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Discussion n 
RadioresistanceRadioresistance and future prospects 

Radioresistance e 

TheThe deviant behavior of gbm 
AA review of clinical studies of the last twenty years, including this thesis, could lead 
too the conclusion that a glioblastoma multiforme (gbm) is not curable yet by 
radiotherapyy or by any other treatment. The radioresistance of malignant gliomas 
(gbmm and anaplastic gliomas) is a major clinical problem that puzzles the 
radiobiologicall  minds. In nearly all malignant tumors outside the brain, local control 
cann be obtained by radiotherapy, although the required doses may vary between 20 
andd 80 Gy. In gbm however, doses of 100 Gy or more have not been able to result in 
aa clinical relevant local control rate (chapter 5 of this thesis). A second striking 
discrepancyy of a gbm compared to other malignant tumors is the very rare occurrence 
off  blood born metastasis. Given the very malignant histological appearance and the 
highlyy infiltrative local growth pattern, one would expect a fast and early 
metastasizingg pattern. This expectation is based on the correlation between histology 
andd biological behavior of nearly all other malignancies. This may raise the question 
whetherr a gbm should be seen as 'cancer' (14). The clinical behavior of a diffuse 
locall  pattern combined with mostly massive edema, lack of metastasis, extreme 
radioresistancee and lack of any significant effect of surgical intervention on survival 
doess resemble more like an inflammatory process than 'cancer' 
Whatt can be the mechanisms behind this extreme radioresistance and how can this 
radioresistancee be tackled? 

Inn this chapter we will discuss the classical radiobiological principles and their 
limitationss as applied to radiotherapy of gbm. Based on recent insights in micro-
environmentall  factors and molecular pathways involved in gbm radiobiology, we 
wil ll  try to indicate some future directions for research and treatment of patients with 
aa gbm. 
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BackgroundBackground of the mode of action of radiotherapy 
Thee therapeutic effect of irradiation is based on at random damage through the cell of 
whichh DNA damage is considered to be most important for cell survival. Irradiation 
generatess a succession of processes, which can be divided in three phases. The 
physicalphysical phase consists of interactions between charged particles and atoms of which 
thee tissue is composed. This can lead to direct DNA damage. In the chemical phase 
thesee damaged atoms react with other cellular components and can lead to the 
formationn of free radicals. Free radicals are highly reactive and can again lead to 
DNAA damage. The biological phase includes all subsequent processes: Enzymatic 
reactionss and repair processes that act on the residual chemical damage. 
Thee physical phase is a random process and is independent from the involved tissue, 
givenn a similar tissue density. It equally affects the DNA of brain tumors and all 
otherr tissues or tumors. Thus, differences in radiosensitivity can not be explained by 
differencess in physical processes. 
Thee DNA damage during the chemical phase is dependent on the presence of 
moleculess that can form free radicals as well as on the presence of radical 
scavengers,, which counteract these free radicals. Oxygen is likely to be the most 
importantt free radical forming molecule, making cells in oxic condition more 
radiosensitivee than cells in hypoxic condition. Hypoxia has proven to be a cause of 
radioresistancee in human tumors in several clinical studies (3). 
Largee differences between normal tissue and tumors are also to be expected during 
thee biological phase of after irradiation. The repair capacity of DNA damage is cell 
typee and cell cycle dependent and is supposed to be higher in normal cells than in 
tumorr cells. 
AA fourth phase secondary to irradiation can be distinguished: Repopulation from the 
remainingg surviving cells. Although repopulation is not related to the intrinsic 
radiosensitivityy of the cell, it can lead to a clinical radioresistance. 

