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inTRoDucTion
Glioblastoma (GB) is the most aggressive and most 
common malignant primary brain tumour in adults and 
has a high mortality and morbidity.1 For newly diagnosed 
patients with a good performance status, the standard 
of care includes surgery followed by combined external 
beam radiation therapy (RT) and temozolomide (TMZ), 
followed by maintenance TMZ. The goal of surgery is to 
provide maximal tumour resection, with preservation or 
restoration of neurologic function. Studies have shown 
that gross total resection enhances overall survival in GB. 
When maximal surgical resection is not possible, subtotal 
resection still provides additional survival benefit. 
Chemoradiotherapy has been established as the standard 
treatment administered post-operatively. The dose deliv-
ered during radiotherapy is 60 Gy in fractions of 2 Gy. 
Studies reported a significant improvement of overall and 
progression-free survival when RT is combined with early 
addition of TMZ compared to RT alone.2 Despite this 
aggressive initial treatment, most patients develop recur-
rent disease, which can be treated with resection, systemic 
treatment with targeted agents or cytotoxic chemo-
therapy, reirradiation, or radiosurgery. Furthermore, 
research into novel therapies is investigating alternative 
TMZ regimens, convection-enhanced delivery, immu-
notherapy, gene therapy, antiangiogenic agents with and 
without cytotoxic chemotherapy and targeting of tumour 

growth-promoting pathways or cancer stem cell signal-
ling pathways.2 However, even with an optimal treatment 
protocol, the median survival is only 12–14 months.1 This 
is because GB is characterised by a high local recurrence 
rate after the completion of RT. Three-dimensional (3D) 
conformal RT of GB is currently based on CT and MRI. 
Pathological changes on CT and MRI are characterised 
by increased water content (oedema) and leakage of the 
blood–brain barrier or contrast enhancement. However, 
both contrast-enhancement and hyperintense areas on T2 
weighted MR images are not always an accurate measure 
of tumour extent. Tumour cells have been detected far 
beyond the margins of contrast-enhancement.3 Further-
more, in patients treated with surgery or irradiation, 
contrast-enhancement or increased signal intensity on 
T2 weighted MR images cannot discriminate between 
residual tumour and post- interventional changes, such 
as radiation necrosis.4 As radiation treatment is a deli-
cate balance between tumour control and normal tissue 
toxicity, further treatment plan optimization can only be 
reached when we obtain greater knowledge of the target 
and a better understanding of normal tissue compli-
cations. Consequently, a major requirement to achieve 
better local tumour control, without increasing side-ef-
fects of RT to the adjacent normal brain, is an accurate 
tumour mass delineation.5,6 As mentioned by Hoffmann 
et al7 in current treatment plans the compromise between 
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Glioblastoma is the most aggressive and most common malignant primary brain tumour in adults and has a high 
mortality and morbidity. Because local tumour control in glioblastoma patients is still elusive in the majority of patients, 
there is an urgent need for alternative treatment strategies. However, to implement changes to the existing clinical 
standard of care, research must be conducted to develop alternative treatment strategies. A novel approach in radio-
therapy is the introduction of pre-clinical precision image-guided radiation research platforms. The aim of this review is 
to give a brief overview of the efforts that have been made in the field of radiation research using animal models of glio-
blastoma. Because MRI has become the reference imaging technique for treatment planning and assessment of thera-
peutic responses in glioblastoma patients, we will focus in this review on small animal radiotherapy combined with MRI.
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the dose delivered to tumour and normal tissue is ‘frozen’, 
based on what is considered as the best trade-off for a specific 
patient population. However, additional information from 
functional imaging techniques, such as MR spectroscopy8 or 
nuclear imaging techniques,9,10 may have an added value for 
RT target volume definition because these techniques enable 
to visualise biologic pathways in vivo and may facilitate custo-
misation of dose prescription. Because local tumour control 
in GB patients is still elusive in the majority of patients, there 
is an urgent need for alternative treatment strategies, such as 
the selection of an individualised dose prescription. However, 
to implement changes to the existing clinical standard of care, 
research must be conducted to develop alternative treatment 
strategies. Therefore, a novel approach in radiotherapy is the 
introduction of preclinical precision image-guided radiation 
research platforms. The aim of this review is to give a brief 
overview of the efforts that have been made in the field of radi-
ation research using animal models of GB. Because MRI has 
become the reference imaging technique for treatment plan-
ning and assessment of therapeutic responses in GB patients, 
we will focus in this review on small animal radiotherapy 
combined with MRI.

