

 
� Evaluation of target inhibition by the drug: 

MTS were incubated for 2 hours with 14C-drug at different concen-
trations and then washed, and then left in non-radioactive medium 
for 1, 3, 5 and 7 days. The MTS were then incubated with the PET 
probe for 3 hours thereafter washed and measured with respect to 
PET probe and 2 days later with respect to 14C. 

 
� Evaluation of potential lysosomotropic trapping of the drug: 

First the uptake of the 14C-drug was characterized in relation to in-
cubation time and concentration of the drug. Then attempts were 
made to block the possible lysosomal trapping by lysosomotropic 
agents (chloroquine, monensin or NH4Cl), subsequently the drug 
was protonized in low pH medium which would inhibit its potential 
to cross the cell membranes. 
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� Evaluation of protein bound fraction of the drug: 
MTS were incubated with different concentration of 14C-drug during 
2 hours. Then the MTS were homogenized and low molecular and 
high molecular entities of the homogenate separated with a PD10 
column. Radioactivity in low and high molecular fractions was de-
termined.  

 
Our results showed a time and concentration dependent uptake of the la-
belled drug, but constant retained drug after cessation of incubation and re-
moval of drug from the incubation medium.   
 
Protonization as well as lysosomotropic trapping of the drug was excluded 
since no effect could be seen from lysosomotropic drugs. The major fraction 
of the drug was protein-bound, which excluded the glucuronidation of the 
substance. 
 
One day after a 2-hour exposure, a significant dose-dependence blockade of 
target with 14C-drug was observed as seen by a significant reduction of the 
uptake of the tool Hsp90 PET-tracer. This blockage was less evident three 
days after treatment and disappeared totally after five days treatment (Figure 
17).  

 
Fig. 17 - Double tracer study for evaluation of cellular PK and PD of Hsp90inh 

Further experiments are required to determine whether re-synthesis of Hsp90 
occurs. 
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2.3.6.3 Introducing Design Of Experiment (DOE) in the method  
Traditionally experimental work is done by Changing the value of One 
Separate factor at a Time (COST) until no further improvement is accom-
plished. Unfortunately, this is an inefficient approach. Changing one factor 
at a time does not necessarily give information about the real optimum, and 
gives different implications with different starting points. Experimental de-
sign (DOE) is a concept describing how to conduct and plan experiments in 
order to extract the maximum amount of information from the collected data 
in the presence of noise, in the fewest number of experimental runs. The 
basic idea is to vary all relevant factors simultaneously over a set of planned 
experiments and then to connect the results by means of a mathematical 
model. With DOE we are provided with a framework for changing all rele-
vant factors systematically, and with a limited number of experiments. 
 
In this chapter we exemplify a more effective design of experiment for opti-
mization of 14C-L-dopa uptake in neuroendocrine MTS by adding various 
enzyme inhibitors. 
 

11C-labeled L-DOPA (L-dihydroxyphenylalanine) has been used as a PET 
tracer for the diagnosis of neuroendocrine tumours. Although, in many cases, 
very high uptake has been observed in this type of tumour, several cases 
have also shown rather modest uptake. The reasons for this variability is not 
known, but has promoted search for methods to amplify the uptake of 11C- 
L-DOPA by selected interference with the biochemical pathways of DOPA 
synthesis and metabolism. 
 
Since the biochemical pathways of dopamine synthesis and metabolism are 
rather complicated and with branching ways, it was expected that interac-
tions between different drugs would exist and that therefore a full search for 
modulating factors would necessitate a number of drug combinations to be 
tested and that a chemometric approach would be the most efficient. The 
major features of the synthesis and metabolism of dopamine and the relation 
to cellular organelles are illustrated in Figure 18. 
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Fig. 18 - Dopaminergic pathway (adapted from 

http://ethesis.helsinki.fi/julkaisut/mat/farma/vk/honkanen/review.html ) 

 
Aiming to find a pharmacological way to enhance the cell uptake of 14C-L-
DOPA, six different drugs, each expected to affect the dopaminergic path-
way in the cell, were used. A chemo metric approach, using commercially 
available software MODDE (modelling and design), was used for genera-
tion and evaluation of a statistical experimental design. 

