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Abstract 
 
In vivo nuclear magnetic resonance (NMR) techniques are widely used nowadays, both in 
experimental and clinical cancer research. Advantages of NMR include the ability to reveal abnormal 
tissue types non-invasively, and to provide a wealth of information from cancer tissue in situ, which 
can be used to assess the degree of malignancy and treatment responses. This study was devised to 
search for endogenous NMR detectable biomarkers for apoptotic cell death in a rat BT4C glioma 
model treated with Herpes Simplex virus thymidine kinase gene (HSV-tk) ganciclovir (GCV) gene 
therapy. To this end, multimodal NMR methods in vivo, ex vivo, and in vitro were used. 
 
Altered microenvironments of water were observed in the apoptosing BT4C glioma in vivo, as 
revealed with diffusion MR imaging (MRI). Increases both in extracellular volume and net water 
content, as well as decrease in intracellular space was also detected in the gene therapy treated 
apoptosing gliomas. These changes preceded or coincided with the collapse of tumour cell count 
determined by histology and were expressed before a decline in the tumour volume observed in T2 
weighted MR images. Therefore, diffusion MRI proved to be a sensitive imaging method for the 
detection of a tumour’s response to gene therapy –induced apoptosis prior to tumour shrinkage.  
 
A Carr-Purcell (CP) T2 MRI method was introduced for imaging of rat brain tumours. CP T2 MRI 
contrast at a 4.7 T magnetic field strength, acquired with a short (6.1 ms) interpulse interval, 
highlighted tissue changes associated with gene therapy -induced cytotoxicity. This was also evident 
well before any cell loss or decrease in tumour growth rate could be observed. This MRI contrast is 
expected to provide valuable information about early cytotoxic tumour responses and might be useful 
in clinics. 
 
Ex vivo high resolution magic angle spinning (HRMAS) NMR spectroscopy revealed that none of the 
chemical species containing a choline moiety contributing to the in vivo choline 1H NMR signal at 3.2 
ppm, were found to decrease with cell density early in the apoptosing glioma. In contrast, the 
concentration of taurine resonating close to 3.2 ppm followed the cell density and this may explain the 
decrease in the intensity of the choline peak in vivo in early phase of tumour apoptosis. Accumulation 
of polyunsaturated fatty acids (PUFA) was found to be the most significant contributor to the increase 
in 1H NMR lipid resonances during the apoptotic cell death. Multidimensional NMR analyses of tissue 
samples ex vivo and extracts in vitro showed that 1H NMR detectable PUFAs were mainly 18:1 and 
18:2 fatty acids. This argues that membrane breakdown products may be the source for the 1H NMR 
detected PUFAs. 
 
The present results show that several potential endogenous biomarkers for apoptosis can be revealed 
with NMR methods in vivo. These results expand our understanding of the biomolecular and 
biophysical changes behind the NMR data in the apoptotic BT4C glioma. They also show the ability 
of in vivo NMR techniques to reveal apoptosis in the experimental glioma prior to tumour growth 
arrest or shrinkage. It is believed that NMR methods used here may provide a way of visualising 
treatment response in early phase of therapy. Some or all of these may also have uses in the clinical 
environment, thus allowing for the more efficient management of cancer. 
 
National Library of Medicine Classification: WN 185, QZ 380, QU 375,QZ 52 
Medical Subject Headings: diagnostic imaging; neoplasms; glioma; magnetic resonance imaging; 
magnetic resonance spectroscopy; simplexvirus; thymidine kinase; gene therapy; ganciclovir; 
apoptosis; biological markers; diffusion; fatty acids, unsaturated; choline; taurine; rats 
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Introduction 15

1 Introduction 
 
Cancer is a major public health problem in the developed countries and accounts for 
approximately one quarter of all deaths in the United States each year (Jemal et al., 2003). 
Although brain tumours account for only about two percent of all cases of cancer, they are 
responsible for the highest number of years lost to cancer (Vincent and George, 2004). This is 
because the prognosis of glioblastoma patients has remained poor despite improvements in 
the treatments. The expected lifetime of these patients, post-diagnosis, is approximately one 
year. 
 
However, new methods of cancer treatment are under development with gene therapy being 
one of the most studied. In experimental cancer models as well as studies with patients, cancer 
cells have been made to produce toxic compounds, enzymes to activate pro drugs and tumour 
suppressor proteins. Attempts  have also been made to inhibit angiogenesis and enhance 
immune response, by the introduction of therapeutic transgenes into the tumour (Lam and 
Breakefield, 2001). In addition, many methods have been generated for the induction of 
programmed cell death in the tumours because deficiencies in the mechanisms of apoptosis 
are often found in cancer cells (Lowe and Lin, 2000a). 
 
Since apoptosis is associated with a clear set of physical and chemical events, we wondered if 
any of these processes could be detected in vivo by NMR. In this study we have used the well 
characterized experimental rat BT4C glioma model, where apoptotic cell death is induced by 
Herpes Simplex viruses thymidine kinase gene (HSV-tk) expression and ganciclovir (GCV) 
mediated gene therapy (Hakumäki et al., 1998; Hakumäki et al., 1999; Poptani et al., 1998a; 
Sandmair et al., 2000b). Nuclear magnetic resonance (NMR) techniques are currently 
exploited extensively in clinical and preclinical settings to monitor cancer, and here we have 
used various NMR methods to characterize the BT4C-tk glioma before and during apoptotic 
cell death. 
 
Since the aim of our research was to find endogenous NMR visible biomolecular markers that 
could reveal apoptosis, before cell death and tumour shrinkage become apparent, we used a 
variety of NMR methods in vivo. These included magnetic resonance imaging (MRI), 
magnetic resonance spectroscopy (MRS), diffusion weighted imaging (DWI) and diffusion 
spectroscopy to provide anatomical, biochemical and biophysical information. Furthermore, 
tissue samples were studied with high-resolution magic angle NMR spectroscopy (HRMAS) 
ex vivo and extracts from tissue samples were studied by 1H and 31P NMR spectroscopy in 
vitro. These latter studies were performed in order to identify some of the essential molecular 
changes occurring in our model. Finally, histological studies were performed in order to 
match the changes observed in NMR with physiological changes occurring during the 
treatment of the glioma. 
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2 Review of the literature 
 

2.1 Cancer biology 

2.1.1 Cancer 
 

Cancer is characterized by uncontrolled growth (proliferation) of cells. This can occur by 
epigenetic reprogramming but it is most often caused by changes in the cells genetic material. 
Due to the mutations in the DNA, caused by factors such as radiation, carcinogenic compound 
or some viruses, cells are transformed to a cancerous state, where they no longer respond 
appropriately to the signals controlling their environment. Cancer cells can grow and divide in 
an uncontrolled manner, and invade blood and lymphatic vessels, which allows them to 
spread to other sites in the body to form metastases (Lowe and Lin, 2000b). Malignant brain 
tumours differ from other types of cancers in this respect because they do not commonly 
metastasize. 
 
It is believed that before a cell can become cancerous, many mitosis and multiple mutations 
must happen. For the cells to gain the abilities of aggressive cancers, they must acquire some 
or all of the following characteristics. These include, fast population growth, resistance to 
apoptotic signals, the ability to survive in a suspension like environment, and to be able to 
secrete the proteases that are necessary for invasion into tissues. Thus, cancer cells have gone 
through many inherent changes to fight their way to survive and this is perhaps the main 
reason why they are so difficult to treat. Cancers are also very difficult to treat because even 
cancers from the same cell type can have different sets of cancer-promoting mutations. 
Despite this situation, the development of better methods for the treatment and the analysis of 
treatment success continue (Lowe and Lin, 2000b). 
 

2.1.2 Classification 
 
Tumours can result from the abnormal proliferation of many kinds of cells in the body. A 
tumour is any abnormal proliferation of cells which can be either benign or malignant. A 
benign tumour remains at its original location and it neither infiltrates neighboring tissues nor 
spreads to distant body sites. Malignant tumours on the other hand, have the ability of 
invasion and can spread throughout the body via blood and lymphatic vessels. Only malignant 
tumours are referred to as cancers (Cooper, 2000).  
 
Most of the primary brain tumours in adulthood arise from glial cells and the first objective in 
treatment is to characterize which cell type the tumour has originated from and how much the 
cells differ histologically from this tissue.  
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Table 1. Tumours of neuroepithelial tissue as classified by the World Health Organization 
    (WHO) (Zülch, 1979) 

Gliomas 
Pituitary tumours 

Meningioma 
Pineal tumours 

Intracranial lymphoma
Acoustic 

Chondroma 
Neuronal tumours 

 
Each of these tumour types have been classified into four different grades (I to IV) which are 
determined by the assessment of four morphological features.  

 
1. atypical appearance of cell nuclei  
2. evidence of cell division (mitotic bodies)  
3. endothelial hyperplasia (microvascular proliferation)  
4. areas displaying necrotic histology  

 
The grades are assigned according to the following descriptions. None of these features are 
found in grade Ι tumours. Grade II, usually have nuclear atypia and often infiltrative capacity. 
Tumours of grade ΙΙΙ usually exhibit mitosis, nuclear atypia and are clearly infiltrative. Grade 
ΙV tumours have all four features and show a remarkable degree of cellular heterogeneity and 
necrotic foci (Maidment and Pilkington, 2000; Zülch, 1979). However, despite the grading, 
histologically benign brain tumours can be malignant if they grow in vital areas or increase 
intracranial pressure. 
 

2.1.2.1 Gliomas  
 

Gliomas comprise 46 % of all primary intracranial tumours, glioblastoma multiforme (GBM) 
being the most aggressive one (Levin et al., 2001). GBM accounts for about 47 % of all the 
gliomas. It has been reported to be the leading and fifth leading cause of cancer related deaths 
in men and women in the 20 – 39 age group, respectively (Jemal et al., 2003; Levin et al., 
2001). This is despite the fact that primary brain tumours account for only two percent of all 
cases of cancer in the UK (Vincent and George, 2004). In Finland, 3.5 % of all cases of 
cancer originate from the central nervous system. Prognosis of high-grade glioma patients has 
remained poor despite the improvements in the treatment procedures. Their expected lifetime 
after diagnosis is approximately one year. 
 
Table 2. The four grades of gliomas of astrocytic origin 

Pilocytic astrocytoma, grade I 
Astrocytoma, grade II 

Anaplastic astrocytoma, grade III 
Glioblastoma, grade IV 
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2.2 Therapies 

2.2.1 Surgery 
 

The first step in the conventional treatment of patients with malignant gliomas is surgery. 
With this procedure, the main objective is to remove the tumour, however most of the time it 
is also the only way to make a reliable diagnosis. For many malignant gliomas the operation 
is usually considered as a resection. This is because clear boundaries can not be seen between 
the tumour cells and the neighboring normal tissues. For this reason, the tumour is removed, if 
possible, with about two centimeter margins of neighboring tissues in order to minimize the 
probability of recurrence. Despite successful surgery the tumour invariably recurs locally with 
a median survival from initial diagnosis of about 3 – 4 months (Walker et al., 1978). 
 

2.2.2 Radiotherapy 
 
Due to the poor outcome of malignant glioma patients when treated alone with surgery, 
radiation therapy (RT) has been applied to kill the remaining tumour cells after surgery 
without inducing permanent damage in the healthy tissue (Holsti et al., 1992). With 
combining surgery and RT, the median survival time has been raised up to 9 to 12 months 
(Nieder et al., 2004; Walker et al., 1978). Earlier the volume of the tumour was considered as 
the most precise and most relevant predictor of the RT outcome (Dubben et al., 1998), but 
lately this has been observed not to be so straightforward. The efficacy of treatment has been 
found to depend on the oxygen concentration in the tissue, which in turn depends on the local 
blood supply (Griebel et al., 1997; Kallinowski et al., 1989a; Kallinowski et al., 1989b; Lyng 
et al., 2000; Vaupel et al., 1987). Therefore a poor vascular supply and hypoxia are critical 
factors contributing to radiation treatment characterized with a poor outcome (Gatenby et al., 
1988). This also explains why hypoxic tumours have been found to require three times higher 
doses of radiation to be killed off (Gatenby et al., 1988).  
 
Radiation has been delivered to tumours by a variety of methods. A routinely used type of RT 
is teletherapy, where the source of the radiation is outside the body. The radiation is directed 
either into the entire brain or locally into the tumour with 2 cm margins of normal tissue 
(Holsti et al., 1992). Variations of this technique have been developed for the more specific 
delivery of radiation into the target tissue. One of these is the so-called gamma knife 
radiosurgery. Here the radiation is applied stereotacticly into the tumour, making it possible to 
deliver high doses of radiation directly into the locally confined target, thereby spearing more 
of the healthy tissue (Chan et al., 2004; Mogard et al., 1994). It has also been proven possible 
to give different doses of radiation into different areas of the tumour with the highest amounts 
directed into the most aggressive parts. Another form of teletherapy used is fractionated RT, 
where the total amount of radiation is delivered to the patient in smaller quantities. Even 
though many variants of RT has been developed and the treatment time can be shortened, no 
prolongation effect have been found in survival time with any of these RT variants (Bese et 
al., 1998; Nieder et al., 2004). 
 
In brachytherapy a source of radiation (usually 125I) is placed temporarily, or in some cases 
permanently, into the tumour (Koot et al., 2000; Mayr et al., 2002). Radiation can be 
restricted inside the tumour without affecting the surrounding tissue by calculating the 
penetration range of the radioactive particles emitted by the source. Even though it could be 
presumed that brachytherapy may prolong survival time of patients with malignant glioma, it 
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has not redeemed the expectations placed upon it. For example, promising results have been 
achieved (Koot et al., 2000), but this has been proposed to be at least in part due to coincident 
factors such as patient selection. A study by Florell et al. (Florell et al., 1992) reported that 
patients eligible for brachytherapy were young, had large resections and were in good general 
health. Therefore, it is possible that the patients lived longer because of these factors and not 
because of any benefits derived from the therapy. Furthermore, in studies where the patients 
have been randomized, no survival improving effect have been obtained with interstitial boost 
of radiation in addition to conventional RT (Laperriere et al., 1998; Selker et al., 2002). 
 
Computed tomography combined with positron emission tomography (CT/PET) are emerging 
as the method of choice in evaluating tumour heterogeneity prior to RT or monitoring 
effectiveness of this therapy (Beuthien-Baumann et al., 2003; Gatenby et al., 1988; Mogard et 
al., 1994; Tsuyuguchi et al., 2004). With the CT/PET method the macroscopic pattern of 
vascularity and the variation of metabolic activity in different parts of the tumour can be 
detected. This enables PET/CT scanning to be a valuable method in defining which tumour 
regions should receive higher radiation doses (Gross et al., 1998). These imaging techniques 
can also be employed post therapeutically to assess their effectiveness. For example, by using 
CT or MRI, the detection of radiation induced necrosis or tumour progression can be made. 
However, these techniques are limited by having to wait longer to assess a therapy’s 
efficiency. Whereas with PET, in conjunction with a [18F]Fluorodeoxyglucose tracer injection 
the distinction can be revealed sooner after therapy (Mogard et al., 1994), thereby aiding 
decision-making in the therapy planning process.  
 

2.2.3 Chemotherapy 
 

Despite developments in surgical and radiation therapies, the survival of glioma patients has 
remained poor. Chemotherapy is a method of treatment where specific chemical compounds 
are used to interfere with tumour cell growth and survival. These compounds achieve their 
effectiveness from their ability to alter the cell cycle or kill the cell. Both these rely on the fact 
that tumour derived cells are actively dividing, whereas normal brain cells mostly are not. 
Therefore, non-dividing cells are usually unaffected by chemotherapy. However, the success 
of the treatment depends on dividing rate of cancer cells and thus, fraction of cells in this 
phase of the cell cycle.  
 
Adjuvant chemotherapy on top of normal surgery and RT regimes have been found to have a 
possible positive effect on the treatment of primary malignant glioma patients (Fine et al., 
1993; Stenning et al., 1987). Different kinds of chemotherapy drugs and combinations have 
been developed and a diverse set of results has been obtained. The combination of 
procarbazine, lomustine and vincristine (PCV) has been found to be more efficient than 
treatment with carmustine (BCNU) alone, especially with anaplastic gliomas (Levin et al., 
1990). However, in a meta-analysis performed from the published literature, adjuvant PCV 
treatment has shown not to have a survival benefit over plain RT regimes (Party, 2001). 
However, the combination of temozolomide (TMZ) with antiangiogenic agent thalidomide 
seems to be relatively well tolerated with favorable survival outcome (Chang et al., 2004). 
This is not true for all drug combinations. For instance, a study with combination of TMZ and 
tamoxifen was discontinued due to a low positive response rate and a high frequency of 
toxicity (Spence et al., 2004). On the other hand, the Glioma Meta-analysis Trialists (GMT) 
Group has recently made a wide meta-analysis from randomized trials that compared RT with 
RT plus chemotherapy. This group reported a significant prolongation of survival associated 
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with the receival of adjuvant chemotherapy (Stewart, 2002). The results of adjuvant 
chemotherapy therefore appear to be controversial, but there seems to be at least some 
advance in extending the patient’s mean survival times compared to conventional treatment 
methods. 
 
There have been efforts to enhance the outcome of the radiation and chemotherapeutic 
treatments. For example, by combining the chemotherapy drugs with radiosensitizing agents, 
drug delivery into the tumour is enhanced due to radiation induced changes in the 
microcirculation (Griebel et al., 1997).  
 

2.2.4 Gene therapy 

2.2.4.1 Cytotoxic gene therapy 
 
Due to the continued poor prognosis of glioma patients treated with traditional methods 
illustrated above, there is an urgent need to develop alternative therapies. One of the 
experimental new methods is gene therapy, where genetic material is delivered to a tumour. 
This is done either to correct a defect or to prime the cell for destruction. For instance, the 
latter may be caused by predisposing glioma cells to a cytotoxic agent. Herpes Simplex 
viruses thymidine kinase gene (HSV-tk) – ganciclovir (GCV) combination is one of the first 
and most commonly used pro-drug  activation protocols (Lam and Breakefield, 2001; 
Moolten, 1986). In this model therapy HSV-tk phosphorylates GCV into a nucleotide 
analogue, which in turn blocks the function of the DNA phosphorylase enzyme. This leads to 
the death of the cell through programmed cell death (PCD) (Poptani et al., 1998b). HSV-tk 
gene is transferred into the tumour cells by stable transduction with retroviruses. This 
permanently combines the gene into the cells genome (Ram et al., 1993; Vincent et al., 1996). 
Alternatively, transient transduction of the gene with adenoviruses or plasmid DNA can be 
used. In this case, the gene is placed in the nucleus as an episome (Chen et al., 1994; Nanda et 
al., 2001; Ram et al., 1993; Tyynelä et al., 2002; Vincent et al., 1996). With both of these in 
vivo transfection methods clear prolongation of life in animals has been observed, when 
compared to non-treated ones (Vincent et al., 1996). This technique has another advantage. It 
has been found that phosphorylated GCV spreads to cells not expressing HSV-tk through gap 
junctions and this explains why a substantial reduction in tumour size can be achieved with as 
little as 10 % of HSV-tk positive cells (Sandmair et al., 2000b). This phenomenon is known 
as a bystander effect (Dilber et al., 1997; Mesnil and Yamasaki, 2000; Namba et al., 1996; 
Rubsam et al., 1999). HSV-tk mediated gene therapy method has also been tested in clinical 
settings in combination with other methods. Although longer survival times have been 
achieved with this method, compared to conventional treatment methods (surgery, RT, 
chemotherapy), the total clearance of the tumour has not been reported and it recurs 
(Sandmair et al., 2000a; Trask et al., 2000). Recently, one of the first randomized and 
controlled clinical study was established, where clear prolongation of survival was achieved 
with adenovirus mediated HSV-tk gene therapy after primary or recurrent malignant glioma 
resection (Immonen et al., 2004). The adenovirus was administered directly into the healthy 
tissue of the wound bed after tumour resection, to reach the remaining malignant cells 
scattered in the normal brain tissue in the walls of resection cavity. The therapy was well 
tolerated, and the survival was significantly increased both in primary and recurrent groups of 
malignant glioma. Results were not influenced by prognostic factors as age, tumour type, 
histology nor Karnofsky score (Immonen et al., 2004). ONYX-015 is replicative, tumour 
selective, oncolytic, and mutated adenovirus, that was used by Chiocca et al. (Chiocca et al., 
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2004) when studying the treatment of malignant glioma. Even though no definite anti tumour 
efficacy was observed in this trial, they showed the relative safety of injections of this virus 
into the normal brain tissue surrounding resected malignant gliomas (Chiocca et al., 2004). 
 