TheThe radiobiology of radioresistance: The 'classical' theory. 
Basedd on the above mentioned mechanisms, the radiobiologist Eric Hall has defined 
fourr 'classical' radiobiological principles, known as "The four R's of 
Radioresponse":: Repopulation, Re-oxygenation, Redistribution and Repair (13). 
Repairr and redistribution are processes at the cellular level. Re-oxygenation and 
repopulationn are processes at the tissue level. Understanding of the radiobiological 
principless and their application in radiotherapy practice have resulted in 
improvementt of radiotherapy results in many tumors, but seemingly not in malignant 
gliomas.. This may raise the question if the four R's are truly important to the 
radioresponsee of malignant gliomas. If so, which of the four R's are responsible for 
thee radioresistance in malignant gliomas and how can we modify them to increase 
radioresponse?? If not so, are there other biological processes that can modify the 
radioresponse. . 
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Repopulation.Repopulation. Tumor cells are killed by each fraction of radiotherapy. Dead cells will 
bee repopulated by regrowth from the surviving cells between each fraction. The 
clinicall  experience that malignant gliomas show an accelerated regrowth following 
surgicall  tumor debulking and radiotherapy as well as the presence of many mitoses at 
histologyy gave clinical bases for the assumption that repopulation is a major cause of 
radioresistance.. Accelerated fractionation decreases the overall treatment time 
withoutt decreasing the total dose and is considered to be the tool to overcome the 
negativee effect of repopulation. Unfortunately several clinical trials in malignant 
gliomass did not show any advantage of shortening the overall time. Gonzalez et al, 
reducedd the overall time even to 2 weeks, without decreasing the total dose of 60 Gy 
andd did not show a clinical relevant improvement to historical controls (9). In chapter 
44 of this thesis the overall time was further reduced to 11 days with a dose which was 
radiobiologicall  equivalent to 64 Gy in 6 weeks. Again no improvement in survival 
wass seen compared to historical controls. Thus it seems that repopulation is not the 
mainn reason for the radioresistance in gbm. 
Re-oxygenation.Re-oxygenation. Zones of low oxygen pressure have been identified in glioblastoma 
multiformee (gbm) (29) as can be expected from the radiological as well as 
histologicall  appearance of gbm showing necrosis. Hypoxia has proven to be a major 
causee of radioresistance both in experimental studies as in clinical studies. 
Modulatingg the hypoxic fraction in gbm seemed to be a logical step to overcome 
radioresistance.. Studies were conducted to stimulate re-oxygenation, to sensitize the 
hypoxicc cells for radiation or to combine radiotherapy with therapies that selectively 
kil ll  hypoxic cells. Clinical studies with treatment of malignant gliomas under 
hyperbaricc oxygen pressure (5) or during carbogen breathing failed to show any 
improvementt in survival or progression free survival (45,23). In chapter 3 of this 
thesiss no increased brain perfusion and thus oxygenation could be detected in a 
SPECT-HMPAOO study. 
Studiess with hypoxic cell sensitizers (misonidazole) also failed to show any 
significantt improvement of the radiation effect (16). 
Ass discussed in chapter 8, hyperthermia is assumed to selectively enhance the 
radiationn response of hypoxic cells. Sneed et al. indeed showed a significant survival 
benefitt of interstitial hyperthermia in patients irradiated for a gbm (40). However, the 
effectt was very modest and no long-term survivors were seen. Furthermore it is not 
knownn whether the positive effect is selectively based on the hypoxic modulation or 
onn inhibition of repair. Although still interesting, the technical complexity of 
hyperthermiaa and the current inability of homogeneously heating large areas still 
makess hyperthermia, as a breakthrough in the treatment of the majority of gbm 
patients,, not within reach (chapter 8, this thesis). From these studies of modulating 