The six drugs were:  
� CarbiDOPA (alpha-hydrazino-3,4-dihydroxy-alpha-methyl-, mono-

hydrate, (S)-).  It is a peripheral inhibitor of DOPA decarboxylase.  
 

� OR-486 (Catecholamine-O-transferase inhibitor) 
An inhibitor of COMT which catalyses the transfer of a methyl 
group from s-adenosylmethionine to a catechol or catecholamine 
such as DOPA, dopamine. 

 
� Harmine (monoamine oxidase A inhibitor) 

 
� Deprenyl (monoamine oxidase B inhibitor) 

 
� Octreotid 

It is an effective anti-secretory and anti-diarrhoeal agent.  
 

� Reserpine 
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It is a postganglionic sympathetic nerve terminal blocker that im-
pairs the storage of biogenic amines by interfering with an uptake 
mechanism. It results in depletion of norepinephrine, dopamine, and 
serotonin in both central and peripheral neurons.  

 
MTS of BON (a human neuroendocrine tumour cell line) and LAN (a 
neuroblastoma cell line) were prepared. The MTS were incubated in differ-
ent combination of drugs (according to MODDE) three hours prior to tracer 
incubation. Then the MTS were incubated in 0.5 μCi/ml 14C-L-DOPA dur-
ing 40 minutes. Then they were washed 3 times in medium and moved to 
scintillation counter flasks and radioactivity was measured in a �-counter 
(scintillation counter). 
 
The mean value of six replicates was input in the experiments set-up work 
sheet as response. Then MODDE calculated the important variables and 
combinations of them.  
 
The most important variables are COMTi and Carbidopa which affect the 
uptake positively and Reserpine which affect the uptake negatively.  
 
The COMTi affects in pathway 2b (see Figure 6) because if it has been in-
hibiting the pathway 2a we would obtain same uptake enhancement with 
MAOi, which was not the case. Carbidopa is used in order to inhibit 
peripheral metabolism of levodopa [64, 70]. The decreasing effect of Reser-
pine depends on the fact that it depletes the storage of dopamine in granule. 
 
The observed uptake of L-DOPA was twice in the neuroendocrine tumour 
cell line (BON) as in compared to the neuroblastoma cell line (LAN), which 
suggested that this tracer can be useful for screening neuroendocrine tu-
mours. 
 
Biological pathways are sometimes very complicated. They are not like an 
ON/OFF system but rather a system where many pathways compensate the 
effect of an inhibitor or an activator. This is a good illustration showing how 
DOE in combination with MTS/PET can be applied to study biological sys-
tems with many factors.  
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3 Closing Remarks 

3.1 Discussion 
To meet the requirement of translational cancer research, imaging modalities 
particularly molecular imaging with PET in focus, have become extremely 
important in the last decade. This technique provides a link between bench 
and bedside; the preclinical experiments can be translated to clinical trial and 
clinical questions can be investigated in preclinical studies. In spite of the 
transition of anticancer drug development from cytotoxicity to molecular 
targeting, the aim being the disturbance in internal signalling cascades or 
internal forces driving the cancers, the overall enhanced metabolism in can-
cer should be reduced in successful treatment. Hence metabolic imaging 
with PET is an advantageous technique regardless of mechanism of action.    
 
In cancer practice, PET has been used for diagnosis, treatment selection, 
treatment response monitoring, verification of residual tumour burden and in 
anticancer drug development, yet not routinely. Preclinical PET techniques 
offer the possibility for acceleration of introducing and verifying the poten-
tial of this novel technique in clinical cancer management.  
 
The preclinical modalities such as animal PET offer in vivo studies which 
are comparable and translatable to human trials. However, besides difficul-
ties such as limitations in data quantification and image resolution, identifi-
cation of viable fraction is another challenge in animal PET studies since a 
proper PET tracer used for monitoring drug effect is assumed to illustrate the 
metabolic alteration of treatment before cell death occurs.    
 