Table 3. Viral delivery methods for gene therapy, modified from (Aguilar and Aguilar-
Cordova, 2003) 
Vehicle Immunogenicity Advantages Disadvantages 
 
Non-
integrating 
Adenovirus 
 
 
 
 
 
 
 
 
Herpes 
 
 
 
 
 
 
 
 
Integrating 
Onco-
retroviral 
 
 
 
 
 
Lentivirus 
 
 
 
 
 
AAV 

 
 
 
High 
 
 
 
 
 
 
 
 
High 
 
 
 
 
 
 
 
 
 
 
Low 
 
 
 
 
 
Low 
 
 
 
 
 
Low 

 
 
 
1. Large insert capacity 
2. Efficient transduction of 

dividing & and non-dividing 
cells 

3. Established production &  
characterization 

4. Clinical experience 
5. Relative stability 
 
1. Very large insert capacity 
2. Efficient transduction of 

many cell types including 
nervous system 

3. Potential for replication 
competent specificity 

 
 
 
 
 
1. Moderate insert capacity 
2. Established production & 

characterization 
3. Clinical experience 
4. Persistence 
 
1. Moderate insert capacity 
2. Transduce dividing & non-

dividing cells 
3. Persistence 
 
 
1. Transduce dividing & non-

dividing cells 
2. Persistence 
3. Limited clinical experience 

 
 
 
1. Potential for toxicity 

at high-doses, 
especially with 
intravascular 
delivery 

2. Persistence limited 
by immune response 

 
 
1. Production capacity 

limited 
2. Recombination 

common & sequen-
cing impractical 

3. Limited clinical 
experience 

4. Persistence limited 
by immune response 

 
 
1. Transduction limited 

to dividing cells 
2. Potential for insertio-

nal mutagenesis 
 
 
1. Safety concerns 
2. No clinical 

experience 
3. Un-proven 

production capacity 
 
1. Limited insert capa-

city 
2. Production capacity 

limited 
AAV = adeno-associated viruses 
 
Other cytotoxic gene therapy methods have been developed and examined. One of them is the 
well characterized Escherichia coli cytosine deaminase/5-fluorocytosine (CD/5-FC) system 
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(Mullen et al., 1992b), where the prokaryotic specific CD enzyme converts non-toxic 5-FC to 
highly toxic compound 5-fluorouracil (5-FU). Since CD is not produced in mammalian cells, 
the toxicity of 5-FC is experienced only by the cells that have been transduced with the CD 
gene (Miller et al., 2002). This method has been observed to possess significant anti-tumour 
effects both in vivo and in vitro. This cytotoxic gene therapy model may have potential uses 
also in clinical settings as well (Ge et al., 1997; Miller et al., 2002). As with chemotherapeutic 
drugs, combinations of gene therapies have also been examined. For instance, Chang et al. 
have produced recombinant adenoviruses which have both, the HSV-tk and CD genes, in the 
same virus. The resulting cytotoxicity experienced by transduced C6 glioma cells in the 
presence of both GCV and 5-FC prodrugs was greater than with either drug alone (Chang et 
al., 2000). This indicates that it is possible to obtain even greater effects by combining 
different cytotoxic enhancement regimes.  
 
Gadi et al. succeeded to inhibit the growth of a slowly growing (10 to 15 day doubling time) 
human glioma in mice by selectively releasing 6-methylpurine (MeP) in the tumour cells 
(Gadi et al., 2003). A single intraperitoneal (i.p.) injection of a prodrug was transformed to 
MeP in the glioma, stopped tumour growth and caused it to regress, indicating destruction of 
both dividing and non-dividing tumour cells. This was facilitated by the long intratumoral 
half-life of MeP and a bystander effect. In addition to the specific delivery techniques 
mentioned above, many other methods of prodrug mediated therapy of cancer have been 
developed. These are beyond the scope of this thesis but have been excellently reviewed by 
Aghi et al. (Aghi et al., 2000). 
 
A further strategy for killing tumour cells has been developed, where the main focus is to 
trigger apoptotic cell death pathway in tumour cells. For example, the cell cycle can be 
modulated to obtain the correct conditions for the optimal efficacy of an apoptosis inducing 
drug (Darzynkiewicz, 1995). Alternatively, the cellular ‘death’ receptor ‘Fas’ can be up-
regulated and thus increase apoptosis mediated by this receptor (Frankel et al., 2001). One big 
branch of this kind of therapy is focused on the reactivation of silenced tumour suppressor 
genes, such as p53. Inactivation or mutation of these genes have been found to be important 
factors in the development of human cancers (Hollstein et al., 1996; Hollstein et al., 1991; 
Lang et al., 1999; Levine et al., 1991). When a competent p53 gene was introduced into 
glioma cells containing mutant p53, apoptosis was induced. This however only works for 
cells containing mutant p53 gene. Glioma cells with a wild type p53 are resistant to p53-
mediated apoptosis. However, these cells also die but it appears to occur by another route 
which involves an enhancement in their radiosensitivity (Lang et al., 1999; Shono et al., 
2002). Conversely, the absence of p53 expression in cells leads to an increased resistance to 
irradiation and treatment with chemotherapeutic agents (Lowe and Lin, 2000a; Lowe et al., 
1993). As Lowe et al. (Lowe and Lin, 2000a) summarized, there seems to be a strong 
correlation between the treatment outcome and the p53 status. This group states that in 
cancers, where the p53 gene is often mutated, tumours respond poorly to either radiation or 
chemotherapy. Consequently, in these tumour types, mutations in p53 have been found to 
correlate with poor prognosis. In contrast, in types of cancers where the mutated p53 is rare, 
this type of chemotherapy is effective. 
 

2.2.4.2 Immunotherapy in gene therapy 
 
Another direction in glioma treatment is immunotherapy. Glioma patients are often 
characterized by a depression in their immunity, a phenomenon utilized by gliomas for 
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increased survival and growth (Roszman et al., 1991; Tada and de Tribolet, 1993). The 
rationale behind immunotherapy is that boosts to the immune system (by inoculation or by 
introducing key components of the immune system) may induce the host body to ‘reject’ the 
tumour and destroy it. So far, the animal based models for this type of therapy have given 
positive results. For instance, Benedetti et al. have attempted to improve the immunity of the 
animals with inoculated gliomas by over-expressing interleukin 4 (IL-4) in the C6 
glioblastoma of Sprague Dawley rats and the 9L glioblastoma of Fischer 344 rats. The study 
was successful in that it significantly prolonged the life of the animals and achieved the total 
disappearance of the tumour in a majority of the animals (Benedetti et al., 1999). A number of 
other cytokine-mediated therapies have been developed for the activation of immune system. 
These include interleukin-6 (Mullen et al., 1992a), interleukin-17 (Benchetrit et al., 2002), γ-
interferon (Gansbacher et al., 1990), murine granulocyte-macrophage colony-stimulating 
factor (Dranoff et al., 1993) and tumour necrosis factor-α (Asher et al., 1991). Successful 
treatment outcomes have been achieved with these as well. Uhl et al. (Uhl et al., 2004) 
studied the use of transforming growth factor β receptor (TGF-βR) I kinase inhibitor SD-208 
in treatment of glioma. The biological effects of TGF-β1 and TGF-β2 were blocked, resulting 
in an enhanced release of proinflammatory cytokines and a reduced release of the 
immunosuppressive cytokine IL-10. Migration and invasion of glioma cells were inhibited, 
and the median survival of glioma bearing mice was prolonged significantly. The therapeutic 
effect of SD-208 was proposed to be mediated by the promotion of an antiglioma immune 
response, as there was found to be an interrelation between the amount of tumour shrinkage 
observed and the degree of immune cell infiltration detected in histological specimens (Uhl et 
al., 2004). Based on these initial results, the prospect for the growth of the use of this branch 
of cancer therapy is good. 
 

2.2.4.3 Antiangiogenic gene therapy for cancer 
 
Neovascularization or angiogenesis is a general prerequisite for neoplasia and is especially 
intense and comprehensive in high grade malignancies, where it increases the potential of 
metastasis (Folkman and Shing, 1992; Jackson et al., 2002; Macchiarini et al., 1992). 
Actually, enhanced neovascularization is associated with increasing rate of metastasis 
(Weidner et al., 1993; Weidner et al., 1991). Therefore, gene therapy methods for cancer 
treatment have been developed, where the main aim is to block angiogenesis. This stems from 
the rationalisation that if new blood vessel formation into the tumour can be curtailed, the 
tumour will start to die, or at least be restrained because of a lack of nutrients and oxygen. 
Additionally as a consequence of this, the metastatic capacity of tumour will decline. That is 
because tumour cells will be unable to enter circulation and metastasize to distant sites of 
body because there are no blood vessels (Folkman and Shing, 1992). These reasons, therefore, 
make the inhibition of angiogenesis an attracting strategy for the treatment of cancers. 
 
To date, over 40 endogenous inhibitors of angiogenesis have been characterized, thirteen of 
which have been employed in gene therapy models. All of these have shown antitumour 
activity in experimental animals, as recently reviewed by Feldman and Libutti (Feldman and 
Libutti, 2000). Fibroblast growth factors (FGF), vascular endothelial growth factor (VEGF) 
and transforming growth factor-β were some of the first cytokines found to have angiogenic 
properties. Compared to FGF, VEGF can be secreted from producer cells without harm, 
whereas FGF has to be passively released by cell lysis in conditions such as programmed cell 
death or damage associated with tissue injury (Conn et al., 1990). Furthermore, VEGF 
expression has been found to be induced by hypoxia in tumor cells in vivo and in vitro for the 
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induction of angiogenesis (Ikeda et al., 1995; Plate et al., 1992; Shweiki et al., 1992) therefore 
it is not surprising that, today, it is one of the most actively studied molecule in this regard, 
possessing restricted mitogenic activity towards vascular endothelial cells (Conn et al., 1990; 
Ferrara and Henzel, 1989). In high grade tumours expression of VEGF mRNA has been found 
to be higher than in the low grade ones, and it appears to be associated with increased necrotic 
area volumes (Plate et al., 1992).  
 
There are several procedures for the inhibition of VEGF’s angiogenic activity. These include: 
(1) the use of anti-VEGF monoclonal antibodies (Kim et al., 1993); (2) modified soluble 
VEGF receptor expression in glioma cells for binding to VEGF and preventing it from 
binding to it’s naturally expressed receptor on the surface of the target cell (Goldman et al., 
1998); (3) blocking VEGF receptor function by gene delivery of a dominant-negative receptor 
(Machein et al., 1999; Millauer et al., 1994) and (4) the inhibition of transcription of the 
VEGF gene (Im et al., 1999; Kang et al., 2000). These methods have given promising anti-
angiogenic results and thus inhibit tumour growth. Today, some of these approaches have 
even advanced to the clinical trial stage of development (Feldman and Libutti, 2000). 
However, the treatment of brain tumours with gene therapy in clinical settings has not been as 
successful as could have been expected from the promising preclinical tumour models in 
rodents. This unfortunate discrepancy could be due to variety of differences that exist between 
human and rodent brain tumours. First of all, human brain tumours are much bigger than in 
rodents. Even though they are bigger, they grow slower. This means that there is higher 
percentage of dividing cells in rodent tumours, resulting greater transduction efficiency via 
retroviral vectors and higher sensitivity to drugs and vectors that are selective for DNA 
replication or cell cycling (Lam and Breakefield, 2001). Another issue is that human GBMs 
are associated with immune suppression and evasion, but rodent gliomas usually are antigenic 
even in syngeneic animals (Nitta et al., 1994). Finally, human gliomas tend to send out single 
invasive cells to considerable distance from the main tumour mass (Dalrymple et al., 1994), 
whereas rodent gliomas grow in a single mass with infiltrating fronds. In summary, it is clear 
that more research is required into optimizing gene therapy regimes for human gliomas. 
 

2.3 Types of cell death 

2.3.1 Apoptosis 
 
Programmed cell death (PCD), often called apoptosis (Steller, 1995), is an active ATP -
requiring process where the cell commits suicide in a strictly controlled manner, depending 
upon the presence or absence of a signal from the environment. It was originally characterized 
and named by Kerr et al. in the 1970’s (Kerr et al., 1972). From their studies, they concluded 
that the structural changes take place in two discrete stages. In the first stage, apoptotic bodies 
are formed. These are of membrane bound, compact, but well preserved cell remnants, which 
are derived from the condensation of the fragmented nucleus and cytoplasm. In the 
subsequent phase, the apoptotic bodies are degraded and ‘eaten’ by neighboring cells or 
phagocytes. This whole process therefore results in the disappearance of the cell, without the 
induction of an inflammatory response. Apoptosis is a gene directed program, which has 
important roles in developmental biology, tissue homeostasis and immunology, affecting 
often scattered single cells rather than contiguous groups of cells (Wyllie et al., 1980). It also 
has to compete with other latent signals in the environment. For instance, cell numbers in 
organs are regulated not only by apoptosis but also factors influencing cell survival, 
proliferation and differentiation (Lowe and Lin, 2000a).  
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To date, there has been two major pathways described in mammalian cells that induce 
apoptotic cell death (Hengartner, 2000) (Fig. 1). In the death receptor pathway, the signal for 
the activation of apoptosis comes from outside the cell via stimulation of a member of the 
death receptor superfamily (such as CD95). In this pathway, binding of an appropriate ligand 
(i.e. CD95L) to the receptor on the membrane of the cell, activates a proteolytic cascade. Via 
Fas-associated death domain protein (FADD), caspase-8 (cystein protease 8) is activated, 
leading to the death of the cell by apoptosis. The other way of apoptotic cell death is 
mitochondrial pathway, which is used extensively to respond to both extracellular cues and 
internal insults such as DNA damage. These lead first to the activation of pro-apoptotic 
members of the Bcl-2 family, such as Bax, Bad, Bim and Bid. These in turn, cause the release 
of certain molecules from mitochondria, the principal of these being cytochrome c. This event 
causes the activation of a cascade of enzymes and the formation of an apoptosome. The 
mitochondrial and death receptor pathways converge at the level of caspase-3 activation, 
whose activation is essential for the death of the cell by apoptosis (Fig. 1) (Hengartner, 2000). 
Activation of caspases precede the morphological changes of the cells undergoing apoptosis 
(Blankenberg et al., 2000a). Additionally, during caspase activation, phosphatidylserine (PS) 
is presented to the surface of the cell. This event plays a role in informing the neighboring 
cells that the cell is apoptotic and is ready to be phagocytosed (Verhoven et al., 1995). After 
caspase activation and PS expression, the execution phase of apoptosis occurs. This includes 
condensation of the cytoplasm, DNA fragmentation and finally apoptotic body formation 
(Blankenberg et al., 2000b).  
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Figure 1. The two main apoptotic pathways of mammalian cells: the death receptor pathway 
and mitochondrial pathway. tBid = truncated Bid. Modified from (Hengartner, 2000). 
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2.3.2 Necrosis 
 
Necrosis is a form of uncontrolled cell death, which usually is initiated when cells or tissues 
are exposed to acute insults such as toxins, hypoxia or ischemia, and physical injury. The first 
morphological marker indicating irreversible necrotic cell death, is the swelling of the matrix 
of mitochondria (Wyllie et al., 1980). Subsequent steps are the rupturing of the nuclear, 
organelle and plasma membranes, thus enabling extracellular fluid to enter the cell, causing it 
swell and finally burst (Escargueil-Blanc et al., 1994; Wyllie et al., 1980). All the harmful 
proteases and enzymes normally localized inside the lysosomes will now be floating free in 
the extracellular fluid, damaging the neighboring cells, often killing them too. This has the 
effect of spreading the inflammation process into the adjoining viable tissue. However, as in 
apoptosis, the cell remnants are eventually ingested and degradated by phagocytotic cells 
(Wyllie et al., 1980). 
 

2.4 Principles of Nuclear Magnetic Resonance 
 
Nuclear Magnetic Resonance (NMR) is a phenomenon that occurs when nuclei in a static 
magnetic field are exposed to a second oscillating magnetic field. For the generation of NMR, 
the nucleus has to possess a property known as spin, I. This spin is more precisely called (in 
quantum mechanical terms), a nuclear spin angular momentum. It comes about in the 
following way. If a nucleus has either an even atomic weight (number of protons and neutrons 
in nucleus) or even atomic number (number of protons), it possesses no spin (I = 0). 
Therefore, nuclei of this type will not interact with an external magnetic field and will be 
unobservable by NMR. However, if a nucleus has an even atomic weight and odd atomic 
number (e.g. I = 1, 2, 3), or an odd atomic number (e.g. I = 1/2, 3/2, 5/2), it will possesses a 
spin and can be detected. (Brown and Semelka, 1995; Gadian, 1995)  
 
Nuclei with a spin ½ tend to have more favourable NMR characteristics for in vivo use than 
those with spin greater than ½. This together with the in vivo concentrations of any given 
biochemical compound and the natural abundance of isotopes, are the main reasons why most 
NMR studies of living systems use the nuclei of 1H, 13C and 31P. In the future sections I have 
focused on 1H, because it is the most abundant isotope of hydrogen (99,985 % natural 
abundance), and therefore water contains high concentration of it (Brown and Semelka, 1995; 
Gadian, 1995). Water, itself, is a focus of much attention in NMR studies since it is by far the 
most abundant molecule in the body. 
 
A nucleus with a spin is viewed as a vector in the classical description of NMR. Here, nuclei 
have an axis of rotation with a specific orientation and magnitude. Each nucleus also has a 
magnetic property due to the spinning positive charge of the proton. In complex mixtures of 
organic molecules such as tissues, each proton has a spin vector of equal magnitude but have 
random orientations. This situation produces a zero net magnetization, because spin vectors in 
opposite directions cancel each others effects out. However, when the tissue is subjected to an 
external magnetic field (B0), each proton will start to precess around the magnetic field. This 
occurs slightly tilted away from the axis of orientation, until the axis of rotation is parallel to 
the B0 (the z direction). Rotation at the angular frequency occurs because of interaction of the 
magnetic field with the moving positive charge (the Zeeman interaction), and is proportional 
to the strength of the magnetic field as is expressed by the Larmor equation (Equation (1)). 
 

00 Bγω =  (1) 
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Where ω0 is the Larmor frequency in MHz, B0 is the magnetic field strength in Tesla (T), and 
γ (gyromagnetic ratio) is an inherent constant for each nucleus given in s-1 T-1.  
 
The protons have two different states of energy for spins: parallel and antiparallel to B0, + ½ 
and – ½ respectively. The number of protons oriented parallel to B0 exceeds the number of 
protons antiparallel, because the previous ones are in a lower energy state. The populations of 
these energy states are governed by the Boltzmann distribution in Equation (2). 

 
( )kTEnn /exp/ ∆−=+−  (2) 

 
Where n- and n+ are the relative numbers of nuclei of the higher and lower energy levels 
(spins of - ½  and + ½ states, respectively), k is the Boltzmann constant, T is the temperature 
(in degrees of Kelvin) and ∆E is the energy difference between the two states, as given by 
Equation (3). 
 

0BE hγ=∆  (3) 
 
Where is equal to h/2π, h being the Planck constant. From Eq. (3), it can be deduced that an 
increase in the magnitude of B

h

0, increases the energy difference between the adjacent states 
and hence the size of the difference in their populations (Eq. (2). As a result, higher magnetic 
field strengths are desirable because the higher magnetization yields a higher population 
difference and this improves the signal-to-noise ratio in the output data from in vivo NMR.  
 
As described above, the number of protons of lower energy exceeds the number of higher 
energy and this means that the sum of the spin vectors will point parallel to the B0 magnetic 
field. Thus, the net magnetization of the tissue (M0) in an external magnetic field is oriented 
parallel to B0, and will be constant over time. M0 aligned along the magnetic field with no 
transverse components (in the xy plane), is the equilibrium state of protons with the lowest 
energy. Protons will always tend to return to this after any perturbation.  
 
For the production of a NMR signal, the spins have to be moved away from the equilibrium 
configuration of lowest energy. When a proton is irradiated at the correct frequency (ω0) by a 
radio frequency (RF) pulse, it will absorb energy. This absorption excites it from a lower 
energy state to a higher one. Additionally, if this energy is at the right frequency, it will cause 
M0 to rotate away from its equilibrium orientation. Furthermore, if the RF pulse (also called 
the 90° pulse) is applied for long enough, at a high enough amplitude, the absorbed energy 
will cause M0 to move entirely into the transverse plane (xy plane) with no magnetization 
along z axis. A net magnetization is now produced to the xy plane (Mxy), because the RF 
pulse has forced the individual magnetic moments of protons together which charactively 
possess phase coherence immediately after the 90° pulse. After the RF pulse is turned off, the 
individual nuclear spins will experience the B0 field again and start to return to their 
equilibrium state and the phase coherence is lost. The net magnetization at the Mxy plane 
starts to rotate about B0, again, and the protons will emit the extra energy at the Larmor 
frequency. This event can be captured as a current induced into a coil, tuned to the precession 
frequency, placed perpendicular to the transverse plane. This produces the NMR signal called 
free induction decay (FID). The FID is an induction signal as a function of time, from where 
the frequency distribution can be revealed by using a Fourier transformation algorithm (FT). 
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2.4.1 Spin-lattice relaxation, T1  
 
T1 is defined as the time needed for the net M0 to return to 63% of its original value after the 
excitation pulse. It is called a spin-lattice, or longitudinal relaxation time. This is because this 
process involves an exchange of energy between the nuclear spins and their molecular 
framework (the lattice). As mentioned above, after the 90° pulse there will be no longitudinal 
magnetization (along z axis). In T1 relaxation, a return of the longitudinal magnetization will 
be observed, when the protons release their energy and return to equilibrium. The return of 
protons to equilibrium with the lattice is exponential and can be described by Equation (4). 
 