hypoxiaa effects, especially the lack of any significant improvement of local response, 
itt can be concluded that hypoxia itself is not a major cause of radioresistance in gbm. 
Redistribution.Redistribution. Cells in the GO and S phase or more radioresistant than cells in the 
latee Gl and M phase. Variations in radiosensitivity of glioblastoma can be made by 
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techniquess that synchronize cells in their cell cycle, i.e. populations of cells in 
whichwhich all of the cells occupy the same phase of the cell cycle at a given time. 
Hydroxyureaa is a drug that imposes a block at the end of the Gl period, thus 
accumulatingg cells in the Gl phase. If the drug is removed, the cohort of cells will 
proceedd through the cell cycle and will enter the radiosensitive M phase at the same 
time.. Irradiation at that moment will improve response (42). However, 
hydroxyureaa as radiosensitizer in a malignant brain tumor study was not more 
effectivee than in other reported series (28). Apart from this negative study, there is 
noo good basis to assume that a gbm consists of a higher percentage of cells in the 
moree radioresistant cell cycle phase than other tumors. On the contrary, the high 
clinicall  growth rate and the high number of mitoses compared to other tumors 
wouldd suggest a high radiosensitivity. A mostly rapid local recurrence after 
irradiation,, or even tumor progression during irradiation in about 10% of patients 
cann only be explained by a highly proliferating tumor, and not by a redistribution 
off  cells during irradiation into Gl or GO phases. 
Repair.Repair. Resulting from the fact that the direct ionizing damage of high dose 
radiotherapyy in gbm is similar to that in other tumors and that still clinically only a 
shortt anti-proliferate effect of radiotherapy is seen, a high intrinsic repair capacity 
iss likely to exist in gbm cells. The brain is the organ in mammals, which is best 
protectedd by the body from all kinds of external negative influences. Unlike other 
organs,, the human brain has special protection mechanisms against mechanical 
injuriess (skull), toxic agents (blood-brain barrier), and physiologic changes 
(constantt blood flow in stress situations at the cost of flow in peripheral organs). 
Thesee mechanisms originate from the evolutionary process of humans in which 
speciess with the best preserved brain function had the best change to survive. 
Basedd on the evolutionary development it is reasonable to assume that molecular 
protectionn mechanisms against radiation, such as the repair of DNA damage, are 
equallyy well developed in brain tissue as they are in brain tumors. A high repair 
capacityy of DNA damage is even more important for brain tissue than for most 
otherr tissues because repopulating of normal astrocytic or neuronal cells at adult 
agee is hardly possible. From this point of view, in tissues with a high repopulating 
capacityy there is no need for a high repair capacity and vice versa. This may 
explainn the high radiosensitivity of tumors with a high repopulation capactity, -
suchh as lymphoma and germinoma-, as well as the radioresistance of glioma cells. 
Thee inverse relation between individual protection mechanisms and repopulating 
capabilityy in order to preserve the species is widely seen in nature. Large problems 
aree encountered when a high repopulating rate accompanies an extended individual 
survivingg chance. For example, the import of rabbits in Australia where large 
carnivoress are absent, combined a high natural repopulating rate with an unnatural 
increasedd individual survival change. This resulted in an overpopulation of rabbits 
withh destruction of the original biotope, and thus threatening several other species 
off  the original flora and fauna. A glioblastoma multiforme seems to be such an 
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examplee in human diseases. So far studies in gbm trying to inhibit the repair of 
sublethall  damage caused by irradiation (cisplatinum, BrDU, hyperthermia), 
althoughh an interesting target, did not result in clinical relevant improvement of 
survival. . 