Preclinical MR-guided radiation research
Treatment planning on pre-clinical radiation research platforms 
is mostly based on CT,11,12 which is equivalent to human plan-
ning systems. Generally, an on-board CT system is used on these 
research platforms to combine accurate animal positioning 
and to provide electron density information necessary for indi-
vidual radiation dose calculations. However, the CTs installed 
on these research platforms are mostly based on the cone-beam 
geometry, instead of conventional spiral CT used in human 
systems. Cone-beam CT might be hampered by low soft-tissue 
contrast when no antiscatter grids are used as a result of the large 
amount of scatter due to a high scatter-to-primary ratio on these 
systems.13 Although, many investigators have shown that cone-
beam CT can be extremely useful for guiding focal irradiation,14 
it remains challenging to localise soft tissue targets on cone-
beam CT images. To localise soft tissue targets more efficiently, 
CT can be combined with other imaging modalities, where the 
alternative imaging technology is often used for target selection 
and CT is used for dose calculations and accurate beam posi-
tioning. Currently, a large number of pre-clinical non-invasive in 
vivo imaging techniques are available that have the potential to 
provide more detailed information compared to CT. A detailed 
description to facilitate the optimal use of preclinical radiation 
research platforms and various small animal imaging techniques 
can be found in.15 This report discusses the combination of 
pre-clinical radiation research platforms, small animal imaging 
(CT, MRI, PET, SPECT, bioluminescence) systems, image regis-
tration, treatment planning, and data processing.

In this review we will focus on MRI. MRI provides vastly supe-
rior soft-tissue contrast, which makes it much easier to visu-
alise lesion boundaries that might result in a better delineation 
of the target volume, helping to better irradiate the lesion and 
avoid surrounding tissue. An additional advantage is that MRI 
uses non-ionizing radio waves, unlike CT that is using ionizing 

radiation. The major disadvantages of MRI are the relatively 
long acquisition times, the high cost of an MR scanner and 
high operational costs. Moreover, integrating an MR-device 
into a pre-clinical radiation research platform is far from trivial, 
notwithstanding, clinical systems are currently under construc-
tion.16–18 Because MR scans cannot be used for dose planning, 
as they do not provide the required electron density informa-
tion, combining MR with CT data for radiation therapy plan-
ning is rapidly expanding in the clinic19 and is the standard of 
care therapy in GB patients. This combined CT/MR data set 
contains both the information required for targeting (MR-based 
target volumes) and for dose calculations (CT-based electron 
density). However, as recommended by Verhaegen et al15 to fully 
exploit the high precision of small animal image-guided radio-
therapy the positioning error of the target has to be minimised 
and, consequently, correct registration between MR and CT is 
necessary to obtain accurate treatment planning. Image registra-
tion can be done manually or (semi-)automatic. Ideally, image 
registration should be done (semi-)automatic using, e.g. mutu-
al-information-based image registration algorithms to minimise 
intra- and interobserver variability. In the case of brain tumours, 
rigid-body transformations might be sufficient for co-registra-
tion because the anatomy of the head remains relatively immo-
bile. Despite that, MR images might be hampered by geometric 
distortions, mainly as a result of magnetic field inhomogeneities, 
and non-rigid transformations may be required to correct for 
possible deformations in the brain contours.20 For accurate CT/
MR registration it is recommended to use an immobilization 
device to minimise animal motion, to perform co-localization 
procedures as quickly as possible using anaesthetised animals, 
to provide sufficient common features by using some additional 
fiducial markers, such as capillary tubes, and to use an efficient 
co-registration algorithm.15 When applying non-rigid transfor-
mations, it is further suggested to check that the applied correc-
tions are realistic.