1

0

T
MM

dt
dM zz −

=  (4) 

 
This equation expresses the return of the magnetization Mz to its equilibrium value M0 with a 
time constant T1.  After three T1 periods, the net magnetization will be returned to 95% of the 
level prior to the excitation pulse, i.e. M0.  
 
An important factor governing the energy transfer from an excited proton to its surrounding, 
is the presence of molecular motion (e.g. vibration, rotation) in its vicinity. The frequency of 
the motion should be close to the Larmor frequency, to allow for the efficient transfer of 
energy. Consequently, the closer the frequencies are, the more rapidly the protons will return 
to their equilibrium configuration. In tissues, the frequency of the molecular vibrations of 
proteins is approximately 1 MHz. This means, that at lower B0 the frequencies of the 
molecular motion and the ω0 of spins will be closer. When this occurs, efficient energy 
transfer will occur and T1 will be shorter, thus contributing to the observation that T1 
decreases with decreasing B0. (Brown and Semelka, 1995; Gadian, 1995) 
 

2.4.2 Spin-spin relaxation, T2 
 
T2 relaxation is a process where the transverse magnetization is lost, a phenomenon also 
called spin-spin or transverse relaxation. This type of energy transfer from an excited proton 
to another nearby proton is called spin-spin relaxation, differing from T1 in regard to the 
absence of an energy exchange with the lattice. After a 90° pulse is applied, all of the protons 
have absorbed energy and are subsequently oriented in the transverse plane. Additionally, 
they rotate at the same frequency (ω0) and are synchronized at the same point or phase of the 
rotational cycle. Since nearby protons of the same type will experience the same type of 
environment and rotate at the same frequency, they will absorb the energy released by other 
protons in the vicinity. Energy transfer will also continue to happen as long as the protons are 
in close proximity to each other and rotate at the same frequency. If an irreversible loss of 
phase coherence occurs while the energy is being exchanged, the magnitude of the transverse 
relaxation is reduced. This event can be detected in the same way as with spin-lattice 
relaxation. 
 
T2 is defined as the time when the transverse magnetization (Mxy) value is 37% of its 
maximum, observed right after the 90° pulse and the irreversible spin-spin relaxation is the 
only cause for the loss of the phase coherence. Equation (5) expresses the exponential decay 
of the Mxy magnetization to zero with a time constant T2: 
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2T
M

dt
dM xyxy −=  (5) 

 
It is important to note that T2 will always be less or equal to T1, because all processes that 
influence the spin-lattice relaxation affect the spin-spin relaxation as well. 
 
The reasons for the decay of transverse coherence of protons can be several. However, the 
movement of the adjacent spins due to molecular motion is responsible for the true T2 
relaxation. Another factor of great significance for spin-spin relaxation is the field 
inhomogeneity. This phenomenon causes changes in Larmor frequency and subsequently a 
loss in the transverse phase coherence. 
 

2.5 In vivo applications of NMR 

2.5.1 Magnetic Resonance Imaging 
 
The frequency of energy, at which a proton absorbs and reemits RF energies, is determined by 
the field strength it experiences. In magnetic resonance imaging (MRI) this field dependency 
is exploited to localize proton frequencies in different parts of space. To achieve this goal, 
small perturbations are induced into the main magnetic field B0 by gradient pulses, which 
elicit distortions that are typically less much than 1% of the main field strength. In addition, 
three gradients are used in imaging, one each for the x, y and z directions. This gives 
coordinates for the position of the protons in the three dimensions. During a field gradient 
pulse, each proton resonates at an unique frequency that depends on its exact position. The 
MR image itself, is simply a frequency map of protons that is generated through the unique 
magnetic field strengths observed at each point throughout the image. The intensity of the 
visual picture element (pixel) is proportional to the number of protons contained within the 
volume element (voxel). Since the quantity of protons found is weighted by the T1 and T2 
relaxation times of the tissues in the voxel, this enables the retrieval of information regarding 
the nature of the tissue. (Brown and Semelka, 1995) 
 
Many recent technical modifications have improved the resolution of MRI. In 1986, MR 
microscopy was able to produce images from biological tissues at the cellular level (frog 
ovum cell, around 1 mm in diameter) in which the cell nucleus and cytoplasm were 
distinguishable (Aguayo et al., 1986). After this groundbreaking study, other studies have 
been carried out with plant and animal cells. For example, in 1995 a study was performed on 
the L7 neuron isolated from the sea hare Aplysia californica. This is still a relatively large cell 
(≈ 300 µm in diameter) but it indicates that neurons could be visualized with MR 
successfully. For a good review of the other studies please refer to ref. (Blackband et al., 
1999).  
 

2.5.1.1 T1 contrast 
 
Since water protons have different T1 relaxation properties in different tissues, this forms the 
basis for the use of T1 contrast MR imaging in oncology. The most often used method for the 
generation of T1 contrasts is based on the inversion recovery sequence. This is implemented 
as follows. An inversion recovery pulse can be incorporated as a module virtually into any 
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imaging or spectroscopy sequence to produce the T1 weighting of the scans. If a 180 ° pulse is 
now applied, it results in the inversion of magnetization relative to the -z axis. This is 
followed by a gradual recovery of the magnetization back to +z axis according to a time 
constant T1. However, since magnetization in the z axis is undetectable, a 90° read-pulse is 
applied after a given inversion time (TI) to tilt the recovered magnetization into the MR 
readable xy plane. The NMR signal is then collected and the recovery of the longitudinal 
relaxation can be monitored, by varying the TI value. Therefore, T1 can be determined by 
repeating the measurement with different TIs and fitting the signal intensity to Equation (6).  
 

( )( )10 /exp21 TTIMM t −−=  (6) 
  
Where M0 is the net magnetization obtained at the equilibrium. The factor 2 in Eq. (6) derives 
from the fully inverted magnetization imposed by the 180o inversion pulse. 
 

2.5.1.2 T2 contrast 
 
Carr and Purcell were the first to introduce the so called spin echo sequence in 1954 (Carr and 
Purcell, 1954). It is widely used in imaging and spectroscopy, and it generates signals that are 
weighted according to the T2 relaxation. In its simplest form, the 90° pulse is followed by a 
180° pulse, after a time of TE/2. In this case, the echo signal is generated after another TE/2 
has elapsed. Not all of the spins can be refocused by the 180° pulse, due to the diffusion of 
molecules. This causes the amplitude of the echo to diminish by a factor . T2/ TTEe−

2 can be 
evaluated from the measurements of the echo intensities obtained from a range of different TE 
values. (Gadian, 1995) 
 
The signal loss resulting from the translational diffusion of protons in T2 measurements can 
be reduced by a sequence generated by Carr and Purcell in 1954 (Carr-Purcell T2, CP-T2 
sequence). They found that, when they combined a 90° pulse with a train of 180° pulses 
during the time of TE, the effect of dynamic dephasing regime can be reduced. Dynamic 
dephasing is derived from the exchange and/or diffusion of spins between regions with 
different magnetic fields. By decreasing the interpulse interval time τCP between the 180° 
pulses, the effects of dynamic dephasing regime can be reduced. Each 180° pulse generates an 
echo and if each signal was detected midway between pulses, a train of echoes would be 
observed. (Bartha et al., 2002b; Gadian, 1995) 
 
The apparent transverse relaxation time ( ) is related to the intrinsic transverse relaxation 
time (T

†
2T

2, Intrinsic) through Equation (7). 
 

ExchangeDiffusionIntrinsic TTTT ,2,2,2
†

2

1111
++=  (7) 

 
The term T2, Intrinsic is affected by various phenomenons. These include (i) (homonuclear) 
dipole-dipole interactions between protons; (ii) contact interactions, where the change in the 
transverse relaxation time is due to an interaction with a paramagnetic center and (iii) cross-
relaxations, which can be significant in dipole-coupled systems. T2, Diffusion is a term, where the 
transverse relaxation time is determined by the diffusion of molecules and the T2, Exchange term 
is determined by the exchange of spins between regions with different magnetic properties. 
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The dynamic dephasing regime, where the net magnetization is reduced by the diffusion and 
exchange between regions with different magnetic field strengths, is described by the 
parameters mentioned above.  
 
By decreasing the time interval between the 180° pulses (τCP), the effect of the translational 
diffusion of molecules can be reduced and the pulse sequence becomes more governed by the 
dipolar relaxation processes. In vitro and in vivo studies have successfully used the CP-T2 
sequence, or its modifications, to study the mechanisms of transverse relaxation and to 
improve MRI contrast (Bartha et al., 2002a; Bryant et al., 1990; Michaeli et al., 2002; Ye et 
al., 1996). 
 

2.5.1.3 T1ρ contrast 
 
In a T1ρ MRI experiment, a 90° pulse is used to tilt the magnetization into the x axis. 
Immediately after the 90o pulse, a continuous RF pulse, often referred to as the spin lock 
pulse, is applied with a 90o phase shift relative to the previous 90o pulse. This effectively 
‘locks’ the spins of the nuclei into the xy plane. When this occurs, there is no net 
magnetization orthogonal to the spin lock pulse. Subsequently, the relaxation of the locked 
magnetization proceeds along the locking field with a time constant T1ρ. After termination of 
the spin lock pulse, the magnetization that relaxes back to the z axis is read with any standard 
NMR sequence to generate the FID (Santyr et al., 1989).  
 
The T1ρ relaxation time constant is determined by collecting the FID after the spin lock pulse 
is applied for varying lengths of time. The intensity of the measured magnetization can be 
derived from Equation (8), where TSL refers to the duration of the spin lock pulse. 
 
    ( )ρ10 /exp TTSLMM t −=  (8) 
 

2.5.1.4 Diffusion contrast for MRI 
 

Molecular diffusion is a consequence derived from the random thermal, Brownian, motion of 
molecules, with small displacement distances. In an unrestricted situation, in 100 ms, water 
molecules will diffuse up to 20 µm in any possible direction. However, in a tissue, cell 
membrane and organelles restrict the movement of water molecules. This phenomenon can be 
used for probing cellular integrity and pathology, because these processes might alter the 
cellular environment and hence alter the observed diffusion distances. (Gadian, 1995) This 
makes these events detectable by NMR. 
 
In diffusion weighted imaging (DWI), two strong gradient pulses are integrated into the 
standard spin echo sequence, thus making the images sensitive to the water displacements 
derived from the diffusion of molecules. The first gradient pulse is placed between the 90° 
and 180° pulses, and the second is inserted after the 180° pulse but before the echo signal. 
The first gradient pulse dephases the protons and causes a diminishment in the magnitude of 
Mxy. In the situation where the nuclei are stationary during the period of TE, the rephasing 
effect of the second gradient pulse will cancel out the effect of the first pulse. Consequently, 
the nuclei will end up in phase at the time of the echo with no loss of signal, other than that 
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derived from the intrinsic relaxation effects. However, where molecular diffusion occurs, each 
proton would experience different field strengths during the second pulsed gradient compared 
to that which they experienced during the first one. Here there would be no complete 
rephasing and loss of signal would be discovered due to the random phase shifts of the water 
protons. These phase shifts results from the translational motion of the 1H nuclei along the 
direction of the field gradients (Gadian, 1995).  
 
The signal attenuation due to diffusion is related to the gradient strength and its duration, as 
well as to the diffusion time. Equation (9) describes how the echo signal is attenuated. 
 

)exp( bDA −=  (9) 
 
Where D is the diffusion coefficient. The b-term (or b-value), is determined by the gradient 
strength and timing, and can be derived using Equation (10). 
 

)3/(222 δδγ −∆= Gb  (10) 
 
Here, γ is the gyromagnetic ratio, δ and G are the duration and amplitude of the diffusion-
sensitizing gradient pulses, and ∆ is the time interval between the leading edges of these 
pulses. The parameter (∆-δ/3) is often referred as to the diffusion time, tD. (Gadian, 1995; 
Nicolay et al., 1995) 
 
The signal intensity (SI) of a voxel of tissue can be calculated using Equation (11) (see also 
reference (Schaefer et al., 2000a)). 
 

)exp(0 DbSISI ×−×=  (11) 
 
In this equation, SI0 refers to the signal intensity on the T2 weighted (or b ≅ 0 s/mm2) image. 
The DW image has T2 weighted contrast as well as contrast due to diffusion, which obstructs 
the detection of areas with increased diffusion. Reducing the effect of the T2 relaxation from 
the DW image can be done, either by dividing DW images with an image, where the b ≅ 0 
sec/mm2, or an apparent diffusion coefficient (ADC) map could be created (Schaefer et al., 
2000b). The ADC method is used instead of D when studying the diffusivity of a molecule in 
a tissue, due to the heterogeneity therein. The movement of a molecule from one place to 
another is not straightforward in tissues, but in MR imaging the increased distance travelled is 
not taken into account. Therefore, only the ADC can be calculated, when measuring 
molecular motion with DWI (Schaefer et al., 2000b). The ADC map is calculated from 
absolute DW images, where the signal intensity is equal to the magnitude of the ADC. The 
signal intensity in a DW image is expressed by Equation (12). 
 

)exp(0 ADCbSISI ×−×=  (12) 
 
As mentioned above, in tissues the movement of the water molecules is not isotropic. This 
can be due to the microscopic structure of tissues such as different kinds of cells and 
subcellular compositions. Biochemical parameters in different places of the tissue also 
contribute to the water anisotropy found in biological samples in vivo. Examples of these 
biophysical parameters include concentration, pressure and thermal gradients as well as ionic 
interactions. In the brain, for example, there are neurones, which along with their myelinated 
axons compose a neural network. The remaining space is taken up by other cell types (e.g. 
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glial cells), blood vessels and the fluid filled ventricles. This means that the brain tissue is 
highly anisotropic, as recently observed (Mori et al., 2002), and consequently the true 
movement of the molecules can not be found out when measured only from one direction. 
The orientation dependency of DWI complicates the comparison of data between different 
measurements. Therefore, an orientation unbiased method, the measurement of the trace of 
the diffusion tensor ( )zzyyxxav DDDDTraceD ++== 3/13/1 , has been developed to study the 
diffusion of water in anisotropic systems (Clark et al., 2002; Mori and van Zijl, 1995; Zhang 
et al., 2003). Mori and van Zijl presented a method, where the trace of the diffusion tensor can 
be measured within a single scan (Mori and van Zijl, 1995). They used series of bipolar 
gradients to measure Dav in a single scan, to produce diffusion images independent from the 
orientation of the patient relative to the gradient pulses. This is important, as individually 
measured diffusion constants can vary as much as a factor of two or three depending on the 
relative orientation of the diffusion gradients and the subject (van Zijl et al., 1994).  
 

2.5.2 NMR spectroscopy 
 
A molecule in the presence of a static magnetic field B0, resonates at a given frequency, 
which is directly proportional to the local magnetic field it experiences. However, different 
molecules do not resonate at the same frequency because of their difference in chemical 
structures. These events can be observed by NMR spectroscopy (MRS). Different compounds 
produce different kinds of small magnetic fields inside B0 due to the differences in their 
electronic environment. Subsequently, the total effective field (Beff) at the nucleus can be 
written as Equation (13). 
 

)1(0 σ−= BBeff  (13) 
 
In this equation, σ represents the contribution of a small secondary field generated by 
electrons and is known as the shielding constant. Since the Beff associated with each chemical 
group is different, this gives rise to signals at different frequencies. The separation of 
resonance frequencies from an arbitrarily chosen reference frequency is called the chemical 
shift, which is expressed in terms of dimensionless units of parts per million (ppm). The 
secondary fields are very small in comparison with the applied field, when the absolute spread 
in frequency is also small. As a consequence of this, it could be difficult to separate the 
various resonances. However, an improvement in the resolution of the data can be achieved 
by increasing the magnitude of B0, since the frequency separation of the resonances is 
proportional to B0. (Gadian, 1995)  

This entire phenomenon is possible because the secondary magnetic fields induced by the 
motion of electrons, opposes the applied magnetic field B0 and ‘shields’ the nucleus. This 
means that nuclei experience a smaller magnetic field than the one really applied. 
Consequently a resonance at specific frequency is formed. This phenomenon is also regulated 
by the size of the charge surrounding the nucleus. Therefore, the higher the electronic density 
around the nucleus, the lower the resonance frequency will be. Shielding can also be affected 
by the electronegativity of adjacent nuclei. This occurs where a more electronegative atom 
attracts the shield of electrons of another nucleus towards itself. This situation is exemplified 
by the case of a water molecule, where the oxygen atom pulls electrons towards itself. Finally, 
the motion of electrons from other molecules or groups of atoms in the vicinity of a nucleus, 
can also affect the amount of shielding that occurs. This is dependent on the condition that the 
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motion of the electrons of the other nuclei differs from the orientation of the molecule in the 
applied field. 

The total number of peaks in a spectrum is affected by a phenomenon called spin-spin 
coupling. This happens between two nuclei, providing that they both have spins of ½, and the 
participating nuclei are covalently bonded together and separated by one or more bond. It is 
also not restricted interactions between nuclei of the same type (i.e. homonuclear) but can also 
develop between different species of nuclei (i.e. heteronuclear). Examples of these spin-spin 
interactions are the observed 13C-1H and 1H-C-C-1H specific coupling patterns. As a 
consequence of this coupling, any one nucleus will produce two peaks in spectra instead of 
one, when coupled with another nucleus. The separation of these two peaks is known as a 
spin-spin coupling constant (JXX), which is a characteristic to particular molecule. It is 
independent of the applied magnetic field and is expressed in Hz. Spectra can become very 
complex quickly, because each pair of magnetic nuclei within a molecule produces a 
coupling. Nevertheless, these are very informative and it is even possible to determine the 
chemical structures of molecules by studying the patterns of coupling. (Gadian, 1995) 
 
In summary, 1H NMR spectroscopy is an excellent method for investigating not only 
molecules, but also their chemical structure and behavior in different micro-environments in 
vivo. From this, important information regarding the status of a tissue can be determined and 
matched with the existing biochemical knowledge of the tissue. It has been also applied 
widely to clinical studies, where it has shown its significance when evaluating the state of a 
tumour after treatment or assessing the level of damage after a stroke (Chenevert et al., 2000; 
Mardor et al., 2003). 
 

2.5.2.1 Diffusion NMR spectroscopy 
 
To utilise the occurrence of diffusion within in vivo NMR spectroscopy, the goal is to study 
the diffusivity of water and individual metabolites. This is made possible by the fact that 
diffusion spectroscopy measurements are sensitive to factors that are directly related to the 
architecture of cells and tissues. With this method, the evaluation of the physico-chemical 
properties of metabolites within cells and tissues can be made to reveal possible alterations 
therein. These changes can be caused by a variety of processes, including developmental, 
pathological or therapeutical changes amongst others. The ADCs of metabolites can be 
measured the same way as is done with water molecules. Furthermore, modifications can also 
be made to MRS sequences, so as to suppress unwanted resonances that interfere with the 
detection of the resonance of interest. For example Sotak et al. filtered out the signal derived 
from lipids at 1.3 ppm which overlaps the lactate (Lac) peak, when they were studying the 
diffusion of that biochemical in tumours (Sotak, 1988). 
 
This method is not without its difficulties. For example, metabolite diffusion measurements 
are more demanding than water diffusion measurements, because the concentrations of the 
chemicals are only a fraction of that of water. In addition, the metabolite diffusivity is 
substantially slower than that of water. This means that higher gradient amplitudes and/or 
longer diffusion times are required to achieve sufficient diffusion-dependent signal 
attenuation in the time regime (Nicolay et al., 2001). 
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2.5.3 Magic angle spinning NMR spectroscopy in biological specimens 
 
Tissue structure is highly organized and this restricts the motion and orientation of water 
protons. This causes three principle problems. There are a) intermolecular dipole-dipole 
interactions that shorten the T2 relaxation time, b) chemical shift anisotropy and c) magnetic 
susceptibility, which causes a broadening of the spectral lines and a decrease in the signal 
intensity. These problems and their solutions are discussed next, in detail.  
 
It has been observed that the orientation of the tissue, in relation to a constant B0 magnetic 
field, affects the signal intensity by phenomenon arising from dipole-dipole interaction of 
different molecules. Therefore, in tissues, which resemble solids in consequence of molecular 
interaction and movement, it can be assumed that the dipolar interaction between two nuclei 
can be described by Equation (14). 
 