Inn summary: Clinical approaches specifically directed to modify the classical 4-R's 
off  radioresponse failed to improve radiotherapy results in patients with a gbm. That 
doess not mean that the 4 R's are not important in determining radiosensitivity. 
Theree is still ample radiobiological evidence that they are. However, there may be 
twoo principle limitations to the classical radiobiological theory as applied to 
malignantt gliomas: 
First,, the classical approach probably overemphasizes the role of the intrinsic 
tumorr radioresistance, and insufficiently addresses the role of the interaction 
betweenn the tumor and its microenvironment. 
Furthermore,, recent insights in the molecular genetics and molecular pathways 
disturbedd in malignant gliomas indicate that intricate molecular mechanisms are 
involvedd in DNA repair, cell cycle distribution and hypoxia. Fortunately, the 
identificationn of so-called 'small molecules*  that are absent or overabundant as a 
consequencee of the tumor-specific molecular defects may provide new and tumor-
specificc key targets to modify the radiotherapy response. 

123 3 



Chapterr 9 

Futuree prospects 

ModifyingModifying radiation response in gbm therapy. 
EnvironmentalEnvironmental factors. 
Theree is accumulating evidence that clinical radioresistance is not intrinsic to 
malignantt glioma cells, but is also modified by factors in the tumor environment. 
Ramsayy et al tested the intrinsic radiosensitivity of human malignant gliomas with 
aa clonogenic assay and found no correlation between the surviving fraction to 2 Gy 
andd the patient survival (30). Surrounding factors such as immunological response, 
growthh factors and hormons may have influence on the proliferation and invasion 
off  tumors. Illustrative for the role of the micro-environment in brain tumor 
radioresistancee is that a radiosensitive tumor like a lymphoma, easily controlled by 
dosess of 40 Gy when occurring elsewhere in the body, can hardly be controlled by 
radiotherapyy with doses of 50-60 Gy, when it arises in the brain. Of many possible 
radiotherapeuticc approaches to inhibit environmental promotors of glioma growth, 
wee wil l discuss two general lines of thinking that we deem worthwhile to pursue: 

 Tumor bed effect. The rapid tumor regrowth after surgical debulking, as 
describedd in chapter 2 of this thesis, may be explained by an increased 
productionn of tumor growth factors by normal brain tissue in the tumor bed. 
Locall  hypoxia, likely to be induced after surgery, can induce expression of the 
vascularr endothelial growth factor (VEGF) resulting in an additional 
angiogenesiss and thus stimulates tumor regrowth (43). Increased tumor 
proliferationn directly after surgical manipulation could be inhibited by pre-
operativee external radiotherapy or by a per-operative implant with radio-active 
sourcess in the tumor bed. Per-operative implantation of low dose rate iodine-
1255 seeds, a recent technique developed at the University of California in San 
Francisco,, is presently being investigated at the AMC for recurrent brain 
tumors.. A delay in local tumor regrowth could be expected. However, 
consideringg the usually considerable amount of residual tumor left after 
surgeryy and the clinical radioresistance, radiation alone will probably not be 
sufficientt to improve long-term survival. Presently, the role of the combination 
off  brachytherapy plus angiogenesis-inhibitors is investigated in our instute in 
ann orthotopic rodent model. Further, the role of local growth factors is far 
fromm clear. For instance, the transforming growth factor-B (TGF-B) is a 
multifunctionall  protein, which modulates cell proliferation and differentiation. 
Experimentall  data suggest that the release of active TGF-B into the vicinity of 
thee tumor cells results in a more hospitable environment for tumor growth 
(Arrick,, 1992). However, as earlier described, we found no correlation between 
thee plasma TGF-6 values and survival in gbm patients (see chapter 6 of this 
thesis). . 

 Immunotherapy. Unfortunately data about immunotherapy in malignant 
gliomass are scarce and so far not promising. Recent evidence that the neuro-
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hormonee melatonin may boost the immuno-response against tumors has 
revitalizedd the interest for melatonin in cancer therapy (48). Melatonin is a 
smalll  peptide produced by the pineal gland. In combination with interleukin-2 
orr tumor necrosis factor, melatonin has shown to increase the number of 
lymfocytes.. A small randomized study of radiotherapy + melatonin in gbm 
demonstratedd a increase in median survival in patients receiving melatonin 
fromm 4 to 10 months (Lissoni 1996). The authors explain the benefit of 
melatoninn particularly by boosting the immune response. Their study was 
corroboratedd by several more randomized trials in other cancers that showed a 
survivall  benefit from concomitant melatonin. Based on the absence of toxicity 
inn this study, the very low costs of the drug, and the fact that the study is one of 
thee very few trials since 20 years that reported a major survival benefit in gbm, 
wee proposed to conduct a confirmative double-blind randomized trial of 
radiotherapyy + melatonin in gbm patients in our institute. 

