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Introduction
Bram tumors and meningioma', •
Malignant tumors grow without inhibition, have the capability to invade surrounding structures
and form metastases However, glial tumors, both astrocytomas and oligodendrogliomas seldom
form metastases The prognosis of these tumors is mainly determined by expansive growth and
invasion into surrounding normal brain tissue [14, 24] Because of extensive invasive growth in
the brain tissue total resection is not possible Standard treatment consists of surgery followed by
postoperative radiotherapy Radiotherapy has an additive effect relative to surgery alone, but
because of the radio sensitivity of normal brain tissue the dose is limited to non-curative levels
Chemotherapy has proven to be effective for oligodendrogliomas and is increasingly used for
astrocytomas [33, 38)
Astrocytomas account for more than 60% of the primary brain tumors, of which 50-69% are the
highly malignant glioblastoma multiforme (GBM) [14, 24] Glioblastomas usually become
manifest in adults, a slightly higher incidence in males relative to females (male to female ratio is
3 2) Most glioblastomas anse de novo, although they can develop from low-grade astrocytomas
and diffuse astrocytomas In most patients they are located in the cerebral hemispheres causing
seizures, headache, personality changes and a diversity of (focal) neurological symptoms
Therapy consists of (debulking) surgery, radiotherapy and more recently chemotherapy [34]
Although adding chemotherapy to treatment regimes led to better tumor response, prognosis
remains poor and most patients still die within a year [24, 33, 38]
Oligodendrogliomas account for approximately 10 % of the intracranial tumors in adults They
are divided into low and high-grade (anaplastic) oligodendrogliomas Peek incidence of
oligodendrogliomas is slightly higher for patients with an anaplastic oligodendroglioma, and lies
around the 5th and 6th decade of life, with men being more often affected then women (male to
female ratio 3 2) Both high and low grade oligodendrogliomas have a preference for the frontal
lobes, around 60 % of the oligodendrogliomas arise here Chemosensitivity of Oligodendroglia!
tumors has been recognized for almost 20 years [2] Progress in treatment and patients selection
has been made since Genetic research was able to link the loss of lp and 19q to good response to
chemotherapy [8,21]
Meningiomas comprise about 15-20% of all intracranial tumors [15] They are more frequent in
women than in men (female to male ratio 2 I) The majority of these tumors are benign, 1-2% are
malignant, and 5-7% are atypical meningiomas [311 Meningiomas are mostly located at the
convexity of the brain and 35-50 % are located at the base ot the skull [1] Clinical symptoms,
which can be the same as for gliomas, depend on the location of the tumor Meningiomas can be
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asymptomatic as well and are sometimes discovered by chance Not all meningiomas require
therapy Surgery is the treatment of choice in case of complaints However, meningiomas tend to
recur Among tumors that are totally resected 20% recur within 10 years and after partial
resection, which is often the case in skull base meningiomas, more than 80% recur [39] Mortality
and morbidity in this group of patients is considerable There has been an increased interest in
stereotactic radiosurgery and radiotherapy for the treatment of meningiomas in which complete
resection is impossible [6, 11, 18, 29]
Hypoxia and hypoxia modification of intracranial tumors
Hypoxia in tumors is commonly divided in 2 forms diffusion limited or chronic hypoxia and
perfusion-limited hypoxia, known as acute hypoxia In tumors hypoxia is most often a
combination of these two forms of hypoxia The therapeutic consequences of hypoxia are based
on the fact that hypoxic tumor cells are more resistant to radiotherapy and chemotherapy
Furthermore, hypoxia induced mutations lead to a more malignant tumor phenotype. which may
explain a poor outcome after surgery Large regions of hypoxia were found in glioblastomas and
this was linked to poor therapy response Several mechanisms may contribute to the development
of hypoxia in growing tumors Mechanisms such as high interstitial pressure, abnormal vessel
structure and increased oxygen demand of tumor cells can lead to hypoxia in tumors Increased
interstitial pressure occurs especially in central tumor areas at larger tumor sizes, resulting in a
collapse of blood vessels thus compromising oxygen supply [7] Other potential mechanisms
contributing to hypoxia during tumor development are related to perfusion disturbances due to
intermittent perfusion, tortuous architecture, arteriovenous anastomoses and blind-ended vessels
[161 Also, tumors presumably often derive their blood supply from the poorly oxygenated venous
end of the vasculature [5, 37] Finally, hypoxia is not only dependent on oxygen delivery, but also
strongly depends on nutritional demand of the tumor [23]
Modifying the oxygenation status of tumors or specifically targeting hypoxic tumor cells has in
several solid tumors, such as head and neck tumors, resulted in better loco-regional control and
survival [13, 25] Therefore, improving the oxygenation status of a tumor will theoretically lead to
better therapy response
Breathing a hyperoxic hypercapnic gas mixture like carbogen (95% 02, 5% C02) has been
shown to improve oxygenation in several human tumors [19, 261 Addition of C02 to 02 was
thought to prevent intermittent vascular closure, thereby improving perfusion, or act on tumor
metabolism, resulting in a further improvement of tumor oxygenation compared to 02 alone [17,
20, 27, 30] For head and neck tumors, breathing carbogen in combination with nicotinamide
administration resulted in a significantly improved tumor response to accelerated radiotherapy
(Accelerated Radiotherapy with Carbogen and Nicotinamide, ARCON) [12, 13] However, so far
11

results of ARGON for glioblastoma multiforme were mostly negative or inconclusive In clinical
trials in patients with glioblastomas there was a high percentage of patients unable to fulfil the
whole protocol because of the high hepatotoxicity of nicotinamide, caused by the interaction with
anti-epileptic drugs that are frequently used in this group of patients [22, 32, 36] However, if
nicotinamide can be avoided, improvement of oxygenation of brain tumors might still enhance the
effect of radiotherapy
Angiogenesis andanti angiogenic therapy
Angiogenesis refers to the formation of new blood vessels It occurs in response to physiological
events, such as wound healing, but it is also considered to be essential for tumor growth Hypoxia
is thought to be an important promoter of angiogenesis, both physiologically and in tumors, by up
regulation of angiogenic factors such as VEGF (vascular endothelial growth factor) However,
mechanisms inducing angiogenesis are much more complex [3, 23] There are several reports in
which no hypoxia was found in early wound healing when angiogenesis was already observed,
suggesting that only at a later stage hypoxia-induced angiogenesis plays a role [9, 23] In
experimental tumors it was also demonstrated that at initial growth stages angiogenesis might not
be hypoxia driven and that only at larger tumor sizes development of hypoxia, and thereby up
regulation of hypoxia-dependent angiogenic factors, contributes to angiogenesis [3] For over 30
years angiogenesis and its consequences for tumor growth have been studied Many angiogenic
factors have been identified and are subject to anti-angiogenic treatment Although very
promising at first, it is now clear that as a single modality, anti-angiogenic treatment is
insufficient Therefore, treatment schedules were designed that combined anti-angiogenic drugs
with chemotherapy and/or radiotherapy to study the additive effects of these compounds
Diagnostic tools and imaging
Brain tumors are usually visualized by contrast enhanced Computer Tomography scan (CT), or
Magnetic Resonance Imaging (MRI) This provides information with respect to the location of the
tumor and the tumor type by identifying calcifications, edema and enhancement by contrast
agents Magnetic Resonance Spectroscopy (MRS) adds further information about the type of
tumor by generating a "chemical fingerprint" of the lesion MRS is a noninvasive imaging
modality by which biological information is obtained about tissue MRS can potentially be used
to differentiate between astrocytomas and oligodendrogliomas, which is of interest because of the
higher sensitivity of oligodendrogliomas to chemotherapy MRS results have been compared with
pathology to see if MRS can replace a biopsy and also to monitor progression of low-grade
gliomas, possibly avoiding a second biopsy [4, 10, 28] Although there are recognizable patterns
by which tumors can be distinguished, pathologic confirmation of abnormalities remains the
golden standard
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Dynamic MRI with gadolinium as a contrast agent can be used to obtain information about blood
vessels and their functionality. Blood oxygenation level dependent (BOLD) MRI can provide
dynamic information about the oxygenation status of blood vessels. With this methodology
changes in the oxygenation status can be detected, such as an increase in the tumor oxygenation
status induced by carbogen breathing. BOLD MRI is based on the magnetic properties of blood;
deoxyhemoglobin is paramagnetic, and induces relaxation in the proton MR signal,
oxyhemoglobin is diamagnetic. The paramagnetic deoxygenated hemoglobin results in an
increased magnetic susceptibility difference between the vascular compartment and surrounding
tissue. Hereby inducing a variation of the magnetic field strength around the blood vessels,
resulting in dephasing and signal loss on T2* weighted images. The T2* relaxation time is a
characteristic time for the total rate of signal loss in MR, due to a non-uniform magnetic field as
well as T2 weighted relaxation. T2* weighted MRI during carbogen breathing is possible in
humans, but due to respiratory distress caused by the C02 component of carbogen the compliance
to fulfill the complete protocol is low. In several studies significant enhancement on T2*
weighted MRI was found during carbogen breathing, suggesting improved tumor oxygenation
and tumor blood flow [35]. BOLD MRI can potentially be used to identify patients who can
benefit from radio sensitization by carbogen breathing.
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Outline of the thesis
Human glioblastoma xenografts can be used to study several aspects of tumor behavior as well as
response to therapy Knowledge of the tumor models used is essential to interpret treatment
response Chaotic angiogenesis, hypoxia and infiltration of tumor cells in surrounding normal
brain tissue are important microenvironmental characteristics of GBM that are linked to therapy
resistance These tumor characteristics are therefore subject to further studies To gain insight in
the GBM xenografted tumor models and tumor behavior, several aspects of human glioblastomas
xenografted in nude mice were studied and are described in chapter 2, 3 and 4 The development
of a new vascular network and hypoxia during tumor growth of a human glioblastoma xenograft
model subcutaneously implanted in nude mice is described in chapter 2 In chapter 3 the
characterization of six human GBM xenograft lines implanted either subcutaneously,
intramuscular or intracerebral is described Microenvironmental parameters such as hypoxia,
vascularity and tissue architecture were analyzed and compared at these three locations Tumor
line specific characteristics and the influence of the site of implantation were studied Specific
characteristics of intracerebral tumor growth of human glioblastoma xenograft lines, with focus
on infiltration, are described in chapter 4
Angiogenesis has been recognized as an important factor in tumor growth Since angiogenesis is
also a physiological process, for example in wound healing, there are limitations to treatment with
anti-angiogemc agents As a single treatment modality the results of anti-angiogemc agents are
disappointing Therefore combination regimes with other modalities such as radiotherapy and
chemotherapy are being studied In several tumors SU5416, a selective inhibitor of the vascular
endothelial growth factor receptor (Flk-1/KDR), has been proven to induce growth delay The
combination of radiation and SU5416 was studied in a human glioblastoma multiforme xenograft
model Both growth delay and microenvironmental changes induced by SU5416 and radiotherapy
are described in chapter 5
The oxygenation status of a tumor is an important factor determining the outcome of therapy,
especially in relation to radiotherapy Oxygenation of a tumor can be improved by breathing a
hyperoxic hypercapmc gas mixture such as carbogen In head and neck tumors for example,
carbogen breathing combined with radiation has substantially improved loco-regional tumor
control compared to radiation only In glioblastoma multiforme it has not been established
whether improvement of the oxygenation status by carbogen breathing has the potential to
increase the outcome of radiation treatment The results of treatment with radiation only
compared to the combination of radiation with carbogen breathing in a human glioblastoma
multiforme xenograft model are described in chapter 6
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Due to their location some of the tumors within the brain are irresectable Also, low-grade tumors
can differentiate to a higher grade or for example astrocytomas can transform to a mixed
oligoastrocytoma Even with modern imaging techniques such as, CT and MRI, it is not always
possible to distinguish between the different types of brain tumors Pathologic confirmation
remains crucial because of the differences in optimal treatment regimes of intracranial tumors
However, it it is impossible to obtain tumor material for a pathological diagnosis, MRS can assist
to distinguish between the several types of glial tumors, this is described in chapter 7
Treatment of choice for meningiomas is surgery, but some meningiomas are, due to the location,
inaccessible for surgery Also, meningiomas lend to recur Furthermore, although most
meningiomas are benign, a small percentage is atypical or malignant In these cases meningiomas
can be treated with radiotherapy Meningiomas are sensitive to radiation but there are dose
limitations because of the adverse side effects of radiation to the surrounding normal brain tissue
and cranial nerves Positive results were obtained with ARCON in head and neck tumors
Reducing hypoxia in GBM by carbogen breathmg might also be effective for meningiomas if
treated with radiotherapy MR techniques were used to study the effect of carbogen breathing on
tumor oxygenation The aim of these studies was to identify patients who could benefit from
combined treatment The results of these studies are described in chapters 8 and 9
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Abstract
Objective: The presence of hypoxia may have a profound influence on tumor growth and
treatment response. Although it has been suggested that hypoxia is only present in larger tumors,
several studies have shown that hypoxia is already detectable in early growth phases of tumors.
The present study was designed to examine the development of hypoxia in growing tumors, as
well as vascular parameters at different growth phases in a human glioma xenograft tumor model.
Results: In the current xenograft model no hypoxia was detected until tumors reached a size of 2.5
mm. With increasing tumor size, vessels became larger, more elongated and branched, and a
decreasing vascular density. Also, at increasing tumor size the hypoxic tissue areas enlarged and
necrosis started to develop in the center of hypoxic areas. No proliferative activity was found in
hypoxic areas.
Conclusions: This study demonstrates that different growth phases in subcutaneously xenografted
human glioblastomas are characterized by specific relationships between tumor vasculature,
oxygenation status and tumor cell proliferation. In this tumor model angiogenesis and tumor
growth precede the development of hypoxia.
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Introduction
During tumor growth, solid tumors progress from a non-vascular to a vascular growth phase In
experimental tumor models, migration of implanted tumor cells was initially found towards pre
existing host vessels [17] At this phase, cell proliferation will occur until passive diffusion can no
longer provide an adequate supply of nutrients and oxygen or removal of waste products [6] In
experimental models it was shown that tumors can reach sizes up to approximately 1-2 mm3,
which is already well beyond the maximum diffusion distance of oxygen from the host vessels
(100-200 μτη), before neoangiogenesis is induced Cao demonstrated that at the very early growth
stages angiogenesis is not hypoxia dependent and that only at larger tumor sizes development of
hypoxia, and thereby up-regulation of hypoxia induced angiogenic factors, contributing to
angiogenesis [2] For further growth, tumors depend on the development of vasculature sprouting
from existing vessels (neoangiogenesis) Hypoxia is considered to induces angiogenic factors
such as VEGF and Hifl-a, both physiologically and in tumors [1,7] However, the megamsms
involved in this process are much more complex [2, 10]
Over the past years neoangiogenesis has been recognized as a critical determinator for tumor
growth and has become an important therapeutic target The tumor blood supply was found to be
spatially and temporally heterogeneous, thereby limiting nutrient and oxygen transport [8, 9] An
important consequence of an insufficient blood supply, in combination with high cell metabolism
and high oxygen consumption in rapidly dividing cells, is the development of tumor cell hypoxia
Glioblastoma multiforme is generally characterized by an abundant vasculature as well as
extensive hypoxic areas [3] Since hypoxic tumor cells are more resistant to both radiotherapy and
chemotherapy this may be a factor explaining the disappointing treatment results Standard
therapy for GBM consists of debulking surgery followed by radiotherapy in combination with
chemotherapy, but survival rates remain poor [4, 15] Therefore, new therapeutic approaches,
such as inhibition of neoangiogenesis are being investigated in xenograft models of human
gliomas and in phase I and II clinical studies The present study was designed to further explore
the dynamic relationship between tumor size and hypoxia, as well as vascular parameters at
different stages of growth in a human glioma xenograft tumor model

21

Materials and methods
Animals Nude mice (BALB/c nu/nu mouse) were derived from BonholdGard Denmark All
animals were kept in specific pathogen free units in accordance with international guidelines The
local ethical committee for animal use approved the experimental procedures
Tumors Tumors used in this experiment were derived from the human glioblastoma tumor line
E106 (glioblastoma multiforme) that were passaged only subcutaneously in nude mice Study
groups (n=5) were formed according to tumor size and not based on growth rate Group 1 with a
mean diameter of 2 5 mm, group 2 5 mm, group 3 7 5 mm and group 4 had a mean diameter of 10
mm
Markers Hypoxia in the tumors was determined by injecting the mouse intravenously via one of
the lateral tail veins with 0 1 ml of a solution of saline containing 2 mg of the hypoxic cell marker
pimomdazole (l-[(2-hydroxy-3-piperidinyl)propyl]-2-nitroimidazole hydrochloride Natural
Pharmaceuticals, International Ine , Research Triangle Park, NC, USA) Pimomdazole is a bioreductive chemical probe with an immunorecogmzable side chain This marker was given 60
minutes before the animals were killed Perfusion of the tumors was determined by injecting the
mouse intravenously via one of the lateral tail veins with a 0 05 ml solution of saline containing
0 365 mg Hoechst 33342 (Sigma Chemical Co , St Louis, MO, USA) To prevent diffusion of
Hoechst 33342 to adjacent non-perfused vascular structures, the mice were killed by cervical
dislocation 1 minute after injection of Hoechst 33342 Tumor cell proliferation was determined
after injecting the mouse intrapentoneally with 0 5 ml of a solution of saline containing 2 5 mg of
the S-phase marker Bromodeoxyundine (BrdUrd) (Sigma Chemical Co , St Louis, MO, USA)
BrdUrd was injected 15 minutes before the animals were killed Afterwards, tumor specimens
were directly stored in liquid nitrogen until frozen sections of 5 μιη thickness were cut, which
were then stored at -80CC until staining Sections from the central part of the tumor were
analyzed
Immunohistochemical staining Between all steps of staining the sections were nnsed 3 times for
3 minutes in phosphate buffered saline (PBS)
Hypoxia & vessel staining frozen sections were air dried and Fixed in cold (40C) acetone for 10
minutes Subsequently, the slides were washed and mounted in PBS and scanned for the Hoechst
signal Details of the scanning procedure are given below The same sections were then incubated
30 minutes at 37':,C with rabbit anti-pimomdazole (provided by J A Raleigh, Department of
Radiation Oncology and Toxicology, UNC School of Medicine, Chapel Hill, USA), 1 300 in 9F1
supernatant (rat monoclonal to mouse endothelium. Department of Pathology, Radboud
University Nijmegen Medical Center, The Netherlands) Next, the sections were incubated for 30
22

minutes at 370C with donkey anti-rabbit biotin (1:200 in Polyclonal Liquid Diluend (PLD), DBC
Diagnostic Products Corporation, Breda, The Netherlands). Then the sections were incubated at
room temperature with STREP-Alexa488 (1:200 in PBS-B) and goat anti-rat-Alexa546 (1:300 in
PLD) (Jackson Immuno Research Lab, West-Grove, Pennsylvania, USA) followed by scanning of
the hypoxia signal and the vessels. As a final step the sections were mounted in Fluorstab
(Organon Teknika, Cappel-ICN) and stored at -80oC.
Proliferation & vessel staining: For the staining of these markers the consecutive tumor sections
were used. After air-drying and fixation in cold (40C) acetone for 10 minutes slides were washed
and mounted in PBS. Subsequently, the sections were scanned for the Hoechst signal. The same
sections were then stained for vascular structures with the endothelial marker 9F1 as described
above.
To visualize BrdUrd, DNA of the tissue sections was denaturated by incubation with 2.ON HCL
for 10 minutes. To neutralize the pH, sections were rinsed in 0.1 M Borax for 10 minutes. Then
the sections were incubated for 60 minutes at 37 0C with Br-3 (1:50 in PBS-B)(mouse
monoclonal to BrdUrd, Caltag Laboratories, San Francisco, CA, USA). Next, the sections were
incubated for 45 minutes at room temperature with rabbit anti-mouse-FITC (1:25 in PBS-B)
(DAKO Denmark) and finally, stained for 15 minutes at room temperature with Fast Blue ( 1:1000
in PBS)(Sigma Chemical Co., St Louis, MO, USA) to visualize all nuclei. Then the sections were
scanned first for perfusion (Hoechst) and vascular structures (9FI), then proliferating nuclei
(BrdUrd) and all nuclei (fast blue). Sections were then mounted in Fluorstab (Organon Teknika,
Cappel-ICN).
Scanning tumor sections and image processing: Tumor sections were scanned by using a
computer-controlled motorized stepping stage attached on a fluorescence microscope (Zeiss
Axioskop, Zeiss Oberkochen, Germany). Images were recorded using a high-resolution
intensified solid-state camera for quantitative analysis. A detailed description of this method was
given before [12]. After scanning the whole tissue section, all individual microscopic fields where
reconstructed into one large composite image. The area of interest was reconstructed from the
individual images. This resulted in a set of three composite images containing hypoxia
(pimonidazole), perfusion (Hoechst) and vasculature (9F1) (TCL image, TNO, Delft, The
Netherlands). For the consecutive tissue section containing proliferating nuclei (BrdUrd),
vasculature (9FI) and all nuclei (Fast Blue).
The tumor area, drawn interactively, was used as a mask in further image analysis to exclude nontumor tissue and tumor necrosis, haematoxylin and eosin-stained sections adjacent to the
immunohistochemically stained sections were used for this purpose. By combining the individual
composite images, several parameters could be calculated: the perfusion fraction, defined as the
perfused vessel area divided by the total vessel area (PF). The vessel density, the total number of
vascular structures divided by the total tumor area (VD). The hypoxic fraction was defined as the
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total hypoxic area divided by the total tumor area (HF) and the BrdUrd labeling index was
defined as the BrdUrd stained area divided by the total nuclei area (LI)
Statistics The tour size based tumor groups were compared with respect to the vascular
parameters (VD and PF), the hypoxia parameters (HF and necrosis) and the BrdUrd labeling
index (LI) The statistical analyses were done on a Macintosh computer with a Statistica 4 0
software package using analysis of variance (ANOVA) and the Tukey test for multiple
comparisons A p-value 5 0 05 was considered statistically significant
Results
Tumor vasculature At increasing tumor size changes of the tumor architecture occurred The
small sized tumors of group 1 were well vascularized with a high density of small vessels The
vascular density in group 1 was significantly higher than in the other groups (Table 1) In the
central area of tumors of group 2 a similar vascular architecture as in group 1 was found, but at
the periphery of the tumors the vascular structures showed a more elongated and branched
appearance Vascular structures of tumors from group 3 were more elongated than those of group
2 especially in the central tumor areas Group 4 also showed a high VD in the tumor periphery but
not in the center of the tumor The vascular structures of this group were large in diameter and
less branched compared to tumors of group 3 Vascular densities in non-hypoxic areas were
higher than in hypoxic areas, which was independent of tumor size There were no significant
differences in blood perfusion The vessels were well perfused at all tumor sizes, ranging from
93% in group 1, to 99% in group 2 and 3 (Figure 1, table 1 )
Development of hypoxia and necrosis Tumor hypoxia, detected by means of pimomdazole
staining was almost completely absent in tumors with a mean diameter of 2 5 mm (Figure 2A)
Hypoxic tumor cells started to appear at a mean diameter of approximately 5 mm Initially, the
pimomdazole positive cells appeared only at the periphery of these tumors distant from vessels
indicating the development of diffusion-limited hypoxia (Figure 2B) These tumors (mean
diameter 5 mm) showed a well-perfused non-hypoxic non-necrotic center (Figure 2B) With
increasing tumor size a gradual redistribution of hypoxic tumor areas occurred from the periphery
to a more patchy and homogeneous pattern throughout the tumor (Figure 2C and 2D) Statistically
significant increase of the HF was found between group 1 (mean diameter 2 5 mm) and group 2
and 3 (mean diameter 5 0 and 7 5 mm. Table 1 ) The hypoxic fraction in group 3 and 4 was lower
then in group 2, which is presumably due to development of necrosis (excluded from the analysis)
adjacent to the hypoxic areas Extensive areas of necrosis were predominantly found in group 3
(mean diameter 7 5 mm) and to a lesser extend in group 4 (mean diameter 10 mm, Figure 1,
Table 1)
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Figure 1: Pseudo colored binary image of a E106
iunior subcutaneously implanted in the flank of a
nude mouse at different growth stages. 1A: Tumor of
group I (mean diameter 2.5 mm) showing small well
perfused (Hoechst 33342. blue) vessels.IB: Tumor oj
group 2 (mean diameter 5 mm). Hypoxia
(pimonidazole. green) was found at the periphery oj
the tumor. 1C: Tumor of group 3 (mean diameter 7.5
mm). Vessels are more elongated (9FÌ, red). Hypoxia
(pimonidazole, green) is scattered throughout the
tumor and necrosis is starting to appear next to the
hypoxic areas. ID: Tumor of group 4 (mean diameter
10 mm). Similar to the tumors in group three,
elongated vessels (9FI, red, red arrow) are found
with hypoxia (pimonidazole, green) scattered
troughout the tumor and necrosis adjacent to hypoxic
areas.