1cos3 2 −θ  (14) 
 
Here, θ is the angle between the static magnetic field and the internuclear vector. When 

, the dipolar interaction disappears. This so-called ‘magic angle’ condition is 
satisfied when the θ equals 54,74°. When the samples are rotated along an axis at this angle in 
relation to the B

01cos3 2 =−θ

0 magnetic field, the dipolar interactions disappear. Spectral resolution can 
also be improved significantly by reducing (i) the chemical shift anisotropy, (ii) the local 
susceptibility gradients near intracellular and extracellular structures (Weybright et al., 1998) 
and (iii) the residual dipolar interactions in heterogeneous solid-like biological samples 
(Cheng et al., 1996a; Cheng et al., 1997; Erickson et al., 1993). One of the first articles 
reviewing both the development of MAS and the improved spectral resolution of MAS 
compared to the conventional non-spinning system by Andrew in 1971 (Andrew, 1971). 
Nowadays, MAS has been successfully used in vitro (Chen et al., 2002; Weybright et al., 
1998) and ex vivo (Bollard et al., 2003; Cheng et al., 1998; Cheng et al., 1996b; Griffin et al., 
2000; Millis et al., 1997), revealing the metabolic profiles of studied samples as well as 
changes therein brought about by, for example, treatments.  
 

2.6 Applications of NMR techniques in the field of oncology  

2.6.1 MRI 
 
MRI has been widely used in clinics to distinguish tissues and to visualize malformations and 
tumours in the body. MRI provides better soft-tissue contrast than plain radiography or CT, 
because the variations in T1 and T2 relaxation properties of tissues are much greater than 
variations in the density of the tissue. The success of MRI has also increased due to its non-
invasive nature and its independence from the use of radioactive tracers. Additional freedom 
of measurement with this technique is also derived from the fact that images can be taken in 
any direction and from any part of the body (Edelman and Warach, 1993).  
 
Therefore it is not surprising that the MRI has become an important part of clinical care in 
oncology. For example, the place and size of the tumours can be seen accurately, and the 
success of a treatment can be easily followed during and after the treatment. The reaction of 
the tumour to the treatment protocol can be usually observed by studying the T1 and T2 
contrasts, often referred to as conventional MRI. With this technique, quantitative changes are 
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noticed even before other parameters, such as decreased tumour volumes become latent 
(Evelhoch et al., 2000; Hakumäki et al., 2002; Poptani et al., 1998b). 
 

2.6.2 The use of DWI in oncology 
 
Even though the volume of the tumour can, in most cases, be seen with conventional MRI, it 
does not always show the precise margins and the nature of it. New methods have been 
developed to overcome this problem. In particular, the possibilities of DWI have been 
exploited owing to its documented use in the detection of acute stroke (Kucharczyk et al., 
1991). DWI can observe ischemic brain tissue within minutes of onset, when the 
characteristic decrease of ADC in the first stages of ischemia is observed. This is caused by 
several ischemia-induced tissue changes, including energy failure and the influx of 
extracellular water into the cells. Therefore, DWI has become a widely used and important 
method in clinical settings for imaging stroke, where it aids the making of appropriate 
diagnostic and treatment decisions (Huisman, 2003; Kucharczyk et al., 1991; Roberts and 
Rowley, 2003; Schaefer et al., 2000a). 
  
The possibilities of DWI in cancer research has been studied widely with experimental 
tumour models (Chenevert et al., 1997; Chenevert et al., 2000; Hakumäki et al., 1998; 
Kauppinen, 2002) and in clinical settings (Castillo et al., 2001; Chenevert et al., 2000; Hein et 
al., 2003; Maier et al., 2001; Mardor et al., 2003). As far as the outcome of a treatment of 
tumours is concerned, ADC has been found to be inversely correlated to the cell density 
(Gauvain et al., 2001; Gupta et al., 2000; Kono et al., 2001; Sugahara et al., 1999), as well as 
to the concentration of choline containing compounds (tCho) (Gupta et al., 2000; Gupta et al., 
1999). Increases in ADC during successful treatment is also associated with decreases in cell 
density (Chenevert et al., 2000; Mardor et al., 2001) or to increase in the extracellular volume 
due to the cell shrinkage (Galons et al., 1999). It additionally has been found to decrease due 
to recurrent tumour growth (Chenevert et al., 1997). However, to date, no correlation between 
the ADC value and grade of the tumour has been found (Lam et al., 2002).  
 
DWI has proven its value in cancer research as well as in stroke, revealing the positive 
reaction of the tumour to the treatment substantially earlier than can be seen with the T1 and 
T2 weighted MRI, as discussed in the previous section (Chenevert et al., 1997; Chenevert et 
al., 2000). Therefore, when considering the treatment procedures, the decisions to alter the 
treatment protocol can be made substantially earlier (Mardor et al., 2001). Due to its wide 
availability around the world and the promising early results in clinical settings, DWI has 
become a valuable method in the field of cancer research.  
 

2.6.3 Perfusion imaging 
 
In order to meet the energy and oxygen metabolism of a tumour, new blood vessels and 
capillaries are formed inside of it. This angiogenic phenomenon is considered essential for 
cancer growth. In this light, several studies have been made by using the perfusion imaging 
NMR method to examine the cerebral blood volume (CBV) of brain tumours in order to 
reveal the extent and the state of the blood vessels (Cha et al., 2003). The basis of this method 
is related to the nature of the capillaries within the tumours. Within a tumour, the capillaries 
are newly formed and the epithelial cells have not yet formed tight connections between each 
other and this makes the capillary walls leaky. This leakiness can be utilised to allow the entry 
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of contrast agents into the tissue from the capillaries, a phenomenon that has been utilized in 
perfusion imaging. In the normal brain tissue, the blood brain barrier (BBB) highly regulates 
the molecules that can shift from the blood to the brain tissue and is therefore less detectable 
by perfusion imaging. Leaky BBB is characteristic to a tumour, establishing a way to 
characterize the nature and the state of the blood vessels therein. Tofts and Kermode (Tofts 
and Kermode, 1991) have presented a model for the quantification of BBB permeability and 
leakage space, that are very important and useful parameters in the study of conditions where 
BBB is disturbed. In this way physiological variables can be measured in an objective, 
reproducible and non-invasive way, and achieved results which are not dependent on intra- or 
inter-patient variations in the blood contrast agent concentrations. Reliable quantification 
procedures have an important role in studying patients in the clinics, understanding disease 
process, and evaluating the effectiveness of new treatments (Evelhoch et al., 2004; Tofts, 
1997).  
 
Contrast agent perfusion MRI of tumours has been widely used in clinical settings. By using 
this method, it has been found that increased malignancy is associated with increases in the 
CBV (Aronen et al., 1994; Jackson et al., 2002; Law et al., 2003; Preul et al., 2003). Aronen 
et al. (Aronen et al., 1994) have even managed to reveal areas of probable malignant 
dedifferentiation in a tumour by finding areas of high CBV from nonenhanced region of the 
tumour in the conventional MRI (after injection of a gadolinium based contrast agent). They 
also demonstrated the ability of perfusion measurements to reveal the high heterogeneity of 
the tumours and high CBV values therein. This phenomenon was also noticed by Preul et al. 
(Preul et al., 2003) in a high grade brain tumour. 
 
Recently a study was made with glioblastomas, where an inverse relationship between the 
size of the tumour and CBV was found (Principi et al., 2003). This result was associated with 
necrosis, a well known phenomenon described in glioblastomas. Necrosis occurs in very 
malignant gliomas because the growth is so fast that the microvasculature can not meet the 
demands placed upon it by the tumour for nutrients and oxygen, creating conditions for 
ischemic necrosis. Therefore, they found out that lower CBV values were related to higher 
levels of necrosis in tumours. In support of this view, another study revealed that the density 
of microvessels was higher in the rim section of the tumour. Furthermore, the density of these 
vessels decreased towards the core of the tumour, where the necrosis was more abundant (Sun 
et al., 2004). Finally, they also found that the microvessel density was higher in the normal 
tissue compared to the tumour. This last finding is in contrast to the common assumption and 
many other studies. However, this phenomenon has also been reported by Silva et al. (Silva et 
al., 2000). 
 
This MRI method has also been used to predict when to use RT as well as the effects of this 
treatment. A study has been made where perfusion imaging has been found to predict the 
outcome of a radiotherapy: Griebel et al. found that better responses to the treatment were 
related to higher initial tumour perfusion (Griebel et al., 1997). It has also been reported that 
better outcomes of the treatment were associated to higher reductions in blood volume 
(compared to the initial values) after RT, in the tumour (Hawighorst et al., 1997; Hawighorst 
et al., 1998). 
 
Therefore according to the available evidence described above, contrast agent perfusion 
imaging appears to be a very promising tool in which to investigate the nature of the tumours 
at the level of the state of the BBB and capillaries. The data derived from the use of this 
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technique can be used in determining the correct kind of treatment for the individual patient as 
well as aiding the assessment and development of new anticancer drugs. 
 

2.6.4 1H magnetic resonance spectroscopy 
 
1H MRS has been used to study brain tumours in more detail, where the goal is to monitor 
metabolic changes associated with malignancy as well as the ‘metabolite phenotypes’ of 
tumours (Ala-Korpela et al., 1996). It is a novel method of NMR that has had an important 
role in studying and characterizing normal and diseased brain in vivo (Ross and Bluml, 2001). 
In the use of MRS of the brain in vivo, the main parameters examined have been the spectral 
peaks derived from tCho, N-acetyl-aspartate (NAA) and creatine (Cr, comprising from 
creatine and phosphocreatine). These compounds were chosen on the basis of differing 
criteria. Choline containing compounds are almost exclusively located in the plasma 
membranes of a cell and therefore disturbances in these may indicate pathology associated 
membranes changes. On the other hand, NAA is used because it's exclusive association with 
neurons and therefore is considered as marker for this type of cell. Finally, Cr is used as a 
marker for metabolic activity because it was thought that it is a reliable marker for the energy 
status of a cell. Since this is an important method, the details of its use in various studies will 
be described next. 
 
It has been found that the amount of tCho is higher in tumours than in normal brain tissue 
(Howe et al., 2003; Isobe et al., 2002; Negendank et al., 1996; Utriainen et al., 2003). In 
addition, this measurement has also a linear correlation with cell density (Gupta et al., 2000; 
Miller et al., 1996; Nafe et al., 2003) and the increase in the amount of tCho in tumours is due 
to the higher density of cells. NAA levels, on the other hand, are reduced because tumour 
cells replace normal brain tissue and thus decreases the numbers of neurons (Negendank et 
al., 1996). However, a discrepancy from the above results was obtained by Usenius et al. This 
group found no differences in the absolute choline concentration between astrocytomas and 
normal white matter in vivo, a result verified by their in vitro studies (Usenius et al., 1994b). 
It has been found in multiple studies that Cr concentrations are lower in gliomas compared to 
normal brain tissue (Gill et al., 1990; Howe et al., 2003; Isobe et al., 2002; Negendank et al., 
1996; Rémy et al., 1994). The levels of Cr are kept relatively constant in the normal brain 
(Murphy et al., 2002), but a decline as a function of reduced cell density in a rat glioma model 
has been observed (III). Consequently, the levels of Cr can be used as an internal reference 
for the calculation of specific metabolic concentrations within a sample.  
 
Chemical specific spectra for these chemicals, obtained by 1H MRS, have also been used to 
monitor responses to conventional glioma therapies. From these studies, it has been shown 
that after efficient RT, that has been shown to lead to extensive apoptosis (Thompson, 1995), 
the level of tCho decreases (Kizu et al., 1998; Nelson et al., 1999; Vigneron et al., 2001). 
However, in the case of poor RT, the concentration of tCho remains stable or increases even 
further. These individual parameters can also be combined to further increase the predictive 
purpose of the results. When the data derived from tCho, NAA and Cr were combined, in 
various studies from individual patients, the differentiation between active (possibly 
recurrent) tumours, necrotic tumours and normal brain tissue was possible (Dowling et al., 
2001; Kizu et al., 1998; Nelson et al., 1997; Schlemmer et al., 2002; Schlemmer et al., 2001; 
Taylor et al., 1996; Vigneron et al., 2001). This makes MRS an useful extension to a 
conventional MRI in predicting the active area of the tumour (Croteau et al., 2001; Pirzkall et 
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al., 2001; Pirzkall et al., 2002; Wald et al., 1997) and quantifying the degree of tumour 
infiltration (Croteau et al., 2001).  
 
Lipids and therefore tCho change over the life time of the tumour and therefore have the 
potential to predict the future behaviour of the tumour to therapy. This might speed up the 
therapeutic process. Therefore when it was found that concentration of lipids were found to 
increase proportionally with the aggressiveness of the tumour, and their presence is also 
observed in metastasis, it looked like that they may be useful (Ishimaru et al., 2001; Murphy 
et al., 2002). This notion has also been supported by other studies. For instance, it has been 
observed that the microscopic necrosis in high grade glioma correlates with poor prognosis of 
the patient (Burger et al., 1985; Daumas-Duport et al., 1988; Nelson et al., 1983) and 
additionally that the amount of mobile lipids increase with the amount of microscopic cellular 
necrosis (Kuesel et al., 1994). Due to these results there has been a belief that the more severe 
disease, the more there is necrosis and lipids due to the high speed of growth. This is the 
situation in most cases, however, lately it has been shown that abnormal lipid distributions are 
also present in viable tumours, further increasing during apoptotic cell death (Hakumäki et al., 
1999; Negendank et al., 1996) (IV). This is probably due to the breakdown of membranes.  
 
Many attempts have been made, in effort to grade the tumours non-invasively using MRS and 
the amount of tCho. However, this has not been easy due to the wide heterogeneity of 
tumours with large variations of the amounts of metabolites within each subtype, especially 
glioblastomas. Nevertheless, it has been possible to differentiate between low- and high grade 
gliomas (Castillo et al., 2000; Fulham et al., 1992; Howe et al., 2003; Law et al., 2003; 
Negendank et al., 1996; Tedeschi et al., 1997). Attempts have also been made to use Cr 
concentrations as a hall marker of possible malignancy, but contradictory results has been 
achieved. In some studies there is a decrease of Cr in malignancy (Isobe et al., 2002; 
Negendank et al., 1996), whereas in others no relationship could be found (Usenius et al., 
1994a; Utriainen et al., 2003). Specific components of the choline pool have also been 
studied. For instance, Myo-Inositol (myo-Ins) concentrations have been examined, but only 
trends of decreased concentrations with increasing malignancy has been observed, with no 
substantial differences between grade to grade (Castillo et al., 2000; Howe et al., 2003; 
Murphy et al., 2002). Despite these inconclusive results, other variations of MRS have been 
tried to determine the grade of a tumour. For instance, by using single voxel 1H MRS, Majós 
et al. have managed to differentiate tumours into four groups: GBM and metastases (MET), 
meningiomas (MEN), low-grade astrocytomas (LGA) or anaplastic astrocytomas (AA) with a 
77 % success rate (Majos et al., 2003). 
 
The concentrations of Lac and lipids have also been studied for the purposes of grading 
tumours. In this case, an increasing trend was found therein in concordance with malignancy 
(Howe et al., 2003). Meyerand et al. used single voxel MRS to study the viable area of the 
tumour, and found a relationship between the ratio of Lac and water signal to the different 
grades of the tumours (Meyerand et al., 1999). Unfortunately, when the signal from Lac was 
compared to the signal from Cr, as is often done, no such clear correlation could be found and 
only a division of low and high grade gliomas was possible. This was also the case when the 
ratios of tCho to water or Cr were examined in this study. Recently a study reported a 
correlation between an increasing tCho and a more irregular nuclear shape (Nafe et al., 2003). 
This study also investigated other parameters and found that even nuclear density correlated 
with the tCho. These results are in concordance to a previous study that explained them more 
thoroughly at the cellular level (Negendank et al., 1996).  
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Due to the wide heterogeneity of tumours and other abnormalities of the brain and to the 
complexity therein to grade them correctly, new methods have been developed for the 
analysis of the NMR spectra. In their study, Somorjai et al. managed to differentiate 
meningiomas, astrocytomas and epileptic brain tissue in an accuracy of 91.8 %, by using 
techniques which incorporated linear discriminant analysis (LDA), artificial neural network 
(ANN) and computerized consensus diagnosis (CCD) (Somorjai et al., 1996). An even better 
successful classification rate was achieved by Preul et al., who managed to separate tissues 
from normal brain and from the five most common types of adult brain tumours (LGA, AA, 
GBM, MEN and MET) with an accuracy of 99 % (Preul et al., 1996). In the latter study a 
pattern recognition -based analysis was used to simultaneously take into account the six most 
measured 1H MRS resonance peaks of brain tumours (Cho, Cr, NAA, alanine (Ala), Lac and 
lipids (at 0.9 ppm)). These pattern recognition and discriminant analyses are based on the 
comparison of unknown tumour samples to the databases of spectra from known tissue 
samples (Tate et al., 1998). To aid this process, automated classification methods has been 
lately developed and these improve the identification of the unknown lesions more reliable 
and less susceptible to the subjectivity of the person handling the data. An example of this 
type of improvement is the implementation of an ANN (Poptani et al., 1999; Tate et al., 1998; 
Tate et al., 2003).  
 

2.6.5 Ex vivo 1H MRS 
 
The advantages of using excised tissue samples, ex vivo methods, compared to in vivo 
methods lies in the possibilities of using higher magnetic fields, longer measurement times, 
lower temperatures and spinning the samples. These parameters are all tightly fixed in vivo 
and therefore the freedom afforded ex vivo facilitates much better spectral resolution. In 
addition, by using ex vivo methods, some of the problems arising from in vitro studies (see 
section 2.6.6) can also be avoided. High resolution 1H NMR spectroscopy, or more often, 
high resolution magic angle spinning (HRMAS) 1H NMR spectroscopy, have been used 
successfully for the investigation and characterisation of different types of tumours and 
tissues. These techniques also allow for an improvement in the biochemical interpretation of 
lower resolution spectra in vivo (Barton et al., 1999; Kuesel et al., 1994; Millis et al., 1999; 
Rutter et al., 1995; Tzika et al., 2002).  
 
Therefore, due to the higher resolution, the complexity underneath the so called choline peak 
around 3.2 ppm in tumour has been found to derive not only from free choline (Cho) but also 
glycerophosphocholine (GPC), phosphocholine (PC), taurine (Tau), myo-Ins and 
phosphoethanolamine (PE) (Rémy et al., 1994) (V). The concentration of tCho in vivo has 
been stated to be higher in tumours than in normal brain tissue due to higher cell numbers. 
However, Rémy et al. found no significant differences in their study, which was made by 
using in vivo, ex vivo and in vitro methods in a rat C6 glioma model (Rémy et al., 1994). This 
is in concordance with the results of other published studies (Peeling and Sutherland, 1992; 
Usenius et al., 1994b). Rémy and colleagues noticed instead a clear increase in Tau 
concentration within the glioma, which lead them to the conclusion that increases in the levels 
of Tau and PE could be responsible for the changes observed in the 3.2 ppm area of the 
spectra in vivo.  
 
Even though the methods have been successfully used in cellular studies (Weybright et al., 
1998), the main focus of research is tissues. In the case of, for instance, lymphatic cancer, the 
differentiation between the tumour from a healthy lymph node is very time consuming. With 
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convenient spectroscopic method it takes about 4 to 5 hours with two dimensional (2D) 
spectroscopy (Cheng et al., 1996b). This is due to the excessive amount of fat in this tissue. 
By using HRMAS the 1D spectral resolution was remarkably improved with the time needed 
for the detection of the malignancy was reduced to about half an hour. The results of 
improved spectral resolution and sensitivity achieved by HRMAS have also been noticed by 
many other researchers and from different kinds of tissues and diseases HRMAS therefore 
helps in facilitating better diagnosis (Cheng et al., 1998; Cheng et al., 1997; Griffin et al., 
2000; Millis et al., 1997). 
 
HRMAS has also been successfully used to monitor cell and tissue responses to 
differentiation therapy, using the drug thiazolidinedione, in liposarcoma (Chen et al., 2002). 
This agent makes the cells withdraw from the cell cycle. This event is associated both with an 
accumulation of triglycerides and an increase in the phosphatidylcholine : phosphocholine 
(PtdCho:PC) ratio. Since NMR can detect the latter variable, it was suggested that NMR 
could be used to quantify the effectiveness of the treatment. Indeed, in patients, the increase in 
the PtdCho:PC ratio was the observation that was most associated with differentiation. This 
indicates that this parameter may possibly serve as a NMR-detectable marker for efficient 
liposarcoma therapy (Chen et al., 2002). These results are in concordance with another study, 
where the classification of liposarcomas was made (Millis et al., 1999). This other group 
found that falls in triglyceride content were proportional to the amount of de-differentiation 
found in the tumour. This was also accompanied with a significant increase in the PtdCho 
level associated to increased cell numbers (Millis et al., 1999). It should be noted that a 
contradictory result concerning the PtdCho content was reported by Chen et al. This group 
explained this phenomenon by an increase in the activity of the CTP: phosphocholine 
cytidylyltransferase enzyme (CCT, the rate limiting enzyme in the conversion of PC to 
PtdCho) in this case of differentiation (Chen et al., 2002). HRMAS has been successfully 
used to monitor the metabolic patterns of a tumour after efficient gene therapy in another 
therapy model of tumour. Here, it has also revealed accurate changes occurring during the 
early stages of the treatment (III, IV). 
 