Animal models of glioblastoma
Animal models of GB can be subdivided into chemical-in-
duced models, xenograft/allograft models and genetically engi-
neered models (Figure 1). Chemical-induced disease model use 
various pharmacologically active and/or toxic compounds. For 
example, the F98 GB cell line was initially chemically induced 
by administering ethylnitrosourea to pregnant rats. The progeny 
of which developed brain tumours as a result of damaging DNA 
and inducing point mutations. These tumours were subsequently 
propagated in vitro and cloned.21 For many years, mouse/rat 
and human cell lines have been used in allograft and xeno-
graft models. Propagation and testing of GB in such animals 
is commonly accomplished in the subcutaneous flank location 
(heterotopic), however, recent years have seen increased use of 
orthotopic (intracranial) xenograft models.22 Different from the 
heterotopic transplantation, the direct orthotopic transplan-
tation provides a proper microenvironment and preserves the 
integrity of tumour-initiating cells. Xenograft/allograft model 
are easy to use, relatively inexpensive and reproducible. However, 
the main drawback of these models is that the genetics and 
histology of the tumours are frequently not representative of the 
respective human tumour.23 Genetically engineered models are 
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histologically and genetically more accurate models of human 
cancer, which involves the accumulation of genetic and epigen-
etic alterations that result in the loss of tumour suppressor gene 
function or the activation of oncogenic pathways.22,24

Until recently, murine models were used less frequently than rat 
models because the larger size of rat brain permits more precise 
stereotactic implantation, better in vivo imaging by a variety of 
imaging modalities and better in vivo localisation. By contrast, 
rat brain tumour models cannot be as easily genetically engi-
neered as mouse models and rats are more expensive to purchase 
and maintain than mice21 (Figure 1).

MR-guided RT in animal models of glioblastoma
Pre-clinically, only a few studies have been published that are 
using MR-guided treatment planning. In Figure 2, a flow chart is 
shown that illustrates the procedure that is applied when MRI is 
used to guide treatment planning.

Generally, a restraint system is used to minimise animal motion 
between MRI, CT and animal irradiation. This restraining device 
will also simplify image registration of MR and CT data. During 
treatment planning MRI is used to localise and determine the 
size of the tumour. CT information will be used to perform dose 
calculations and to provide anatomical landmarks to support the 
registration process.

In 2012, Baumann et al25 established an image-guided radiation 
delivery system based on CT, MR and bioluminescent imaging in 
a mouse model of GB. Human-derived U251 tumour cells were 
transduced with a lentiviral construct containing the firefly lucif-
erase gene and the tumour cells were implanted intracranially. T2 
weighted MR images were acquired to determine location and 
size of the brain tumour, to specify isocentre depth and colli-
mator size during treatment planning, respectively. Immediately 
before irradiation, bioluminescent imaging was used to deter-
mine the location of maximum bioluminescent signal intensity 
on the animal’s scalp, where a fiducial marker was attached. This 
fiducial marker could be visualised on the planning CT and a 
treatment plan was generated by combining the position of this 
fiducial marker with the depth of the isocentre and the collimator 
size, determined using MRI. The mouse’s brain tumour was irra-
diated with one unidirectional superior-to-inferior beam. The 
authors confirmed that the point of maximal bioluminescent 
signal intensity corresponded to the centre of the tumour on MR 
images within ± 0.5 mm, while radiation delivery was confirmed 
by γH2AX staining. The authors concluded that multimodality 
imaging facilitated delivery of precise and reproducible cranial 
RT in mice that may aid future brain tumour research.

In 2014, Zhang et al26 evaluated a hybrid image-guid-
ance protocol, which combines on-board two-dimensional 
(2D) X-ray radiography with MRI, for targeted delivery of 

Figure 1. Simplified overview of animal models of glioblastoma

Figure 2. MR/CT-based workflow for small animal radiation treatment.
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microbeam radiation therapy (MRT) in an orthotopic mouse 
model using U87MG human glioma tumour cells. MRT is an 
innovative irradiation modality, based on spatial fractionation 
of a high-dose X-ray beam into lattices of microbeams. U87MG 
human glioma tumour cells were injected intracranially into 
the right forebrain of nude mice with stereotactic guidance. 
One day before treatment, T2 weighted MRI were acquired 
to delineate the tumour volumes. 2D sagittal MR projection 
images were generated and used for registration to sagittal X-
ray projection images acquired using the on-board 2D X-ray 
system. A customised head-immobilizing device was fabricated 
by 3D printing in order to achieve accurate image registration 
using a rigid-body method. The number of microbeams, beam 
pitch, and the beam delivery locations on the tumour site, 
were decided based on the registered image and tumour size. 
Targeting accuracy was evaluated by γH2AX immunofluores-
cence staining. Results indicated that γH2AX foci-positive cells 
were clearly visible in the stained sections and corresponded 
to the microbeam path and spatial arrangements through the 
tumour and normal tissues. The authors concluded that accu-
rate delivery of microbeams to the targeted tumour site is neces-
sary and can be accomplished using a combined MR/X-ray 
image guidance procedure.