Tumor cell proliferation:

No proliferative activity was observed in hypoxic areas. The non

hypoxic tumors of group 1 showed statistical significantly higher proliferation then the larger
tumors (Table 1 ). Overall BrdUrd LI decreased with increasing tumor size with the exception of
group 3 (Figure 2, table 1).
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Discussion
The presence of hypoxia in a tumor has been recognized as an important cause for therapy
resistance. Furthermore, angiogenetic factors are upregulated under hypoxic stress, thereby
stimulating the creation of a new vascular supply for further tumor growth [1,6]. Knowledge of
the oxygenation status within the tumor during tumor growth is therefore of importance and can
aid to the development and selection of appropriate treatment strategies. It is known that human
gliomas harbor large regions of hypoxia. However, little is known about the development of
hypoxia in tumors during growth.
Several studies have focused on the vascular development during the initial growth phases of
tumors. Li et al. found in rodent mammary tumor cell lines, implanted in a skin window chamber
model, angiogenic activity with functional new vessels at a tumor mass of only 100-300 cells
relating to a size of approximately 0.1 - 0.3 mm [9]. The presence of necrosis was observed in
tumors during the early phase where tumor cells outgrow the diffusion distance of the host
vasculature and before neoangiogenesis had started [17]. In those studies, angiogenesis at initial
tumor growth did not appear to be hypoxia driven. Low levels of VEGF were found in human
colon carcinoma and mouse mammary carcinoma cells under normoxic conditions preceding
detectable levels of hypoxia in a dorsal skin-fold window chamber model. Inhibition of the
development of hypoxia did also not stop neoangiogenesis [2]. In the smallest tumors of the
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present study (mean diameter 2 5 mm) a high VD with a high PF and a high proliferation index in
absence of hypoxia or necrosis were observed This confirms a tumor cell driven stimulation of
neoangeogenesis independent of hypoxia Similar to the results of Li et al in a rodent mammary
tumor cell line, a change in vascular architecture in this human GBM xenograft tumor line was
observed with increasing tumor size The initial well organized, well perfused, homogeneous
pattern of small vessels changed into a pattern with a more chaotic elongated and branched
appearance with an overall lower vascular density, resulting in the development of hypoxic tumor
regions
Development of hypoxia is not only dependent on oxygen delivery, but also on nutritional
demand of the tumor [10] The imbalance between supply and demand of oxygen en nutrients
may be tumor line specific with different tumors showing development of hypoxia and necrosis at
different tumor sizes Several mechanisms may contribute to the development of hypoxia in
growing tumors At larger tumor sizes one of the possible mechanisms involved in this process is
the increased interstitial fluid pressure especially in central tumor areas [5] Increased interstitial
fluid pressure may result in collapse of blood vessels thus compromising oxygen supply Other
potential mechanisms contributing to hypoxia during tumor development are related to perfusion
disturbances due to intermittent perfusion, tortuous architecture, arteriovenous anastomoses and
blind-ended vessels [8] Also, tumors often derive their blood supply from the poorly oxygenated
venous end of the blood supply [3, 16]
Similar to glioblastomas in patients, our glioma tumor model showed hypoxic tumor areas as
demonstrated by pimidazole staining Hypoxic tumor regions and perfused tumor areas were
complementary, confirming the inverse relationship between these two parameters [13, 14] The
presence of hypoxia was related to tumor size, with only larger tumors exhibiting hypoxic
regions This suggests that during the earlier stages of tumor growth, the vascular expansion is
sufficient for the increasing nutrient and oxygen demand of the growing tumor However at
increasing tumor size hypoxia, in our tumor model, is a result of insufficient vascularization It
also indicates that hypoxia is not a critical factor for neoangiogenesis in early phases of tumor
growth, which is in accordance with the findings of Cao et al [2] With increasing tumor size, the
vessels become more heterogeneous, at the periphery of the tumor leading to tumor cell hypoxia
This may indicate that proliferation of tumor cells at the periphery of the tumor growth has
surpassed the angiogenic capacity of the tumor vessels Once tumor regions had become hypoxic,
the proliferative activity diminished in these areas This is illustrated by the observation that the
BrdUrd-LI decreased at increasing distance from blood vessels This is illustrated in the small
tumors of group 1 exhibiting a homogeneous distnbution of well perfused vessels, no hypoxia and
the highest proliferative index
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Conclusions
Different growth phases of xenografted human glioblastomas are characterized by specific
relationships between tumor vasculature, oxygenation status and tumor cell proliferation. In this
tumor model angiogenesis and tumor growth preceded the development of hypoxia.

Mean tumor
diameter

2.5 mm

5 mm

7.5 mm

10 mm

HF
Necr
VD
PF
LI

0.002*
0.000
93§
0.93
0.149"

0.114*
0.031
29§
0.98
0.023"

0.071*
4.567
24§
0.98
0.064"

0.061
1.330
16§
0.96
0.014"

HF=Hypoxic Fraction; Necr=necrosis mm2; VD=Vascular Density; PF=Perfusion Fraction;
LI= proliferation index. Statistically significant;*p=0 02;§p=0.0002;"p=0.004, p=0.04,
p=0.0007.
Table 1: Microenvironmental parameters of the human GBM xenograft tumor line E106 at different size
categories.
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Abstract
Objective The tumor microenvironment plays a critical role for treatment response In xenograft
tumor models microenvironmental characteristics such as vascular density and blood perfusion
differ, depending on transplantation site Therefore preclinical treatment response assessment
may depend not only on the tumor model chosen, but also on the transplantation site The aim of
the present study was to analyze the influence of various implantation sites on tumor
microenvironmental characteristics of glioblastoma tumor lines
Methods Six human glioblastoma xenograft tumor lines were implanted in nude mice at three
different sites subcutaneous, intramuscular and intracerebrally Microenvironmental parameters,
tumor cell hypoxia, tumor blood perfusion, vascular volume, microvascular density and
proliferation, were analyzed after imunohistochemical staining Tumor cell invasion in normal
cerebrum was assessed after in situ hybridization (chromosome 1 )
Results The human glioblastoma xenografts showed significant inter tumor variation in
microenvironmental characteristics An inverse relationship was found between vascular density
and hypoxia Vascular characteristics were similar for subcutaneous and intramuscular tumors in
4 out of 5 xenograft models When the solid tumor component of intracerebrally transplanted
tumors was compared to the vascular parameters of the tumors implanted subcutaneously or
intramuscularly, there was no clear relationship between the microenvironmental parameters
within the same tumor line Infiltration in surrounding mouse brain was observed in 3 out of 5
intracranial growing tumor models
Contusions Microenvironmental characteristics of glioblastoma xenografts were both dependent
on tumor line and on implantation site Infiltrative properties after orthotopic transplantation is
lost in the minority of in the xenograft models studied These results indicate the importance of
knowledge of microenvironmental characteristics of the tumor models studied, but also of the site
at which the tumor is implantated for the design of therapy studies
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Introduction
Animal models are widely used to study tumor behavior and response to therapy. Since decades
athymic rats and mice served as hosts for in vivo studies of human tumors [18]. Subcutaneous
models are still mostly used, the advantages being the easy way to implant the tumor and to
monitor tumor growth. However, because of the interaction with the surrounding host tissue and
the organ specific qualities, the need for orthotopic tumor models became evident. For many
tumors, such as prostate carcinoma, lung carcinoma, renal carcinoma, colon carcinoma, gastric
carcinoma, pancreas carcinoma, and malignant melanoma, orthotopic models have been
developed [10, 12, 14, 15, 16, 28, 291.
In humans, glioblastomas grow as highly infiltrating tumors, which is thought to be one of the
main reasons for treatment failure [6, 11]. The two main characteristics of this infiltrative
behavior are migration along the vascular endothelium and dissemination along white matter
tracks. Subcutaneously implanted glioblastomas grow predominantly by means of expansion and
can therefore be used to study therapeutic effects on intratumoral vascular changes or tumor
growth, but these models are not suitable to study infiltrative behavior or therapies specifically
addressing the infiltrative behavior of glioblastoma tumor cells.
In the present study six human gliomablastoma xenograft lines were implanted in nude mice at
three sites, subcutaneous, intramuscular and intracerebral. Three important aspects of the tumor
microenvironment, i.e., vascularity, perfusion and hypoxia were studied at these sites as well as
the growth pattern in the normal brain after orthotopic transplantation. The aim was to study the
relationship between the various implantation sites and tumor microenvironment.
Materials and methods
Animals: Nude mice (BALB/c nu/nu mouse) were obtained from BonholdGard Denmark. All
animals were kept in specific pathogen free units in accordance with international guidelines. The
local ethical committee for animal use approved the experimental procedures.
Tumors: Tumors used in these experiments were derived from the human glioblastoma cell line
U87 and the human glioblastoma xenograft lines; E106, E102, E98, E49 and E34, which were
passeged several times subcutaneously in nude mice. Tumors (5-8 for each line) were implanted
subcutaneously on the flank (sc), intramuscularly on the hind leg (im) or intracerebrally (ic), sub
cortical in the left frontal lobe in nude mice.
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The same observer monitored the size of the tumors implanted subcutaneously or intramuscular,
twice a week Tumor size was calculated using the formula (A*B*C*n)/6 Tumors implanted
subcutaneously were harvested when they reached a diameter between 8 and 10 mm Mice with
intracerebral tumors were weighted and neurologically assessed twice a week Intracerebral
tumors were harvested when the mice showed neurological symptoms or became cachectic
Markers Hypoxia in the tumors was determined after injecting the mouse intravenously via one
of the lateral tail veins 60 minutes before they were killed with 0 1 ml of a solution of saline
containing 2 mg of the hypoxic cell marker pimomdazole (l-[(2-hydroxy-3-piperidinyl) propyl]2-nitroimidazole hydrochloride Natural Pharmaceuticals, International Ine , Research Triangle
Park, NC, USA) Pimomdazole is a bio-reductive chemical probe with an immunorecogmzable
side chain Perfusion of the tumors was determined by injecting the mouse intravenously via one
of the lateral tail veins one minute before the animals were killed, with a 0 05 ml solution of
saline containing 0 365 mg Hoechst 33342 (Sigma Chemical Co , St Louis, MO, USA) Tumor
cell proliferation was determined after injecting the mouse intrapentoneally, 15 minutes before
they were killed, with 0 5 ml of a solution of saline containing 2 5 mg of the S-phase marker
Bromodeoxyundine (BrdUrd) (Sigma Chemical Co , St Louis, MO, USA) Tumor specimens
were directly stored in liquid nitrogen until frozen sections of 5 mm thickness were cut, which
were then stored at
-80oC until staining
Immunohistochemical staining Between all steps of staining the sections were rinsed 3 times for
3 minutes in phosphate buffered saline (PBS)
Hypoxia & vessel staining frozen sections were air dried and fixed in cold (40C) acetone for 10
minutes Subsequently, the slides were rinsed and mounted in PBS and scanned for the Hoechst
signal Details of the scanning procedure are given below The same sections were then incubated
30 minutes at 370C with rabbit anti-pimomdazole (provided by J A Raleigh, Department of
Radiation Oncology and Toxicology, UNC School of Medicine, Chapel Hill, USA), 1 300 in 9F1
supernatant (rat monoclonal to mouse endothelium, Department of Pathology, Radboud
University Nijmegen Medical Center, The Netherlands) Next, the sections were incubated for 30
minutes at 370C with and donkey anti-rabbit biotm (1 200 in Polyclonal Liquid Diluend (PLD),
DBC Diagnostic Products Corporation, Breda, The Netherlands) Then the sections were
incubated at room temperature with STREP-Alexa488 (1 200 in PBS-B) and goat anti-ratAlexa546 (I 300 in PLD) (Jackson Immuno Research Lab, West-Grove, Pennsylvania, USA)
followed by scanning of the hypoxia signal and the vessels As a final step the sections were
mounted with Fluorostab (Organon Tekmka, Cappel-ICN) and stored at -80oC
Tumor cell proliferation After fixation in acetone slides were rinsed, mounted in PBS and
subsequently the sections were scanned for the Hoechst signal The same sections were then
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stained for the vascular structures (9F1, described above) To visualize BrdUrd, DNA was
denaturated by incubation with 2N HCL for 10 minutes To neutralize pH, sections were rinsed in
0 Ι M Borax for 10 minutes followed by rinsing three times in PBS Then the sections were
incubated for 60 minutes at 37 0 C with Br-3 (1 50 in PBS-B)(mouse monoclonal to BrdUrd,
Caltag Laboratories, San Francisco, CA, USA) Next, the sections were incubated for 45 minutes
at room temperature with rat anti-mouse-FITC (1 25 in PBS-B) (DAKO Denmark) Finally,
sections were stained for 15 minutes at room temperature with Fast Blue (1 1000 in PBS)(Sigma
Chemical Co , St Louis, MO, USA) to visualize all nuclei
Scanning tumor sections and image processing The tumor sections were scanned by a computercontrolled motorized stepping stage attached on a fluorescence microscope (Zeiss Axioskop,
Zeiss Oberkochen, Germany) Images were recorded using a high-resolution intensified solidstate camera for quantitative analysis A detailed description of this method was given before
[20] After scanning the whole tissue section, all individual microscopic fields where
reconstructed into one large composite image, the area of interest was reconstructed from the
individual images This resulted in two sets of three composite images, one section visualizing
hypoxia, perfusion and vasculature and the next section visualizing BrdUrd, nuclei, perfusion and
vasculature (TCL image software, TNO, Delft, The Netherlands)
The hypoxia fraction (HF) was calculated as the total hypoxic area (pimomdazole) divided by the
total tumor area The area of perfused vascular structures divided by the total vascular area yields
the perfusion fraction (PF)
The vascular density (VD) is obtained by calculating the number of vascular structures per mm2
121, 22J
In situ hybridization

To identify cells of human origin within the mouse brain in situ

hybridization (ISH) was performed using a human chromosome-1 centromere probe according to
the method described by Poddighe et al [171 with minor modifications [3] Briefly, frozen
sections were mounted on a slide, air dried and fixed in 1% formaldehyde/70 % ethanol (20
minutes at -20oC) Protein digestion was performed using pepsin-HCL After dehydrating, the
sections were postfixed in 1% formaldehyde/PBS (5 minutes at room temperature) The
centromere probe for chromosome 1 (pUCI 77) was labeled by nick-translation with biotin and
dissolved in hybridization solution (final concentration I ng/μΐ probe in 60% formamide and 10%
dextran sulfate in 2 times standerd sodium citrate (SCC), pH, 7 0) The probe was applied to the
slides under a coverslip and denatured simultaneously with the target DNA (3 minutes at 70oC)
After an overnight hybridization at 31°C post hybridization washes were performed at 42 0 C in
60% formamide-2SSC (3x5 minutes) The biotinylated probe was detected with a mouse antibiotin, biotin labeled horse anti-mouse IgG, and a final incubation with avidin-biotin-labeled
peroxidase complex (all steps 30 minutes at 37°C) Peroxidase was visualized with 3,335

diaminobenzidine tetrahydrochloride (DAB), and the signal was amplified with CuS04. The
slides were counterstained with heamatoxylin and mounted in Permount (ProsciTech, Thuringowa
Central Qld, Australia).
Statistics; The statistical analyses were done on a Macintosh computer using the Statistica 5.0
software package. Statistical comparisons were done using Students t-test for the
microenvironment parameters. A p-value equal to or below 0.05 was considered statistically
significant.
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Results
Vasculature and hypoxia of subcutaneous,

intramuscular

and the solid component of

intracerebral tumors: The intracerebral tumors were harvested between day 20 and 50 post
implantation, as soon as the mice showed neurological symptoms or became cachectic (Table 1).
Mice implanted with E102 tumor cells were killed after 120 days, microscopical evaluation
revealed no detectable tumor tissue. The results after analysis of the vasculature and hypoxia in
each tumor are shown in Figures 1 and 2 and Table 1.
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Individual tumors of all tumor lines showed variable microenvironmental characteristics (Figure
I, Figure 2 and Table I). In E106 tumors a lower vascular density was observed in the
subcutaneous transplanted tumors when compared to the intramuscular tumors (p=0.03. Figure I ).
E98 tumors, both subcutaneous and intracerebral tumors, showed a lower vascular density than
the intramuscular transplanted tumors (p=0.002 and p=0.0005. Figure I). A week correlation was
found between the VD and the PF in some (E34, E98) but not in all tumors.
In intracerebral tumors, an inverse correlation between the vascular density and the perfused
fraction (i.e. the proportion of perfused vessels) was found (Figure 2). Intracerebral, tumors with a
vascular density < 60 mm2 (El06, E98 and E49) had a high perfused fraction (PF > 0.5) and
tumors with a vascular density > 60 mm2 (U87 and E34) had a low perfused fraction (PF < 0.5,
Figure 2). These differences were statistically significant (r2 =0.62, p= 0,0001). Intracerebral,
EI06 and E98 were significantly better perfused than the U87 and E34 (p< 0.004).

Figure 3: 3A: Pseudo colored binary
image of a EI06 tumor subcutaneously
implanted in the flank of a nude mouse,
showing elongated and dilated vessels
(9F1. red) and perfusion (Hoechst 33342,
blue)
diffusion
limited
hypoxia
(pimonidazole, green) scattered throughout
the tumor. Necrosis was seen in the centre
of hypoxic areas (arrow). White box
indicates area shown in 3B (magnification:
lOOx). Scale bar represents 1 mm. 3B:
Photomicrograph
illustrates a large
perfused blood vessel surrounded by
diffusion limited hypoxia.
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A large variation in amount as well as localization of hypoxia was observed. All tumor lines
showed an inverse relationship between the hypoxic fraction and vascular density, independent of
the site of transplantation, with a week correlation (r2 =0.16, Figure 1 and figure 2). In
subcutaneous and intramuscular tumors hypoxia was mainly diffusion limited and scattered
troughout the tumor (Figure 3), with the exception of E98. E98 tumors showed a limited amount
of hypoxia localized only in the periphery of the tumor. In these tumors the overall hypoxic
fraction was smaller, especially for the intramuscular transplanted tumors, compared to the other
tumors (p=0,01, Figure 1, Table 1 ).