2.6.6 In vitro 1H MRS 
 
In using 1H MRS in vitro it is possible to study more accurately and more closely the 
phenomena seen in vivo. Additionally the extraction of the tissues, often used in the 
preparation of samples for in vitro studies, makes it possible to see the total concentrations of 
the metabolites therein. This is because some of sub-cellular compartments containing the 
compounds are non-NMR visible in vivo (Kauppinen and Williams, 1991). This means that in 
vitro the concentrations of the metabolites can be higher than measured in vivo. 
 
Many in vitro studies from the extracts of tumours has been performed in order to find out 
special spectral characters exist for different types of tumours which might improve the 
identification of neoplasms in vivo (Gill et al., 1990; Gribbestad et al., 1994; Kinoshita et al., 
1994). Despite the advantages of in vitro studies there are some drawbacks and these mainly 
concern the extraction procedures. For example, the widely used perchloric acid (PCA) 
extraction method removes lipids and proteins from the sample, even though they have 
important roles of a normal cellular metabolism and are known to contribute to the tCho peak 
seen in vivo (Peeling and Sutherland, 1992); they are a potential source of novel MRS visible 
markers. Extraction procedures also liberate metabolites from the different cellular 
compartments that are not possible to detect in vivo. This means that in vitro there could be 
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seen some metabolites in a certain area which are not apparent in vivo. This might ultimately 
lead researchers to the false assumptions that do not apply in vivo. The heterogeneity of 
different extraction techniques may also cause difficulties. With different methods, variable 
amounts of metabolites are extracted from the tissue (Le Belle et al., 2002) thus making the 
comparison of studies made by different ways very questionable. Not withstanding these 
problems, in vitro studies have been, and continue to be, successful in determining some 
useful parameters that can be used to detect cancers by NMR. 
 

2.6.6.1 Choline containing compounds in malignancy 
 
tCho is required for the integrity and maintenance of cell membranes. Furthermore, the 
amount of tCho have been found to be in a linear correlation to cell density in tumours (Gupta 
et al., 2000; Miller et al., 1996; Nafe et al., 2003), and after an efficient RT the amount of 
tCho has been found to decrease. Therefore, in this capacity, it has been used as the hallmark 
of a successful treatment procedure (Kizu et al., 1998; Nelson et al., 1997; Schlemmer et al., 
2002). These are the results applied presently in clinics. However, when the so called choline 
area around 3.22 ppm in the spectra was examined more carefully, with in vitro and ex vivo 
methods, it was noticed to be composed of signals derived from different types of choline 
containing compounds (Ala-Korpela et al., 1996; Rémy et al., 1994).  
 
PtdCho is the most abundant phospholipid in biological membranes consisting approximately 
40 % of the lipid found in it (Miller et al., 1996). Despite this fact, the precursor and 
degradation products of PtdCho, but not the molecule itself, seems to be responsible for the 
Cho peak seen in vivo (Miller et al., 1996). The biosynthesis of PtdCho starts with the 
phosphorylation of Cho to PC. PC is then transformed to cytidine diphosphocholine (CDP-
Cho) by a rate limiting enzyme CCT. Finally, CDP-Cho is finally transformed by 
phosphocholine transferase to PtdCho. When PtdCho is hydrolyzed by phospholipases, GPC, 
free fatty acids (FFA), Cho and 1,2-Diacylglycerol amongst other compounds are formed 
(Aboagye and Bhujwalla, 1999).  
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Figure 2. Biosynthesis and hydrolysis of PtdCho. Choline kinase (CK), phospholipase C 
(PLC), phospholipase D (PLD), phospholipase A1 and A2 (PLA1 and PLA2). Image modified 
from (Aboagye and Bhujwalla, 1999). 
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GPC has been found to be the main constituent of tCho observed in vivo by 1H MRS in 
normal human mammary epithelium. However, during carcinogenesis a GPC to PC switch 
happens, with highly invasive metastatic cell lines showing the highest levels of PC (Aboagye 
and Bhujwalla, 1999). This is not true for all neoplasm types. In prostate cancer cells no such 
GPC to PC switch was observed. Instead there was a significantly higher PC and GPC 
concentrations than in normal prostate epithelial cells. This indicates that the elevation of 
tCho peak in clinical settings is connected to alterations in phospholipid metabolism and not 
only to increased cell numbers (Ackerstaff et al., 2001). In a study made by Bhakoo et al. 
(Bhakoo et al., 1996), the GPC levels were found to be approximately double that of PC in 
normal cells. Additionally it was observed that in tumour cells, the amount of PC was 
increased dramatically and a decrease in the levels of GPC was noticed. However, the 
PC:GPC levels did not correlate simply with the rate of cell division, because rapidly dividing 
primary cells examined had approximately twice as much GPC as PC (Bhakoo et al., 1996). 
This supports the assumption made later by Ackerstaff et al. (Ackerstaff et al., 2001). The 
accumulation of phospholipids (PL) (including PC) is also a periodic event associated with 
the cell cycle, with a net accumulation occurring in the S phase (Jackowski, 1994; Jackowski, 
1996; Smith et al., 1991). Therefore this biochemical marker may be used as a marker of 
increased membrane synthesis and possibly increased cell numbers or increased cell division. 
 
Although there seems to be no differences in the absolute concentration of tCho between 
healthy brain and astrocytic tumours of different grades, approximately 90 % greater values in 
the PC concentration have been observed in grade IV astrocytomas (Usenius et al., 1994b). 
Therefore PC concentration may be used as a biochemical marker for astrocytomas of highest 
malignancy in the future. 
 

2.6.6.2 1H NMR detected lipids in malignancy 
 
Even though cells contain a considerable amount of lipids in their membranes, 1H NMR 
spectroscopy rarely detects lipid resonances in the brain tissue, because the membrane bound 
lipids are not detectable by 1H NMR (Hakumäki and Kauppinen, 2000). Therefore, the 1H 
NMR spectroscopy of lipids in brain tumours is an attractive tool by which malignancy may 
be monitored (Opstad et al., 2004).  
 
Cancer cells usually die via apoptosis after efficient conventional RT, chemotherapy 
(Thompson, 1995), and gene therapy (Hakumäki et al., 1999). Blankenberg et al. have shown 
that the amount of apoptotic cell death can be quantified by 1H NMR spectroscopy in vitro by 
studying the increase in the ratio of methylene (CH2) and methyl (CH3) resonances at 1.3 and 
0.9 ppm, respectively (Blankenberg et al., 1997; Blankenberg et al., 1996). Over two fold -
increase in the signal intensity of the CH2 resonance were observed in the cell cultures 
undergoing apoptosis (Blankenberg et al., 1996). An increase in the methylene group signal 
was noticed also in in vivo experimental tumour model during apoptotic cell death, with 
additionally an increase in the methyl group concentration also detected (Hakumäki et al., 
1999). They also detected an increase in the signal at 5.4 ppm during efficient gene therapy, 
and appearance of a peak at 2.8 ppm early on the treatment. These peaks were assigned to be 
the vinyl and bis-allylic protons of mobile polyunsaturated fatty acyl chains, respectively. 
Both of these also correlated quantitatively to the extent of apoptosis in the tumours. The 
increase in the lipid levels was not due to increased synthesis, because the total amounts of 
lipids did not change significantly during the treatment (Hakumäki et al., 1999). Proliferation 
arrest has been found to cause an accumulation of neutral lipids in the cellular cytosol in the 
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form of lipid droplets. These droplets have been found to be the source of the resonance at 1.3 
ppm in the 1H NMR spectra derived from mobile lipids (Barba et al., 1999; Hirakawa et al., 
1991). Additionally, apoptotic cell death of Jurkat T-cells is associated with the accumulation 
of mobile triglycerides, mostly in the form of cytoplasmic lipid droplets (Al-Saffar et al., 
2002). It should be noted that droplet formation is also observed in vivo (Hakumäki et al., 
1999) and therefore may be considered as valid phenomenon occurring in tumours in situ. 
 

2.6.6.3 Taurine in biology 
 
Tau is a sulfur-containing amino acid, present in especially high levels in the central nervous 
system (CNS), heart and muscles (Saransaari and Oja, 2001). It has been shown  to play an 
important role in several biological processes such as the development of the CNS, membrane 
stabilization, reproduction as well as being an essential nutrient (Huxtable, 1992; Schuller-
Levis and Park, 2003; Timbrell et al., 1995). Tau also acts as an inhibitory neurotransmitter as 
well as neuroprotectant, a regulator of a cells water balance, a modulator of the rhythm and 
the power of contractions of the heart and participates in adjusting body temperature and 
hormone secretion (Huxtable, 1992; Rémy et al., 1994; Saransaari and Oja, 2001; Schuller-
Levis and Park, 2003; Timbrell et al., 1995). The mechanisms of Tau actions in these 
processes are still unknown. With respect to brain cancer, the amount of Tau has been found 
to be higher in some tumours than in normal white matter (Peeling and Sutherland, 1992; 
Rémy et al., 1994). From this observation, it has been proposed that high Tau levels might 
represent increased cellular proliferation and tumour aggressiveness (Moreno et al., 1993).  
 

2.6.6.4 Myo-Inositol in biology 
 
The biochemical role of myo-Ins is not well understood, but it has been proposed to be an 
essential requirement for both cell growth and as an osmolite. It is mostly located in 
astrocytes and is therefore considered to be as a glial cell specific marker (Castillo et al., 
2000; Ross and Bluml, 2001). In addition, myo-Ins is also involved in the activation of protein 
kinase C, which is associated with the activation of proteolytic enzymes, substances which are 
often secreted by malignant and aggressive tumours (Castillo et al., 2000). In relation to its 
behaviour in cancer, the amount of myo-Ins has been found to be higher in low-grade 
astrocytomas than high grade ones. It has been proposed to be a result of non-activation of 
pathway to activate protein kinase C, a phenomenon activated in high grade gliomas (Castillo 
et al., 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Kuopio Univ. Publ. G. – A.I. Virtanen Institute for Molecular Sciences 36:1-87 (2005) 



Piia Valonen: NMR Study of Apoptosis in a Rat Glioma 46 

 

Kuopio Univ. Publ. G. – A.I. Virtanen Institute for Molecular Sciences 36:1-87 (2005) 



Aims of the present study 47

3 Aims of the present study 
 
In the present work we have used multimodal NMR methods for the characterization of 
BT4C-tk glioma before and during apoptotic cell death, for the better understanding of the 
biochemical and biophysical processes occurring therein. A well defined tumour model for 
glioma was used, where the apoptotic cell death in rat’s BT4C glioma model is induced by 
HSV-tk GCV mediated gene therapy (Hakumäki et al., 1998; Hakumäki et al., 1999; Poptani 
et al., 1998a; Sandmair et al., 2000b).  
 
The specific aims of the present study were: 
 

1. to examine water diffusion by NMR methods in the apoptosing BT4C glioma 
model 

2. to study CP-T2 contrast during cytotoxic cell damage induced by gene therapy 
3. to study the response of low molecular weight metabolites to PCD induced cell 

death in the glioma and to correlate this with cell numbers 
4. to characterize the accumulation of lipids in the BT4C glioma model during PCD, 

and to reveal their source 
5. to examine the biochemical features contributing to the choline region resonating 

at 3.2 ppm in vivo, and study their reactions to PCD induced cell loss in the BT4C 
glioma model 
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4 Materials and methods 

4.1 Cell line and culture 
 
BT4C glioma cells were incubated at +37 °C in Dulbecco’s Modified Eagles Medium 
(DMEM, Cambrex Bio Science Verviers, Belgium) containing 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin. A stable producer clone of pseudotype retrovirus (clone 3.0 
D5) developed by Sandmair et al. (Sandmair et al., 2000b), was used for the transduction of 
HSV-tk gene accompanied with neomycin resistance gene into the BT4C cells. The BT4C 
cells with HSV-tk (BT4C-tk) were selected from the wild type BT4C (BT4C-wt) cells by 
adding geneticin into the growth medium (400 µg/ml). The geneticin killed the BT4C-wt cells 
and only the BT4C-tk cells expressing the neomycin resistance gene survived. The expression 
of HSV-tk gene was verified by incubating the cells with GCV (10 µg/ml), and the vitality of 
the cells was studied using a MTT-assay. 
 

4.2 Glioma model 
 
Animals were treated according to the animal license approved by the National Laboratory 
Center, Kuopio, Finland.  
 
Since BT4C cells are originally derived from BDIX rats, no immunological reactions against 
tumour cells are activated when they are reintroduced into animals from the same inbred 
strain (Laerum et al., 1977). Before inoculation, the BT4C-tk glioma cells were trypsinized 
from the petri dish, centrifuged (800 rpm, 6 minutes) and suspended into Optimem medium 
(Life Technologies, Paisley, UK). The number of the cells were counted with a 
hemocytometer (Bürker, Marienfeld, Germany) and the number of cells was adjusted to 200 
000 cells in 100 µl of Optimem. Female BDIX rats (180-270 g, n = 20 (I), 12 (II), 15 (III), 34 
(IV), 33 (V); University of Bergen, Norway and Harlan, The Netherlands) were anesthetized 
by injecting a mixture of Hypnorm: Dormicum: sterile water (in volume ratio of 1:1:2) 
subcutaneously (s.c.) and 1 x 104 cells in 5 µl Optimem was inoculated into the corpus 
callosum of the rats. Cells were implanted through a burr hole made 1 mm to the right and 2 
mm posterior to the bregma point using a 10 µl Hamilton syringe (Hamilton, Bonaduz Ab, 
Switzerland), mounted into the microinjection unit of a stereotactic frame. The cells were 
inoculated at a depth of 2.5 mm during two minutes. After this, the needle was left in the 
injection canal for about eight minutes and slowly taken out over the space in two minutes to 
avoid any backflow of the cells. The skin was then closed with stitches (4-0 Dexon, Davis and 
Geck, Hampshire, U.K.).  
 
Approximately after three weeks, according to T2 MRI, the treatment of the animals was 
started with intraperitoneal (i.p.) injections of ganciclovir, GCV, (Cymevene®, Hoffmann-La 
Roche AG, Grenzach-Wyhlen, Germany). The drug was delivered at the rate of 25 mg/kg, 
twice daily, for 0 to 8 days (I, III – V), or 0 to 9 days (II).  
 

4.2.1 Tissue sampling for histology or ex vivo / in vitro NMR 
 
Animals were stunned with CO2 and transcardially perfused with 250 ml of phosphate 
buffered saline (PBS) followed by 300 ml of 4 % paraformaldehyde in 0.1 M phosphate 
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buffer, pH 7.4 (I – V). The formaldehyde fixed brains were then removed from the scull, 
rinsed in PBS and embedded in optimal cutting temperature (OCT) compound (Bayer Corp., 
Emerville, CA) for cryosectioning.  
 
Under terminal anesthesia induced by pentobarbital (i.p. 100 mg / kg) another set of animals 
were funnel frozen with liquid nitrogen in situ (Pontén et al., 1973) (III – V), to minimize 
post mortem metabolism. The brains were sectioned frozen on dry ice and the tumour was 
dissected for ex vivo and in vitro experiments. Samples from contralateral hemisphere were 
taken from some of the animals. Samples were maintained in liquid nitrogen until MAS or 
extraction procedures. 
 

4.3 Histology 
 
Nissl’ staining was performed on every 15th section, sectioned by cryostat (20 µm in 
thickness, Microm HM 560 M, Microm Laborgeräte GmbH, Walldorf) and quantitative cell 
counting was performed using the Stereo Investigator software in a NeuroLucida 
morphometry system (MicroBrightField, Colchester, VT) (I – V). Cells were also counted 
from the three sections that corresponded to the mid-most slice of the T2 images derived from 
the same animal (I). This was done by dividing the tumour into three sections: the central 
region accounted for the innermost third of the tumour radius (center), the intermediate third 
(middle) and from a rim region representing the outermost third of tumour radii (border). Four 
adjoining sections from the middle of the tumour were stained for terminal 
deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) (ApopTag Plus, 
Oncor, Gaithersburg, MD) to detect apoptotic nuclei, using a methyl green as a counterstain 
(I, III – V). Apoptotic nuclei in tumour were counted from five arbitrarily chosen high-power 
microscopy fields (HPF) (x20, Olympus AX-70 microscope, Tokyo, Japan) within the same 
regions as mentioned above.  
 

4.4 Tissue extraction for NMR spectroscopy  
 
A standard PCA extraction procedure was used for the extraction of acid-soluble metabolites 
(III – V). The frozen samples were weighted and homogenized in ice cold 0.9 M PCA using a 
Potter-Elvehjelm homogenizer. After centrifugation (13 000 rpm, 15 minutes, + 4 °C) the 
clear supernatants of the samples were neutralized with 3M KOH to pH 7.0 – 7.3 and re-
centrifuged. The supernatants were re-neutralized if necessary, after which they were freeze-
dried and stored at – 70 °C until needed. 
 
The extraction of tissue lipids were performed with the standard chloroform-methanol 
procedure described elsewhere (Folch et al., 1957) (IV). 
 

4.5 NMR imaging and spectroscopy 

4.5.1 In vivo MRI and MRS 
 
For NMR measurements animals were anesthetized with 0.8 % to 1.0 % halothane in a 7 : 3 
N2O : O2 mixture. The core body temperature was monitored and maintained close to 37 °C 
by circulating warm water through a water blanket under the rat inside the magnet bore. MRI 
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was performed using a horizontal 4.7 T magnet (Magnex Scientific Ltd., Abigdon, United 
Kingdom), equipped with actively shielded field gradients (Magnex Scientific) interfaced to a 
Varian UNITYINOVA console (Varian, Inc., Palo Alto, CA). A quadrature surface coil (High 
field Imaging, Minneapolis, MH) was used in a receive/transmit mode. Animals were fixed 
into a custom built head holder using a mouth bar and ear pins.  
 
Tumour volumes were determined from T2 weighted multislice spin echo images [pulse 
repetition time (TR) = 2.5 s (2 s at II), echo time (TE) = 55 (I, IV), 60 (II) or 90 ms (III, V), 
matrix size 256 x 128, field of view (FOV) = 35 x 35 mm2, two scans per line, contiguous 
slices of 1 mm in thickness], and the absolute T2 images were acquired (in studies I and IV) 
by combining Hahn spin echo data obtained at four TEs between 20 and 110 ms using TR = 
1.5 s, FOV = 35 x 35 mm2, matrix size 128 x 64, slice thickness of 1.5 mm, and an adiabatic 
BIR-4 refocusing pulse (Garwood and DelaBarre, 2001). The signal intensities of T2 weighted 
MR images were determined in the slice through the middle of the tumour and ipsilateral to 
the normal brain cortex (V). Absolute diffusion images were obtained using a spin echo 
sequence (TR = 1.5 s, TE = 55 ms, tD = 4.8 ms). For the achievement of weighting by the 
diffusion tensor ( DTraceDav 31= ) in a single acquisition, four bipolar gradient pairs in each 
direction was used (Mori and van Zijl, 1995). Data from three acquisition with different 
diffusion weighting (b-values of 40, 500 and 1000 s/mm2) were used for the calculation of 
absolute Dav images using a MatLab routine (Mathworks, Natick, MA) (I,III,IV).  
 
(II) Utilizing an adiabatic Carr-Purcell (CP) type spin echo sequence (Bartha et al., 2002b), 
with four different TE values in the range of 36.8 – 134.9 ms, TR = 2 s, (number of 
acquisitions 2 – 4) was used to acquire data for CP-T2 images from a 1 mm thick slice in the 
middle of the tumour. The preselected reduced FOV was 15 x 25 mm2 covered with 32 x 128 
points. Long-τCP T2 was achieved by increasing the time between centers of the π pulses (τCP, 
6.1 – 22.5 ms). Similarly, the short-τCP T2 was achieved by increasing the number of π pulses 
from 6 to 22 ms, keeping τCP constant at 6.1 ms. The shapes of the RF amplitude and 
frequency modulations of the adiabatic π pulses were based on hyperbolic secant and tangent 
functions (Garwood and DelaBarre, 2001; Silver et al., 1984). The specific parameters used in 
this measurement were: a frequency-sweep amplitude (A) of 35,000 rad/s, a peak RF 
amplitude (B1

max) of 0.4 G, and a pulse length (Tp) of 2.5 ms. To further reduce the likelihood 
of pulse imperfections, the initial phases of the adiabatic π pulses were prescribed according 
to the MLEV scheme (Levitt and Freeman, 1981). T1ρ was measured using variable length 
adiabatic spin lock pulses (10 – 70 ms; B1 = 0.2 G and 0.8 G) in front of the same imaging 
sequence with prelocalization of the reduced field of view with six adiabatic π pulses (τCP = 
6.6 ms). The on-resonance spin lock was a single RF pulse consisting of three segments: a 4-
ms-long adiabatic half-passage followed by the spin lock period and finally a reverse 
adiabatic half-passage pulse, which returned the magnetization back to the z axis.    
 