CeCe llularfa ctors. 
Recentt developments in molecular biology have lead to the identification of 
geneticc defects in the DNA of the cancer cell and to the identification of specific 
signalingg pathways involved in cancer biology (14). In normal cells, these 
signalingg pathways are needed to transport an intra- or extracellular signal (such as 
aa growth factor or radiation damage) to the nucleus of the cell to elicit a response. 
AA signaling pathway consists of a signal receptor that activates a series of enzymes 
thatt are subsequently activated and inactivated, until the signal reaches the cell 
nucleus.. These molecular pathways have an essential role in the regulation of the 
cell.. The DNA in the cell nucleus contains the genetic codes for the signal 
receptorss and enzymes. For instance, the p53-gene contains the code for the p53-
proteinn that has a pivotal function in the pathways that regulate cell cycle arrest and 
apoptosiss following irradiation. Cancer cells typically have defects in the genetic 
codess for the molecules involved in the signaling pathways, leading to increased or 
decreasedd activities. This causes the abnormal internal cell regulation of cancer 
cellss and the abnormal cellular response to external signals, such as an abnormal 
radiationn response or insensitivity to immunological responses. 
Multiplee genetic alteration are encountered in gbm such as the loss of 
heterozygosityy of chromosome 10 (p and q, occurring in 80 to 95%), deletions on 
chromosomee lp, 9p, 13q, 17p, 19q, and 22. Multiple genetic pathways are altered 
inn gliomas, including epidermal growth factor receptor, platelet derived growth 
factorr receptor, TP53/MDM2/pl4, pl6/pRB/CDK4 and PI3/PTEN/Akt the 
pathwayss (Rasheed, 1999). The molecules in the aberrant pathways are potential 
targetss for therapy, either directly by interfering with the receptor or enzyme 
activityy or in combination with radiotherapy. A number of promising targets are 
mentioned: : 
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 Ras. The ability of the Ras oncogene to induce radioresistance has been 
indicatedd through several independent tumor cell lines. Activation of Ras, 
eitherr by mutation of through signaling from the cell surface receptors, triggers 
aa series of cascading activation of cytoplasmic kinases, leading to proliferation 
andd angiogenetic signals. Despite the absence of Ras mutations in gbm, 
receptorr induced Ras activation is a common feature of gbm (8). The 
identificationn of the several Ras signaling pathways that lead to radioresistance 
becomess of considerable interest, because these pathways are potential targets 
forr manipulation of radiosensitivity. The most extensively studied Ras 
signalingg pathway is the Ras-to-MAPK pathway. However, inhibition of 
MAPKK did not lead to consistent radiosensitization. Ras also triggers the 
PI3K/Aktt pathway (phosphoinositide-3-kinase/proteine kinase B), which is 
frequentlyy altered in malignant gliomas (31). A recent study demonstrated the 
radiosensitizingg effect of a PI3K inhibitor, implicating the PI3K as a potential 
targett for specific radiosensitization (11). Farnesyl transferase inhibitors can 
inhibitt upstream Ras mediated signaling and are a promising novel class of 
molecularlyy targeted drugs. These inhibitors give substantial growth inhibition 
inn gbm xenografts in the absence of Ras mutations and are now entering 
clinicall  trials in solid tumors (8). 

 P53. Increased cell survival after DNA damage is not only dependent on an 
activee repair process, but can also be influenced by a defect in the apoptotic 
pathwayy (programmed cell death). The p53 gene and subsequent P53 protein, 
iss a cell cycle checkpoint protein that is important for regulation of many 
complexx cellular processes involved in cell cycle regulation, such as apoptosis 
andd cell cycle arrest. Severe DNA damage, such as after radiation, will activate 
p533 and via cascades will eventually lead to apoptosis. Downregulation of the 
p533 pathway could lead to an inability of programmed cell death and thus to 
radioresistance.. Mutations in the p53 gene are frequently seen in malignant 
gliomas,, although not more than in other tumors, and are related to increased 
radioresistancee in a number of other tumors (25). However, data about the role 
off  p53 in radioresponse of glioblastoma cells are conflicting. One study 
showedd that reintroduction of wild-type p53 into human glioma cell lines 
increasedd the radiation-induced apoptosis (20), whereas another study found 
thatt the radiation induced apoptosis was not p53 dependent (12). Clinical 
studiess in malignant glioma are also conflicting about the prognostic value of 
p533 (33, 19). So, the role of p53 mutations in radioresistance is not conclusive 
andd does not seem to be the solely explanation of gbm radioresistance. 