Figure 4: 4A: Binary pseudocolored image oj
an EI06 tumor implanted intracerehraly in a
nude mouse. The tumor solid tumor component
showing vessels (9FJ. red), perfusion (Hoechst
33342, blue) and hypoxia (pimonidazole,
green) similar to the suhcutaneously implanted
tumor shown in Figure 1. Scale har represents
I mm. 4B: The tumor in relation to the mouse
brain tissue. The white box indicates the area
shown in figure 48 (magnification: lOOx). 4C:
Photomicrograph showing infiltrating human
tumor cells (black dots, arrow) visualized by
comparative
genomic hybridization
oj
chromosome I.
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Intracerebral, hypoxia in the solid tumor component, was found in four out of the five xenograft
lines Two patterns were observed In general the well perfused tumors with a low vascular
density (E106 and E98 and some of the E49 tumors) showed large patches of hypoxia, whereas in
the poorly perfused tumors with a high vascular density (U87 and E34) no or very little hypoxia
was detectable (Figure 2) The large patches of hypoxia were diffusion limited (chronic) and were
scattered throughout the tumor (Figure 4A and B) U87 tumors showed next to no hypoxia,
regardless of tumor size (Figure 5) Within the few small hypoxic areas blood vessels were
located indicating the presence of perfusion limited (acute) hypoxia (Figure 5B) These
differences were statistically significant Intracerebral E106 and E98 contained significantly more
hypoxia than U87 and E34 (p=0,001)

Tumor growth pattern in orthotopic lesions For qualitative analysis infiltrating tumor cells were
visualized by ISH of chromosome 1 and BrdUrd uptake of proliferating cells Two types of
intracranial tumor growth were observed First, in two tumor lines (U87 and E34) a solid
expanding tumor mass was found without infiltration of tumor cells in the surrounding brain
tissue Second, two tumor lines (E98 and E106) showed a margin of infiltrating tumor cells
surrounding the solid tumor mass as well as extensive areas of diffuse infiltration of tumor cells in
normal brain tissue (Figure 4B and 4C) Third, one tumor line (E49) showed expansive tumor
growth at smaller sizes At larger sizes the tumor showed a margin of infiltrating tumor cells
surrounding the tumor mass, without infiltration in normal brain The E102 did not show any
intracerebral tumor growth
Discussion
Tumor models are widely used to evaluate new treatment modalities To study site-specific
interactions there is an increasing need for orthotopic xenograft tumor models especially for
intracerebral tumors Intracerebral tumor monitoring and measurement of tumor response to
treatment in mice and rats is increasingly performed by new MRI techniques [24, 27] However,
these techniques have limitations Tumor cells infiltrating the normal brain tissue may be of major
prognostic importance but cannot be visualized by these techniques [2, 11] Histological analysis
remains the only method to visualize these tumor aspects In this study the tumor
microenvironment and the growth pattern of intracerebral lesions of six human glioblastoma
tumor lines were studied in relation to the site of transplantation All six tumor lines originated
from human high grade gliomas and were transplanted in nude mice, subcutaneously,
intramuscular and intracerebral
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Similar to the results obtained by Schulz-Hector et al. the tumor microenvironmental
characteristics were not depending on the site of implantation if only intramuscular on the hind
leg or subcutaneous implantation on the poorly vascularised foot were compared [26]. Tumor
characteristics such as nutritional requirements, cell density or perfusion abnormalities of the
tumor play an important role in determining the tumor microenvironment and are mostly tumor
line specific. A significant variation in microenvironmental tumor characteristics was obtained if
tumors were transplanted at different sites. The main differences were observed if intracerebral
tumors were compared to subcutaneous or intramuscular implanted tumors, which indicates that
not only the tumor itself determines the tumor microenvironment, but also the interaction with the
surrounding tissue.
In the present study we showed the different growth patterns of human glioblastoma multiforme
tumor lines transplanted in the brain. The C6 rat glioma line and the 9L rat gliosarcoma lines have
been studied successfully as an orthotopic tumor model and an infiltrative growth pattern similar
to human gliomas was found [7, 23]. Saito observed a higher invasive capacity of rat gliosarcoma
cells that were resistant to treatment with l,3-bis(2-chloroethyl)-l-nitrosurea relative to untreated
tumor cells. Gorin observed infiltrative neoplastic cells by BrdU uptake at the periphery of the
tumor but no infiltration between normal brain cells in the adjacent cortex was observed, a feature
that is often present in clinical practice [7]. In our study the E49 line showed infiltrative tumor
cells in the periphery of the tumor as described by Gorin. Moreover, we also showed in the E98,
and to a lesser extent the E106, tumors a diffuse infiltrative intracerebral growth pattern similar to
the growth patterns found in primary human brain tumors. However, the E34 and the U87 did not
exhibit any infiltration of tumor cells in the surrounding normal brain tissue, similar to the results
reported before by Sun for the U87 [27].
Vascular density has been recognized as an independent prognostic indicator in high-grade
gliomas [13]. Remarkably, the vascular density of tumors models that did not have the capacity to
infiltrate (E34 and U87) was significantly higher than that of the other tumor models studied.
These E34 and U87 tumors grew rapidly in spite of a low perfusion fraction, suggesting a low
nutritional demand of the tumor cells. In the current experiment the intracerebral tumor volume
doubling time, assessed as the time between transplantation and first neurological signs, of E98
was shorter then both U87 and E34, and especially this tumor line showed a highly infiltrative
intracerebral growth pattern. Therefore a short doubling time, cannot fully explain the differences
observed between the tumor lines.
Another explanation may lay in specific molecular differences in the tumors studied. Recently,
several molecular aspects have been linked to the invasive behavior of gliomas. Secreted protein
acidic and rich in cysteine (SPARC) has been identified as a potential glioma invasion-promoting
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gene [19, 25]. SPARC was found to promote invasion in glioblastoma xenografts. Also
upregulation of ang2 was linked to invasiveness of human gliomas [8]. Overexpression of ang2 in
U87 xenografts caused extensive glioma infiltration compared to isogenic U87 xenografts. The
presence of the Coxsackie and adenovirus receptor (CAR) has a negative effect on glioma
invasion [9]. Expression of CAR is downregulatcd in malignant glioma cell lines and is barely
detectable in glioblastoma multiforme and may thereby provide a selective advantage in growth
and invasion for these tumors. Future studies will unravel the molecular properties of the tumors
studied in these experiments.

Figure 5: 5A: Binary pseudo colored image of a
U87 tumor implanted intracerebral}· in a nude
mouse. The solid tumor mass showing vessels
(9FI, red), perfusion (Hoechst 33342. blue) and
almost no hypoxia (pimonidazole, green). Scale
bar represents 1 mm. The white box indicates the
area shown in figure 5B (magnification: lOOx).
53: Photomicrograph showing vessels (9FÌ, red,
arrows) within the small hypoxic area, indicating
an area of acute hypoxia.

Studies of glioblastoma multiforme focussus both on optimising local tumor control of the solid
tumor component as well as on the infiltrating cells of these tumors. Before testing new treatment
modalities microenvironmental characteristics of the tumor model used should be known, but also
site-specific influences should be included for selection of the model, because it plays a critical
role in the development of the tumor microenvironment. Upregulation of genetic programs
leading to proliferation, cell adhesion, growth substances, immune response and neoangiogenesis,
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are not only tumor line specific but also dependent on the environment [1, 4, 5] Camphausen
found that after intracerebral transplantation genes related to CNS function are upregulated They
also showed that the gene expression of the two cell lines studied in vitro was different, but
became very similar when implanted in the brain which is again an indication of site specific
characteristics of tumor cells [4] Although only two cell lines were studied, it suggests that the
phenotype of glial tumors may become more similar after orthotopic transplantation Our studies
do not support this observation The E34 and U87 did not show hypoxia, necrosis and infiltration,
characteristics linked to human glioblastomas, when grown in the orthotopic environment
whereas the other tumor lines did This suggests a high variability between different tumor
models
Summary and conclusions
The six human glioblastoma models studied showed substantial differences in
microenvironmental characteristics of the solid tumor component when transplanted
subcutaneously, intramuscular or intracerebrally in nude mice These differences observed were
both tumor line and implantation site dependent Subcutaneously or intramuscularly implanted
tumors of the same tumor line showed similar vascular parameters (HF and PF) for most tumor
lines Intracerebral behavior could not be predicted from subcutaneously or intramuscular tumor
characteristics After orthotopic implantation, not all tumor lines had the capacity to infiltrate in
the surrounding normal brain tissue These results show that careful selection and extensive
knowledge of tumor models is necessary to test the efficacy of new treatment modalities and that
this is crucial for the interpretation of response assessment
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Tumor Implantation site Harvest

E106
E106
E106

subcutaneous
intramuscular
intracerebral

E102
E102
E102

subcutaneous
intramuscular
intracerebral

E98
E98
E98

subcutaneous
intramuscular
intracerebral

E49
E49
E49

subcutaneous
intramuscular
intracerebral

E34
E34
E34
U87

50

120

VD

PF

HF

23,22(2,68*)
36,1(3,60)
26,36(1,52)

0,75(0,04)
0,61(0,04)
0,68(0,04)

0,1(0,02)
0,05(0,02)
0,03(0,01)

32,31(1,92)
0,5(0,11)
0,02(0,01)
36,37(4,45)
0,5(0,13)
0,00(0,00)
no tumor growth no tumor growth no tumor growth

20

35,42(4,04)
60,33(2,53)
32,60(6,01)

0,69(0,08)
0,61(0,06)
0,81(0,05)

0,04(0,01)
0,00(0,00)
0,03(0,00)

50

39,56(10,86)
32,62(0,86)
19,02(3,28)

0,41(0,07)
0,46(0,06)
0,69(0,03)

0,03(0,02)
0,02(0,00)
0,01(0,00)

subcutaneous
intramuscular
intracerebral

35

50,26(13,61)
51,80(5,23)
79,09(3,69)

0,71(0,05)
0,78(0,06)
0,22(0,03)

0,07(0,03)
0,03(0,01)
0,00(0,00)

intracerebral

25

116,50(8,40)

0,29(0,11)

0,00(0,00)

Harvest = lime to harvest after implantation (days), PF = Perfused Fraction, HF = Hypoxic Fraction, VD = Vascular Density (mm2 ),
Standard Error of the mean

Table l: Microenvironmental parameters of the human GBM xenograft tumor lines EI06, £702. E98,
E49, E34 and theglioblastoma tumor cell line 1/87.
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The Growth Pattern of Intracerebral Human Glioma Xenografts has Profound
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Abstract
Human gliomas are characterized by diffuse infiltrative growth in the brain parenchyma Partly
due to this characteristic growth pattern, gliomas are notorious for their poor response to current
therapies Many novel therapeutic regimens have been tested in animal models of glioma
However, such models generally do not display the diffuse infiltrative growth pattern that is
typical for most human gliomas, making the relevance of these models for evaluation of novel
therapeutic approaches questionable In the present study, we assessed the intracerebral growth
patterns of three commercially available human glioma cell lines (U87, U373, Hs683) and of four
stable human glioblastoma xenograft lines (E34, E49, E98, E106) We found that intracerebral
E98 and to a lesser degree E106 xenografts consistently displayed both diffuse infiltrative and
compact, expansive growth in the mouse brain, while the other five lines showed a predominant
compact growth pattern We selected the E98 line to evaluate the effect of anti-angiogenic therapy
using vandetamb (ZD6474, ZACTIMA™), a potent inhibitor of VEGFR signalling with
additional activity versus EGFR and RET tyrosine kinases Although treatment with this inhibitor
resulted m effective inhibition of angiogenesis, leading to decreased microvessel density and
increased hypoxia in the compact tumor components, it did not affect growth of the diffuse
infiltrative component and did not confer a prolonged surv.v^: In conclusion, our data show that
the actual growth pattern of gliomas determines the response to anti-angiogenic therapy This is
an important factor to take into account when using glioma models for evaluation of such
therapies
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Introduction
Gliomas are the most common primary human brain tumors While non-glial brain tumors
generally form relatively circumscribed masses, most gliomas in adult patients are characterized
by extensive, diffuse infiltration in the brain parenchyma [1,21 This diffuse growth pattern
suggests the existence ot specific interactions between glioma cells and their microenvironment,
but the nature of such interactions is still largely unknown [3-8J Histopathologically, glioma cells
seem to preferentially invade along myelinated fibers in the white matter tracts In addition,
migration and accumulation of tumor cells in the perivascular Virchow-Robin spaces and areas
with a more compact phenotype may be a characteristic of human gliomas [1,2] Although
gliomas rarely metastasize to distant sites [9], curative treatment using surgery, radiotherapy or
chemotherapy is generally impossible, partly due to the diffuse infiltrative growth of these tumors
in the brain [2] Because microvascular proliferation is commonly observed in the most frequent
and most malignant diffuse glioma, ie glioblastoma multiforme [I], anti-angiogemc therapy is
considered as a therapeutic modality for these tumors [10]
Several agents have been developed that target signalling pathways essential for tumor
angiogenesis

Vascular Endothelial Growth Factor-Α (VEGF A) is the main inducer of

physiological and pathological angiogenesis [11] and is therefore a promising therapeutic target
Inhibiting the VEGF signalling axis has been shown to result in potent antitumor effects in a
variety of animal models [12,13] Unfortunately, in the clinical setting, monotherapy with
angiogenesis inhibitors has not met initial expectations For example, treatment ol metastatic
renal cancer patients with bevacizumab (Avastin), an anti-VEGF monoclonal antibody, did not
result in prolonged survival, although a delay in time to progression was observed [14]
One of the causes for the discrepancy between preclinical studies and clinical trials of antiangiogemc agents may be that the exact tumor growth pattern is an important determinant of the
therapeutic effect of anti-angiogemc compounds The original hypothesis that solid tumors are
angiogenesis dependent [15] still stands, but this need may vary depending on the exact growth
pattern of the tumor and the characteristics of the tumor microenvironment The brain is a highly
vascularized organ in which glioma cells often disperse diffusely Such diffuse infiltrative growth
may well be independent of angiogenesis if tumor cells are within the diffusion range of oxygen
and nutrients from the nearby vessels (16) We and others have shown in animal models that
tumors can co-opt pre-existing vasculature not only in brain, but also in lung and liver tissue
[17,18, 19]
A variety of experimental models have been used to investigate potential glioma therapies It is
generally accepted that orthotopic models are clinically more relevant than the commonly used
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subcutaneous tumor xenografts because tumor cells can make use of a relevant microenvironment when inoculated orthotopically [19,20, 21]. Orthotopic glioma models encompass
transgenic animal models, syngenic animal models, and xenograft models using human glioma
cells 122]. While such human xenograft models have the advantage of being genocopies, they
mostly do not mimic the growth pattern (and thus are not adequate phenocopies) of human
gliomas [8,23]. Results obtained in glioma xenograft models may therefore be difficult to
translate to the human situation.
In the present study, we assessed the intracranial growth patterns of three commercially available
human glioma cell lines (U87, U373, Hs683) and of four stable human glioblastoma xenograft
lines (E34, E49, E98, E106) in immunodeficient mice. We investigated the effects of antiangiogenic treatment on diffuse and compact intracerebral tumor components in the E98 glioma
xenografts. As an angiogenesis inhibitor we used vandetanib (ZACTIMA™, ZD6474;
AstraZeneca Pharmaceuticals, Ltd., Macclesfield, UK), a once-daily oral anticancer drug, that
selectively inhibits VEGFR, EGFR and RET (Rearranged during Transfection) signalling activity
[12]. In a previous study, we demonstrated that vandetanib treatment of mice carrying
intracerebral angiogenic melanoma lesions results in inhibition of angiogenesis but that tumors
were able to progress via co-option of pre-existent vasculature [18]. Here we show that the
growth pattern of gliomas in orthotopic animal models has a major impact on the outcome of antiangiogenic therapy.
Material and methods
Glioma cell lines and xenografi lines: Three commercially available human glioma cell lines,
kindly provided by Dr Robert Kiss (Free University of Brussels, Belgium) were used: U87
(HTB14; American Type Culture Collection [ATCC], Manassas, VA), U373 (89081403;
European Collection of Cell Cultures [ECACC], Wiltshire, UK) and Hs683 (HTB138; ATCC).
U87 and U373 cells were cultured in Eagle Minimum Essential Medium (EMEM, with LGlutamine) supplemented with 5% fetal calf serum, 100 U/ml penicillin and 100 mg/ml
streptomycin. Hs683 cells were grown in RPMI 1640 containing 10% fetal calf serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. Cultures were maintained at 37=cC in a humidified
atmosphere of 5% carbon dioxide. All culture reagents were obtained from Cambrex Bio Science
(Verviers, Belgium).
The glioblastoma xenograft lines (E34, E49, E98, E106) were established in the early I990.S by
subcutaneous implantation of surgically obtained patient tissue on the flanks of nude Balb/c mice.
These tumors are maintained by regular passaging to new mice via subcutaneous transplantation
of ± 8 mm3 pieces of tumor [24].
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Animals Female nude Balb/c mice (6-8 weeks old), weighing 18-25 g, were obtained from the
central animal facility of the Radboud University Nijmegen Medical Center The animals were
kept under specific pathogen free conditions in plastic cages with air filters and received food and
water ad libitum The local ethics committee for animal use approved the experimental
procedures
In vivo orthotopic grafting of glioma cells U87, U373, and HS683 cells were trypsmized upon
reaching confluence, using 0 125% trypsin (0 1% EDTA, 0 1% Glucose, in phosphate buffered
saline (PBS)) and collected in medium The cells were pelleted by centrifugation for 5 minutes at
900 rpm, washed once in PBS and resuspended to a concentration of 5 χ 106/ml Subcutaneous
E34, E49, E98 and E106 xenografts were excised, gently minced with a sterile scalpel and filtered
through a 70 _m mesh filter to make a cell suspension This tumor cell suspension (20 _1 or a
suspension of 100,000 cells in the case of cell lines) was inoculated in the brain of anaesthesized
mice (at least five per cell line) using a standardized procedure with guided injection through the
skull 2 mm from the midline in the right paneto-occipital region and at a depth of 3 mm from the
skin The animals were closely monitored and upon showing discomfort or weight loss, they were
sacrificed and their brains harvested For this study, the brains were formalin-fixed, cut into five
or six coronal slices and embedded in paraffin Histological sections were prepared according to
standard procedures
Anti angiogenic treatment To evaluate the impact of anti-angiogemc treatment on tumor growth,
mice carrying intracerebral E98 xenografts received vandetamb [25 mg/kg (n = 6) or 100 mg/kg
(n = 4) as a once daily oral gavage], starting from 8 days after intracerebral injection A control
group (n=5) received 1% polysorbate-80 vehicle only
Immunohistochemistry Immunohistochemistry was performed according to standard procedures
using antibodies against vimentin to highlight human tumor cells (Clone Vim 3B4,
DakoCytomation, Glostrup, Denmark), CD34 for mouse endothelial cells (Clone MEC14 7,
Hycult Biotechnology bv, Uden, The Netherlands), Glut-1 for hypoxic cells and for endothelial
cells of the brain vasculature (DakoCytomation), and Ki-67 for proliferating cells (Clone SP6,
Lab Vision Corporation, Fremont, CA, USA) After incubation with a biotin-labeled secondary
antibody, specific signal was detected using the ABC-method (Vector Laboratories, Burlingame,
CA, USA) and stained with 3-amino-9-ethyl-carbazole solution (Scytek Laboratories, Logan, UT,
USA) All sections were mounted in Imsol Mount medium (Klimpath BV, Duiven, The
Netherlands)
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Quantitative analwis of hypoxia and murovessel densit\ A computer program (KS 400 3 0
Zeiss) was used to calculate the percentage of hypoxia (Glut-1 staining area / total tumor area) in
the diffuse infiltrative, the compact ventricular, and the compact leptomemngeal component, as
well as the microvessel density (MVD, number of microvessels / tumor area) in a "hot spot"
microscopic field (magnification x200) and in 4 random, non-overlapping microscopic fields in
the compact ventricular and in the diffuse infiltrative tumor components of placebo-treated and
vandetamb-treated mice For each component, the MVD was assessed in four animals A positive
single vessel (identified by CD34 or Glut-1 staining of endothelial cells) corresponded to (a
cluster of) positive endothelial cells with or without a recognizable lumen
In situ hybridization VEGF mRNA VEGF mRNA in situ hybridization was performed as
previously described (18) In brief, 4mm sections were dewaxed. rehydrated and digested with
5mg/ml proteinase (Invitrogen, Carlsbad, CA, USA) after which the tissue was cross-linked in 4%
formaldehyde / phosphate buffered saline (PBS) Non-specific binding sites were blocked by
incubation with acetic anhydride Tissue was hybridized with dioxigenm-labeled VEGF-A sense
or antisense probe in a humidified chamber at 630C overnight Sections were incubated with
alkaline phosphatase-conjugated anti-dioxigemn (Roche, Neuilly, France) and developed by
incubating the slides in 4-nitroblue-tetrazolium chloride/5-bromo-4-chloro 3-indolylphosphate
solution (Roche), briefly counterstained with nuclear fast red solution, dehydrated in absolute
ethanol and xylene and finally mounted with Permount (Klmipath BV)
Transmission Electron Mitrostop\ To study the diffuse infiltrative growth of glioma cells in
more detail, small fragments of the diffuse infiltrative E98 tumor in corpus callosum were fixed
by immersion in 2 5% glutaraldehyde, dissolved in 0 IM sodium cacodylate buffer overnight at
40C and washed in 0 IM sodium cacodylate buffer, pH 7 4 The tissue fragments were postfixed
in Palade-buffered 2% Os04 for 1 hour, dehydrated, and embedded in Epon 812 (Merck,
Darmstadt, Germany) Ultrathin serial sections were contrasted with 4% uranyl acetate for 45 mm
and subsequently with lead citrate tor 5 mm at room temperature Sections were examined in a
JEOL 1200 EX2 electron microscope (JEOL, Tokyo, Japan)
Results
Intracerebral gnmth patterns of human glioma cell lines and xenografi lines Transcranial
injection of tumor homogenates or cell lines resulted in near 100% tumor take The majority of
tumors were localized in the cerebrum, although one mouse with an E49 xenograft showed only
cerebellar involvement The intracerebral tumors were characterized by reproducible, line-specific
growth patterns Dependent on the specific tumor line, mice started to display general discomfort
and weight loss between 15 and 60 days after injection (Table I) With the exception of E98, all
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lines showed a predominantly compact growth pattern The E49, U87, U373 and Hs683
xenografts also showed variable perivascular infiltration of the brain parenchyma Diffuse growth
along white matter tracts was never observed in these four xenografts (Fig 1A, B) E34
xenografts presented as compact growing tumors with limited diffuse infiltrative growth in the
neuropil E106 xenografts grew to expansive tumors with dispersed necrotic foci and a variable
(in four of six mice) to extensive (in two of six mice) diffuse infiltrative component
Intracerebral growth pattern of E98 xenografts- The intracerebral E98 xenograft lesions (n=9)
consistently showed both extensive diffuse infiltrative and compact growth (Fig 1C) with
perivascular accumulation of tumor cells, resulting in death 24-28 days after injection The
diffuse infiltrative component was preferentially present in white matter tracts, especially in and
adjacent to the corpus callosum (Fig ID) Ultrastructurally, the tumor cells were located in
between the myelinated fibers, which showed variable swelling and disintegration (Fig IE) The
compact tumor component was localized within the ventricles, occasionally with limited central
necrosis In addition, a compact or sheet-like tumor component was present in the leptomemnges
in 7 out of 9 mice, with some perivascular extension in the underlying brain
Only minor central hypoxia was observed in the compact E98 tumor areas, as demonstrated by
Glut-1 immunostaining (Figure 2D, arrow head), whereas hypoxic tumor cells were never seen in
the diffuse infiltrative components VEGF mRNA expression was absent in the diffuse infiltrative
components but was consistently co-localized with Glut-1 staining in compact E98 areas, in line
with hypoxia-dnven VEGF-A expression Moreover, glomeruloid microvascular proliferations
were present only in close proximity to the VEGF-A positive regions in the compact areas in 7
out of 9 mice (Fig. IF) A proliferation index of approximately 80% was observed by Ki-67
staining in both the compact and diffuse infiltrative tumor components (not shown)
Effects of vandetanib treatment on E98 lesions After vandetanib treatment, post mortem
examination of the livers revealed some pericentral steatosis (not shown), otherwise this treatment
was well tolerated Neither in the low dose group, nor the high dose group, a prolonged survival
occurred However, in vandetamb-treated mice we observed a dose-dependent effect on the
expansive, compact growth areas, whereas growth of the diffuse infiltrative parts was not notably
affected (Fig 2B and C, arrows) Mice that received 100 mg/kg vandetanib showed a significantly
higher percentage of hypoxia per tumor area in the ventricular tumors compared with the placebotreated mice (Fig 2G 15 7 vs 5 8%, P=0 005, Student's t-test) Interestingly, this increase in
hypoxia was less pronounced in the leptomeningeal compact tumor areas (0 8% hypoxia in the
placebo-treated mice versus 1 7% in the 100mg/kg vandetamb-treated mice, P=0 08, Student's ttest) An explanation for this finding might be that the tumor cells were able to co-opt the large
leptomeningeal vessels, resulting in angiogenesis-independent tumor growth
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These results were confirmed in the 25 mg/kg group (Fig. 2G: 5.8% hypoxia in the placebotreated mice versus 9.5% in the 25 mg/kg vandetanib-treated mice, P=0.009, Student's t-test).
Again, the leptomeningeal expansive tumor areas were essentially free of hypoxia ( 1.7%
hypoxia). Importantly, although inhibition of angiogenesis resulted in a significant increase of
hypoxia in the ventricular tumors, tumor growth was still possible also in this brain compartment,
possibly as a result of diffusion of oxygen and nutrients from the surroundings. In vandetanibtreated mice, central necrosis did occur in the ventricular tumors but glomeruloid microvascular
proliferations were absent.
The differential therapeutic effect of vandetanib treatment on the microvasculature in compact
versus diffuse infiltrative tumor components was also found with quantitative analysis of the
MVD. In randomly chosen microscopic fields of compact tumor components, vandetanib
treatment caused a significant decrease in MVD when compared to placebo treated mice, the
overall mean MVD value being 158 vessels/mm2 in the latter group, and 10 and 5 vessels/mm2 in
the group of 25mg/kg resp. 100 mg/kg vandetanib-treated mice (P=0.03 resp. P=0.03, Student's ttest). Although there was a trend suggesting some decrease in MVD after vandetanib treatment in