Bolcaen et al27,28 successfully used a combined 3D CT/MR 
dataset for the 3D conformal irradiation of brain tumours in 
an orthotopic F98 GB rat model using a small animal radiation 
research platform. Contrast-enhanced T1 weighted MR images 
were acquired to delineate the target volume during radiotherapy 
planning and to monitor treatment response. Rigid-body trans-
formations in combination with an in-house developed multi-
modality bed were used for image registration between MR and 
planning CT. To further mimic the treatment of GB in patients, 
rats were treated with RT and concomitant chemotherapy using 
TMZ. Using three non-coplanar arcs the prescribed dose could 
be delivered to 90% of the target volume, while minimizing the 
dose to normal brain tissue. Evaluation of tumour growth using 
contrast-enhanced T1 weighted MR images showed that tumour 
volumes were stable up to 15 days post-irradiation. In contrast, 
exponential tumour growth was observed in a control group that 
received no treatment. The authors concluded that this combined 
CT/MR-based workflow was a major step forward in bridging 
the gap between preclinical and clinical radiotherapy planning, 
which opens the door to validate alternative treatment strategies.

In 2016, Hartmann et al29 defined a protocol to irradiate orthot-
opic brain tumours in mice using a clinical linear accelerator. 
A clinical linear accelerator was used in order to achieve a 
patient-realistic situation. An in-house developed positioning 
applicator was used to anaesthetise and consistently position 
the mice during CT and irradiations. T1 weighted MR images 
were acquired without this applicator. Planning CT and the MR 
images were manually fused to define the tumour volume using 
a common clinical treatment planning system (TPS). In this 
study, organs at risk (OARs) such as the eyes, nose and mouth 
were also delineated. Based on γH2AX immunohistochemically 
slices, a tumour conformal dose could be delivered. The authors 
concluded that the feasibility of precise irradiations of preclin-
ical mouse models at nearly all centres using stereotactic clin-
ical linear accelerators is a big advantage of their methodology. 
However, they also indicated possible shortcomings such as the 
achievable beam penumbras, which might limit the applicability 
for some research questions.

Finally, Gutierrez et al30 investigated the feasibility of a MR-only 
based workflow for radiotherapy planning of the rat brain, that 
enables both accurate target delineation and accurate dose calcu-
lations using only MRI- based volumes. The image registration 
process between planning CT and MR images would become 
redundant using such an MR-only based workflow. Multiple 
MR sequences were used to generate synthetic CT images that 
could be used for dose calculations (Figure  3), because using 
only one MR sequence was not sufficient to separate all major 
tissue types (air, soft tissue, bone) in the rat head. The synthetic 
CT images were sufficiently similar to the segmented CT images 
that are routinely used for radiotherapy planning on preclinical 
radiation research platforms. No significant differences were 
observed between CT and MR based dose calculations when 
more complex beam configurations (multiple beams) were used 
in the dose plan. The authors concluded that further research is 
required in the thoracic or abdominal region of small animals, 
where more tissue classes will be required to allow for accurate 
dose calculations compared to the rat head. Moreover, total MRI 
scan time might become an issue because of animal anaesthesia 
and throughput, and the proposed MR-only based workflow still 
requires the on- board CT of the microirradiation for accurate 
animal positioning. For the latter, a solution should be found to 
ensure a common coordinate system between MR image space 
and microirradiator space, which is a non-trivial issue without 

Figure 3. Using fuzzy c-means clustering a segmented CT image was generated using four different MR sequences: T1W, and T2W, 
UTE and ZTE. This segmented CT images can be used for dose calculations. T1W, T1 weighted; T2W, T2 weighted; UTE, ultra-short 
echo time; ZTE, zero echo time.
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the on-board CT information. A possible solution is the use of 
digitally reconstructed radiographs, extracted from the acquired 
MR images, which may provide sufficient information for the 
purpose of image guidance.