For the detection of water signal diffusion (I), NMR spectroscopy was used with a variety of 
acquisition parameters. T2 weighted localizer images (TR = 2 s, TE = 90 ms, FOV = 40 mm) 
were used for the placement of a voxel inside the tumour. Next, shimming was done with the 
FASTMAP routine (Gruetter, 1993) to yield a typical water line widths of 12 – 16 Hz. 
Symmetrically placed pairs of unipolar diffusion-weighting gradients around the second and 
third π / 2 pulses in a stimulated echo acquisition mode (STEAM) pulse sequence without 
outer volume presaturation (Tkac et al., 1999) (TR = 2 s, TE = 19 ms, middle period (TM) = 
∆ – 10 ms, and eight scans / spectrum) were also used. Diffusion gradients were applied along 
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the x-, y-, and z-directions simultaneously to achieve the highest attainable b-values at given 
tD.  
 
The quantification of tumour metabolites (III, IV) was performed by using a STEAM 
sequence [TR = 3 s (2 s in IV), middle period delay = 30 ms, TE = 2 ms, sweep width (SW) = 
2.5 kHz, 2000 data points (2048 in IV)] incorporating an outer volume saturation and a 
variable pulse power. An optimized relaxation delay (VAPOR) water suppression scheme and 
asymmetric excitation pulses were also used (Tkac et al., 1999). The voxel was placed inside 
the tumour according to the multislice T2 weighted localizer images obtained as described 
above. For some animals (III) 1H spectra were also acquired from the same voxel using the 
localization by adiabatic selective refocusing (LASER) method as described previously 
(Garwood and DelaBarre, 2001) (TR = 8.8 s, TE = 32 ms, SW = 2.5 kHz, 13k data points). 
Diffusion sensitizing gradients were incorporated into the STEAM sequence (TR = 2.5 s, TE 
= 45 ms) for the quantification of  the ADC of the lipid peaks using a diffusion time of 76 ms 
and b-values from 0 to 21,316 s/mm2 (IV). Metabolite and lipid concentrations were 
quantified from the STEAM spectra using non-suppressed water as a concentration reference 
(0.787 kg/kg of fresh tumour tissue) (Hakumäki et al., 2002). These values were corrected for 
the T1 saturation effects (III) derived from water accumulation during PCD, using the tumour 
T1 values reported recently (Hakumäki et al., 2002). A LASER spin echo sequence (Garwood 
and DelaBarre, 2001) was used for the semi-quantitative assessment of tumour lipids in vivo 
by 1H NMR spectroscopy (TR = 8.8 s, TE = 32 ms, SW = 2.5 kHz and 13k data points) (IV). 
 

4.5.2 Ex vivo HRMAS 
 
For ex vivo 1H NMR spectroscopy (III – V), tumour samples (5-10 mg of wet weight) were 
placed into a zirconium oxide MAS rotor with 10 µl of D2O (deuterium lock reference) 
containing 10 mM trimethylsilyl propionic acid (TSP, chemical shift reference (δ) at 0.0 
ppm). To optimize magnetic homogeneity the magnet was shimmed for the improvement of 
the line shape and to minimize the line width of TSP (typically to ∼ 1 Hz). 1H HRMAS NMR 
spectra were acquired using a Bruker AVANCE spectrometer operating at either 400 MHz 
(V), 600 MHz (III – V) or 700 MHz (V) at 277 K interfaced to a high resolution MAS probe 
(Bruker GmBH, Rheinestetten, Germany). A conventional solvent suppressed pulse/acquire 
sequence, a so-called NOESY presaturation sequence (Bruker), was used to suppress baseline 
artifacts resulting from B0 and B1 field inhomogeneities with a fixed evolution time (V) of 
100 µs, and a mixing time of 150 ms [TR = 4.28 s, SW = 10 kHz, 32,768 complex data points, 
4 kHz (at 400 MHz), 5 kHz (at 600 MHz) and 6 kHz (at 700 MHz) spinning rate]. The same 
sequence was used in studies III and IV with following parameters: TR = 2 s, SW = 10 kHz, 
32,768 data points (32k III), 5 kHz spinning rate; water suppression during the mixing time 
of 150 ms and relaxation delay. Spectra were also acquired with a Carr-Purcell-Meiboom-Gill 
(CPMG) pulse sequence (III-V). In studies III and V TE = 40 ms, interpulse interval 500 µs, 
total number of spin echoes = 40, and other parameters as described above for NOESY. To 
examine the T2 behavior of lipids (study IV), interpulse delay was 500 µs and effective TEs 
ranged from 10 to 320 ms. To confirm some of the spectral assignments (V), a J-resolved 2D 
spectrum (JRES) was acquired at 700 MHz, from a tumour on day 6 of the GCV treatment. 
The JRES was collected with 128 acquisitions per 48 increments using a spectral width of 7 
kHz in the F2 dimension and 50 Hz in the F1 dimension. The data were then processed using 
zero-filling to 96 in the F1 domain, and an un-shifted sine-bell apodization function was 
applied in both directions prior to the FT. The spinning rate and/or the temperature were 
varied in some experiments (IV), in order to investigate their effects on spectral 
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characteristics. The FIDs were multiplied by an exponential apodization function equivalent 
to 1 Hz line broadening and FT into a real transform size of 16,384 data points, yielding 8,192 
points of zero filling (IV).  
 
A stimulated echo pulse sequence incorporated by bipolar gradients (Wu et al., 1995) was 
used for diffusion spectroscopy (IV), with 32 increments of a 53.2 gauss/cm field gradient 
placed along the magic angle axis. Sine-shaped gradients of 2.5 ms (δ/2 for a bipolar 
sequence) were used with a 100 ms delay between the gradients yielding a ∆ of 98.3 ms. The 
delay was repeated three times for each tumour sample. 32 transients were acquired for each 
increment using a 16k time domain over a spectral width of 8.4 kHz. Finally, the ADCs were 
computed by fitting the NMR signal as a function of b-value into a single exponential in the 
XWINNMR program (Bruker GmBH). 
 

4.5.3 In vitro MRS 
 
High resolution pulse-acquired 1H NMR spectra were collected at 500 MHz using a Bruker 
Avance spectrometer at 20 °C (III and V). Presaturation solvent suppression was used during 
the relaxation delay (TR = 12.7 s, SW = 6 kHz, 16k data points) for the measurement of the 
freeze-dried PCA samples. These extracts had been previously dissolved in D2O containing 
20 µl TSP for chemical shift and concentration reference. The same instrument was also used 
to acquire the proton-decoupled 31P NMR spectra (TR = 2.4 s, SW = 40 kHz, 16k data 
points). For the assignment of the peaks tentatively identified as ‘nucleotides’ in the 1H and 
31P NMR spectra, some of the extracts were spiked with uridine diphosphate (UDP) and 
cytidine diphosphate (CDP) (III).  
 
For the characterization of in vivo and ex vivo detected lipid moieties, tissue lipid extracts 
were reconstituted in 500 µl of CDCI3/CD3OH (3:1) and analyzed by high resolution 1H and 
13C NMR spectroscopy using a triple gradient axis, inverse geometry probe (Bruker GmBH) 
(IV). Solvent suppressed TOCSY and HMBC spectroscopy were performed. The total spin 
lock time was 80 ms alongside sine-shaped gradients of 2 ms duration for the TOCSY (Bax 
and Davis, 1985; Hurd, 1990) and a 1J(C,H) filter of ~140 Hz and selection for 2J(C,H) and 
3J(C,H) ~8 Hz couplings for the HMBC (Willker et al., 1993). 
 

4.6 NMR data analysis 

4.6.1 MRI 
 
From the midmost Dav and T2 images the tumours were divided into three sections in a 
visually controlled manner, to match the regional analysis of histological sections as closely 
as possible under a MatLab routine (I). The spin density was corrected from the M0 obtained 
from the T2 fits and corrected for the T1 saturation effect using T1 values reported recently for 
the BT4C gliomas treated with the same gene therapy procedure (Hakumäki et al., 2002).  
 

4.6.2 Diffusion MRS 
 
Water signal intensity from diffusion MRS experiments was fitted into Equation (15).  
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Where S0 and S indicate the magnetization in the absence and presence of the diffusion 
gradient, respectively. fi and Di correspond to population fraction and diffusion constant of the 
ith component, respectively. Consistent biexponentiality (i.e. N = 2 in Eq. (15)) was observed 
at all tD values measured (I). The non-linear problem with four unknown parameters i.e. S0, f1, 
D1 and D2 using f2 = (1 – f1), was solved by using an iterative home-programmed Gauss-
Newton (GN) algorithm under the MatLab routine. The root mean square displacement of 
water (r) was computed from the Einstein-Smoluchowski Equation (16). 
 

( ) DitDrr 62
0 =−  (16) 

 
Di refers to the diffusion coefficient of the ith components. For the present analysis, two 
components were used. The mean apparent residence time (τ) for the slow diffusion 
coefficient pool was estimated under experimental conditions probing only the restricted 
water pool at high constant gradient (q) values. τ in the compartment with a slow diffusion 
coefficient is given by Equation (17), where tD is the diffusion time. 
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4.6.3 CP-T2 and T1ρ  
 
Parametric maps for CP-T2 and T1ρ were calculated using the MatLab routine. Maps 
representing the τCP-dependent changes were achieved by subtracting the long-τCP image from 
the short-τCP image with the same TE (134.9 ms) and normalizing this to the long-τCP image 
(II).  
 

4.6.4 NMR spectroscopy 
 
In vivo spectra were analyzed in the time domain using jMRUI software (web site URL: 
http://www.carbon.uab.es/mrui) (III and IV). They were also analyzed in the frequency 
domain in vitro (III and V) and ex vivo (V) with the PERCH software (web site URL: 
http://www.perchsolutions.com). The ex vivo spectra (III and IV) were examined in the 
frequency domain using WXINNMR (Bruker GmBH). 
 

4.6.5 Statistics 
 
Student’s unpaired t-test was used for the statistical analysis of results (I – IV). Linear 
regression analysis was used to estimate the significance of the correlation between cell 
density and metabolite concentrations in vivo and in vitro (III). Principal Component 
Analysis was used to analyze the data from study (III) in an effort to investigate the non-lipid 
metabolite changes (in HRMAS 1H NMR CPMG spectra (TE = 40 ms)) that accompanied the 
PCD occurring in the tumours (Beckwith-Hall et al., 1998). The principal component 
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representations of variation across the data set were investigated in terms of clusterings 
relating to tissue type and progression through PCD. A pattern recognition method was used 
for the analysis of the ex vivo results (PLS model) (IV). Finally, one-way ANOVA with a 
Dunnet’s post hoc test was used for the analysis of metabolite concentrations in treated 
tumours versus the control samples (V).  
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5 Results 

5.1 Diffusion MRI and cell counts in the BT4C rat glioma (I) 
 
T2 weighted MRI showed that gliomas stopped growing on day 4 of the GCV treatment and 
by day 6 the tumour volumes had decreased significantly from their peak volumes (I: Fig. 
2A). Even though the tumours showed no regression in size by the day 4 of treatment, there 
was already a detectable decrease in the volume averaged cell count by (I: Fig. 2B) 13%. A 
precipitous drop in cell count was evident on day 6 of the GCV treatment and interestingly, 
the number of apoptotic cells (as determined by TUNEL assays) also peaked at the same time 
point (Table 4). Both the Dav and the T2 values in treated gliomas had increased by day 4, 
showing similar kinetics during subsequent days. Similarly, the spin density ratio increased 
along with the absolute T2 values in treated tumours (I: Fig. 3A, E and I). The correlation 
analysis of the volume averaged cell counts to Dav, T2 and spin density ratio measurements, 
determined in the volumes matching histology, was performed for each animal. This analysis 
revealed that all of the measured MR parameters significantly correlated with the cell density 
(p < 0.001). From these observations, it can be concluded that the more cells in the treated 
tumours, the lower the Dav, T2 and spin density ratio values are. 
 

Table 4. Cell density, number of apoptotic cells, and relative tumour volumes of BT4C 
gliomas (± SEM). Day 0 volume was taken to be one in each animal and the subsequent 
values were referenced to this value.  

Treatment Cell density 
(x103 cells/mm3) (n = 14)

TUNEL 
(cells/hpf) (n = 14)

Tumour volume 
(relative) (n = 20) 

Day 0 178.35 ± 10.4 4.0 ± 0.1 1 ± 0 
Day 2 183.55 ± 12.7 5.7 ± 0.8 1.31 ± 0.05 
Day 4 154.70 ± 13.9 11.3 ± 0.5## 1.36 ± 0.05 
Day 6 109.72 ± 3.9## 22.3 ± 1.8## 1.09 ± 0.08* 
Day 8 71.32 ± 1.1## 14.2 ± 1.9## 0.79 ± 0.09** 

            ## p < 0.01 relative to untreated tumour, Student’s unpaired t-test 
        * p < 0.05 relative to day 4 value, Student’s unpaired t-test  
        ** p < 0.01 relative to day 4 value, Student’s unpaired t-test 

  
The regional analysis of cell count by histological methods revealed the fastest decline in cell 
density in the central section of the tumour during GCV treatment (I: Fig. 2D). Already by 
day 2 a significant decrease in cell count was observed in this tumour zone. In the peripheral 
parts of the tumours cell loss was evident from day 4 onwards. These histological 
observations show heterogeneity in the treatment response and also revealed areas of 
continued tumour growth, despite GCV treatment. The apoptotic activity was observed 
throughout the treatment period, beginning with an examination of the central and border 
sections on day 2 (I: Fig. 2E). The highest number of TUNEL positive cells was determined 
in the border zone on day 6 of treatment. In this zone cell death lagged behind that of the 
central parts of the tumour. Cell counts were still high in the border zone on day 8 of the GCV 
treatment.  
 
Surprisingly, regional analysis of the Dav, T2 and spin density ratio revealed that changes in 
the middle section were detectable first (I: Fig. 3). Dav had increased on day 2 and T2 on day 4 
of treatment in the middle zone. Similar changes in Dav and T2 values were observed in the 
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central and border zones by day 4. Please note that the changes in T2 values occurred 
somewhat later than those observed for the Dav. Spin density ratios increased first in the 
middle and border zones on day 4 of treatment. Increases in this MR variable was seen by day 
6 in the central section. Changes in all of these MRI variables mirrored closely the decline in 
cell count in the regionally matched tumour volumes. 
 
The signals from tissues acquired by diffusion spectroscopy with varying tD and b-values 
display a multicompartmental behaviour. In the present study we have used a biexponential 
function to fit the water diffusion spectroscopy data. A significant increase in the diffusion of 
the D1 component was observed in the tumours, after 4 days of GCV treatment in the 
experiments using tD ≥ 47 ms (I: Fig. 4A). Thus, changes in the D1 coefficient closely 
resembles that of the volume averaged Dav. The size of f1 increased evenly throughout the tD 
range starting on day 4 of treatment (I: Fig. 4C). The coefficient D2 increased by day 6 in the 
spectra acquired with tD ≥ 47 ms and this change was evident at long tD values (> 142 ms) (I: 
Fig. 4B). The diffusion characteristics of D1, D2 and f1 changed by 5 % to 10 % at long TM (> 
140 ms) relative to intermediate range (TM of 60 – 100 ms). This effect may be due to T1 
saturation.  
  
One can compute the apparent water residence characteristics from the diffusion spectroscopy 
data. The root mean square displacement (r) of water in untreated tumours for the D1 and D2 
components ranged as a function of tD from 11.7 ± 0.6 and 5.5 ± 0.2 µm to 31.6 ± 0.7 and 
15.1 ± 0.4 µm, respectively (I: Fig. 5). The r values (at tD ≥ 47 ms) from D1 and D2 increased 
by day 4 and day 6 of GCV treatment, respectively. No restriction in water diffusivity was 
observed within the time scale covered by the tD values (up to 194 ms). Apparent water 
residence time in the untreated tumours was very similar to that determined in the normal 
brain (38.4 ± 1.9 ms compared to 38.3 ms, respectively). The apparent residence time 
remained at this level until day 4, after which a trend to shorter times was observed, which 
reached significance by day 8 of the GCV treatment (I: Fig. 5C). 
 

5.2 MRI contrasts for gene therapy response (II) 
 
Long-τCP T2 MRI provided pronounced contrast between untreated tumour and normal brain 
tissue (II: Fig. 2). CP-T2 values of 53.5 ± 0.7 ms and 58.6 ± 0.6 ms were determined with this 
MRI technique in these tissue types, respectively. Corresponding CP-T2 values obtained with 
short-τCP were 60.6 ± 0.7 ms and 64.4 ± 0.8 ms in gliomas and normal rat brain tissue, 
respectively. However, T1ρ MRI showed barely visible contrast between the gliomas and the 
brain, but the tumours could be delineated because of borders with a dark appearance. No 
significant changes in either short-τCP or long-τCP CP-T2 values were observed in the 
untreated tumours during the observation time extended to 8 days. Histology performed on 
tumours after 8 days of GCV injections showed that individual gliomas responded very 
differently to gene therapy. One group of tumours showed a moderate decrease in cell count 
(less than 20 %) as quantified from Nissl stained sections (II: Fig. 1B). Additionally in these 
tumours, T2 MRI indicated that increases in tumour volume were occurring. This group of 
animals was labeled non-responders. Another group of animals responded well to GCV 
treatment, as indicated by a substantial decrease in the tumour volumes (p < 0.01) and by a 
cell death rate of more than 50 % by day 8 of treatment (as verified by histology (II: Fig. 1)).  
 
An increasing trend was observed in all relaxation times studied in the non-responders (II: 
Fig. 3A). In contrast, in the responders significant changes in MRI variables in tumours were 
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detected (II: Fig. 3B). Short-τCP T2 values increased by day 2 of treatment from a pre-
treatment value of 61.3 ± 1.0 to 64.2 ± 1.1 ms (p < 0.05), increasing further to 76.7 ± 3.6 ms 
(p < 0.01) by day 8. Long-τCP T2 also displayed significant increase by day 6 of the GCV 
treatment. The sensitivity of the T1ρ MRI, acquired with a B1 of 0.2 G, to reveal the GCV 
treatment response, was comparable to that obtained by the short-τCP T2method. Relative 
difference images were obtained by subtracting the long-τCP image from the short-τCP image 
(both acquired with the same effective TE). The difference image was normalized to that 
acquired with the long-τCP (II: Fig. 4). Dynamic susceptibility images highlighted the τCP-
dependent signal changes. Only a weak contrast was observed between glioma and normal 
brain tissues before treatment. However, the contrast had intensified greatly by day 4 in the 
responders. Our data indicated that the short-τCP T2 MRI seemed to unveil positive HSV-tk 
mediated gene therapy treatment responses in BT4C gliomas with comparable time course to 
that seen with Dav. 
 

5.3 1H NMR spectroscopy of a glioma during programmed cell death (III) 
 
In each subset of HSV-tk positive gliomas, the reactivity to GCV treatment was verified by 
MRI and histological methods (III: Fig. 1). Dav showed scattered increases in water 
diffusivity in the GCV treated tumours by day 4. This was followed by a decline in the 
tumour volume between days 4 and 6. Substantial cell loss and scar formation was apparent in 
histological sections of the tumours at this time as well. The TUNEL staining revealed a more 
than 4-fold increase in apoptotic nuclei by day 4 of the GCV treatment. All these observations 
confirm that increased apoptotic cell death occurs in the treated gliomas.  
 
1H NMR spectra from BT4C gliomas in vivo show strong signals at 1.3 and 0.9 ppm arising 
from lipid –CH2CH2CH2– and –CH2CH3 groups, respectively (III: Fig. 2). The spectral peaks 
derived from PUFA are also detectable at 5.4 ppm (from –CH=CH–), 2.8 ppm (from –
CH=CHCH2CH=CH–), and 2.0 ppm (from –CH2CH=CH–). STEAM 1H NMR spectroscopy 
of an untreated tumour revealed well resolved peaks derived from Cr at 3.92 ppm, glutamate 
+ glutamine (Glx) at 3.76, myo-Ins + glycine (Gly) at 3.6 ppm, Tau at 3.43 ppm, tCho with a 
contribution from Tau at 3.23 ppm, and Cr at 3.03 ppm (III: Fig. 2A and B). All these peaks 
were also observed in LASER spectra acquired with a TE of 30 ms (III: Fig. 2C and D). No 
resolvable resonances were seen in the spectra in vivo, downfield from 6 ppm, even after an 
improvement in the signal-to-noise ratio achieved by summing several spectra collected from 
different tumours. Qualitative time-dependent changes in the 1H NMR detected metabolites 
were observed during GCV treatment. Concentrations of myo-Ins + Gly, Tau and Cr 
displayed a significant negative slope with cell density, in tumours undergoing PCD, however 
tCho remained unchanged (III: Fig. 3A-C). Additionally, a non-significant slope of Glx was 
evident. The 1H NMR PUFA (from –CH=CH– at 5.4 ppm) and saturated (from –
CH=CHCH2CH=CH– at 1.3 ppm) lipids showed a positive slope in the tumours with 
declining cell count (III: Fig. 3D). This observation was consistent with a previous studies on 
BT4C-tk gliomas (Hakumäki et al., 1999) (IV).  
 