Figure 1: Intracerebral growth pattern of glioma cell lines and xenografi lines. H&E staining of U87 (A).
E49 (B) and E98 (C). The U87 line gives rise to a compact growing tumor without diffuse infiltrative
growth in the surrounding brain. The E49 line gives rise to a tumor showing expansive growth with
perivascular extensions in the surrounding brain (insert). The E98 line shows a combination of diffuse
infiltrative growth (C, arrow), especially in white matter tracts, and intraventricular compact growth (C,
arrow head). E98 tumor cells invade between the myelinated nerve fibers (arrows) of the corpus callosum
(D) which show swelling and disintegration (E). Only in the compact E98 tumor components, focal florid
microvascular proliferation was found (F, insert). (Α-D: H&E: E: Transmission Electronmicroscopy;
F:
CD34 immunohistochemistry.
Original magnifications: Α-C: 12x: D: 400x; E: 2000x; F: 50x: inserts:
400x)

56

placebo

25ZD

100ZD

Treatment
Figure 2: Vandetanib treatment of intracerebral E98 xenografts. H&E and Glut-1 staining of placebotreated (A.D), low dose vandetanib-treated (B.E) and high dose vandetanib-treated (C,F) E98 carrying
mice. Glut-1 staining shows a dose-dependent increase in hypoxia in the compact ventricular tumor areas
(D-F, arrow head), whereas no such staining could be detected in the diffuse infiltrative component (D-F.
arrow). This increase is also shown in the graph (G) where the amount of hypoxia is given for the diffuse
infiltrative (®), compact leptomeningeal (<) and compact ventricular (p) areas. This increase in hypoxia
is neither detected in the leptomeningeal compact areas nor in the diffuse infiltrative areas. VEGF-A
expression co-localizes with hypoxia in compact areas but was also undetectable in the diffuse infiltrative
component (inserts in E,F). (Α-C: H&E: D-F: Glut-1 immunohistochemistry: inserts E,F: VEGF mRNA in
situ hybridisation. D,E,F are serial sections of A,B,C respectively and inserts are serial sections ofE,F.
Original magnifications: AD: !2x; Ε-F, inserts: 50x)

the diffuse infiltrative tumor components as well, this decrease was not significant (237
vessels/mm2 in placebo-treated mice vs 183 and 183 vessels/mm2 in 25mg/kg resp. 100mg/kg
vandetanib-treated mice (P=0.08 resp. P=0.09)). In compact tumor areas, a similar result was
found when comparing the MVD in the microscopic fields with "microvascular hot spots": 321
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vessels/mm2 in placebo-treated mice vs 43 resp 33 vessels/mm2 in 25mg/kg and I00mg/kg
vandetamb-treated mice (P=0 02 resp P=0 01 )
Discussion
While many tumors in the human brain show a compact, expanding growth pattern (e g
meningioma), perivascular growth (e g metastatic carcinomas) or a combination of these, gliomas
are unique because they often diffusely infiltrate into the neuropil [1,2] This growth pattern is a
major factor contributing to the failure ot current therapeutic strategies [2] In in vitro tumor
models, tumor spheroids 125] and heterotopic inoculation of glioma cells in animals [26], this
important aspect of glioma biology is lacking It is therefore now widely accepted that
orthotopically implanted tumors more closely resemble the situation in the original human tumors
[20]
The ideal preclinical test model is one in which a relevant genotype is combined with a relevant
phenotype [27] Indeed, the genetic aberrations which are present in human gliomas are conserved
in the xenografts, even after repeated passaging in mice [28,29] However, orthotopic inoculation
of human glioma cells does not necessarily lead to an adequate phenocopy of human gliomas
[8,21,23] For example, upon transcranial injection U87 cells grow to expansive tumors with
perivascular infiltration, but without the characteristic diffuse infiltrative growth in the neuropil
Also, U373 and Hs683 cells and our stable glioblastoma xenograft lines E34 and E49 show no or
only very limited diffuse infiltrative growth in the mouse brain tissue Hence, we consider these
glioma models as poor phenocopies of diffuse infiltrative human gliomas In contrast to these
lines, the E98 and E106 xenografts showed a combination of diffuse infiltrative and expansive
components However, whereas the intracerebral E98 lesions consistently mimicked the diffuse
infiltrative growth pattern that is characteristic for human gliomas, this component was less
pronounced in the E106 xenografts
The E98 xenograft line was established as a stable subcutaneous xenograft line more than 15
years ago [24| Intracerebral E98 xenografts do not only show key histological features of human
glioblastomas (including nuclear atypia, mitotic activity, focal glomeruloid microvascular
proliferation and necrosis) but are also genetically stable Genetic analysis using comparative
genomic hybridization and multiplex ligation-dependent probe amplification has revealed that the
E98 xenograft still carries the genetic aberrations of the original tumor (gain of chromosome 7,
amplification of EGFR, loss of chromosome 10 and loss of PTEN and CDKN2A [29,30]) Thus,
the E98 xenograft model represents both a genocopy and a phenocopy of a human glioblastoma
Furthermore, tumor take of E98 is near 100% and tumors grow to relevant sizes m a relatively
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short time (time from inoculation to neurological damage is around 3 weeks), making it a unique
and clinically relevant xenograft model for the study of human glioma
So far, anti-angiogemc therapies of gliomas in animals have been evaluated using subcutaneous
models or orthotopic models that do not show extensive diffuse infiltration in the neuropil
[13,31 ] However, such diffuse growth may be independent of angiogenesis, similar to that
observed in tumors that progress via perivascular growth [18,32] Nevertheless, angiogenesis is a
hallmark of high-grade gliomas [33,34] For example, glomeruloid microvascular proliferation, an
extreme form of angiogenesis, is used as a histological criterion to diagnose high-grade
malignancies [ I ] However, it is still unclear to what extent human gliomas rely on angiogenesis
for sustained growth [32] Angiogenesis in gliomas may be driven by hypoxia, caused by more
compact tumor growth or after thrombosis in tumor blood vessels, or by constitutive production
of VEGF A by the tumor cells [32,35,36] The finding that VEGF-A expression to localized with
hypoxia in compact areas of E98 xenografts but was undetectable in the diffuse infiltrative
component corroborates the hypothesis that VEGF-A expression in E98 xenografts is hypoxia
driven
Because the E98 model was assessed as the most clinically relevant in this study, we chose this
line to examine in detail the effects of vandetamb, a potent inhibitor of VEGFR- and EGFRdependent signalling Vandetamb treatment did not result in prolonged survival of E98-beanng
animals However, it did result in a dose-dependent effect on the compact ventricular E98 areas,
whereas growth of the diffuse infiltrative parts was not notably affected The compact ventricular
tumors showed increased hypoxia and necrosis, and formation of glomeruloid microvascular
proliferations was inhibited by the therapy In addition, quantitative analysis of the MVD revealed
that vandetamb treatment leads to a significant decrease in MVD in compact, but not in diffuse
infiltrative areas of the intracerebral lesions These findings suggest that the compact intracerebral
E98 tumor component is angiogenesis-dependent, whereas the microvasculature in diffuse
infiltrative tumors largely consists of incorporated pre-existent microvessels Angiogenesisindependent growth of compact tumors was still possible to some extent, presumably due to
diffusion of oxygen and nutrients from the surrounding tissue This was especially evident in the
leptomemngeal compartment, where large pre-existent vessels are present This observation
supports previous studies stating that anti-angiogemc therapy may result in sustained tumor
progression via co-option [18,31]
The effects of vandetamb treatment in our study may be due to its inhibitory actions on the
VEGFR signalling pathway However, vandetamb also blocks EGFR signalling [12] and
overexpression of EGFR in glioma has been implicated in poor prognosis [37] Furthermore, the
EGFR gene is amplified in the E98 xenograft line and the intracerebral tumors show a high
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expression of EGFR at the immunohistochemical level (not shown). Considering that vandetanib
inhibits VEGFR-2 10 times more efficient than EGFR [38] and that it did not inhibit proliferation
of the diffuse infiltrative tumor cells in our model, we conclude that in our model the activity of
vandetanib is primarily based on VEGFR inhibition.
Sandstrom et al [39] found that vandetanib significantly inhibits tumor growth in an intracerebral
rat glioma model (BT4C). However, based ob the images provided, this model displays an
expansive phenotype without diffuse infiltrative growth in the neuropil. Furthermore, the tumor in
this model is elsewhere described as gliosarcoma [40], a neoplasm that in human patients is often
relatively circumscribed. The results obtained in this BT4C model are thus in agreement with our
results: anti-angiogenic therapy attacks the compact, expansive tumor component but does not
notably affect the diffuse infiltrative tumor component.
Conclusions
We have shown that, in contrast to most other glioma models described so far, the intracerebral
E98 xenograft model both phenotypically and genotypically represents diffuse infiltrative human
gliomas. Interestingly and importantly, anti-angiogenic therapy has a clear effect on the compact,
expansive tumor parts in this model, but does not notably affect the growth of the diffuse
infiltrative component. Our data place doubt on the added value of anti-angiogenic therapy for the
diffuse infiltrative part of human gliomas and stress the need for new therapeutic strategies that
target the diffuse infiltrative nature of glioma cells in the brain parenchyma. Additionally, our
study underscores the importance of using an appropriate animal model for pre-clinical testing of
such new treatments. In the present study we investigated the impact of growth pattern on the
effect of VEGF+EGFR signaling inhibitors in a phenotypically and genotypically adequate model
for human glioma. However, it is clear that other results may be obtained in glial tumors with
different biological characteristics. Therefore, more work is needed to assess the role of
VEGF+EGFR signaling inhibitors in glioma patients.
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Hs683 (c)
U87 (c)
U373 (c)
E34 (x)

100%
100%
80%
100%

Mean time
until death
15 days
21 days
54 days
40 days

E49
E98

(x)
(x)

100%
100%

52 days
24 days

E106 (x)

100%

43 days

Line

Tumor take

Table 1: Overview of different cell (c) am

Intracerebral growth pattern
Compact with perivascular extensions
Compact with perivascular extensions
Compact with perivascular extensions
Compact with sporadic and limited
diffuse infiltrative growth
Compact with perivascular extensions
Combination of extensive diffuse
infiltrative, perivascular infiltrative and
compact growth
Compact
with
variable
diffuse
infiltrative growth and dispersed
necrosis
aft (x) lines.
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Abstract
Purpose The combination of irradiation and the anti-angiogemc compound SU5416 was tested,
and compared with irradiation alone m a human glioblastoma tumor line xenografted in nude
mice The aim of this study was to monitor microenvironmental changes as well as growth delay
Methods and materials A human glioblastoma xenograft tumor line was implanted in nude mice
Irradiations consisted of 10 Gy or 20 Gy with and without SU54I6 Several microenvironmental
parameters (tumor cell hypoxia, tumor blood perfusion, vascular volume and microvascular
density) were analyzed after imunohistochemical staining Tumor growth delay was monitored
for up to 200 days post treatment
Results SU 5416 when combined with irradiation has an additive effect over treatment with
irradiation alone Analysis of the tumor microenvironment showed a decreased vascular density
during treatment with SU5416 In tumors regrowing after reaching only a PR vascular
characteristics normalized shortly after cessation of SU5416 However, in tumors regrowing after
reachmg a CR permanent microenvironmental changes and an increase of tumor necrosis with a
subsequent slower tumor regrowth was found
Conclusions Permanent vascular changes were seen after combined treatment resulting in CR
Anti-angiogemc treatment with SU54I6 when combined with irradiation has an additive effect
over treatment with irradiation or anti-angiogemc treatment alone
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Introduction
Glioblastoma multiforme is the most common primary brain tumor [1] Current treatment consists
of debulking surgery followed by radiotherapy and/or chemotherapy Curation however is not
possible and most patients die within one year after diagnosis [2] Because of these disappointing
results there is an ongoing search for novel treatment modalities
Over the past years the importance of vasculature for tumor growth has been recognized and this
has become an important treatment target [3] Recently, research was focused on anti-angiogenic
therapy Laboratory investigations show promising results and clinical trials are currently
designed to investigate efficacy in several tumors in humans, including gliomas [4] However, as
a single modality anti-angiogenic therapy is not sufficient It is therefore suggested that the
combination of treatment modalities with different modes of action may give better results
Since radiotherapy is still one of the main treatment options for glioblastomas, we tested the
combination of irradiation and anti-angiogenic therapy, Sugen 5416 (SU54I6), and compared this
to irradiation alone in a human glioblastoma tumor line xenografted in nude mice SU5416 is a
selective inhibitor of the vascular endothelial growth factor receptor (Flk-1/KDR) and has been
proven efficient in inhibiting tumor growth of several tumor types [5] Irradiations were given as
a single dose while SU5416 was given daily for two weeks Because SU54I6 is expected to have
it's main action on vasculature, several microenvironmental parameters (tumor cell hypoxia,
tumor blood perfusion, vascular volume and microvascular density) were analyzed with image
analysis techniques after immunohistochemical staining, as well as growth delay of the tumors
after treatment
Materials and methods
Animals Nude mice (BALB/c nu/nu mouse) were derived from BonholdGard Denmark All
animals were kept in specific pathogen free units in accordance with international guidelines The
local ethical committee for animal use approved the experimental procedures
Tumors Tumors used in this experiment were derived from the human glioblastoma tumor line
E106 (glioblastoma multiforme), which was passed several times subcutaneously in nude mice
Tumors were implanted on the hind leg of nude mice When the tumors reached a diameter
between 7 and 9 mm the mice where separated for treatment
Treatment Animals were randomly selected and divided into six groups There was no statistical
difference in tumor size between these groups The six groups of mice were treated as follows
groupl (n=5) no treatment (controls), group 2 (n=5), treated with only SU5416, group 3 (n=7),
irradiated with 10 Gy, group 4 (n=7), irradiated with 10 Gy and treated with SU5416, group 5
(n=7), irradiated with 20 Gy and group 6 (n=8), irradiated with 20 Gy and treated with SU5416
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The SU5416 groups were all given SU5416 at a dose of 75 mg/kg ι ρ daily for two weeks (kindly
supplied by SUGEN, Ine , 230 E Grand Ave , South San Francisco, CA 94080, USA) The start
of the SU5416 treatment was a day before the animals were irradiated and was marked as day
zero and irradiation was carried out at day one
Irradiations Tumors were irradiated when they reached a diameter of 7-9 mm The experimental
set-up was adapted from Stuben et al [6] and described by Bussink et al [Ί | It consisted of a
central acrylic distributor for mixing and distributing the anesthetic gas, enflurane (Ethrane™), in
admixture with air The animals were positioned around the distributor, this allowed for the
simultaneous irradiation of ten mice Animals were irradiated with a 16 MV photon beam at a
dose rate of 2 Gy/min to a total dose of either 10 or 20 Gy The animals and tumors were covered
with a 2 cm thick perspex layer, which served as build-up material for the irradiation and as an
insulator to prevent hypothermia of the animals and tumors during the anesthesia In addition,
heaters were used to increase the air temperature Body temperature during irradiation was not
monitored because earlier experiments by Ang et al [8] showed that with this experimental set-up
only minimal changes in body temperature were observed A 10 cm thick Cerrobend™ metal
shielding block was used to shield the bodies of the animals Ten rectangular holes were made in
the block so that the tumor in the hind leg of each mouse was in an irradiation field of 3 χ 2 cm2
The system was calibrated using film dosimetry
Animals were killed after regrowth of the tumor to a size of 10 mm (depending on the other
diameters the tumor volume then ranged between 450 and 1000 mm3) Before harvesting the
tumor, markers were administered as described below
Tumor growth delay assay Because not all tumors showed response to treatment, the time to
reach 500 mm3 tumor volume was considered a recurrence [91 (for a few animals tumor-size
needed to be extrapolated to this endpomt) Tumor size was monitored by the same technician
twice a week Tumor size was calculated using the formula (A*B*C*n)/6 The tumor
measurements continued until the last mouse died up to a maximum follow up of 200 days
Animals that showed no recurrence at the maximum follow up of 200 days were considered cures
In these mice no tumors were found after they were killed
Markers Hypoxia in the tumors was determined by injecting the mouse intravenously via one of
the lateral tail veins with 0,1 ml of a solution of saline containing 2 mg of the hypoxic cell marker
pimomdazole

hydrochloride

( 1 -[(2-hydroxo-3-piperidinyl)propyl]-2-nitroimidazole

hydrochloride) Natural Pharmaceuticals, International Ine , Research Triangle Park, NC, USA)
Pimomdazole is a bio-reductive chemical probe with an immunorecogmzable side chain This
marker was given 60 minutes before the animals were killed Perfusion of the tumors was
determined by injecting the mouse intravenously via one of the lateral tail veins with a 0,05 ml
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solution of saline containing 0.365 mg Hoechst 33342 (Sigma Chemical Co., St Louis, MO,
USA). To prevent diffusion of Hoechst 33342 to adjacent non-perfused vascular structures, the
mice were killed by cervical dislocation 1 minute after injection of Hoechst 33342. Tumor
specimens were directly stored in liquid nitrogen until frozen sections of 5 m thickness were cut,
which were then stored at -80oC until staining.
Immunohistochemical staining: Between all steps of staining the sections were washed 3 times for
3 minutes in phosphate buffered saline (PBS).
Hypoxia & vessel staining: frozen sections were air dried and fixed in cold (40C) acetone for 10
minutes. Subsequently the slides were washed and mounted in PBS and scanned for the Hoechst
signal. Details on the scanning procedure are given below. The same sections were then incubated
30 minutes at 370C with rabbit anti-pimonidazole (provided by J.A. Raleigh, Department of
Radiation Oncology and Toxicology, UNC School of Medicine, Chapel Hill, USA), 1:300 in 9F1
supernatant (rat monoclonal to mouse endothelium. Department of Pathology, University Medical
Center Nijmegen, The Netherlands). The sections were washed three times in PBS incubated for
30 minutes at 370C with and donkey anti-rabbit biotin (1:200 in Polyclonal Liquid Diluend
(PLD), DBC Diagnostic Products Corporation, Breda, The Netherlands). Then the sections were
incubated at room temperature with STREP-Alexa488 (1:200 in PBS-B) and goat anti-ratAlexa546 (1:300 in PLD) (Jackson Immuno Research Lab, West-Grove, Pennsylvania, USA)
followed by scanning of the hypoxia signal and the vessels. As a final step the sections were
mounted with Fluorostab (Organon Teknika, Cappel-ICN) and stored at -80oC.
Scanning tumor sections and image processing: The tumor sections were scanned by a computercontrolled motorized stepping stage attached on a fluorescence microscope (Zeiss Axioskop,
Zeiss Oberkochen, Germany). Images were recorded using a high-resolution intensified solidstate camera for quantitative analysis. A detailed description of this method was given before
[101. After scanning the whole tissue section, all individual microscopic fields where
reconstructed into one large composite image, the area of interest was reconstructed from the
individual images. This resulted in a set of three composite images containing hypoxia, perfusion
and vasculature (TCL image software, TNO, Delft, The Netherlands).
The tumor area, drawn interactively, was used as a mask in further image analysis to exclude nontumor tissue and tumor necrosis, Haematoxylin and eosin-stained sections adjacent to the
immunohistochemically stained sections were used for this purpose. By combining the individual
composite images, several parameters could be calculated. The perfusion fraction, defined as the
perfused vessel area divided by the total vessel area (PF). The relative vascular area, defined as
the total vessel area divided by the total tumor area (RVA). The vessel density, the total number
of vascular structures divided by the total tumor area (VD). And finally the hypoxic fraction,
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defined as the total hypoxic area (based on pimonidazole staining) divided by the total tumor area
(HF).
Statistics: The statistical analyses were done using a Macintosh computer using the Statistica 4.0
software

package. Statistical comparisons were done using Students t-test for the

microenvironment parameters. A Logrank comparison was used for analysis of the growth delay
assay. A p-value equal to or below 0.05 was considered statistically significant
Results
Tumor growth delay: Because not all tumors showed response to treatment, the time to reach 500
mm3 tumor volume was considered a recurrence (Figure 1).
There was a significant growth delay of all treatment groups compared to the untreated tumors
(controls) (SU 5416 p=0.002, 10 Gy p=0.002, 10 Gy plus SU 5416 p=0.0001, 20 Gy p=0.00005,
20 Gy plus SU 5416 p=0.0003) (Figures 1 and 2).
Without treatment the tumors reached the endpoint at a median of 6 days (Figure 2A). Treatment
with SU5416 alone gave a median growth delay of 21 days (Figure 2B). As soon as treatment was
stopped the tumors continued growing with the same kinetics as the controls. The two largest
tumors showed the best response and the two smallest tumors showed the poorest response to
S U5416 treatment.
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The irradiated tumors showed a dose dependent response Both 10 Gy only and 10 Gy plus
SU5416 showed a heterogeneous response to therapy The median time to reach 500 mm3 after
10 Gy only was 20 days (Figure 2C) The median growth delay of 10 Gy plus SU 5416 was 37
days with the addition of one cure (Figure 2D) The growth delay of 10 Gy plus SU54I6 relative
to 10 Gy only was statistically significant (p=0 02)
In the 20 Gy only group most tumors almost disappeared before recurring between 41 and 110
days (median 90 days) (Figure 2E) If 20 Gy was combined with SU5416 treatment the effect was
enhanced and recurrences occurred between 49 and 200 days (median 140 days) (Figure 2F) This
combination treatment group, like the 10 Gy with SU5416 group, contained one cure All tumors
reaching a complete remission (CR) after combined therapy showed different growth kinetics
when recurring, demonstrating a slower regrowth pattern relative to the tumors that did not reach
a CR The growth delay of the 20 Gy plus SU5416 group compared to the 20 Gy irradiation only
group was almost significant (p=0 058)
Immunoimtothemiial anahsis· The untreated tumors showed little necrosis, if necrosis was
present it was always found adjacent to hypoxic areas, which is well known for this tumor model
(Figure 3A) The tumors regrown after treatment with SU5416 alone or SU54I6 combined with
10 Gy showed considerable amounts of necrosis (up to 30% compared to 2 % in the control
group) The distribution of necrosis within the tumors was linked to the distribution pattern of
hypoxia similar to control tumors (Figure 3B) Tumors treated with 20 Gy. either with or without
SU5416, showed more extensive hypoxia and necrosis then the other groups As described above
two types of response were seen in the combination treatment group First, tumors (n=3) that
diminished in size and then recurred with the same growth kinetics as the tumors that received 20
Gy only These tumors had a distribution pattern of hypoxia and necrosis similar to the control
tumors Second, animals in which no tumor could be detected suggesting complete remission
before recurring, with a slower regrowth pattern (n=4) showed a change in the tumor
microenvironment compared to untreated tumors The microenvironment with respect to the
distribution of hypoxia and necrosis appeared to have permanently changed with necrosis more
randomly distributed throughout the tumor and not specifically located in the center of hypoxic
areas (Figure 3C)
The perfused fraction remained high for all treatment groups The relative vascular area was
significantly smaller in tumors analyzed shortly after cessation of SU5416, in the SU5416 only
and the SU5416 combined with 10 Gy group A significant increase in HF was observed in the 20
Gy treatment group There was no statistically significant decrease in RVA or increase in hypoxia
in the SU54I6 plus 20 Gy group, probably due to large necrotic patches that were excluded from
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analysis However, on analysis of the subgroups within the SU5416 plus 20 Gy treatment group
with PR or CR, a significant difference was seen between these groups (RVA p=0,05, VD
p=0,002) The outcome after image analysis of the vascular parameters is shown in table 1
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Figure 3: Binary images obtained after image analysis
of fluorescent microscope images. Perfused vessels
(Hoechst 33342, blue) adjacent to hypoxic areas
(pimonidazole, green, see arrow in 2A and 2B) are seen.
A: Characteristic distribution pattern of hypoxia and
vascular architecture in an untreated EI06 xenografted
glioma. B: A xenografted glioma after treatment with 10
Gy plus SU5416 regrowing without reaching a CR,
showing a similar pattern as an untreated tumor. C: A
xenografted glioma regrowing after reaching a complete
response with 20 Gy plus SU5416 showing a more
diffuse distribution of hypoxia and large patches o]
necrosis (red, nonspecific staining, arrow).