 
In a number of cancer types including breast cancer, construction of animal 
models is a laborious process. It is essential to emphasize the continuous 
desire of new approaches in order to economize, minimize and replace ani-
mal studies with a reliable, effective and reproducible method.  
 
The focus of this work was based on introducing an in vitro preclinical tool 
applicable in anticancer drug development. A translatable preclinical method 
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to allow predictability of in vivo behaviour consequently contributing to 
effective planning of further in vivo studies and savings in effort, cost and 
time. This method should be applicable for assessment of short-term as well 
as long-term effect of an anticancer drug. A combination of improved con-
ventional morphology study of drug effects with novel molecular imaging 
techniques should help us to select the most sensitive mode for tracking and 
predicting the effect of a chemotherapy agent. This method should offer the 
possibility of performing a number of experiments with different setting of 
dose and time to determine an appropriate dose and schedule for further in 
vivo studies to reach the maximum effect with minimum unnecessary toxic-
ity. This hopefully will lead to improvement and acceleration of application 
of PET in the drug effect monitoring context.  
 
MTS was a preferred choice, which in combination with PET can offer valu-
able biologically information in anticancer drug development. MTS has been 
used as in vitro model for systematic study of tumour biology since 1970 
[38] and even in combination with PET for evaluation of metabolic changes 
after irradiation and other treatments [34, 71-76].  
 
MTS similar to solid tumours are composed of cells with heterogeneous 
physiology. Cells close to blood vessels are well-supplied with oxygen and 
nutrients, actively proliferating and secreting various substances and cells 
farther from the nutrient vessels are gradually more hypoxic and acidic, 
grow more slowly, and are relatively resistant to antineoplastic therapy. This 
aspect should be considered particularly in drug development research, since 
to ignore it may result in false assumptions about drug efficiency. 
 
Besides similarity to tumour growing in vivo, MTS is also a reproducible 
model generating a large population of similar cell spheroids that provides 
comparable experimental set up. It is also time-saving, user-friendly and 
cost-effective - all characteristics that make the model appropriate for dose-
schedule and PET-screening studies. These characteristics are important 
where a series of experiments need to be performed to assess, optimal dose 
and time and the most appropriate PET tracer. Another important aspect is 
the possibility to long-term follow up, where the potential is extended from 
the few days in monolayer to weeks with MTS. 
 
The first step of this work was to develop a robust and still fast and accurate 
method to compute the viable fraction of MTS. This was important for as-
sessment of growth inhibitory effect of an anticancer drug and also for ade-
quate calculation of PET tracer uptake alteration. 
 
After establishment of SASDM, the practical as well as the theoretical as-
pects of PET tracer studies performed on MTS was investigated. Results of a 
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number of basic FDG experiment showed an adequate quantitative meas-
urement of PET tracer retention in tumour cells. MTS constitutes a cellular 
mass, which is large enough to give adequate counts in radioactivity meas-
urements although the sample is small enough to allow full penetration of 
the tracer into the spheroid during a reasonable incubation time. FDG uptake 
represents glucose transport into the cells (not diffusion) and this transport 
was affected to varying extent for different anticancer drugs. 
 
The next step was to study alternative PET tracers to FDG. The effect of the 
same number of anticancer drugs was continuously evaluated based on 
growth inhibition during a few weeks with SASDM. The metabolism of the 
MTS was monitored by measuring tracer uptake to investigate the anticancer 
drug sensitivity of each PET tracer. The result showed higher drug effect 
sensitivity monitored by FLT compared to the other PET tracers.  
 
The first application of the method for a novel drug under development was 
in the preclinical development of an Hsp90 inhibitor. A high efficiency of 
the drug in breast cancer cell lines especially in Her2 positive BT474 was 
observed. The effect on cellular functionality was best observed as FLT up-
take alteration which directly correlated with the growth inhibition of the 
MTS. A two-hour exposure to the drug induces an effect that declined dose-
dependently during several days and was reflected in FLT uptake. 
 