Metabolite concentrations of Gly, Cr and Ala determined from tumour extracts in vitro 
indicated decreasing trends (p < 0.10) for these parameters as a function of decreasing cell 
density (III: Fig. 3E-G). Tau, Glx and tCho showed virtually zero slopes. The slope of myo-
Ins was positive during PCD, which was unexpected from the in vivo observations. 
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HRMAS 1H NMR spectroscopy makes it possible to separate the individual signals of the 
tCho peak, which comprises of data derived from Cho, PC, GPC as well as the overlapping 
peaks from Tau (III: Fig. 5). Principal component analysis of metabolites in the CPMG 
spectra separated tumour and control tissues (III: Fig. 6). Spectral regions responsible for 
distinguishing tumour and normal tissue were identified as follows. In tumours, the relative 
resonance intensities derived from –CH3 lipid, –CH2CH=CH– lipids and myo-Ins were 
stronger than in the normal brain. Additionally, normal brain cortical tissues were 
characterized by resonances derived from Lac, NAA, glutamate and Cr. No metabolite 
changes were associated with PCD.  
 
In the downfield part of HRMAS 1H NMR derived spectra of tumour tissues had numerous 
peaks that were not observed in the normal brain (III: Fig. 5F). The peaks were more 
abundant in CPMG spectra than in pulse-acquire data sets. Since it is known that nucleic acid 
polymers (i.e. chromosomes and RNA) breakdown into their individual components (i.e. 
nucleotides such as ATP and CDP), during PCD, it was reasoned that some of these extra 
peaks might be derived from these compounds. The possible presence of either UDP or CDP 
in the tumours was performed by studying aqueous tumour extracts with 31P NMR 
spectroscopy. The confirmation of UDP was achieved by spiking experiments using 31P NMR 
as well as 1H NMR. The relative ratio of UDP to ATP remained approximately constant 
during PCD at 0.58 ± 0.20 (from 1H NMR) and 0.53 ± 0.10 (from 31P NMR) in the extracts of 
gliomas.  
 

5.4 1H NMR visible lipids in gliomas undergoing programmed cell death (IV) 
 
1H NMR spectra in vivo showed well-resolved peaks at 5.4 and 2.8 ppm from PUFAs as well 
as peaks at 0.9 and 1.3 ppm from saturated lipids in BT4C-tk gliomas undergoing PCD due to 
GCV treatment (Poptani et al., 1998a) (IV: Fig. 2). In addition, PUFAs were found to 
increase by 3-fold during the course of the GCV treatment, whereas the saturated lipids 
increased by up to 2-fold. This suggests that about 70 % of the lipid accumulation, detected 
by 1H NMR, during PCD was attributable to PUFA accumulation. LASER spectra with 
different volumes were acquired from the tumour at the treatment day 8 (IV: Fig. 3). A large 
voxel was used to cover as large a volume of the tumour as possible and a small voxel was 
placed to cover the T2 hyperintense core. Interestingly, the 1H NMR spectra obtained were 
very similar from these two voxels. This suggests the uniform presence of 1H NMR lipids in 
dead tumour tissue as well as in tissue undergoing PCD.  
 
Diffusion 1H NMR spectroscopy was used to examine the diffusivity of metabolites in the 
GCV treated gliomas. The ADC of the lipid peaks at 5.4 and 1.3 ppm did not change as a 
function of the treatment (IV: Table 1). 
 
Ex vivo MAS NMR confirmed the changes in the PUFA lipid peaks seen by 1H NMR 
spectroscopy in vivo (IV: Fig. 4). Neither spin rate nor temperature variations influenced the 
line widths of the lipid peaks of tumours in HRMAS spectra (IV: Fig. 5). These facts indicate 
that the NMR detectable lipids possess a high degree of rotational freedom and thus, cannot 
be derived from membrane bound lipid domains. In this light, the data obtained does not 
conflict with the theory that the intracellular lipid droplets are the source of NMR detectable 
lipids (Hakumäki and Kauppinen, 2000). In contrast, the peaks derived from small molecular 
weight metabolites were strongly affected by the spinning rate (IV: Fig. 5A and H). A short-
range TOCSY spectrum was used for the assignments of the PUFA lipid resonances (IV: Fig. 
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6). TOCSY spectra showed a strong cross peaks at 2.8;5.4 ppm from olefinic proton 
resonances. In addition, cross peaks from choline lipids at 4.3;3.7 ppm and multiple cross 
peaks from myo-Ins were also detected.  
 
Increases in the resonances derived from CH=CH, CH=CHCH2CH=CH, CH2CH2CH2 and 
CH2CH3 against time ex vivo were demonstrated by the PLS-based regression model (IV: 
Fig. 7). PCD induced cell mortality was strongly correlated with an increase in the PUFAs 
and not just with a general increase in lipid moieties. Similar results were also obtained with 
CPMG spectra, confirming the assumption that the lipids were rotationally mobile and existed 
in a relatively unrestricted environment. 
 
For the biochemical characterization of PUFAs, lipid extracts of the tumour tissue were 
examined with one- and two-dimensional TOCSY, COSY, HSQC and HMBC NMR methods. 
A 2-fold decrease in the total PUFA resonance intensity relative to the CH2CH2CH2 
resonance at 1.3 ppm was observed. This was both relative to the in vivo and ex vivo values, 
as determined with one-dimensional 1H NMR spectral analysis of the lipid extract. This 
observation therefore detects the release of non-NMR detectable tissue lipids by the extraction 
procedure. Increased intensities of acyl and cholesterol side-chain resonances were also 
apparent in the extracts, indicating that the lipid resonances detected in vivo and ex vivo 
represented a chemical group distinct from the total lipid content of the tumours. Four 
different CH=CHCH2CH2 lipid groups were detected with HMBC that had been optimized to 
detect three and four bond couplings between 13C and 1H nuclei (IV: Fig. 6B). Strong cross 
peaks for 2.8 and 5.3 ppm 1H resonances arose from the 18:1 and 18:2 types of unsaturated 
fatty acids with small contributions from cholesterol based lipids assigned as well. It should 
be noted that neither in tumours in vivo nor ex vivo, were significant quantities of cholesterol 
detected. This indicates that a partitioning of membrane lipids could be the source of the 
observed changes in 1H NMR detectable lipids during the treatment.  
 

5.5 HRMAS 1H NMR spectroscopy of choline containing metabolites during PCD (V)  
 
A hyperintensity in T2 weighted MRI was observed at treatment day 4, when no significant 
changes in the cell density were apparent (V: Table 1). However, on day 4 of the GCV 
treatment, the number of TUNEL positive cells had increased substantially compared to 
untreated gliomas and this preceded the decline in the cell count on day 6 of the GCV 
treatment (V: Table 1). Tumour volumes were reduced by 30 % from the peak volume by day 
8 of treatment. PCD was in progress in the treated glioma tissue used for HRMAS, as shown 
by our MRI and cell density observations. They are consistent with previous reports (Poptani 
et al., 1998a) (III, IV) that confirm cell eradication and a high number of TUNEL positive 
cells following GCV treatment in these gliomas. 
 
Both water-suppressed pulse/acquire and CPMG HRMAS 1H NMR spectra displayed a good 
separation in the peaks arising from individual choline containing metabolites (CCM), as well 
as Tau, myo-Ins and broad unassigned resonances (MM) in the same spectral area. Cho, PC 
and GPC could be resolved as separate peaks when measured at 700 MHz, but at 400 and 600 
MHz only a partial separation was achieved (V: Fig. 2). However, deconvolution analysis of 
these resonances, using the peak fitting routine within  PERCH, made it possible to separate 
the individual resonances at all three frequencies. 2D JRES spectrum confirmed the 
assignment of the two triplets of Tau at 3.27 and 3.45 ppm, as well as identified a triplet at 
3.23 ppm (V: Fig. 3). This latter triplet is consistent with that assigned to PE, by Rémy et al 
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(Rémy et al., 1994). Another triplet was found to resonate at 3.02 ppm that is consistent with 
either γ-amino butyrate or lysine. However, in vitro 1H NMR spectrum shows multiplet 
resonances at 1.73 and 1.91 ppm, as well as triplet at 3.76 ppm. This data supports the 
assignment of this triplet to lysine. 
 
The absolute concentration of Cr was determined by in vitro NMR spectroscopy of PCA 
tissue extracts. The concentrations of metabolites in tissue samples ex vivo were determined 
from pooled data sets from all three frequencies (V: Table 2). Concentration calculation was 
based on the metabolite peak areas relative to the Cr peak area. The absolute Cr 
concentrations were determined in vitro from the corresponding tissue samples from the other 
half of the tumour not analysed with HRMAS. In tumour samples, both NMR methods 
(pulse/acquire and CPMG) gave consistent values for the metabolites within a range of ± 5 %. 
The concentrations of tCho and Tau in untreated tumours were higher than in the normal brain 
cortex (V: Table 2). Interestingly, in the early phase of the GCV treatment, an increase in both 
PC and GPC was evident ex vivo, while Cho and Tau remained unchanged. Only the 
concentrations of Tau were observed to follow the cell density (declining by > 60 % on day 
8), whereas those for tCho and myo-Ins were not influenced by apoptotic cell death. The 
concentrations of PC and GPC returned back to the pre-treatment levels by day 8 of treatment.  
 
A broad ‘hump’ was present in both pulse/acquire and CPMG HRMAS experiments in 
normal brain cortex and tumours (V: Fig. 2). At 700 MHz, the fitting routine resolved two 
broad peaks between PC and Tau (V: Fig. 2D). These were not affected by TE filtering, 
which suggests that these peaks have relatively long T2 relaxation times. The resonance 
integral of the broad peaks(s) referenced to Cr was similar, both in normal brain cortex and 
untreated tumours. The concentration of MM in tumours decreased during the GCV 
treatment, being ∼ 55 % by day 6, compared to the untreated tumour values (V: Table 2). 
There are several possible species of molecules that may contribute to these broad peaks. One 
of these being macromolecular species, which have been detected, both in normal brain 
(Behar and Ogino, 1991; Pfeuffer et al., 1999) and brain tumours (van Zijl et al., 2003).   
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6 Discussion 
 

6.1 Mechanisms of diffusion contrast change in the BT4C gliomas undergoing apoptosis 
 
The present results show that both diffusion and T2 contrasts reveal apoptotic treatment 
response in BT4C gliomas with comparable sensitivities and temporal patterns. This 
observation agrees with other recent studies on the same tumour model (Hakumäki et al., 
1998; Poptani et al., 1998a). It is interesting to note that some other MRI studies on 
experimental brain tumours undergoing gene therapy have indicated that diffusion MRI is 
more sensitive to early changes associated with positive treatment results (Chenevert et al., 
1997; Ross et al., 2002). It is equally important to note that in many of these studies, diffusion 
has been quantified in absolute terms, but only T2 weighted MRI has been used. These 
technical differences may explain the discrepancy between the results presented here and 
those obtained by others (Chenevert et al., 1997; Ross et al., 2002). Part of the difference may 
also be due to the inherent properties of the tumour models used. In BT4C glioma both 
diffusion and T2 changes are strongly associated with a loss in the numbers of viable tumour 
cells as well as increases in spin density ratio which reflects the accumulation of water into 
the eradicating tumour. Cell death was found to be apoptotic in the GCV treated BT4C-tk 
gliomas (Poptani et al., 1998a; Sandmair et al., 2000a), where the TUNEL positivity precedes 
actual cell mortality. In this study TUNEL-positive cells were first found in great density in 
the central zone, where early cell loss was also apparent. Histological observations revealed 
that cell death became more evident over time, with the highest number of TUNEL-positive 
cells at day 6 which preceded a period of precipitous cell loss. Good correlations between 
absolute Dav and T2 MRI data and cell counts, urge the use of quantitative MRI for imaging of 
treatment response in a clinical settings. This is consistent with previous studies indicating 
that absolute MRI variables are much more sensitive to changes brought about by 
pathological processes than the weighted images. It has been reported that in acute ischemic 
stroke both Dav and T2 show abnormal absolute values well before net water accumulation in 
the affected tissue (Calamante et al., 1999; Gröhn et al., 1998). A factor further favoring the 
use of Dav over diffusion coefficients acquired with a single gradient axis is that Dav is an 
orientation unbiased MR index of diffusion, where possible anisotropic diffusion inside brain 
tumours (Mori et al., 2002) does not influence the MRI signal intensity. 
 
Potentially, cell shrinkage during PCD should influence the diffusivity of water, because the 
intracellular space decreases in shrinking cells. However, this process is associated with a 
corresponding increase in the extracellular space, which has potentially less restriction for 
water diffusion. Under these conditions, NMR methods used for determining diffusion may 
be unable to separate these two events. Indeed, diffusion NMR spectroscopy revealed no 
indications for an increased restriction in water diffusion during PCD, under the present 
experimental conditions. Instead, decreased cell counts were strongly associated with an 
increase in the diffusion coefficient D1. This D1 coefficient was obtained by a bi-exponential 
fit of the diffusion spectroscopy and the Dav by MRI. The cell loss causes both a decline in the 
intracellular space and a corresponding increase in the extracellular volume. This 
phenomenon, combined with the decreased tortuosity of the extracellular space, could be one 
of the reasons affecting the diffusion contrast. The change in extracellular/intracellular 
volume ratio is also supported by diffusion spectroscopy, where an elevation in the f1 value is 
observed throughout the tD range. However, one should always be careful when interpreting 
the reasons of the changes observed in diffusion constants. Even though they are often 
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referred to be due to changes in extra- or intra-cellular volume fractions, there are also results 
suggesting similar water ADCs in both compartments (Duong et al., 1998).   
 
We show that PCD is associated with an increase in the spin density ratio, indicating a net 
water accumulation. This is a new observation in this gene therapy model. A characteristic of 
apoptotic cell death is shrinkage in the cytoplasm, so it is highly unexpected that cellular 
water content would increase during the cell death process. It is therefore more probable that 
the water retention in eradicating tumour area is primarily taking place in the extracellular 
space. Increased water content is the most obvious explanation for Hahn echo T2 MRI 
contrast. Decreases in the overall protein/water content is likely to contribute to the water 
diffusion coefficient, as the water molecules translational movement increases because of a 
dilution of amounts of cell debris, proteins and macromolecules (Cameron et al., 1997) in the 
enlarging extracellular space during PCD. As well as the viscous tortuosity constituted by cell 
debris and other cell structural constituents, geometric tortuosity is expected to decrease as 
well. This is due to the reduced cell density and the enlarged extracellular space (Rusakov and 
Kullmann, 1998).  
 
It has been reported that the ADC of tCho decreases in the BT4C-tk gliomas during PCD 
induced by GCV treatment (Hakumäki et al., 1998). This decline should be possible only 
within compartments surrounded by plasma membrane. Therefore, decreases in tCho ADC 
may indicate increased viscosity in shrunken cells, a phenomenon known to happen during 
apoptosis (Kerr et al., 1972). However, we found no signs of increased restriction in water 
diffusion with scanning parameters used. Instead, we observed a shortening of the apparent 
water residence time in the D2 component in the advanced state of PCD. This could be due to 
the reduction in cell density and the subsequent increasing contribution of extracellular-like 
water (Pfeuffer et al., 1998). Alternatively, cell shrinkage during apoptosis may account for 
this phenomenon. It has been suggested that altered water exchange, and the consequent 
change in their residence times, contributes to the diffusion contrast in drug-treated breast 
cancer xenografts (Galons et al., 1999). Our results show that water residence time changes 
only in the advanced stage of PCD, indicating that this mechanism is of significance only in 
the areas where the tumour has been eradicated. 
 
In diffusion MR experiments in vivo, the data acquisition parameters play a key role in the 
selection of water pools with varying diffusional properties (van Zijl et al., 1994). The 
benefits of using largely varying b-values in diffusion MRI for assessment of acute brain 
ischemia (Niendorf et al., 1996), human brain structures and fiber orientations (Clark et al., 
2002) have been demonstrated. The clinical scanners are often capable of delivering diffusion 
MRI with b-values up to 1500 s/mm2 without prohibitively long TE values, making a low b-
value range important. In experimental brain tumours low b-values are commonly used for 
MRI (Eis et al., 1995; Hakumäki et al., 2002; Poptani et al., 1998a) such as here. We observed 
that the low b-value range was sensitive to the water diffusion changes associated with both 
the cell loss and the water accumulation. Indeed, recent clinical studies have shown that in 
brain tumour patients b-values of 1000 s/mm2 reveal treatment response to drug therapy better 
than conventional MRI contrasts (Chenevert et al., 2000; Mardor et al., 2001). This suggests 
that treatment protocols can be adjusted on a day-to-day basis, depending upon the imaging 
observations (Mardor et al., 2001). 
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6.2 CP-T2 MRI of PCD 
 
A novel T2 MRI method was introduced for the early detection of gene therapy induced PCD 
(Hakumäki et al., 2002; Poptani et al., 1998a). A significant change in the CP-T2 measured 
with short-τCP was found in responding tumours on day 2 of the gene therapy regime. The 
sensitivity of short-τCP T2 MRI was roughly equivalent to that of T1ρ in revealing positive 
treatment responses. A significant advantage of using the short-τCP CP-T2 is that the tissue is 
exposed to much less RF energy than that routinely used in T1ρ MRI (average 48 % of that 
required by T1ρ). High RF energy deposition has been one of the limiting factors in the 
clinical exploitation of the spin lock methods, such as T1ρ. However, adiabatic CP-T2 
measurements have been performed previously on the human head at field strengths up to 7 T 
(Bartha et al., 2002b), and therefore should be feasible in clinical settings. 
 
The contrast between glioma and normal brain tissue before treatment was weakest with T1ρ 
and highest with long-τCP T2 MRI. These observations disagree with the data of a previous 
report (Poptani et al., 2001). These discrepancies could be due to differences in the nature of 
tumour types used. A phenomenon called dynamic dephasing is a substantial contributor to 
the T2 signal decay in a tissue. Dynamic dephasing is governed by a loss in the phase 
coherence as water protons either exchange or diffuse between sites possessing different 
magnetic properties. The effects of dynamic dephasing in tumour tissue are expected to be 
small in the spin lock experiments as well as in the short-τCP T2 MRI, when conditions 
approaching spin locking may be reached. Under these MRI conditions the relaxation 
processes are expected to be weighted more to dipolar interactions, such as possible cross-
relaxations, and exchange close to the frequency imposed by the spin lock field. It is known 
that dipolar effects are sensitive to changes in molecular rotation and vibration rates as well as 
the distances between the interacting molecules. Changes in cytoarchitecture, cell density and 
pH occur in tumours undergoing PCD. These factors could also influence the dynamic 
dephasing contrast and the dipolar interactions, reflected in the different relaxation times 
determined in responding gliomas. 
 
It was demonstrated that the T2 contrast can be modified to detect cellular/tissue alterations 
and thus aid in revealing early treatment response to GCV gene therapy before decreases 
either in cell count or tumour volume. The long-τCP T2 contrast obtained with six π pulses and 
incremented τCP (6 – 22 ms) closely resembled the time course and sensitivity reported 
previously for the Hahn echo T2 contrast with TEs in the range of 20 – 110 ms (Hakumäki et 
al., 2002; Poptani et al., 1998a). The time course of CP-T2 contrast obtained with a constant, 
short-τCP was comparable to T1ρ MRI. This is good because the latter MRI measurement is 
known to precede changes detectable by diffusion MRI (Hakumäki et al., 2002) and is thus 
one of the most sensitive contrasts to detect cytotoxicity induced cell death in experimental 
tumour models. It should be noted that exchange is one of the key factors influencing T1ρ 
signal in vitro (Mäkelä et al., 2001) and in vivo (Duvvuri et al., 2001). It is speculated that the 
acidification of the cells cytoplasm (equivalent to an increase in the concentration of free 
hydrogen ions) in the early moments of apoptosis (Barry and Eastman, 1992; Wolf and 
Eastman, 1999) may influence the T1ρ contrast obtained at the beginning of the GCV 
treatment (Hakumäki et al., 2002). However, other factors, such as the increase in tumour 
water content, are likely to supersede T1ρ contrast during the progression of PCD. 
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6.3 Metabolite changes in PCD 
 
1H NMR detectable metabolites in vivo behave very differently from each other during PCD 
induced cell loss in the BT4C glioma. In the first group, which includes Gly, Tau and Cr, the 
concentration of metabolites decline in a time dependent manner largely in a step with the 
decrease in cell numbers. In the second group, represented by the CCM, 1H NMR detected 
concentrations stay unchanged despite the decline in cell count until a precipitous collapse of 
viable cells occurs (Hakumäki et al., 1998). The third group, represented by saturated and 
polyunsaturated lipids, extensively increase during PCD induced cell death (Hakumäki et al., 
1999), a phenomenon which has been also demonstrated in cells (Blankenberg et al., 1996). 
Thus, the behavior of 1H NMR visible lipids during PCD shows an inverse correlation to 
those of low molecular weight metabolites such as Gly and Cr. The 1H NMR lipid observation 
is accounted for by an accumulation of triacylglycerols (Al-Saffar et al., 2002), FFA and 
cholesterol esters into the tumours which then leads to increases in intracellular and other 
lipid vesicles (Hakumäki et al., 1999).  
 