Discussion
The purpose of this study was to investigate the effects of combined anti-angiogenic therapy and
irradiation on vasculature and tumor growth using a human glioblastoma xenograft line
subcutaneous implanted in nude mice. Irradiations consisted of a single dose of 10 or 20 Gy
photons. As an anti-angiogenic agent we used SU5416.
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Significant growth delay was seen in all treatment groups compared to the untreated tumors An
additive growth delay was observed in the combination treatment groups compared to irradiation
or SU5416 treatment only Tumors treated with 20 Gy plus SU5416 showed the longest growth
delays up to 200 days In the latter group vascular changes were observed that were not seen in
tumors that were treated with irradiation only, suggesting permanent vascular changes induced by
SU5416 treatment
SU54I6 is a specific VEGF-2 receptor inhibitor (KDR/Flk-1) [11] In rat gliomas (C9) a 50%
growth delay has been described after treatment with SU5416 [121 It is thought that SU5416
inhibits vascular endothelial cell formation and induces apoptosis [13] It was further
hypothesized that anti-angiogenic agents counteract the upregulation of angiogenesis induced by
radiotherapy [14] Additive effects ot treatment with radiation therapy and SU5416 have been
reported before Ning et al reported an additive effect of the combination of SU5416 and
fractionated RT in mice bearing the relatively radioresistant SCC VII carcinomas [15] Geng et al
also reports an additive effect of SU5416 combined with RT over RT alone in a GBM cell line
study [16] In their study a diminishing effect on vascular length, density and blood flow within
the first few days after treatment was observed using a window chamber model However, the
follow-up m these studies was only two to three and a half weeks In agreement with their study,
we also observed vascular changes during or directly following SU5416 treatment The vascular
density was decreased in the tumors treated with SU5416 only In our study however, when
SU5416 was combined with radiation the vascular density was not significantly affected This
might be due to the time interval between harvesting and SU5416 treatment, suggesting that the
vascular effect of SU5416 is of limited duration and presumably reversible
We found an additive effect of SU5416 in combination with irradiation over the use of irradiation
alone in the treatment of human glioma xenografts Both in the 10 Gy treatment group and the 20
Gy treatment groups the additive effect was statistically significant, not only was there a
considerable growth delay, but also one complete remission lasting until the end of the
experiment at 200 days, at both irradiation dose levels In the 20 Gy treatment groups (20 Gy
alone and 20 Gy plus SU 5416) two types of responses were seen First there was a group of
tumors that became smaller without disappearing completely before regrowth started The second
group of tumors disappeared completely before recurring These latter tumors showed different
growth kinetics after recurrence in the 20 Gy alone group compared to the 20 Gy plus SU5416
treatment group In the single treatment modality group these tumors showed similar regrowth
kinetics as the untreated tumors once they recurred The 20 Gy plus SU54I6 group, unlike the
tumors that were treated with 20 Gy only, showed a slow regrowth pattern indicating more
definite changes in tumor characteristics and vasculature
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This is further illustrated by the observation that after treatment with 20 Gy alone, the vascular
characteristics at the time of harvesting (of the recurred tumor) remained typical for this tumor
line. However, microscopic analysis showed that the tumors receiving 20 Gy plus SU5416
reaching a CR before regrowing with a subsequent slower regrowth pattern, demonstrated a very
patchy necrotic pattern throughout the tumor after recurrence. Tumors receiving 20 Gy and
SU5416 that did not reach CR before regrowth, contained hypoxia and very little necrosis, similar
to the other treatment groups. Tumors were randomly assigned to all four treatment groups and all
treated tumors were below 300 mm3. And although the numbers are small in these experiments, it
seems unlikely that tumor size alone was responsible for the differences observed between tumors
reaching a CR before regrowing and tumors that did not reach a CR. Apparently, the vascular
system was irreversibly changed by SU5416 only in tumors reaching a CR after combination
treatment. Subsequently, this resulted in an insufficient supply of nutrients and oxygen in these
tumors, leading to severe hypoxia, extensive necrosis and the slower regrowth pattern. Further
research is now focusing on permanent vascular changes caused by SU5416 and other receptor
blockers in tumors.
Conclusions
We found that anti-angiogenic treatment with SU5416 when combined with irradiation has an
additive effect over treatment with irradiation or anti-angiogenic treatment alone. On analysis of
the vascular parameters two types of responses were seen. Diminished vascular density
immediately after treatment with SU5416 with normalization of the vascular aspects after
cessation of SU5416 in tumors with a growth delay without CR and permanent vascular changes
in the recurring tumors after CR, causing extensive tumor hypoxia and necrosis leading to a
slower tumor regrowth. Since anti-angiogenic agents are tolerated well by patients, future therapy
could be optimized by combining radiotherapy with anti-angiogenic therapy like SU5416.

PF
RVA
HF
VD

control
08I(SE003)
005 (SE 0 00)
003(SE000)
34 7 (SE 3 00)

SU
10 Gy
10Gy + SU
20 Gy
20Gy + SU
07I(SE009)
0 85 (SE 0 02)
075(SE004)
0.73(SE0.07)
07I(SE009)
0 03 (SE 0 00)*
0 04 (SE 0 00) 0 03 (SE 0 00)*
0 05 (SE 0 00)
0 04 (SE 0 02)
003(SE0()1)
002(SE000)
00l(SE0(K»t 008(SE001)*
0 06 (SE 0 02)
25 5 (SE 3 90)
28 8 (SE 3 13)
28 9 (SE 3 10)
30 4 (SE 2.22)
27 8 (SE 8 18)

PF=Perfusion Fraction; RVA=Relative Vascular Area; HF=Hypoxic Fraction; VD=Vascu]ar Density; S
SU5416. SE = Standerd Error of the mean. * p=0 004, t p=0.003
Table 1: The mean (with SE) of the vascular parameters as analyzed after regrowth by image analysis.
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Chapter 6
Effect of carbogen breathing on the radiation response of a human
glioblastoma xenograft: analysis of hypoxia and vascular parameters of
regrowing tumors.
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Abstract
Background and Purpose Aim of these experiments was to study the relationship between the
previously demonstrated efficacy of carbogen breathing on tumor oxygenation status and the
response to radiation assessed by a growth delay assay This study was also developed to
investigate the microenvironmental changes caused by combined treatment compared to radiation
only in regrowing tumors
Material and Methods A human glioblastoma xenograft tumor line was implanted in nude mice
Irradiations consisted of 10 Gy or 20 Gy with and without carbogen breathing Several
microenvironmental parameters (tumor cell hypoxia, tumor blood perfusion, vascular volume and
microvascular density) were analyzed after imunohistochemical staining Tumor growth delay
was monitored for up to 120 days post treatment
Results In general there was no benefit of combined treatment However, a small subgroup with
good response to combined radiation and carbogen treatment was identified showing little
hypoxia and mainly necrosis in the regrowing tumors These microenvironmental characteristics
were not seen in tumors of the other treatment groups
Conclusions The observations suggest that a subgroup of patients, who could potentially benefit
from the combined carbogen and radiation treatment, might be identified However, the
heterogeneous response to treatment illustrates the need for selection of patients before start of
treatment
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Introduction
Radiotherapy is one of the most important treatment options for patients with a glioblastoma
multiforme (GBM). Adding chemotherapy to treatment regimes led to better tumor response to
therapy, however prognosis remains poor and most patients still die within one year [461. The
radiosensitivity of tumors can be improved by increasing tumor oxygen levels, which can be
achieved by breathing high oxygen content gases [16, 27, 31]. Addition of C02 to 02 was
thought to prevent intermittend vascular closure, thereby improving perfusion, or act on tumor
metabolism, resulting in a further improvement of tumor oxygenation [26, 28, 32, 37]. For head
and neck tumors, breathing a hyperoxic hypercapnic gas mixture like carbogen (95% 02, 5%
C02) in combination with nicotinamide administration resulted in a significantly improved tumor
response to accelerated radiotherapy (Accelerated Radiotherapy with Carbogen and
Nicotinamide, ARCON) [20, 21]. However, so far results of ARCON for GBM were mostly
negative or inconclusive. In clinical trials in patients with glioblastomas there was a high
percentage of dropouts because of the high hepatotoxicity of nicotinamide, caused by the
interaction with anti-epileptic drugs. [29, 42, 47]. Nicotinamide, carbogen or the combination of
these two did not result in improved perfusion in patients with glioblastomas as measured by
SPECT [19]. In human tumors xenografted in nude mice carbogen breathing has been shown to
improve tumor oxygenation and tumor blood perfusion [5, 18, 34, 48].
Previously, we demonstated that carbogen alone decreased tumor hypoxia to an equivalent level
as the combination of carbogen and nicotinamide in human glioma tumor lines xenografted in
nude mice [6]. We therefore tested the combination of irradiation and carbogen breathing without
nicotinamide to see if improvement of tumor oxygenation during radiotherapy would result in an
increased growth delay compared to irradiation alone in a human glioblastoma xenografted tumor
model. The second aim of the study was to analyze changes in microenvironmental parameters of
regrowing tumors.
Materials and methods
Animals: Nude mice (BALB/c nu/nu mouse) were derived from BonholdGard Denmark. All
animals were kept in specific pathogen free units in accordance with international guidelines. The
local ethical committee for animal use approved the experimental procedures.
Tumors: Tumors were derived from the human glioblastoma tumor line E106. Tumors were
implanted intramuscular on the hind leg of nude mice. Tumors with a diameter between 7 and 9
mm were used for the experiments.
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Treatment Animals were randomly selected and divided into five groups of 5-7 animals There
was no statistical difference in tumor size between these groups Mice were treated as follows no
treatment, irradiated with a single dose of 10 Gy, irradiated with 10 Gy combined with carbogen
breathing, irradiated with 20 Gy, irradiation with 20 Gy plus carbogen Start of treatment was
marked as day 0 in the figures
Irradiations

The experimental setup was adapted from Stuben et al [44] and described by

Bussink et al |7] Animals were irradiated with a 16-MV photon beam at a dose rate of 2 Gy/min,
animals and tumors were covered with a 2-cm thick Perspex layer, for buildup A 10-cm thick
Cerrobend metal shielding block was used to shield the bodies ot the animals Ten rectangular
holes were made in the block so that the tumor in the hind leg of each mouse was in an irradiation
field of 3 χ 2cm2 The system was calibrated using film dosimetry
Carbogen breathing For carbogen (95% 02, 5% C02, Hoek Loos, Schiedam, The Netherlands)
breathing, animals were placed in a central acrylic distributor for mixing air and distributing the
anaesthetic gas, enflurane (Ethrane™ ) Instead of air, they received carbogen at a continuous flow
of 5-7 l/min Carbogen breathing started 15 minutes before start of irradiation and continued
throughout the treatment
Tumor growth clela\ assa\ The time to reach double the tumor volume, relative to the tumor
volume at the time of irradiation was considered a recurrence |2] The same technician monitored
tumor size twice a week to a maximum follow up of 120 days Tumor size was calculated using
the formula (A*B*C*n)/6, in which A, Β and C represent the tumor diameter in three directions
Animals were sacrificed after regrowth ot the tumor to a size of 10 mm (depending on the other
diameters, the tumor volume then ranged between 450 and 1000 mm3) Before harvesting the
tumor, markers were administered as described below
Markers Hypoxia in the tumors was determined by injecting the mouse
pimomdazole

hydrochloride

(1-|(2 hydroxy

ι ν with 2 mg

3-piperidinyl)propyl]-2-nitroimidazole

hydrochloride) Natural Pharmaceuticals, International Ine , Research Triangle Park, NC, USA) in
saline 60 minutes before the animals were killed Pimomdazole is a bio-reductive chemical probe
with an immunorecogmzable side chain Perfusion of the tumors was determined by injecting the
mouse with 0 365 mg Hoechst 33342 in saline (Sigma Chemical Co , St Louis, MO, USA) 1
minute before killing the animals Tumor specimens were directly stored in liquid nitrogen until
frozen sections of 5 mm thickness at the central plane of the tumor were cut. which were then
stored at -80oC until staining
hnmunolmtoc hemic al staining Between all steps ot staining the sections were washed 3 times for
3 minutes in phosphate buffered saline (PBS)
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Hypoxia & vessel staining frozen sections were air dried and fixed in cold (40C) acetone for 10
minutes Next, the slides were mounted in PBS and scanned for the Hoechst signal See below
The same sections were then incubated 30 minutes at 37°C with rabbit anti-pimomdazole (J A
Raleigh, Department of Radiation Oncology and Toxicology, UNC School of Medicine, Chapel
Hill, USA), 1 300 in 9F1 supernatant (rat monoclonal to mouse endothelium, Department of
Pathology, Radboud University Nijmegen Medical Center, The Netherlands) Then sections were
incubated for 30 minutes at 370C with donkey anti rabbit biotin (1 200 in Polyclonal Liquid
Diluend (PLD), DBC Diagnostic Products Corporation, Breda, The Netherlands) Next, the
sections were incubated at room temperature with STREP-Alexa488 (1 200 in PBS-B) and goat
anti-rat-Alexa546 (I 300 in PLD) (Jackson Immuno Research Lab, West-Grove, Pennsylvania,
USA) followed by scanning of the hypoxia signal and the vessels
Scanning tumor sections and image processing The tumor sections were scanned by a computercontrolled motorized stepping stage attached on a fluorescence microscope (Zeiss Axioskop,
Zeiss Oberkochen, Germany) Images were recorded using a high-resolution intensified solidstate camera for quantitative analysis A detailed description of this method was given before
[38] After scanning the whole tissue sections and reconstructing the fields into one composite
image, the area of interest was reconstructed This resulted in a set of three composite images
containing hypoxia (pimomdazole), perfusion (Hoechst) and vasculature (9F1) (TCL image,
TNO, Delft, The Netherlands)
The tumor area, drawn interactively, was used as a mask in further image analysis to exclude nontumor tissue and tumor necrosis, haematoxylin and eosin-stained sections adjacent to the
immunohistochemically stained sections were used for this purpose By combining the individual
composite images, several parameters could be calculated the perfusion fraction, defined as the
perfused vessel area divided by the total vessel area The vessel density, the total number of
vascular structures divided by the total tumor area and finally the hypoxic fraction, defined as the
total hypoxic area divided by the total tumor area
Statistics The statistical analyses were done on a Macintosh computer using Statistica 4 0
software package The mean of each group of the (initial tumor volume)*2 was used for statistical
comparison This statistical comparison was done using students t-test A p-value equal to or
below 0 05 was considered statistically significant
Results
Tumor growth delay The irradiated tumors showed a dose dependent response Because of the
heterogeneous response to treatment individual tumor growth is shown instead of the mean for
each group After treatment, all groups showed a growth delay, compared to the tumors that
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received no treatment (controls); (10 Gy p=0 005, 10 Gy plus carbogen p=0.06, 20 Gy p<0.001,
20 Gy plus carbogen p<0 001 ) (Figure 1 )
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Figure 1: The individual growth turves for
each tumor of the human
glioblastoma
xenografi Ime EI06 A Control tumors Β
Irradiation with 10 Gv photons onh and the
combination of 10 Gy photons and carbogen
breathing C Irradiation with 20 Gy photons
only and the combination of 20 Gy photons
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Figure 2: Binary images obtained after
image
analysis of fluorescent microscope images showing a
characteristic distribution pattern of hypoxia and
vascular architecture (9FI. red) in an untreated
EI06 xenografted glioblastoma.
Perfused
vessels
f Hoechst 33342, blue) adjacent to hypoxic areas
(pimonidazole, green, arrow) are present.

The unirradiated control tumors doubled in size in 2.8 days (standard error of the mean 0.2
days)(Figure 1 A). The mean growth delay after 10 Gy only was 13.8 days (standard error of the
mean 2.5 days). The mean growth delay after 10 Gy plus carbogen was 15.7 days (standard error
of the mean 5.7 days). Thus, the mean growth delay for the 10 Gy plus carbogen group was 1.9
days longer then for the 10 Gy only group, which was not statistical significant (Figure 1B).
In the 20 Gy only group the mean growth delay was 54.2 days (standard error of the mean 5.7). If
20 Gy was combined with carbogen treatment the mean growth delay was 62.4 days (standard
error of the mean 5.3) (Figure 1C). Although there was a considerable longer growth delay
observed in the 20 Gy plus carbogen treatment group compared to the 20 Gy only treatment
group, this difference was again not statistically significant.
Immunohistochemical analysis: The outcome after image analysis of the vascular parameters is
shown in table 1. The untreated tumors showed little necrosis, if necrosis was present, it was
always found adjacent to hypoxic areas, which is well known for this tumor model (Figure 2).
The perfused fraction remained high, but did not significantly differ relative to the control tumors
or between the different treatment groups.
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Figure 3: Binary image obtained after image analysis oj
fluorescent
microscope
images
showing
the
microenvironment
of a regrown
E106
xenografted
glioblastoma analyzed afier treatment with 20 Gy. There is
an increase of hypoxia (pimonidazole.
green, arrow) as
compared to an untreated tumor as shown in figure 2.

A significant increase in hypoxic fraction was observed in tumors regrowing after 20 Gy (table I,
Figure 3) Qualitative and quantitative analysis of the regrowing tumors in this group showed a
homogeneous response Heterogeneity was observed in tumor microenvironmental parameters
after regrowth only in the tumor group treated with 20 Gy plus carbogen (Figure 4) Three types
of microenvironmental characteristics were found for regrowing tumors in this group First, two
tumors showed large areas of hypoxia with almost no necrosis (Figure 4A) Second, three tumors
showed almost no hypoxia or necrosis (Figure 4B) Finally, there were two tumors with mainly
necrosis and very little or no hypoxia (Figure 4C) The tumors with mainly necrosis showed the
best response to treatment with 20 Gy plus carbogen, these tumors started to regrow but only to a
small volume, never reaching 1 cm3 Although there were good responders in the 20 Gy only
group, these microenvironmental characteristics were not observed after analysis of these
regrowing tumors
Discussion
The standard treatment of GBM consists of tumor debulkmg followed by radiotherapy and
chemotherapy |3, 22, 24, 30, 46] The three resistance mechanisms that are most important for
radiation treatment failure are intrinsic radiation resistance, tumor cell repopulation during
treatment and tumor hypoxia Intrinsic radioresistance can be counteracted by increasing the total
tumor dose, by using for instance, radiosurgery or stereotactic radiotherapy, however this is
limited to smaller tumors [33] or by combining radiotherapy with 2-deoxy-d-glucose [43]
Intraoperative radiotherapy also resulted in a slightly improved survival in GBM [40] Another
way to optimise efficacy of irradiation is to improve oxygenation Most gliomas, especially of
high grade malignancy, contain large areas of potentially radioresistant hypoxic cells [12, 22]
Radio-sensitivity is expected to improve if the oxygenation status is improved This can be
achieved by breathing a hyperoxic hypercapnic gas like carbogen but also treatment induced
tumor shrinkage will decrease tumor hypoxia [23] In clinical studies this has been proven to be
successful in bladder and head and neck tumors [17, 21] However, heterogeneous responses to
carbogen breathing have been described before in patients also, for example in meningiomas
using BOLD MRI [391
In GBM only in one trial a trend towards improved survival was reported if radiotherapy was
combined with carbogen breathing [13| Other clinical trials were unsuccessful because of an
unexpected high hepatotoxicity of nicotinamide, which was attributed to the simultaneous use of
anti-epileptic, hepatotoxit. drugs that are prescribed in many patients with brain tumors Also the
neurotoxic effects ol radiation on the surrounding brain tissue were high Trials were therefore not
continued In those patients who completed the scheme no improvement in survival was reported
[29,42,47]
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The present experiment was designed to study the efficacy of carbogen breathing, to increase
tumor p02, in combination with radiation and to study the microenvironmental changes caused
by combined treatment compared to radiation only in recurrent tumors We used a GBM tumor
model known to have large areas of hypoxia [4] Previously, using fiber optic probes, p02 levels
for this tumor model (E106) improved rapidly during carbogen breathing 16] Adding
nicotinamide to carbogen breathing in this tumor model did not give an additional rise in p02
levels compared to carbogen breathing alone
No significant changes in growth delay between the radiation only and the radiation plus
carbogen treatment group was found Regrowing tumors with an initially complete remission
were found to have large patches of necrosis whereas in the other regrowing tumors, without CR,
extensive hypoxia with little or no necrosis was found Although the 20 Gy-only treatment group
had three complete remissions too, no microenvironmental changes similar to the carbogentreated group were observed Although the numbers were small a subgroup with permanent
microenvironmental changes had developed as a result of the combined treatment, preventing
recurrence of the tumor Dewhirst et al showed in R3230 Ac mammary adenocarcinomas a
variable increase in both vascular density and perfusion after irradiation [9] In the present study
overall no benefit of combined treatment over radiation only was observed in the growth delay
assay
There may be several reasons why carbogen breathing in combination with radiotherapy is
unsuccessful in GBM First, other radiation resistance mechanisms such as intrinsic radioresistance or tumor cell repopulation may be more important then tumor cell hypoxia [14, 41 ]
Second, vascular abnormalities such as heterogeneity m intervascular distances, insufficient
perfusion of tumor regions due to intermittent closure of vessels or steel effects tould result in a
non-homogeneous perfusion and thus hypoxic tumor areas resulting in small radioresistant tumor
areas [4, 25, 481 Stuben et al also reported an increase in oxygenation in several human tumors
xenografted m nude mice However, only in the a spindle cell sarcoma ES3, a significant tumor
response was seen, which was the only tumor showing a significant increase in oxygenation [451
Identification of individual tumor characteristics requires an individual tumor assessment prior to
start of treatment
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Figure 4: The individual growth paltern for each
tumor of the human glioblastoma xenograft line
EI06 after treatment with 20 Gy plus carhogen
after regrowth. Tumors marked with A are shown
in 4A, Β in 4B and C in 4C. 4A: A similar pattern
as an untreated tumor with perfused
vessels
(Hoechst 33342, blue) adjacent to hypoxic areas
(pimonidazole,
green, arrow). 4B:
Decreased
hypoxic fraction (green, arrow). 4C:
Extensive
necrotic tumor areas (red, non specific staining
and black, arrow).