Finally, with introduction of mathematical modelling of drug effect, a num-
ber of well-designed additional in vivo studies are suggested. The concept of 
designing an in vitro assay to predict in vivo antineoplastic drug activity that 
would provide the medical oncologist with the necessary data to define bene-
ficial drug regimens is appropriate. 
 
It is important to underline that the MTS/PET method is not a substitute for 
animal studies, but a complementary preclinical method prior to in-vivo 
studies. The detailed data used on MTS experiments can then be used to 
optimize the design of animal experiments and the clinical trials. This thesis 
explains in some detail how a clear understanding of drugs pharmacology 
can lead to improved clinical use. A greater understanding of cellular phar-
macokinetic-pharmacodynamic relationships leads to optimization of the 
administration and delivery of a new agent in further investigations. It re-
duces the number of animal required and saves the basic exploratory ex-
periments on animals. 
 
The vision is utilizing the method in a PERSONALISED MEDICINE con-
cept where the method can be applied on biopsy or surgical material from a 
cancer patient. PET allows non-invasive evaluation of physiologically status 
of each small tumour-fragment before and after a candidate chemotherapy 
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agent. This will offer the possibility to use each fragment as its own control. 
In the other word, with exposure of a battery of chemotherapy agents on an 
individual’s fresh tumour fragments, a test and assessment of an optimal 
treatment for this individual will be possible. It also provides the possibility 
to compare a series of PET tracers in each tumour fragment. For an efficient 
experiment design with many factors to test (treatments, PET tracers, time, 
dose, etc.) soft ware such as MODDE can be applied. 

 
Perhaps the greatest contribution of the method will come once the biopsies 
of cancer patients are grown as “spheroid-like” small fragments. These cul-
tures may then serve to individualize and optimize the best therapies and 
screen the most suitable biomarker available. 

 

3.2 Conclusion 
Combination of PET technique with MTS model bridges the in vitro world 
to the in vivo studies in drug development. Furthermore, development of 
SASDM strengthens the approach by providing the possibility of following 
the growth pattern of MTS and allowing adequate tracer uptake calculation. 
 
A PET/MTS-based assay is perfectly suitable for evaluation of drug sensitiv-
ity, drug radiolabelling development, PK and PD studies, and for investiga-
tion of cellular PET tracer retention.  
 
The evaluations in MTS is a suitable starting point for the translational ac-
tivities which should be followed by rationally designed studies in xeno-
grafts, based on the MTS results and finally planned inclusion of PET in 
clinical trials. 
 

 

3.3 Future work 
In this thesis, the preclinical method based on MTS, SASDM and PET was 
presented. It is important to emphasize that the clinical relevance of the 
method need to be verified. It is highly desired to follow the clinical trial of 
the Hsp90 inhibitor and based on the clinical outcomes, improve the method. 
Ideas and observations from the clinic can be brought to the laboratory or to 
a more basic level of the translational research hierarchy for further investi-
gations.  
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Development of molecularly targeted drugs aims to improve the efficacy and 
selectivity of cancer treatment by exploiting the differences between cancer 
cells and normal cells. A combination of genomic and proteomic profiling 
for the identification of biomarkers for patient selection respective as early 
response indicators should be performed in close cooperation with the selec-
tion and development of new PET probes to ensure the best opportunities for 
non-invasive in vivo evaluations in patients. Introducing other molecular 
assays fortifies the MTS/PET assay.  
 
Last but not least the ultimate vision is the application of this method in bio-
specimens gathered from specific patients, in order to tailor therapeutic 
strategies individually. This would include the generation of multiple frag-
ments from biopsy or surgical specimen from a specific patient. Non-
destructive in vitro PET studies would allow assessment of metabolic pro-
files in each sample, before and after treatment with a range of candidate 
drugs, and thereby suggest an individual treatment suitable for this patient 
and a PET tracer suitable for treatment monitoring. 
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