 PTEN. PTEN (Phosphorylase Tensin) regulates several cellular functions 
includingg migration, invasion, survival, proliferation and angiogenesis by 
inhibitingg PI3-kinase mediated signaling cascades (37). Inactivation of PTEN 
leadss to an activation of this critical signaling pathway. PTEN mutations are 
seenn in 20-40% of gbm (31). Several recent studies have reported that 
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mutationss in the PTEN tumor suppressor gene are a significant predictor of 
poorr survival in gbm (6,31). A significant correlation was evident between 
PTENN expression and the histologic grading of gliomas (6). Cell lines with 
PTENN mutations are not only characterized by an increased proliferation but 
alsoo by a resistance to apoptosis (41). Since radiotherapy is expected to induce 
massivee apoptosis, inactivation of PTEN and thus activation of the PI3 
pathwayy is likely to play a role in radioresistance. Further downstream the 
PI3k,, inactivation of PTEN leads to activation of mTOR (mammalian Target 
Off  Rapamycin) which finally increases the translation of critical mRNAs 
involvedd in the regulation of the Gl-S phase of the cell cycle. Specific 
inhibitorss of mTOR (Rapamycine) have been developed and have shown 
significantt activity in pre-clinical cancer models. They are currently entering 
phasee II studies (15) 

 HIF-L Clinical studies have conclusively demonstrated the impact of hypoxia 
onn therapy outcome of radiotherapy (3), but clinical studies on cytotoxic agents 
targetingg hypoxic cell, did not result in any clinical benefit so far. Alternative 
strategiess to exploit hypoxia have been developed in the field of gene therapy. 
Hypoxiaa in a cell results in a coordinated up-regulation of genes supporting 
anaerobicc metabolism in order to survive. Hypoxia can also induce expression 
off  the vascular endothelial growth factor (VEGF), resulting in additional 
angiogenesiss and greater chance of tumor cell survival. This activation under 
hypoxicc condition is mediated through the transcription factor HIF-1 (hypoxia-
induciblee factor-1) (35). Expression of the HIF-1 induced pathways, such as 
phosphoglyceratee kinase-1 (PGK-1) and glucose transport transporter-1 (glut-
1)) is activated in tumor cells shown to be radioresistant (4). HIF-1 is reported 
too be expressed in 70% of solid tumors (51), thus making direct molecular or 
geneticc targeting of this pathway an attractive anti cancer strategy. The first 
studyy on oxygen-sensitive gene therapy combined with radiotherapy in 
xenograftss has demonstrated eradication of otherwise radiation resistant tumors 
(27). . 

 Cox-2. Cyclo-oxygenase II (Cox-2) is an enzyme positively involved in the 
metabolicc conversion of arachnidonic acid to prostanglandines and 
eicosanoids.. Cox-2 is not expressed in normal tissue, but only in inflammatory 
diseasess and malignant transformation. When cells express Cox-2 they develop 
aa resistance to apoptosis and develop changes in their adhesion properties (44). 
Cox-22 expression is secondary to mutogenic events such as Ras mutations and 
losss of P53 (36), frequently seen in gbm. Cox-2 also affects angiogenesis and 
cox-22 inhibitors can reduce vascular density and decrease vascular endothelial 
growthh factor levels (50). VEGF expression is often seen in gbm and vascular 
orr endothelial proliferation is pathognomic for gbm. The role of Cox-2 could 
bee the link between the histological appearance of a gbm as a malignant 
processs and clinical appearance as an infection. Future prospects could be 
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focussedd on the role of Cox-2 in gbm and Cox-2 inhibitors in the treatment of 
gbm.. Selective Cox-2 inhibitors are clinically available yet, and entering 
clinicall  trials in gastro-intestinal tumors. 