A direct comparison of in vitro and in vivo metabolites against tumour cell count is not 
straightforward. This is because tissue extractions have been made from only one part of the 
total tumour volume, whereas the cell counts are derived from the global tumour volume. 
Nevertheless, in vivo and in vitro 1H NMR spectroscopic data show a good degree of 
consistency for several metabolites such as CCM, Gly and Cr. In contrast, the concentrations 
of myo-Ins and Glx both showed discrepancies between the results obtained in vivo and in 
vitro. The reasons for these mismatching data are not evident from our results, however, the 
solubility of metabolites in the PCA may vary. Furthermore, metabolites may also be released 
during extraction from compartments that do not contribute to the NMR signal in vivo. This is 
possibly the reason behind the greater concentrations of glutamate detected in vitro after PCA 
extraction than inferred by 1H NMR in situ (Kauppinen and Williams, 1991).  
 
The present observations strongly indicate that the decline in tCho in vivo is only a marker of 
advanced PCD in 1H NMR spectroscopy. In a human brain tumour study in vivo, tCho 
concentration has been found to correlate with cell density (Gupta et al., 1999). A severe 
decline in tCho has also been observed in tumours responding to RT (Kizu et al., 1998). In 
addition, previous BT4C glioma gene therapy studies using STEAM 1H NMR spectroscopy 
with TE > 20 ms at 9.4 T have noted a decline in Cho in vivo (Hakumäki et al., 1998; 
Hakumäki et al., 1999). Technical differences, such as differing field strengths and TEs, in 
respect to this study, may explain the discrepancy in 1H NMR tCho behavior in PCD in vivo.  
 
Accumulation of CDP-Cho during PCD could maintain the choline containing peak despite 
severe cell loss, as was demonstrated by multinuclear NMR analyses of leukemia HL-60 cells 
in vitro (Williams et al., 1998). However, we have found no support for this hypothesis, either 
from 1H or 31P NMR of extracted tumours. CDP-Cho has a singlet at 3.23 ppm and thus 
overlaps with the tCho peak in vivo and the PC peak in vitro in the BT4C tumour extracts and 
ex vivo in intact tumours. CDP-Cho co-resonates with PC and GPC, and the upfield 
component of triplet derived from Tau also contributes to this set of resonances. These peaks, 
however, can be separated using HRMAS 1H NMR spectroscopy ex vivo, and the 
concentration of Tau was found to decrease as a function of cell numbers, both in vivo and in 
vitro. This decrease was found to offset any possible changes in CDP-Cho that may become 
detectable in vivo as part of a combined choline containing resonance. It is likely that previous 
reports that correlated Cho changes from short TE 1H NMR with the progression of PCD are 
likely to be confounded by the Tau triplet at 3.26 ppm.  
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Another plausible explanation for the retained intensity of tCho in vivo during PCD, despite 
high cell death, may be associated with a repartitioning of the metabolites between NMR 
visible and invisible environments. Components of the 1H NMR detected tCho are unlikely to 
be membrane bound, because it has been shown that the spinning rates used here are too low 
to remove the effects of large dipolar couplings between lipids in the cell membranes 
(Siminovitch et al., 1988). Increases in tCho have been detected after the disruption of cell 
membrane in cultured hepatocytes, an event that results from the redistribution of membrane 
PC to the cytosol (Griffin et al., 2001). It is conceivable that in advanced PCD, 1H NMR 
detected tCho may change due to the disruption of cell membranes and the subsequent 
leakage of CCM into the cytosol and/or extracellular fluid. This would explain why the tCho 
resonance remains fairly constant despite severe losses in viable cell numbers, whereas some 
other low molecular weight metabolites decrease in resonance intensity. 
 
We detected a doublet at 8.01 ppm and two broader resonances at 6.08 and 6.13 ppm in the 1H 
NMR spectrum of tumours. These are consistent with the C6, C1 and C5 resonances derived 
from UDP, respectively. The assignments were confirmed by 31P NMR spectroscopy of tissue 
extracts combined with UDP spiking. Nucleotide resonances have also been detected before 
in proliferating cell cultures using cell extracts of lymphocytes and HRMAS 1H NMR 
spectroscopy of intact endometrial cells (Griffin et al., 2003; Sze and Jardetzky, 1994). 
Uridine is a component of RNA and the pool of UDP may signify the increased synthesis of 
nucleotides necessary for the replication of proliferative cells. Relatively large concentrations 
of uridine containing metabolites has also been detected in lymphocytes (Sze and Jardetzky, 
1994), testis (Griffin et al., 2000), immortalized cell lines (Griffin et al., 2003), and as these 
results demonstrate, in rat gliomas.  
 

6.4 Chemical nature and origin of 1H NMR detected lipids 
 
The progression of PCD is characterized by an increase in the 1H NMR lipid derived peaks, in 
particular in the PUFAs at 5.4 and 2.8 ppm. Since it is known that this technique detects only 
a special class of cellular lipid (Hakumäki and Kauppinen, 2000). The increase in lipid peaks 
is thought to reflect an increased number of lipid droplets in the cytoplasm, a phenomenon 
shown to happen in cells destined to die (Barba et al., 1999; Hakumäki et al., 1998; Lahrech et 
al., 2001). The HRMAS 1H NMR results from tumour samples ex vivo showed no spectral 
resolution enhancement of lipid peaks when the spinning rates were increased. This argues 
that the lipids detected are in a rotationally and translationally unrestricted environment with 
high degree of NMR visibility. However, MAS did result major resolution enhancement of 
the lower molecular weight metabolites, particularly myo-Ins and CCM. These results are 
consistent with the idea that 1H NMR detectable lipids indeed reside in these cytoplasmic 
lipid vesicles of cells (Al-Saffar et al., 2002; Barba et al., 1999) and tissue in vivo (Hakumäki 
et al., 1999; Lahrech et al., 2001) The size of vesicles has been determined to be 5 – 10 µm in 
C6 gliomas (Lahrech et al., 2001). In the droplets, dipolar couplings and magnetic 
susceptibility effects are still large enough to obscure 1H NMR fine structures in the lipid 
resonances, as could be done in HRMAS in regard to low molecular weight metabolites. It 
should be noted that the spin rates used for HRMAS have been found to cause neither 
functional (Griffin et al., 2002) nor structural (Cheng et al., 1997) damage for the biological 
specimens. Thus, the recently proposed cytoplasmic lipid droplet formation in PCD 
(Hakumäki and Kauppinen, 2000; Murphy, 2001) is an attractive explanation for the 1H NMR 
spectral changes reported here. 
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Triglycerides (Al-Saffar et al., 2002; Millis et al., 1997; Rosi et al., 1999) and/or other neutral 
lipids (Delikatny et al., 2002) are the predominant lipid groups contributing to the 1H NMR 
visible lipids detected in cancer tissue. Accumulation of triglycerides has been attributed to 
the increase in the 1.3 ppm 1H NMR lipid peak in Jurkat T cells (Al-Saffar et al., 2002) and 
human breast cancer cells during drug-induced cell death (Delikatny et al., 2002). The 
biochemical assays performed on BT4C gliomas (Hakumäki et al., 1999) as well as human 
malignant gliomas (Tugnoli et al., 2001) have shown that they contain high concentrations of 
triglycerides, which are virtually absent in the normal brain. In addition, they also form the 
main lipid class in the cytoplasmic lipid vesicles with minor contributions derived from other 
lipids (Hakumäki and Kauppinen, 2000). During PCD, triglycerides, amongst other lipids, 
(including cholesterol esters and free fatty acids) increase (Hakumäki et al., 1999). The 
present in vivo and ex vivo results indicate that the changes in PUFAs signals are the most 
descriptive variables for PCD in this rat glioma. In tissue lipid extracts, this biochemical 
effect is diluted by the extraction of membrane bound lipids that contain a high proportion of 
saturated lipids. Since only lipids present in vesicles are 1H NMR visible in situ (Al-Saffar et 
al., 2002; Barba et al., 1999; Lahrech et al., 2001), these PUFA resonances and the PUFAs 
themselves are expected to emanate from the cytoplasmic vesicles. This claim is strongly 
supported by the diffusion data both in vivo and ex vivo. 
 
Cells submitted to apoptosis by exposure to cytotoxic drugs show an inhibition in CDP-
choline:1,2-diacyl glycerol choline phosphotransferase activity, which leads to the 
accumulation of CDP-Cho and lipid triglycerides (Anthony et al., 1999; Williams et al., 
1998). This biochemical change would provide a reservoir for the triglycerides destined for 
the lipid vesicles. It would also prevent the clearance of cytoplasmic lipids to PtdCho with a 
subsequent repartitioning of this compound into cellular membranes. Lipids in vesicles have a 
greater degree of mobility than in a membranous environment, as supported by diffusion and 
T2 NMR data. This would make them become observable by NMR. A hypothesis has been 
proposed according to which damaged mitochondrial membranes are a source of the 1H NMR 
observable lipids (Delikatny et al., 2002). It has been reported that during treatment with 
cytotoxic drugs, the increase in 1H NMR lipids resonating at 5.35, 1.3, and 0.9 ppm was 
associated with mitochondrial damage, lipid droplet development and formation of autophagic 
vacuoles. Interestingly, mitochondrial membranes are known to be rich in PUFAs, where they 
provide increased membrane fluidity. Thus, the 18:1 and 18:2 fatty acids detected are most 
likely to be contained in the lipid moieties released from these membranes. In fact, our 
previous biochemical analysis from BT4C glioma indicate that phospholipase A2 activity 
increase during PCD (Hakumäki et al., 1999), supporting the idea that membrane lipid 
partitioning could contribute to the increase in 1H NMR spectrometrically detectable lipids.  
 
The observation by Blankenberg et al. (Blankenberg et al., 1996) argued for an apoptosis-
dependent pathway in cells which also shows an accumulation of CH2CH2CH2 moieties. 
More recently, Delikatny et al. reported that in human breast carcinoma cells, 1H NMR 
detected lipids accumulate also during necrotic cell damage and in excised brain tumours 
(Delikatny et al., 2002), suggesting that 1H NMR detected saturated lipids are associated with 
necrotic histopathology (Kuesel et al., 1994; Tugnoli et al., 2001). In this study, the 
appearance of PUFAs is evidently associated with PCD. Interestingly localized 1H NMR, 
performed on tumour scar tissue with low numbers of viable cells, shows that the PUFA and 
other lipid resonances are still visible with the same ratios as in late stage PCD, suggesting 
that these lipid bodies remain after cell morbidity. Thus, it is not unexpected that the studies 
using excised tissue will arrive at the conclusion above, since the separation of necrosis from 
late stage PCD by histology may not be feasible. Nevertheless, our results demonstrate a time 
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window in the cell death process when 1H NMR visible PUFA resonances undergo dynamic 
changes. 
 

6.5 Choline containing compounds and apoptosis 
 
In vivo, the separation of metabolites contributing to the tCho peak is not possible, but it has 
been used as a marker for treatment success of brain tumours with RT (Kizu et al., 1998; 
Nelson et al., 1997; Taylor et al., 1996). As a distinction to in vivo measurements, Cho, PC 
and GPC resonances could be resolved as separate peaks when measured with HRMAS ex 
vivo at 700 MHz. At 400 and 600 MHz the resolution was not perfect between PC and GPC, 
but deconvolution of these resonances was possible at all field strengths using the peak fitting 
routine within PERCH. 1H HRMAS spectroscopy additionally allows the separation of Tau 
and myo-Ins from tCho without difficulty.  
 
The concentrations of PC and GPC increase in the early phase of PCD at a point when DNA 
fragmentation occurs but cell density is unchanged. The increased PC and GPC levels may 
reflect altered metabolism as a result of choline kinase activation, accompanied by 
simultaneous membrane breakdown through the action of phospholipase enzymes. None of 
the choline containing metabolites were found to correlate with the decreased cell density 
during PCD and only the concentration of Tau was found to follow the cell count. 
Furthermore, no correlation was found between TUNEL-staining and metabolite 
concentrations, suggesting that the changes in metabolite concentrations occurred on a 
different time scale from the DNA breakdown measured by TUNEL-staining. A triplet was 
identified at 3.23 ppm (JHH = 6.7 Hz) in the J-resolved 2D spectrum obtained at 700 MHz, 
that is consistent with PE, as reported by Rémy et al. for the rat C6 glioma model (Rémy et 
al., 1994). PE has also been observed by Pfeuffer et al. (Pfeuffer et al., 1999) in the rat brain 
in vivo, when short TE (2 ms) 1H NMR spectroscopy was used. The PE triplet was only 
partially observable in some spectra acquired at 700 MHz after good peak fitting with 
PERCH. In summary, this means that PE will contribute to the resonance intensities of both 
PC and GPC in the HRMAS spectra. 
 
The broad peaks seen in the spectra could be caused by several small molecular weight 
metabolites, such as glycerophosphoethanolamine, betaine, carnitine, anserine, phenylalanine 
and sugar moieties (Fan, 1996). Resonances from macromolecular species, as detected in the 
aliphatic chemical shift region of cerebral 1H MRS spectra (Behar and Ogino, 1991; 
Kauppinen et al., 1992; Pfeuffer et al., 1999), could also contribute to these 1H MAS peaks in 
question. Membrane bound PtdCho (Millis et al., 1999) could also be part of the broad MM 
peak at 3.27 ppm, however, recent evidence point out to a very short T2 of membranous CCM 
(Govindaraju et al., 2000). Indeed, PtdCho has not been detected in vivo in spectra using very 
short TE (2 ms) at a 9.4 T magnetic field strength (Pfeuffer et al., 1999). Another possibility 
is that one of the assigned species in this chemical shift region of the spectrum is present in a 
different physico-chemical environment, such as different sub-cellular compartments (Bollard 
et al., 2003). Although this hypothesis can not be explicitly ruled out by our data, we believe 
that these broad peaks arise both from the small molecular species indicated above and the 
macromolecular species known to be 1H NMR detectable both in normal brain (Behar and 
Ogino, 1991; Kauppinen et al., 1992; Pfeuffer et al., 1999) and in brain tumours (van Zijl et 
al., 2003). 
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This study shows that the use of tCho signal at 3.23 ppm in the assessment of the degree of 
the apoptotic cell death may not be straightforward, as measured in vivo with short TE and at 
high magnetic field strength. tCho does not decline in apoptotic tumours as a function of cell 
density, but rather their 1H NMR observed concentrations decrease at an advanced stage of 
PCD (Hakumäki et al., 1999) (III). There appears to be major differences in 1H NMR 
detectable tCho changes between PCD and necrosis (Nelson et al., 1999; Podo, 1999). In 
treated brain tumours low levels of tCho detected by in vivo 1H MRS has been associated to 
necrosis by histopathology (Nelson et al., 1999). This is also the case in ischemic stroke, 
which leads to necrotic tissue damage. Here, a decline in tCho is detected by 1H MRS within 
the first day after the insult (van der Toorn et al., 1994).   
 
The diversity of the brain tumours provides a great challenge for the treatment planning of 
brain tumour patients. This means that the same protocol does not work for every patient and 
thus creates great difficulties in finding the correct type of therapy of the individual patient. 
Methods which would allow us to maintain the effects of treatments clearly would help in the 
fight against this type of neoplasm. That is the most important reason to study what happens 
in tumorous tissue after efficient therapy, and to develop methods to reveal the changes. In 
these studies we have shown the ability of in vivo NMR techniques to reveal apoptosis in the 
experimental glioma prior tumour growth arrest or shrinkage. The extrapolation of the results 
achieved as such to human brain tumours might not be straightforward, due to the differences 
between experimental and human glioma as mentioned earlier (see section 2.2.4.3). 
Additionally in some situations higher magnetic fields and gradient strengths were used than 
is possible in clinical settings. Even though, there are potential endogenous biomarkers for 
apoptosis, and we have also shown that a clinically important MRI method that can reveal 
cytotoxic treatment response earlier than was possible with conventional T2 MRI. With the 
NMR methods used here, the visualization of successful treatment response can be seen 
substantially earlier than the changes in the size of the tumours are observable. This, we 
believe, will help to make decisions in treatment planning in clinical settings easier. 
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7 Summary and conclusion 
  
Due to a deficiency in the apoptotic pathway, cells may continue to divide more than is 
necessary, and this may possibly be the origin of certain types of cancer. Treatment of cancer 
with chemotherapy or radiation therapy, has been found to lead to apoptotic cell death 
(Thompson, 1995). Surgery has been traditionally used to remove and classify tumours. 
However this creates the problem of unintentionally spreading cancers cells. Therefore 
methods which monitor and classify tumours non-invasively would be a great help. Many 
studies have been made and methods have been developed for the activation of apoptotic cell 
death in cancer tissues. As well, very important way of research is concentrated to the non-
invasive way of visualizing apoptosis in situ. The present results show that in vivo NMR 
techniques can reveal several changes in the tumours undergoing apoptosis that precede 
tumour growth arrest, cell death and shrinkage. These changes may provide biomolecular 
markers for monitoring cancer therapy.  
 
The key observations of our study were: 
 

1. Absolute Dav and T2 values were shown to increase with decreasing cell density, 
highlighting PCD in BT4C gliomas induced by HSV-tk gene therapy. The water 
microenvironment was altered during the eradication of the tumours, as demonstrated 
by the increased spin density ratio and water ADC from the fast diffusion component 
as well as the fractional size of it. There was also a decrease in the water apparent 
residence time of the slow diffusion component and an increase in the net water 
content. These support the observation of a reduction in the intracellular volume and 
an increase in the extracellular space during PCD in the rat BT4C glioma. 

 
2. A novel contrast method for imaging treatment response in the rat BT4C-tk glioma 

model was introduced. Using CP-T2 with short spacing between adiabatic refocusing 
pulses (τCP), an enhanced sensitivity for cytotoxic cell damage was observed already 
by day 2 of treatment with GCV, before visible cell loss or a decrease in tumour 
volume. Thus, CP-T2 with short-τCP reacts to changes in a tumour much earlier than 
has been observed with conventional T2 MRI (Hakumäki et al., 1999; Poptani et al., 
1998a). This improves the MRI contrast technique in a way that is also suitable for 
clinical use.  

 
3. Only 1H NMR detectable lipids proved to be good indicators of ongoing PCD, 

whereas no changes were observed within tCho despite severe cell loss. This casts a 
doubt to the validity of tCho resonance as a good diagnostic marker for PCD in vivo. 
Nucleotides, especially UDP, were detected in the tumour spectra only after treatment, 
but there were no changes in the concentrations thereafter. Thus, the accumulation of 
saturated and unsaturated lipids was shown to be the best marker of cell death in 
BT4C gliomas during HSV-tk gene therapy. 

 
4. As demonstrated in a previous study, the accumulation of lipids is characteristic to this 

glioma model during HSV-tk GCV induced PCD (Hakumäki et al., 1999). For the 
characterization of these lipids, ex vivo and in vitro studies were performed. PUFAs 
were found to be the most significant contributors to the increased lipid resonances 
during PCD, mainly constituting from the 18:1 and 18:2 fatty acids. There was no 
enhancement in resolution after spinning the samples at different rates by MAS, 
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arguing that lipids are rotationally and translationally in an unrestricted environment. 
This supports the claim that the lipids in the cytoplasmic vesicles are the source of 1H 
NMR visible lipids (Barba et al., 1999; Delikatny et al., 2002; Hakumäki et al., 1999; 
Lahrech et al., 2001). Partitioning of the membrane lipids was proposed to underlie the 
observed dynamic 1H NMR changes in lipid derived spectral peaks. 

 
5. The metabolites contributing to the tCho peak in vivo, and their reactions to the 

decreased cell density during PCD in BT4C gliomas were studied. Cho, PC, GPC, 
Tau, myo-Ins and macromolecules were shown to contribute to the tCho region seen in 
vivo by using HRMAS. None of the choline containing compounds decreased with 
cell density down to 60 % of the original level. Only the concentrations of Tau 
followed cell density, possibly being responsible for the observed decrease in tCho 
concentration after RT in vivo (Rémy et al., 1994). In summary, over a 50 % cell loss 
in a glioma after PCD is not necessarily associated with decline in choline containing 
compounds. 

 
In this study, we have examined the apoptotic cell death from several points of view in the rat 
BT4C-tk glioma model treated with GCV, using multimodal NMR techniques. Several 
potential biomarkers for apoptosis can be revealed, expanding our understanding of the 
biomolecular and biophysical changes behind the NMR data in the apoptotic BT4C glioma. 
With the methods used here, the cytotoxic treatment response can be observed in an early 
phase of therapy. It may also be possible to use some of them in a clinical environment, 
allowing for the more efficient management of cancer.  
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