It has become clear that therapy needs to be more individualized. For example, in
oligodendrogliomas the loss of lp and 19q was associated with good response to chemotherapy
and may be assessed prior to start of treatment [15]. Our analysis of microenvironmental
parameters supports the hypothesis that a subgroup of tumors may benefit from combined
radiation and carbogen treatment. However, the microenvironmental analysis was performed on
regrowing tumors without information at the start of treatment. At this moment it is unclear if this
is a representation of the pre-treatment situation. If so, it may be possible to identify potential
responsive tumors with BOLD MRI techniques before start of treatment [10. 35. 36]. However,
BOLD MR imaging was not uniform in animal and patient studies after carbogen breathing with
even reports of a decrease in oxygenation status [I, 10, 11, 35, 36]. Also, intra tumor
heterogeneity was observed, areas with increased oxygenation and areas with little or no response
were found [!. 11]. Therefore, although in general results of treatment with radiation and
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carbogen in patients with GBM have been dissappointing , a subpopulation of patients may be
identified based on BOLD MR imaging techniques that could benefit from the addition of
carbogen to radiation.
Conclusions
A heterogeneous response to combined radiation and carbogen treatment in a human GBM tumor
model xenografted in nude mice was observed. Although it was previously demonstrated that the
oxygenation status of GBM xenografted in nude mice improved during carbogen breathing, there
was no additional effect of carbogen breathing on the radiation response. However, a small
subgroup with good response to combined radiation and carbogen treatment and a different
microenvironment on analysis of these regrowing tumors could be identified. The heterogeneous
response to treatment illustrates the need for selection of patients before start of treatment.
Assessing the oxygenation status of the tumor tissue for instance by BOLD MR imaging
techniques, may identify patients who could benefit from carbogen breathing during radiation.

PF
RVA
HF
VD

control
0.81 (0.03)
0.05 (0.00)
0.03 (0.00)
34.7 (3.00)

10 Gy
0.85 (0.02)
0.04 (0.00)
0.02 (0.00)
28.8(3.13)

10 Gy + carb
0.80 (0.03)
0.04 (0.00)
0.04 (0.00)
33.4 (2.36)

20 Gy
0.73 (0.07)
0.05 (0.00)
0.08(0.01)*
30.4 (2.22)

20 Gy + carb
0.74 (0.09)
0.06 (0.00)
0.06 (0.03)
35.4 (2.96)

PF=Perfusion Fraction; RVA=Relative Vascular Area; HF=Hypoxic Fraction;
VD=Vascular Density; SE = Standard Error of the mean. * P=0,004.
Table 1: The mean (with SE) of the vascular parameters as analyzed after regrowth by image analysis.
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ABBREVIATIONS
Cho choline containing compounds
Cr creatine plus phosphocreatine
Glx glutamine plus glutamate
Ino myo-inositol
NAA N-acetylaspartate plus N-acetylaspartylglutamate

Adapted from: NMR Biomed. 2003 Feb;16(l):l2-8.

Abstract
Oligodendroglia! tumors may not be distinguished easily from other brain tumors based on
clinical presentation and Magnetic Resonance Imaging (MRI) alone Identification of these
tumors however may have therapeutical consequences The purpose of this study was to
characterize and identify oligodendrogliomas by their metabolic profile as measured by IH MR
Spectroscopic Imaging (MRSI) Fifteen patients with Oligodendroglia! tumors (8 high grade
oligodendrogliomas, 7 low grade oligodendrogliomas) underwent MRI and short echo time IH
MRSI examinations Five main metabolites found in brain MR spectra were quantified and
expressed as ratios of tumor to contralateral white matter tissue The level of lipids plus lactate
was also assessed in the tumor For comparison also six patients with a low grade astrocytoma
were included in the study The metabolic profile of oligodendrogliomas showed a decreased
level of N-acetylaspartate and increased levels of choline containing compounds and glutamine
plus glutamate compared to white matter The level of glutamine plus glutamate was significantly
higher in low grade oligodendrogliomas than in low grade astrocytomas and may serve as a
metabolic marker in diagnosis and treatment planning In high grade oligodendrogliomas large
resonances of lipids plus lactate were observed in contrast to low grade tumors
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Introduction
Oligodendrogliomas represent 5-18% of all intracranial gliomas and arise preferentially in the
cortex and white matter of the cerebral hemispheres [ 1] The majority of oligodendrogliomas are
low grade tumors | 1 , 2] Based on clinical presentation, Oligodendroglia! tumors may not be
distinguished easily from other brain tumors, especially from astrocytomas Until recently, the
identification of oligodendrogliomas among brain tumors did not have therapeutical
consequences However, with the recognition that oligodendrogliomas are uniquely sensitive to
chemotherapy, differential diagnosis of these tumors has become increasingly important Since
Cairncross and McDonald observed that recurrent anaplastic oligodendrogliomas respond to
chemotherapy |3], several groups have reported on the chemosensitivity of both high and low
grade oligodendrogliomas and mixed oligoastrocytomasl4-7] As a result oligodendrogliomas are
increasingly being treated with chemotherapy, in contrast to e g astrocytomas, which are
substantially more resistant to chemotherapeutic agents [4-7]
In general brain tumors are pathologically diagnosed by analysis of tumor tissue obtained
(invasively) by biopsy Both Magnetic Resonance Imaging (MRI) and IH Magnetic Resonance
Spectroscopy (MRS) have proven to be powerful non invasive tools for the characterization of
brain tumors[8] MRI is well-established in obtaining the anatomical localization and extent of
tumors However, conventional MRI techniques are limited in the diagnosis of brain tumor type
[9| Furthermore, MRI investigation of blood brain barrier damage using an extragenous contrast
agent (e g Gadolinium-DTPA) cannot reliably differentiate Oligodendroglia! tumor grades Low
grade oligodendrogliomas may show contrast enhancement, while lack of contrast enhancement
does not equate with low grade malignancy [10]
MR spectroscopy may provide additional information in cases in which the differential diagnosis
of tumors by MRI is difficult [11] Metabolic information obtained by MRS has proven to be
promising in the accurate diagnosis of human brain tumors [8, 9, 12] and the evaluation and
monitoring of therapy [13, 14] Most of these studies so far covered astrocytomas, the most
common form of glial tumors The aim of this study was to characterize oligodendrogliomas by
their metabolic profile to enable specific identification of these tumors For this purpose patients
with high and low grade oligodendrogliomas were examined by short echo time IH MRSI
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Figure 1. MR imanes of a patient with a low grade olif>odendrof<lioma in the right hemisphere. The grid
indicate.', the position of the MRSI voxels. (A) Sagittal localizer image. (B) Transversal PD-weighted
image. (C) Transversal ΤI -weighted image after Gudolinitnn-DTPA (Gd) administration, displaying the
tumor as a hypointense region with slight Gd contrast enhancement (hyperinlense). The marked scjiiare on
the PD-weighted image (B) indicates the location from which the white matter spearuin in figure 2a was
obtained; the marked square on the TI-weighted contrast enhanced image (C) indicates the location from
which the tumor spectrum in figure 2B was obtained.
Patients and methods
Fifteen patients with histologically proven oligodendroglial tumors were included in this study.
Four patients had mixed tumors (two low grade and two high grade oligoastrocytomas) with a
predominant component of oligodendroglioma, which were categorized as oligodendrogliomas in
this study. Seven tumors were pathologically characterized as low grade (WHO grade II) and
eight as high grade oligodendroglial tumors (WHO grade III). For comparison also six patients
with a low grade astrocytoma (WHO grade II) were included in the study. The age and sex
distribution was comparable in all groups: male/female 5/2, age 39 ± 9: male/female 5/3, age 45 ±
12; and male/female 5/1. age 41 ± 14, respectively. All patients were previously untreated and
gave informed consent to participate in this study. Approval for the study was obtained from the
local ethics committee.

MRI and MRS were carried out on a 1.5 Τ Siemens Vision system. After conventional T l weighted. T2-weighted and PD-weighted imaging. MR Spectroscopic Imaging (MRSI) was
performed. MR spectra were recorded both with and without water suppression using a 16x16 2D
STEAM MRSI sequence. Sequence parameters were TR 2500 ms. TE 20 ms. TM 30 ms. slice
thickness 15 mm, FoV 200 mm. The measurement time to obtain all MRSI data was -30 minutes.
After MR spectroscopy a bolus injection of Gadolinium-DTPA (Gd) was applied and
conventional Τ1-weighted images were recorded. In five patients this Gd contrast enhancement
was measured before the MR spectroscopy.
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Processing of the MRSI data consisted of the following A Hamming filter of 50% was applied in
k-space before spatial Fourier transform using the LUISE software package (Siemens, Erlangen,
Germany) Tumor MRSI voxels were selected from areas that showed Gd contrast enhancement
If no contrast enhancement was seen MRSI voxels were selected from the Τ1-weighted and T2weighted MR images To obtain an internal standard, spectra of up to three voxels located in
contralateral white matter were used for each patient All spectra were analyzed by LCModel 15
The main metabolites NAA (N-acetylaspartate plus N-acetylaspartylglutamate), Cr (creatine plus
phosphocreatine), Cho (choline containing compounds), Ino (myo-inositol), and Glx (glutamme
plus glutamate) were quantified and expressed as ratio of tumor to contralateral white matter In
the spectral region around 1 3 ppm both lactate and lipids were assessed by LCModel The lipid
signal was quantitated as a single peak at 1 3 ppm Since the use of a short echo time (20 ms)
generally does not allow accurate differentiation between signal contributions from lipids and
lactate in this spectral region, the metabolite levels of both compounds were summed All
statistical analyses were performed using Student's t-test (two-sided)
tumor / WM
NAA

0 45±017**

Cho

188 ± 0 99**

Cr

0 82 ± 0 32

Ino

128 ± 0 69

Glx

138 ± 0 39**

Table 1: Ratios ofthefne main metabolites jound in all ohiiodendroghomas (η = Ι5) lelatne to white
matter Numbers are mean ± standard deviation WM = white matter " * Tumoi lersus white matter
**p<0 01
Results
All twenty-one patients included in this study successfully completed the MRI and MRSI
protocol In 8 patients (2 low grade oligodendrogliomas, 2 high grade oligodendrogliomas, 4
astrocytomas) no Gd contrast enhancement was observed in the tumor and the conventional Tlweighted and T2-weighted images were used to delineate the tumor Sagittal and transversal MR
images of a patient with a low grade oligodendroglioma are shown in figure 1 The grid indicating
the position of the MRSI voxels is plotted on these images To characterize the tumor by its
metabolic profile a voxel in the tumor was selected on the Gd enhanced image (figure 1c, marked
square) The corresponding spectrum is shown in figure 2b Contralaterally located white matter
voxels were carefully selected to avoid contribution from white matter abnormalities that were
observed on the MR images of some patients In figure 2a the spectrum from white matter (figure
99

lb, marked square) is displayed. A spectrum from a high grade oligodendroglioma is shown in
figure 2c.

ppm
lipids

Figure 2: Ή MR spectra obtained from short echo time STEAM MRSI (TR 2500, TE 20 ms) data sets. A:
Spectrum from white matter with peak assignments to NAA, Cr, Cho, Ino and Glx. B: Spectrum from a low
grade oligodendroglioma featuring a decreased level of NAA and increased levels of Cho and Glx
compared to white matter. C: Spectrum from a high grade oligodendroglioma showing large lipid and
lactate resonances.
All spectra were analyzed and the tissue levels of the main metabolites NAA, Cr, Cho, Ino, and
Glx were normalized to white matter levels for each patient. The results are shown in table 1 for
all oligodendrogliomas. Besides a metabolic profile generally observed in brain tumors
(decreased level of NAA and increased level of Cho) also a significant increase in Glx was found
in Oligodendroglia! tumors. Comparison of low grade oligodendrogliomas with low grade
100

astrocytomas showed that Glx was significantly higher in oligodendrogliomas (table 2). The
distribution of individual glutamine plus glutamate levels for low grade tumors is shown in figure
3a.
Within the group of oligodendrogliomas, no significant difference was found between low grade
tumors and high grade tumors in any of the main metabolites (table 2). Interestingly, the relative
level of all of these metabolites was lower in high grade tumors than in low grade tumors. The
signal intensity of lipids plus lactate did differentiate low grade from high grade tumors
significantly (p<0.01, table 2). In figure 3b a plot is shown visualizing the distribution of lipid
plus lactate levels for both low grade and high grade oligodendrogliomas.
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Figure 3: Scatter plots showing the distribution of metabolite levels for all patients A: Glutamine plus
glutamate levels for low grade oligodendrogliomas and low grade astrocytomas. B: Lipid plus lactate
levels for low grade and high grade oligodendrogliomas. The mean of the corresponding metabolite levels
is indicated in both figures.
Discussion
A common observation in 1H MR spectroscopy of glial tumors is a decreased level of NAA and
an increased level of Cho. NAA is a major brain metabolite involved in cell signaling, regulation
of interactions of brain cells, and the establishment and maintenance of the nervous system [16]
The presence of NAA is used increasingly in clinical MRS studies as a neuronal marker, although
mature oligodendrocytes have also been shown to express NAA in vitro [17] Elevated Cho levels
are consistent with an increased choline turnover in relation to membrane biosynthesis by
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proliferating cells I I In this study both a decreased level of NAA and an increased level of Cho
were found, in concordance with the general metabolic profile of glial tumors [8, 18]
More strikingly, in the present study an increased level of Glx compared to white matter was
found in oligodendrogliomas, which may differentiate these tumors from other glial tumors
Glutamate is the major excitatory transmitter in the human brain and its complex metabolic
coupling between neurons and glial cells and interconversion to glutamme have been recognized
119-21] Comparison among the low grade tumors in this study demonstrated that Glx was the
only metabolite measured that showed a statistically significant difference between
oligodendrogliomas and astrocytomas (table 2) Although there is some overlap in the Glx levels
of these tumors (see figure 3a), information on Glx levels can be used to assist in distinguishing
low grade oligodendrogliomas from low grade astrocytomas Distinction between these tumor
types is important in diagnosis and treatment planning and usually cannot be made based on
clinical presentation and MRI alone
The potential role for elevated levels of Glx as a metabolic marker for oligodendrogliomas is
supported further by in vitro NMR analyses of extracts of brain tumors Tugnoh el al [22]
described intense multiplets assigned to Glx as one of the main spectroscopic features in IH MR
spectra of low grade oligodendrogliomas In the oligodendroglioma studied by Peeling et al [23]
up to two times more Glx was found compared to other brain tumors (e g astrocytomas) Also,
studies using cultured cells derived from nervous tissue showed a high level of Glx in
oligodendrocytes and oligodendrocyte type 2 astrocyte progenitor (0-2A progenitor) cells
compared to other neural cells such as astrocytes and neurons 24,25 Besides Glx, also alanine and
glycine have been proposed by in vitro NMR studies and amino acid analyses to be useful as
metabolic markers for oligodendrogliomas [24, 26] but this could not be demonstrated in this
study
To the best of our knowledge, this study reports on the largest population of patients with
Oligodendroglia! tumors assessed by IH MRS. and is the first that used short echo time MRSI of
these tumors So far, in vivo MRS studies of oligodendrogliomas have used long echo times and
focused mainly on NAA, Cho, and Cr The metabolite concentrations in the tumor expressed as
ratio to normal brain tissue were found to be 0 1-0 4 for NAA, 0 5-0 9 for Cr, and 14-19 for
Cho,27,28 which is in agreement with the results of the present study (table 1) Tissue level ratios
of Cho/Cr in oligodendrogliomas have been reported in the range of 0 3-1 6 [18, 27, 28] In this
study a Cho(tumor)/Cr(tumor) ratio of 0 7 ± 0 3 was found (data not shown)
Immunohistochemical studies demonstrated that this metabolite ratio parallels with the cell
proliferation index for Ki-67 (MIB-1) positive cells,28 a parameter that was shown to be of
prognostic relevance for patients with oligodendrogliomas [28, 29]
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In line with in vivo MRS, in vitro NMR analyses of surgically obtained tumor specimens of
oligodendrogliomas show decreased levels of NAA and Cr, and an increased level of Cho
compared to normal brain [22, 23, 27, 30, 31] Other metabolic features that have been described
include an elevated level of Ino [22-24, 32] In the present study an increase in Ino was found in
oligodendrogliomas compared to white matter, but statistical significance could only be
demonstrated in low grade tumors (p=0 03), not in the total group of oligodendrogliomas (p=0 14,
table I) In vivo MRS at 1.5 Τ usually lacks sensitivity to distinguish myo-mositol from glycine,
both resonating at ~3 55 ppm [33], although the use of different echo times may enable distinction
between these metabolites 34 Different levels of both myo-inositol and glycine have been
observed in glial tumors in vivo and in vitro [22, 23, 34, 35] Interpretation of this data however is
complicated because of the lower spectral resolution of MRS in vivo than in vitro However, one
has to consider also that biopsies and tumor extracts are not necessarily representative for a whole
tumor as measured by in vivo MRS. and the tumor volume measured in vivo may partially
contain normal brain tissue as well
In the WHO tumor grading systemohgodendrogliomas are divided into grade II (low grade) and
grade III (high grade) tumors 1 In PET studies metabolic differences have been demonstrated
between low grade and high grade oligodendrogliomas [36, 37] In vivo MRS already showed to
be useful in distinguishing the grades of other brain tumors (e g astrocytomas [II. 14, 38 40]) In
the present study, none of the main metabolites analyzed showed a statistically significant
difference between low grade and high grade oligodendrogliomas, although borderline
significance was reached for Ino (table 2, p<0 10) However, in tumors with high lipid resonances
the levels of NAA and Glx might be overestimated, because contribution from lipid protons in
unsaturated fatty acid chains (which resonate in the 2 0-2 6 ppm region) was not corrected for in
the analysis The lipids plus lactate signal did show a significant difference between high grade
tumors and low grade oligodendrogliomas (table 2, p<0 01) This positive correlation between
tumor grade and lipids plus lactate signal is also commonly found in other glial tumors In high
grade tumors mobile lipids accumulate in necrotic tissue, as was demonstrated by ex vivo MRS
and histological investigations|41 ] The amount of mobile lipid signal was shown to correlate
directly with histopathological grade [39] Both apoptosis, microscopic cellular necrosis and cell
proliferation may contribute to the signal of mobile lipids [41-44] However, the observation that
the relative level of all of the mam metabolites was lower in high grade tumors than in low grade
tumors (table 2) suggests a decreased cellulanty in high grade tumors In gliomas the Cho signal
intensity has already been shown to correlate with local cellulanty as measured by diffusion MRI
[45]
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Conclusions
Lipids plus lactate signal intensity as a marker for malignancy of oligodendrogliomas is relevant
in both diagnosis and treatment planning. Grading of Oligodendroglia! tumors according to the
WHO criteria has been shown to be of prognostic relevance and a significant predictor of survival
[29, 46). Furthermore, treatment of oligodendrogliomas may be deferred until there is clinical or
radiological evidence of progression, unless patients have disabling symptoms or signs at
presentation [21. In this respect, MRS could be used as a non-invasive tool for low grade
oligodendrogliomas to monitor a development into higher malignancy of these tumors.

low grade

low grade

high grade

astrocytoma

oligodendroglioma

oligodendroglioma

(tumor / WM)

(tumor / WM)

(tumor / WM)

NAA

0.47 ±0.16

0.51 ±0.17

0.40 ±0.16

Cho

1.99 ±0.88

2.20 ±1.08

1.60 ±0.87

Cr

0.92 ± 0.25

0.97 ± 0.33

0.70 ±0.26

Ino

1.44 ±0.64

1.59 ±0.54

1.01 ±0.72

Glx

1.03 ± 0.22

1.48 ±0.41*

1.30 ± 0.38

5.2 ±2.4

24.7 ± 12.4'