 PAI-X. Plasminogen activator inhibitor type 1 (PAI-1) plays a key role in tumor 
invasionn and neo-angiogenesis. It is responsible for the degradation of the 
extracellularr matrix and the subsequent release of growth factors and 
angiogeneticc factors. In human gliomas PAI-1 have shown strong expression 
andd was correlated with higher histologic grade, necrosis and shorter survival 
(24).. Noteworthy in this study was that PAI-1 expression was the only 
independentt prognostic factor in a multivariate analysis. This observation 
providess a rationale for the development of inhibitors of the PAI-1 mediated 
pathways. . 

 EGFR. Epidermal growth factor receptor (EGFR) is involved in the control of 
proliferationn via the RAS/MAPK and PI2-K/AKT pathway and has frequently 
beenn found to be overexpressed and mutated in malignant gliomas. 
Amplificationn has been linked to poor survival in malignant gliomas (32) as in 
severall  other tumors. It has been demonstrated by in vitro studies that 
irradiationn stimulates the EGFR mediated MAPK activation, making 
radiotherapyy combined with an EGFR inhibitor an interesting therapy 
combinationn (34). Recently an orally active selective EGFR-TK (tyrosine 
kinase)) inhibitor has been developed (Iressa®) that has demonstrated 
promisingg anti tumor activity in phase II clinical trials (2). In a very recent 
humann colorectal cancer xenograft model study, Iressa® potentiated the 
radiotherapyy effect. This potentiation was more apparent in a fractionated 
regimee (50). These findings warrant further studies of Iressa® in combination 
withh radiation in malignant gliomas. 

 Hyperthermia. Hyperthermia is at present probably the most potent cellular 
radiosensitizerr as proven by several clinical trials (46, 39, 26, 47). Although 
thee detailed mechanism of enhancement are not known, there is substantial 
evidencee that hyperthermia induced protein aggregation impairs the DNA 
repairr machinery in tumor cells (18). Determining the molecular mechanisms 
behindd this clinical success could help in further improvement of the clinical 
benefit,, and could help in extending the clinical benefit to other tumor sites 
suchh as the brain. 

Conclusionss on future prospects. 
Neww strategies to overcome the clinical radioresistance of malignant brain tumors 
shouldd be focussed on biological modifiers. Old fashioned chemotherapy and 
radiotherapyy are targeted on the direct or indirect induction of DNA damage. This 
DNAA damage is not specific to the genomic changes in the tumor cell DNA. In the 
lastt decennium an abundant amount of knowledge has became available about the 
specificc molecules involved in aberrant cell process signaling and cell cycle 
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regulationn of malignant cells. Future research on gbm radiotherapy should be 
focussedd on the combination of radiotherapy plus drugs that target the specific 
moleculess involved in the aberrant cell cycle regulation of tumor cells or aberrant 
reactionn on radiation damage. Few alterations however predict constantly clinical 
outcomee (38,33) and specific alterations are mostly expressed in less than 50% of 
gbmm tumors. The genetic instability of most tumor types and the heterogeneity of 
aberrantt gene expression make it difficult to find single key molecules that are 
responsiblee for cell survival. Therefore, single molecular targeting wil l probably 
nott lead to major responses but a combination of molecular modulations probably 
will . . 

Neuro-oncologyy used to be the sovereign territory for the neurosurgeon and the 
radiationn oncologist, but they will soon be joined by the molecular oncologist to 
providee tailor-made treatment to the patient with a malignant brain tumor. We feel 
fortunatee to join for new and challenging discoveries in neuro-oncology, with many 
neww pathways to explore. 
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