Lipids +
lactate9

3.9 ±3.4

Numbers are mean ± standard deviation. WM = white matter. * The level of lipids plus lactate is expressed
in arbitrary units, not as ratio to white matter. " High grade oligodendroglioma versus low grade
oligodendroglioma, p<0.0l. * Low grade oligodendroglioma versus low grade astrocytoma. p<0.05
Table 2: Ratios of the five main metabolites found in low arade astrocytomas, low urade
oligodendrogliomas, and high grade oligodendrogliomas relative to white matter.
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Abstract
For meningiomas in which complete resection is impossible stereotactic radiosurgery and
radiotherapy are increasingly important therapeutical options The radiosensitivity of
meningiomas may be improved by increasing tumor oxygen levels Hyperoxygenating agents,
like breathing a hyperoxic hypercapnic gas mixture, have already been applied successfully in the
treatment of other tumors The aim of this study was to explore the effect of breathing a hyperoxic
hypercapnic gas mixture on tumor blood oxygenation of meningiomas using MRI methods Three
patients with convexity meningiomas were each measured twice, with and without breathing the
hyperoxic hypercapnic gas mixture Tumor blood oxygenation changes were measured using
BOLD MR imaging Dynamic contrast enhanced MRI was used to assess tunctional changes of
tumor vasculature A significant increase in tumor blood oxygenation was observed under
hypercapnic hyperoxic conditions in all patients, exceeding the increase in normal brain tissue It
was concluded that the oxygenation status of meningiomas can be improved by breathing a
hyperoxic hypercapnic gas mixture
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Introduction
Meningiomas comprise about 15-20% of all intracranial tumors [ 1 ] The majority of these tumors
is benign, 1-2% are malignant, and about 5-7% are atypical meningiomas [2] Meningiomas are
considerably more frequent in women than in men [2]
Until recently the role of radiotherapy in the treatment of meningiomas has been limited because
of the benign nature of most meningiomas However, meningiomas tend to recur, especially if
total resection is impossible [3] This is often the case in skull base tumors, representing 35-50%
of all meningiomas [4] Mortality and morbidity in this group of patients is considerable
Recently, there has been an increased interest in stereotactic radiosurgery and radiotherapy for the
treatment of meningiomas in which complete resection is impossible [5,6] Although in general
there is a good response to radiotherapy, sometimes higher doses of radiation are needed to
improve control rates [1] However, radiation dose levels are limited to avoid radiation damage to
the normal central nervous system 11,7]
It has been known for long that increased tumor oxygen levels may improve the radiosensitivity
ol tumors [8] For head and neck tumors, breathing a hyperoxic hypercapnic gas mixture like
carbogen in combination with nicotinamide administration resulted in a significantly improved
tumor response to accelerated radiotherapy (Accelerated Radiotherapy with Carbogen and
Nicotinamide, ARCON) [9,10] Carbogen breathing was hypothesized to increase the blood
oxygen level and nicotinamide may cause vasodilation and enhanced blood flow All ot these
effects may reduce hypoxic regions in the tumor Meningiomas, like other solid tumors, have
considerable regions of hypoxia [11] Therefore, increased oxygenation levels in meningiomas by
breathing a hyperoxic hypercapnic gas mixture could potentially result in an improved radiation
response
Magnetic Resonance Imaging (MRI) provides a way to study the effects of breathing hyperoxic
hypercapnic gas mixtures non-invasively Changes in oxygenation can be measured using blood
oxygen level dependent (BOLD) MRI [12] The paramagnetic deoxyhaemoglobin acts as an
endogenous contrast agent and can be monitored by gradient-echo MR imaging Changes in the
MRI rate constant for transverse relaxation R2* relate directly to changes in the concentration of
deoxyhaemoglobin [13] An increase of the blood oxygen level will result m a decrease of the
deoxyhaemoglobin concentration, which will cause a decrease of the value of R2* The carbogeninduced decrease in R2* was shown to be strongly correlated with increased tumor p02 levels, as
measured using oxygen micro-electrodes in rats [14] Thus, a decrease in the value ot R2* may
reflect a decrease of hypoxia in the tumor under hypercapnic hyperoxic conditions
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The aim of this study was to investigate the effect of breathing a hyperoxic hypercapnic gas
mixture on the oxygenation of meningiomas using BOLD MRI. During carbogen breathing
oxygen levels almost invariably increase but different carbogen-induced vascular responses in
animal models have been reported [14-19]. Furthermore, not only increased blood oxygen levels
can cause a decrease of deoxyhaemoglobin, but also changes in e.g. blood volume may cause this
effect [19]. For this reason, in this study dynamic Gadolinium contrast enhanced MRI was used to
monitor changes in tumor vascular function under hypercapnic hyperoxic conditions.
Patients and Methods
Three previously untreated patients (1 male, 2 females) aged 48, 62 and 70 years were included in
the study. Two patients suffered from epileptic seizures; one patient suffered from vertigo. There
were no focal neurological symptoms in either of them. All three patients had benign
meningiomas located at the convexity of the brain. Approval for the study was obtained from the
local ethics committee and informed consent was obtained from all patients.
MR imaging was performed on a 1.5 Τ Siemens Vision whole body system using a CP-head coil.
All patients were studied twice; without and with breathing a gas mixture consisting of 2% C02
and 98% 02. In our experience the high C02 content in conventional carbogen gas (5% C02 and
95% 02) is not tolerated well by patients for the prolonged time necessary to acquire the MRI
data. Both blood gas analyses and near infrared spectroscopy studies indicate that 2% C02 and
98% 02 is sufficient for maximum oxygenation [18,20]. Since this hyperoxic hypercapnic gas
mixture is used in the ARCON therapy nowadays, it was also used in the present study instead of
conventional carbogen gas.
Gadolinium-DTPA (Gd) was administered intravenously (6 ml, 0.5 M, 1 ml/sec). This MRI
contrast agent is routinely used for vascular investigations. In the first session Gd tissue uptake
was monitored (FLASH, TR=50 ms, TE=4.4 ms, 7 mm slice) while the patient was breathing air.
In the second session gradient-echo images (2D FLASH, TR=65 ms, 16 echoes, TE=6-51 ms, 5
mm slice) were recorded continuously for 10 minutes whilst breathing air, then breathing of the
hyperoxic hypercapnic gas mixture was started and images were recorded for another 6 minutes,
followed by Gd contrast enhanced imaging as in the first session. Altogether, patients had to
breathe the hyperoxic hypercapnic gas mixture for 12 minutes. The time between the two sessions
was one week.
R2* values (s-1 ) were calculated from the gradient-echo imaging data. The value of R2* of the
tumor under normal and hypercapnic hyperoxic conditions was obtained by averaging all pixels
within the selected tumor region. As air leaks might occur in the experimental setup while
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supplying the hyperoxic hypercapnic gas mixture, patients were checked for inhaling the gas
mixture properly For this purpose the R2* in venous blood was measured in the transverse sinus
or the sagittal sinus If no statistically significant (Student's t-test, p<0 05) decrease in the R2* of
venous blood was observed during breathing the hyperoxic hypercapnic gas mixture the
measurement was considered a technical failure
The dynamic Gd contrast image data was analyzed as described by Rijpkema et al [21] Using a
physiological pharmacokinetic model [22] the rate of contrast medium uptake (kep (s-1)) was
determined [23] In perfused tumor tissue this Gd uptake rate reflects physiological parameters
such as vascular permeability, vascular surface area and tumor blood perfusion The rate of Gd
uptake of the tumor during air breathing and breathing of the hyperoxic hypercapnic gas mixture
was assessed by averaging the pixels in Gd-enhancing regions of the tumor
The spatial distributions of the calculated kep and R2* values were displayed as maps Values of
R2* and kep were calculated for the tumor both under normal and hypercapnic hyperoxic
conditions Statistically significant differences were shown using Student's t-test Also, the change
of R2* due to breathing the hyperoxic hypercapnic gas mixture was calculated for normal brain
tissue on the contralateral side of the brain
Results
A T2 weighted transversal MR image ot a patient with a meningioma located in the left frontal
lobe is shown in figure la The Tl weighted image that was recorded 1 minute after Gd contrast
administration during breathing the hyperoxic hypercapnic gas mixture is shown in figure lb In
figures 1c and Id the kep map and the R2* map of the same patient are shown respectively As
Gd remains intravascular in normal brain tissue, contrast enhancement is only observed in the
larger blood vessels and in tumor tissue (figure 1c)
During breathing the hyperoxic hypercapnic gas mixture all three patients showed a statistically
significant decrease of the value of R2* in either the sagittal or the transverse sinus relative to air
breathing (average decrease 19 1% ± 3 9%) Also a significant decrease of the R2* value in the
tumor was observed in all patients under hypercapnic hyperoxic conditions (table 1), indicating a
decrease in the deoxyhaemoglobin concentration The rate of Gd contrast uptake kep in the tumor
showed minor fluctuations due to breathing the hyperoxic hypercapnic gas mixture among the
three patients and reached borderline significance in one patient (table 2), indicating that vascular
function does not change dramatically under these conditions
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The average decrease in the value of R2* among all three patients was 10.1% (± 2.0%). Normal
brain tissue measured on the contralateral side of the brain showed an R2* decrease of 3.7% (±
1.5%) due to breathing the hyperoxic hypercapnic gas mixture.

Figure 1: a. 72 weighted Iransversal MR image of a patient with a meningioma located in the left frontal
lobe. The tumor is surrounded by hyperintense regions indicating edema. R: right. A: anteric,: h. TI
weighted image of the same patient recorded I minute after Gd contrast administration during breathing a
hyperoxic hypercapnic gas mixture consisting of 2% CO2 and 98% O2. c. Map of the Gd uptake rate of the
same patient as in figure la. d. The R2* map at the same slice position of the same patient during
breathing the hyperoxic hypercapnic gas mixture.
Discussion
Although most meningiomas are benign tumors, it is not always possible to achieve complete
surgical resection without the risk of serious complications. Therefore, the recurrence rate of
benign meningiomas is relatively high [3]. Recently, the limitations of surgery for meningiomas
have been recognized. In particular the close association of skull base meningiomas with cranial
nerves makes surgery extremely difficult and has a great impact on the quality of life of patients
[24]. Radiotherapy and radiosurgery are therefore becoming more important in the treatment of
meningiomas. However, the dose limitation on normal brain tissue and on the cranial nerves may
result in a sub-optimal radiation scheme. Thus, a good tumor response without severe morbidity
may not be achieved 111. Therefore there is a need for new treatment strategies to improve the
effect of radiotherapy.
As hypoxic tumors are more radioresistant than well-oxygenated tumors, response to radiation is
highly dependent on the tumor oxygenation level. Carbogen breathing has been shown to be
effective in reducing hypoxic tumor regions both in laboratory animal tumor models [e.g.
15,17,18,25] and humans [e.g. 26-28). Increase of oxygenation levels in these hypoxic regions has
a positive effect on the efficacy of radiotherapy as has been demonstrated in head and neck
tumors |9,10|. In the ARCON therapy, curation rates were significantly improved over the past
years in laryngeal carcinomas [10|. In gliomas similar clinical trials were stopped because of the
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unexpectedly high toxicity of nicotinamide [29]. Although gliomas also feature hypoxia, no
improvement in radiation response was achieved using hyperoxygenation in this group of patients
[30,311. These results may be explained in terms of the high intrinsic radioresistance and tumor
specific vascularization of this kind of tumors [31].
Although meningiomas, like gliomas, are located within the skull, they have a different origin.
The results of treatment using hyperoxygenation of gliomas therefore cannot be directly translated
to meningiomas. Thus, in meningiomas, breathing a hyperoxic hypercapnic gas mixture may have
a positive effect on the outcome of radiotherapy. Prior to the examination of the effect of a
combination of radiation and breathing a hyperoxic hypercapnic gas mixture on meningioma
growth, this study was designed to investigate the changes in tumor oxygenation during carbogen
breathing in meningiomas in general.
No marked changes in vascular response were measured by Gd contrast enhancement MRI in this
study, suggesting that the observed decrease in deoxyhaemoglobin represents an increase in blood
oxygenation. The R2* decrease of 10.1% as observed in this study may reflect a much larger
decrease in deoxyhaemoglobin concentration [13]. This indicates a large increase in blood p02.
In similar studies in patients with head and neck tumors, an R2* decrease of 5.5% was found due
to breathing a hyperoxic hypercapnic gas mixture 1. These patients showed a good response to the
ARGON therapy. In similarity to head and neck tumors [10], the improvement in tumor
oxygenation status in meningiomas due to breathing a hyperoxic hypercapnic gas mixture may
lead to a better radiation response. Since the effect of breathing the hyperoxic hypercapnic gas
mixture on the oxygenation of normal brain tissue is far less pronounced than the effect on tumor
tissue, radiation schemes can be optimized to minimize damage to normal tissue with a maximum
local control in the tumor. This supports a further clinical investigation of a combination of
radiation therapy and breathing a hyperoxic hypercapnic gas mixture to improve the
radiotherapeutic options of unresectable meningiomas.
Conclusions
The present BOLD MR imaging results show that breathing a hyperoxic hypercapnic gas mixture
can improve the blood oxygen level of meningiomas. Because the effects of radiation are related
to the oxygenation status of tumors, increased oxygenation of meningiomas could potentially
result in enhanced efficacy of radiotherapy.
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patient

R2* (s-1)
air

1
2
3

12.3 + 4.7
17.1 ±6.8
13.6 ±5.9

hypercapnic
hyperoxia
10.8 ±2.1
15.4 ±7.0
12.5 ±5.7

DR2* (%)

significance

-12.2 + 0.7
-10.0 ± 1.2
-8.2 ±1.2

p<0.0l
ρ < 0.01
ρ < 0.01

Table 1: Values of R2* m the tumor region during air breathing and breathing the liyperoxu hxpercapnh
gas mixture (average ± standard deviation) and their difference (AR2' Ci) ± standard error). A
significant decrease in R2* was observed in all patients.

patient

k.-(s-')
air
0.018 + 0.008
0.014 ±0.006
0.026 ±0.013

hypercapnic
hyperoxia
0.017 ±0.011
0.018 ±0.013
0.028 ±0.016

significance
ρ > 0.05
ρ < 0.05
ρ > 0.05

Table 2: Gd uptake rates m the tumor during air breathing and breathing the Inpeioxit Inpercapnu
mixture (average ± standard deviation) for all patients. In one patient the ι liante m λ,;, was
significant.

gas
just
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Abstract
Because meningiomas tend to recur after (partial) surgical resection, radiotherapy is increasingly
being applied for the treatment of these tumors Radiation dose levels are limited however to
avoid radiation damage to the surrounding normal tissue The radiosensitivity of tumors can be
improved by increasing tumor oxygen levels The aim of this study was to investigate if breathing
a hyperoxic hypercapnic gas mixture could improve the oxygenation of meningiomas BOLD
MRI and dynamic Gd-DTPA contrast enhanced MRI were used to assess changes in tumor blood
oxygenation and vascularity respectively Ten meningioma patients were each studied twice,
without and with breathing a gas mixture consisting of 2% C02 and 98% 02 Values of T2* and
the Gd-DTPA uptake rate kep were calculated under both conditions
In six tumors a significant increase in the value of T2* in the tumor was found, suggesting an
improved tumor blood oxygenation, which exceeded the effect in normal brain tissue Contranly,
two tumors showed a significant T2* decrease The change in T2* was found to correlate with
both kep and with the change in kep The presence of both vascular effects and oxygenation
effects and the heterogeneous response to hypercapnic hyperoxia necessitates individual
assessment of the effects of breathing a hyperoxic hypercapnic gas mixture on meningiomas
Thus, the current MRI protocol may assist in radiation treatment selection for patients with
meningiomas
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Introduction
Meningiomas account for 15-20% of all intracranial tumors 11,2] Most of these tumors are
benign, but within this group great variations in cellular morphology, architectural pattern,
vascularity, and metaplastic changes have been described [1,3] MRI has been frequently used to
identify and characterize meningiomas Hypenntensity, isointensity and hypointensity on Tl and
T2 weighted images have all been reported and data on correlations between MR signal intensity
and histological features is still controversial [3-5] Also the presence of edema is highly variable
from one meningioma to another [2] With Gadolmium-DTPA (Gd-DTPA) infusion,
meningiomas usually show clear contrast enhancement, sharply demarcating the tumor from
normal brain tissue 15]
The first choice of treatment for meningiomas is surgical resection, occasionally in combination
with preoperative embolization [5] However, meningiomas often recur, even after macroscopic
total removal [6,7] Recently, there has been an increased interest in stereotactic radiosurgery and
radiotherapy for the treatment of meningiomas in which complete resection is impossible [8,9]
Although in general there is a good response to radiotherapy, sometimes higher doses of radiation
are needed to improve control rates [6] Radiation dose levels are limited however to avoid
radiation damage to the normal central nervous system [6,10]
The radiosensitivity ot tumors can be improved by increasing tumor oxygen levels [11] This may
be achieved by breathing high oxygen content gases, which have been shown to improve
oxygenation in several human tumors [12,13] For head and neck tumors, breathing a hyperoxic
hypercapnic gas mixture like carbogen in combination with nicotinamide administration resulted
in a significantly improved tumor response to accelerated radiotherapy (Accelerated Radiotherapy
with Carbogen and Nicotinamide, ARCON [14]) Preliminary results of breathing a hyperoxic
hypercapnic gas mixture to increase tumor blood oxygenation in meningiomas already seemed
promising [15] Hyperoxic hypercapnic conditions during radiotherapy might allow optimization
of radiation schemes
The effects of breathing hyperoxic hypercapnic gas mixtures on tumor oxygenation and blood
flow can be studied non-invasively by MRI [16] Changes in oxygenation can be measured by
blood oxygen level dependent (BOLD) MR imaging, using the paramagnetic deoxyhemoglobin as
an endogenous contrast agent [17] Deoxyhemoglobin shortens the MR time constant for the
transverse magnetization decay (apparent spin-spin relaxation time, T2*), which can be assessed
by gradient-echo MRI BOLD T2* measurements have been shown to correlate with tumor p02
levels and deoxyhemoglobin concentration in laboratory animal models [18,19] Tumor blood
flow may respond heterogeneously when challenged with a hyperoxic hypercapnic gas mixture
The vasodilatory effect of C02 may be dependent on the association of blood vessels with smooth
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muscle cells [18,20] In this respect, also the 'steal' effect is well-recognized blood flow may be
increased locally at the expense of an adjacent location, depending on the tumor vascular bed
(20] Changes m blood flow, vascular volume, and permeability, can be studied by dynamic GdDTPA contrast enhanced MRI This technique is widely used for the assessment of human tumors
both in detection, identification, and staging
The aim of this study was to investigate the effects of breathing a hyperoxic hypercapnic gas
mixture on the oxygenation of meningiomas using BOLD MRI In addition, dynamic Gd-DTPA
contrast enhanced MRI was used to assess changes in tumor vascular function under hyperoxic
hypercapnic conditions This MRI protocol may assist in the selection of appropriate meningioma
patients for radiation treatment using hyperoxygenation
Methods
Ten meningioma patients (1 males, 7 females) were included in the study The mean age was 54
years (table 1) Approval for the study was obtained from the local ethics committee and informed
consent was obtained from all patients MR imaging was performed on a 1 5 Τ Siemens Vision
whole body system (Siemens Medical Systems, Erlangen, Germany) using a CP-head coil All
patients were studied twice, without and with breathing a gas mixture consisting of 2% C02 and
98% 02 A face mask that prevented rebreathing was used for breathing of this gas mixture
Gadolimum-DTPA (Magnevisl ', Schering AG, Germany) was administered by intravenous bolus
injection (6 ml, 1 ml/s)
In the first session Gd-DTPA tissue uptake was monitored (FLASH, TR=50 ms, TE=4 4 ms, 7
mm slice) while the patient was breathing air In the second session gradient-echo images (2D
FLASH, TR=65 ms, 16 echoes, TE=6-51 ms, 5 mm slice) were recorded continuously for 8-10
minutes whilst breathing air, then breathing of the hyperoxic hypercapnic gas mixture was started
and images were recorded for another 5-8 minutes, followed by Gd-DTPA contrast enhanced
imaging as in the first session Altogether, patients had to breathe the hyperoxic hypercapnic gas
mixture for 12 minutes The time between the two sessions was one week
T2* values (ms) were calculated pixelwise from the gradient-echo imaging data and displayed as
a map The value of T2* of the tumor under normal and hyperoxic hypercapnic conditions was
obtained by averaging all pixels within the selected tumor region Also, the change in T2* during
hypercapnic hyperoxia was calculated for normal brain tissue on the contralateral side of the
brain As air leaks might occur in the experimental setup while supplying the hyperoxic
hypercapnic gas mixture, patients were checked for inhaling the gas mixture properly For this
purpose the T2* of venous blood was measured in the transverse sinus or the sagittal sinus If no
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statistically significant (Student's t-test, p<0.05) increase in the T2* of venous blood was
observed during breathing of the hyperoxic hypercapnic gas mixture the measurement was
considered a technical failure. Changes in T2* were expressed as DT2* (ms) = T2*(hyperoxic
hypercapnic gas mixture) - T2*(air).
The dynamic Gd-DTPA contrast image data was analyzed as described by Rijpkema et al [21].
Using a physiological pharmacokinetic model the rate of contrast medium uptake (kep (min-1))
was determined. In perfused tumor tissue this Gd-DTPA uptake rate reflects physiological
parameters such as vascular permeability, vascular surface area and tumor blood flow [22]. Maps
of kep were reconstructed from the value of kep for each pixel. The geometric mean of the GdDTPA uptake rates under normal and hyperoxic hypercapnic conditions was calculated after log
transformation of all pixel values in Gd-DTPA enhancing regions of the tumor. Changes in kep
were represented as Dkep = kep(hyperoxic hypercapnic gas mixture) - kep(air), expressed as %
with respect to kep(air). Statistically significant differences were shown using Student's t-test.
Pearson's correlation coefficient was used to assess significant correlations
Results
Ten patients successfully completed the entire MRI protocol. From the Iwelve initially selected patients,
two dropped out of the study because no significant increase in the value of T2* in the transverse sinus
was observed during breathing of the hyperoxic hypercapnic gas mixture and the measurement was
considered a technical failure. A transversal turbo inversion recovery (with magnitude reconstruction)
image of a patient with a meningioma located in the right hemisphere is shown in figure la. Dynamic GdDTPA uptake was monitored in a series of images at 2 second intervals for 90 seconds. The last image ot
this series is displayed in figure lb, showing signal enhancement in the tumor region This contrast
enhanced MRI data was used to reconstruct maps of the rate of contrast agent uptake, kep. as shown in
figure 1c for the same patient.
The average values of the Gd-DTPA uptake rate of the tumor during air breathing and breathing
the hyperoxic hypercapnic gas mixture were calculated from the corresponding kep maps. Large
variations were found in the values of kep between meningiomas, ranging from 0.24 to 3.1 I min1 (mean 1.21 min-1). Changes in the Gd-DTPA uptake rate as a result of breathing the hyperoxic
hypercapnic gas mixture were diverse. In three tumors an increase in kep was found, while in
seven tumors kep decreased. The average Dkep was 1% (range -57 to +89%).The T2* weighted
MR images were used to reconstruct maps of R2* (R2*=l/T2*), as is shown in figure Id. The
basal values of T2* however reflect not only tumor characteristics such as oxygenation and
vascular and tissue architecture, but also local homogeneity of the magnetic field, especially when
proximal to sinuses in the head. Therefore, only the change in T2* was evaluated. T2* maps
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obtained in the first minute after switching to breathing the hyperoxic hypercapnic gas mixture
were discarded to allow oxygen levels in blood to reach a new equilibrium. Under hyperoxic
hypercapnic conditions all patients showed a statistically significant increase of the value of T2*
in either the sagittal or the transverse sinus relative to air breathing. The average T2* of venous
blood was 27.6 ms (standard deviation 3.6 ms) and the average increase 18.7% (standard
deviation 8.5%). In six tumors also a significant increase in the average value of T2* in the tumor
was observed, suggesting an improved tumor blood oxygenation.

Figure 1: Transversal MR images of patient with a meningioma in the right hemisphere. R:
right, A: anterior, a. Turbo inversion recovery (with magnitude reconstruction) image clearly
showing the tumor, h. Tj weighted image recorded 90 seconds after Gd-DTPA contrast administration
during breathing a hyperoxic hypercapnic gas mixture consisting of 2% CO; and 98% O,. c. Map showing
the Gd uptake rate, as calculated from the dynamic Gd-DTPA enhanced data. d. The R:* map f/?_,*=//7\*j
calculated from the BOLD MRl data recorded during breathing of the hyperoxic hypercapnic gas mixture.

126

95
0 0
0

85

o

ο
A
•
•

0o

oò

ooo00oo°°°oO
75

tumour Α
contralateral brain
tumour Β
vein

•^65
«

55

CM

45
35
- • . • • .
_

15

, :

"

•

25
•

ι

•

- - - - - • . - •

ι

ι
6

ι
8

10

12

14

time (min.)
Figure 2: Graph showing the T2* changes in blood, tumor tissue, and contralatenil brain tissue during
Inpertapmc Inperoxw Breathmf· of the Inperowc hxpen apmc gas mixture nas started ajter 8.5 minutes
of air breathing In the sagittal sinus the \alue of T2* increased sigmficanth
in all patients during
breathing of the Inperoxic hxpercapnu gas mixture, indicating an improved blood owgenation. This is
slioun here in gra\ squares for patient A Contralateral bram tissue (triangles) shoned a slight T2*
im reuse of 2 ms in this patient. In the tumor (tumor A, open unies) an increase was observed in 72*.
Contranh,
the tumor of another patient (tumor B, black circles) showed a decrease m T2* under
Inperoxic Inpertapmc
conditions.

Contrarily, two tumors showed a significant T2* decrease and in two tumors no statistically
significant change in T2* was observed. The average DT2* over all tumors was 3.7 ms (range 1.9 to +11.3 ms). Normal brain tissue measured on the contralateral side of the brain showed a
small but significant T2* increase in all patients due to breathing the hyperoxic hypercapnic gas
mixture, with a mean increase of 2.3 ms (standard deviation 0.6 ms). In figure 2 the T2* changes
in venous blood and contralateral brain tissue during hypercapnic hyperoxia are shown for one
patient. The T2* versus time plots of a tumor region that showed a T2* increase and a tumor
region that showed a T2* decrease under hyperoxic hypercapnic conditions are also shown.
Interestingly, correlations were found between the change in T2* and the (change in) Gd-DTPA
uptake rate. The change in T2* was found to correlate negatively with kep, with a Pearson's
correlation coefficient of -0.88 (p=0.001, figure 3a). Thus, tumors with a high Gd-DTPA uptake
rate tend to show a negative T2* response to hypercapnic hyperoxia. The change in kep correlated
positively with the change T2* (Pearson's r=0.69, p=0.024, figure 3b). Consequently, a negative
correlation was found between kep and Dkep (Pearson's r=-0.79, p=0.007, data not shown),
indicating that in tumors with a high Gd-DTPA uptake rate the uptake is decreased during
127

hypercapnic hyperoxia compared to normal conditions No statistically significant correlations
were found with patient's age, histological subtype of the tumor, volume of the tumor, volume of
oedema, the basal value of T2*, or the T2* increase in contralateral normal brain tissue
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Figure 3: a Graph showing the correlation of the Gd DTPA uptake rate kep during air breathing with the
hypercapnic hyperoxia induced change in T2* in meningiomas The correlation was highly significant
(Pearson s r= 0 88 p=0 00I) b The change m kep due to breathing the h\peroxic hypercapnic gas
mixture showed a moderate correlation with the change m T2* m tumor tissue (Pearson s r=0 69
p=0 024)

Discussion
Tumor oxygenation is mainly influenced by the arterial oxygen supply to the tissue, which
depends on arterial oxygen content and tissue perfusion [23] Increasing the arterial p 0 2 by
breathing a hyperoxic hypercapnic gas mixture should therefore improve the 0 2 diffusion from
microvessels to the cells [24] However, tumor vasculature may exhibit structural and functional
abnormalities and blood flow through tumors is anything but uniform [20] Most tumors show an
increased tumor oxygenation in response to breathing hyperoxic hypercapnic gas mixtures (1-5%
C 0 2 , 99-95% 0 2 ) , but also decreased tumor oxygenation has been reported in various human
tumors [13,25] The impact of hypercapnic hyperoxia on blood flow may also be heterogeneous
In laboratory animal models vascular effects including vasodilation, vasoconstriction, steal
phenomena, and blood pressure changes have been observed [18,20,26-28]

The effects of

breathing a hyperoxic hypercapnic gas mixture on tumor blood oxygenation and blood flow have
been assessed by MRI in both laboratory animal models and humans Although most studies show
a clear increase in T2* under hyperoxic hypercapnic conditions, also non-significant changes
have been reported [16,18,28-30]

In meningiomas, blood flow and oxygenation may show large variations Using orthogonal
polarisation spectral imaging, meningiomas were characterized by chaotic and dilated vessels
with almost no erythrocyte movement [311 A striking architectural feature of meningiomas was
that sections in which vessels were tortuous and close together were adjacent to sections in which
no vessels were present [31] Using contrast enhanced MRI and CT, blood flow and blood volume
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were found to be highly variable [32,331 The same was found for the arterial blood supply and
degree of vasodilation, as assessed by angiographic techniques [5,34] Although meningiomas are
in general well vascularized, dynamic contrast enhanced MR1 showed variations in Gd-DTPA
uptake rates similar to the results of the present study [35,36] No correlation was found between
the degree of contrast enhancement and histopathological features, vascularity, or consistency of
meningiomas [3,4] Hemoglobin concentration showed high intermdividual variability in
meningiomas and saturation ranged from 10-40%, as measured by NIR reflection measurements
[371
One could expect that breathing a hyperoxic hypercapnic gas mixture results in an increase in
T2*, as observed in e.g head and neck tumors [16] Blood entering the tumor will be better
oxygenated, resulting in a decrease of the deoxyhemoglobin concentration under hyperoxic
hypercapnic conditions The Gd-DTPA uptake rate may either remain constant or increase under
these conditions, because of a potential C02 induced increase in blood volume and flow [23,38]
These effects on T2* and kep were observed in most of the meningiomas in this study (see figure
3b) All of these tumors however had a relatively low Gd-DTPA uptake rate (figure 3a).
suggesting no extremely high vascular permeability, blood volume, or flow As these
meningiomas showed a larger increase in T2* than normal brain tissue, the combination of
radiotherapy with hyperoxygenation may be a treatment option for these patients to improve
radiation response [15] However, in some patients also an opposite effect was observed
Meningiomas with a relatively high Gd-DTPA uptake rate showed a decrease in T2* (figure 3a),
suggesting a worsened tumor blood oxygenation In these tumors also a decrease in the Gd-DTPA
uptake rate was found under hyperoxic hypercapnic conditions This may be explained by a steal
effect as a result of the C02 induced vasodilation in the surrounding normal tissue |20,23|, which
may cause reduction of tumor blood flow and a further desaturation of the blood [28,39] Also,
tumor blood volume may decrease as a result of vascular collapse [28] Because many tumor
blood vessels have weak walls [20,40], they may collapse if blood pressure is reduced Especially
those meningiomas with a high interstitial pressure due to highly permeable vessels (resulting in a
high Gd-DTPA uptake rate) may show this phenomenon Assuming that no substantial changes in
oxygen consumption occur under hyperoxic hypercapnic conditions, a decrease in both blood
flow and blood volume may result in a decrease of tumor blood oxygenation [23,28]
Conclusion
The overall effect of breathing a hyperoxic hypercapnic gas mixture on meningiomas will be a
balance between oxygenation and vascular effects In some tumors the improved oxygenation of
blood entering the tumor may be the dominant effect, while in others reduced tumor blood
volume and flow may counteract this result All these effects may contribute to the response of
tumors to hypercapnic hyperoxia In 6 out of 10 meningioma patients, hypercapnic hyperoxia was
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shown to induce an improved tumor blood oxygenation exceeding the effect on normal brain
tissue, a prerequisite to consider radiotherapy combined with hyperoxygenation The presence of
both vascular effects and oxygenation effects and the heterogeneous response to hypercapnic
hyperoxia necessitates individual assessment of the effects of breathing a hyperoxic hypercapnic
gas mixture on meningiomas Thus, BOLD MRI and dynamic contrast enhanced MRI may guide
treatment selection for patients with meningiomas
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In the introduction the characteristics of glial tumors and meningiomas are presented Also, the
potential to modify hypoxia and angiogenesis, important characteristics for treatment outcome,
are described Finally, the use of imaging tools, such as MRS and BOLD-MRI, are discussed
In chapter 2 the development of hypoxia is studied in a human glioma xenograft model The
presence of hypoxia in a tumor has been recognized as an important cause of treatment resistance
Also, angiogenic factors are up regulated under hypoxic stress, thereby stimulating the creation of
a new vascular supply, which is necessary for further tumor growth In this tumor model
angiogenesis and tumor growth preceded the development of hypoxia It suggests that at early
growth stages the vascular expansion is sufficient for the increasing nutrient and oxygen demand
of the growing tumor It also indicates that hypoxia is not a critical factor for neoangiogenesis in
the earliest phases of tumor growth At increasing tumor size, a more chaotic vascular architecture
results in an increase in hypoxia and necrosis
In chapter 3 and 4 the relationship between transplantation site, microenvironment and tumor
growth is studied Tumors were transplanted subcutaneous, intramuscular or intracerebral As
expected, microenvironmental characteristics of glioblastoma xenografts were both dependent on
tumor line and on implantation site Therefor, when selecting a tumor model for the design ot
therapy response studies, site-specific microenvironmental characteristics should be taken into
account, because they can potentially play a critical role in the response to treatment We also
showed that only a limited number of the xenograft models studied, had the ability to infiltrate in
the normal brain after orthotopic transplantation Since infiltration in surrounding normal brain
tissue is considered to be an important determinant of poor outcome after treatment, this can have
important consequences for the choice of the tumor model used in these therapy related studies
Despite the dose limitations for irradiation of the brain, radiotherapy (RT) is still one of the main
treatment options for glioblastomas after surgery We therefore performed experiments to see if
the efficacy of radiotherapy could be improved
In chapter 5, we tested the combination ot radiotherapy and anti-angiogemc therapy Growth
delay induced by the tyrosine kinase inhibitor Sugen 5416 (SU5416) alone was compared with
irradiation or SU5416 combined with radiotherapy, in a human glioblastoma multiforme (GBM)
tumor line xenografted in nude mice A single doses of 10 Gy or 20 Gy photons was used in these
experiments The results showed that anti-angiogemc treatment with SU54I6 when combined
with irradiation had an additive etlecl over treatment with irradiation or anti-angiogemc treatment
alone Both in the 10 Gy treatment group and the 20 Gy treatment groups the additive effect was
statistically significant At both radiation dose levels there was a significant growth delay as well
as one complete remission (CR) Besides the significant increase in growth delay, vascular
changes were observed in regrowing tumors after combined treatment In recurring tumors that
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reached a CR, permanent vascular changes were present m the regrowing tumors, leading to
extensive tumor hypoxia and necrosis, resulting in slower tumor regrowth kinetics These
microenvironmental characteristics were not present in the other treatment groups Since antiangiogemc agents are tolerated well by patients, combining radiotherapy with anti-angiogenic
therapy like SU5416 could optimize future therapy
In chapter 6 an experiment in which RT is combined with carbogen breathing is described
Carbogen was used to decrease tumor hypoxia to sensitize tumors to radiotherapy In earlier
studies we already demonstrated that the oxygenation status of GBM xenografted in nude mice
improves during carbogen breathing No significant changes in growth delay between the
irradiation only and the irradiation plus carbogen treatment groups were found This suggests that
in this GBM xenograft tumor model a high intrinsic radiation resistance may play a more
important role then the oxygenation status of the tumor However, we did find a heterogeneous
response to combined radiation and carbogen treatment within this xenograft tumor model A
small subgroup with good response to combined radiation and carbogen treatment was found
Microscopic analysis of these tumors revealed a changed microenvironment, showing little
hypoxia and mainly necrosis, of the regrowing tumors relative to the untreated tumors This
observation suggests that there could be a subgroup of tumors, which potentially benefits from the
combined carbogen and radiation treatment However, the heterogeneous response to treatment
illustrates the need for new experiments with pre-treatment assessment of the tumors
With imaging techniques such as Magnetic Resonance Imaging it is not possible to fully
discriminate between astrocytomas and oligodendrogliomas It is however of clinical importance
to differentiate between low grade astrocytomas and low grade oligodendrogliomas, as well as to
monitor possible progression of a low grade oligodendroglioma into a high grade
oligodendroglioma In chapter 7 we describe the results of a study in which astrocytomas and
oligodendrogliomas were examined using Magnetic Resonance Spectroscopy (MRS) In high
grade oligodendrogliomas a larger resonance of lactate and lipids was observed then in low grade
oligodendrogliomas Thus, MRS may assist in monitoring malignant progression of
oligodendrogliomas When low grade oligodendrogliomas were compared to low grade
astrocytomas, the level of glutamine plus glutamate was significantly higher in low grade
oligodendrogliomas and therefore may serve as a metabolic marker to separate these two tumor
types
In chapter 8, the effect of breathing a hypercapnic hyperoxic gas mixture (98% 02, 2% C02,
further referred to as carbogen breathing) on the oxygenation of meningiomas is assessed in
patients by BOLD MR imaging Dynamic contrast enhanced MRI was used to quantify functional
changes of the tumor vasculature In this study, a significant increase in tumor blood oxygenation
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was observed during carbogen breathing in all patients, in all cases exceeding the increase of
normal brain tissue. It was concluded that the oxygenation status of meningiomas could be
improved by breathing carbogen. Therefore, radiotherapy could potentially be optimized for
patients with meningiomas if irradiation was combined with breathing carbogen. Finally, in
chapter 9 we describe the effect of carbogen breathing on both oxygenation and tumor blood
flow. Ten patients with meningiomas were studied. The overall effect of carbogen breathing on
meningiomas was a balance between improved oxygenation and reduced tumor blood flow. In
some tumors the improved oxygenation status of blood entering the tumor was the dominant
effect, while in the remaining tumors reduced tumor blood volume and flow counteracted this
result. It was concluded that BOLD MRI and dynamic contrast enhanced MRI may guide
treatment selection for patients with meningiomas who could potentially benefit from combining
RT with carbogen breathing.
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Samenvatting
In dit proefschrift worden de eigenschappen van gliale tumoren en memngiomen besproken
Daarnaast worden mogelijkheden beschreven om hypoxic en angiogenese te beïnvloeden
Hypoxie, gebrek aan zuurstof, en angiogenese, vaatmeuwvormmg, zijn eigenschappen van
hersentumoren die in belangrijke mate het effect van behandeling bepalen Tevens wordt een
korte inleiding gegeven over het gebruik van beeldvormende technieken (Blood Oxygenation
Level Dependent (BOLDMRI) en MR spectroscopie (Magnetische Resonantie Spectroscopie)
In hoofdstuk 2 wordt de ontwikkeling van hypoxie in humane gliomen, getransplanteerd in
athymische muizen, bestudeerd Door de aanwezigheid van tumorcelhypoxie reageren tumoren
vaak slecht op behandeling Daarnaast stimuleert hypoxic de aanmaak van factoren die
angiogenese bevorderen Hierdoor ontstaat een nieuw vaatbed Deze bloedvoorzienmg zorgt er
voor dat de tumor verder kan groeien In dit experiment ging angiogenese echter vooraf aan het
ontstaan van hypoxic Dit suggereert dat in een vroeg stadium van tumorgroei de
bloedvoorzienmg nog toereikend was om in de groeiende behoefte aan voedingsstoffen en
zuurstof te voorzien Als de tumoren groter worden wordt het vaatbed chaotischer en ontstaat wel
hypoxic gevolgd door necrose
In hoofdstuk 3 en 4 wordt een beschrijving gegeven van het effect van de plaats waarop een
tumor geïmplanteerd wordt op zowel het micromilieu van de tumor, als de tumorgroei Humane
glioblastomen werden subcutaan, intramusculair en intracerebraal getransplanteerd Zoals
verwacht was zowel de tumorlijn, als de plaats van implantatie van invloed op het micromilieu
van de tumor Bij implantatie in het brein lieten enkele van de tumorlijnen infiltratie in het
omliggende hersenweefsel zien, maar andere met Aangezien infiltratie van tumorcellen in het
omliggende hersenweefsel beschouwd wordt als een van de belangrijkste oorzaken van de slechte
reactie op behandeling, kan de constatering dat niet alle tumorlijnen na xenotransplantatie over de
capaciteit beschikken om te infiltreren in het omliggende hersenweefsel consequenties hebben
voor de modelkeuze bij studies gericht op het evalueren van nieuwe therapien In hoofdstuk 4
wordt ook het effect van een angiogeneseremmer vandetanib (ZD6474, ZACTIMA™), op
intracerebraal geïmplanteerde humane gliomen beschreven Hierbij werd wel een effect op de
tumorbuik gezien alsook afgenomen vaatdichtheid en toegenomen hypoxic, maar geen effect op
de infiltrerende tumorcellen Er werd dan ook geen verlenging van de overleving gezien
Ondanks de beperkingen aan de bestralmgsdosis, die toegediend kan worden aan het brem, is
radiotherapie na chirurgie nog steeds een van de belangrijkste behandelingsmogelijkheden voor
patiënten met een glioblastoma multiforme In hoofdstukken 5 en 6 worden experimenten
beschreven gericht op de verbetering van de effectiviteit van radiotherapie
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In hoofdstuk 5 is de combinatie van radiotherapie en angiogeneseremming toegepast Er werd
gekeken naar de groeivertraging die optrad nadat humane glioblastomen, geïmplanteerd in
athymische muizen, bestraald waren, ofwel behandeld waren met een tyrosine kinase remmer
Sugen 5416 (SU5416) of behandeld waren met een combinatie van bestraling en SU5416 Dit
werd vergeleken met onbehandelde tumoren De bestraling bestond uit 10 of 20 Gy fotonen met
behulp van een lineaire versneller Uit de resultaten van deze studie bleek dat de combinatie van
bestraling met een angiogeneseremmer effectiever was, dwz meer groeiuitstel gaf, dan wanneer
er alleen bestraling of alleen een angiogeneseremmer werd toegepast Een significant effect werd
gevonden voor beide stralingsdosermgen (10 en 20 Gy) Naast de vertraagde tumorgroei, zagen
we in de groepen die combinatietherapie kregen zelfs een complete remissie (CR) Na
behandeling werden de teruggegroeide tumoren geanalyseerd Hierbij werden varanderingen in de
vasculansatie gezien bij de tumoren uit de groepen die de gecombineerde behandeling hadden
ontvangen en aanvankelijk een CR hadden laten zien Deze tumoren heten een vertraagde groei
na behandeling zien en bleken veel hypoxic en necrose te bevatten Aangezien angiogenese
remmende middelen goed verdragen worden door patiënten, kan in de toekomst de combinatie
van radiotherapie en een angiogeneseremmer, zoals SU5416, de behandeling van glioblastoma
multiforme mogelijk verbeteren
In hoofdstuk 6 wordt een experiment beschreven waarbij RT wordt gecombineerd met carbogeen
(95% 02 + 5% C02) beademing Carbogeen werd gebruikt om de tumorcelhypoxie te
verminderen en zo de tumoren gevoeliger te maken voor bestraling Eerder hadden we al
aangetoont dat het ademen van carbogeen inderdaad een vermindering van hypoxic tot gevolg had
in humane glioblastomen geïmplanteerd in naakte muizen Als bestralingsdosis werd weer 10 en
20 Gy gegeven, al dan niet gecombineerd met carbogeen beademing Er werden geen significante
verschillen gezien in groeivertraging na behandeling met RT, carbogeen of een combinatie van
RT met carbogeen beademing De resultaten suggereren dat hoge intrinsieke radioresistentie in dit
tumormodel waarschijnlijk een belangrijker rol speelde dan de mate van oxygenatie van de tumor
Echter, de reactie op de combinatietherapie, RT en carbogeen beademing, was heterogeen Een
kleine subgroep van tumoren toonde juist een goede reactie op de combinatie van RT en
carbogeenbeademing BIJ microscopische analyse van deze tumoren bleek dat het micromilieu
veranderd was ten opzichte van onbehandelde tumoren, ze bevatten veel meer necrose en
nauwelijks hypoxic Het is dus mogelijk dat een deel van de tumoren juist wel baat heeft bij de
combinatie van RT en carbogeen beademing Toekomstig onderzoek zal erop gericht zijn om
tumoren voor de behandeling te analyseren waardoor mogelijk in de toekomst die tumoren
geïdentificeerd kunnen worden die gevoelig zijn voor deze combinatietherapie (zie ook hoofdstuk
9)
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Met beeldvormende technieken zoals Magnetische Resonantie Imaging (MRI), kan met altijd
onderscheid gemaakt worden tussen astrocytomen en Oligodendrogliomen Voor de klinische
praktijk is het echter wel van belang om met name onderscheid te maken tussen laaggradige
astrocytomen en Oligodendrogliomen Ook is het van klinisch belang om progressie van
laaggradige Oligodendrogliomen naar een hogere maligmteitsgraad te onderkennen In hoofdstuk
7 beschrijven we de resultaten van een studie waarin astrocytomen en Oligodendrogliomen
onderzocht worden met behulp van MRS In hooggradige Oligodendrogliomen werd een hogere
concentratie aan lipiden en lactaat gemeten Deze stoffen kunnen dus als marker gebruikt worden
voor tumor progressie naar een hogere maligmteitsgraad Bij de vergelijking tussen laaggradige
Oligodendrogliomen en laaggradige astrocytomen bleek de concentratie glutamine en glutamaat
significant hoger in Oligodendrogliomen Deze stoffen kunnen dus als marker gebruikt worden om
onderscheid te maken tussen deze twee tumortypes
In hoofdstuk 8 wordt het effect beschreven van het ademen van carbogeen op de oxygenatie van
meningiomen Deze studie is verricht bij patiënten met een meningeoom waarbij gebruik gemaakt
is van BOLD-MRI Met behulp van MRI en dynamische contrast metingen werden veranderingen
in de tumorvasculansatie bestudeerd In deze studie werd in alle patiënten een significante
toename gezien van de oxygenatie van het bloed in de tumor tijdens het ademen van carbogeen
Hieruit werd geconcludeerd dat de oxygenatiestatus van meningeomen verbeterd kon worden
door het ademen van carbogeen Het effect van radiotherapie kan dus mogelijk geoptimaliseerd
worden door bestraling te combineren met carbogeenbeademing Als laatste wordt in hoofdstuk 9
het effect van carbogeenbeademing op zowel de tumor oxygenatie als op de bloeddoorstroming
beschreven Tien patiënten met een meningeoom werden onderzocht Het uiteindelijke effect
werd bepaald door de balans tussen verbeterde oxygenatie en afgenomen doorbloeding In
sommige tumoren overheerste het positieve effect van de verbeterde oxygenatie, terwijl bij de rest
van de tumoren het afgenomen bloedvolume en de verminderde bloeddoorstroming het gunstige
effect van de verbeterde oxygenatie teniet deed Geconcludeerd werd dat BOLD MRI een goede
manier is om patiënten te selecteren die mogelijkerwijs kunnen profiteren van de
combinatiebehandeling RT en carbogeenbeademing
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