MRI in animal models of glioblastoma to evaluate 
treatment response
MR imaging can be used not only to guide RT, but also to 
monitor treatment response as already mentioned in previous 
paragraph.28 In the clinic, MR has successfully demonstrated 
that it can provide non-invasive mapping of a wide range of brain 
tumour characteristics (morphological and physiological) and 
MR has become the reference imaging technique for the assess-
ment of therapeutic responses.31

Pre-clinical, these more advanced MR techniques were used 
by the MR research group at John Hopkins University for the 
assessment of response to RT in a rat model of GB.32–34 Hong 
et al34 performed longitudinal quantitative multiparametric 
MRI, in addition to standard T2 weighted MR. The quantita-
tive MR sequences included T1 relaxometry, T2 relaxometry, 
diffusion-weighted imaging (DWI), arterial spin labelling and 
chemical exchange-dependent saturation transfer (CEST) tech-
niques. The primary metric derived from DWI was the apparent 
diffusion coefficient (ADC), which reflects the barriers and 
restrictions imposed by cell walls and subcellular structures on 
the incoherent displacement motion of water. In tumours, ADC 
is negatively correlated with proliferation and cellularity. Amide 
proton transfer (APT) was used as a specific CEST techniques 
that exploits the exchange between water protons and amide 
protons in the backbone of endogenous proteins and peptides 
in tissue. Tumour volume manually delineated on T2 weighted 
images showed that all irradiated tumours were still growing in 
size 1–3 days post-irradiation. Then, these tumours remained 
at a size that was almost the same as the tumour size at Day 
3 post-irradiation, while in a non-irradiated group all tumours 
grew rapidly. Multiparametric MR images revealed hyper-
intense T1 and T2 maps in the tumour region with negligible 
changes after RT. However, ADC values significantly increased 
post-irradiation, while blood flow maps (as measured by arterial 
spin labelling) and APT significantly decreased after radiation 
treatment. These results suggest that ADC, blood flow and APT 
signals are useful non-invasive biomarkers to predict glioma 
response to RT, while structural MRI are not sufficiently tissue 
specific to accurately measure treatment response. To further 
increase the accuracy of tumour localization and delineation, a 
semiautomatic segmentation method was evaluated to provide 
more reliable MR biomarkers.32 Comparison between manual 
and semiautomatic analysis revealed lower intra- and interob-
server variability using the semiautomatic methods, improving 
the accuracy of multiparametric MR. This research group also 
compared their multiparametric MR approach to contrast-en-
hanced ultrasound imaging (CEUS) and observed that several 
CEUS-based metrics correlated well with MR-based metrics.33 
They summarised that CEUS might be a low-cost and portable 
alternative to multiparametric MR for the assessment of treat-
ment response.

The Grenoble MRI facility also determined the ability of longi-
tudinal multiparametric MRI to distinguish the early effects of 
treatments during a combined chemoradiotherapy regimen in 
a GB rat model.35 The combined treatment included antiangio-
genic therapy using sorafenib and synchrotron MRT. Four treat-
ment groups were included: no treatment, only antiangiogenic 
therapy, only MRT and combined treatment. Six complementary 
parameters, to characterise the physiological and cellular statuses 
of brain tumours, were obtained from the multiparametric MR 
protocol: tumour volume, ADC, blood volume fraction (BVf), 
vessel size index (VSI), tissue oxygen saturation (StO2) and 
brain- tumour barrier (BTB) permeability. Results showed that 
when the anti angiogenic treatment was used alone a significant 
decrease in tumour volume and all of the vascular-related MR 
parameters (BVf, VSI, StO2 and BTB permeability) was induced, 
when compared with the untreated group. No effect was observed 
on ADC. No changes of BVf, VSI or StO2 were induced by using 
only MRT treatment, when compared with untreated tumours. 
However, tumour size decreased, while ADC and BTB permea-
bility increased. In the group that received combined therapy, an 
increase in ADC was observed, which would be induced by the 
MRT therapy. Concomitant to this ADC modification, decreases 
in BVf, StO2 and BTB permeability were observed, which are 
primarily due to the antiangiogenic treatment. However, MRT 
combined with antiangiogenic treatment did not induce any 
changes in the tumour VSI, when compared with the untreated 
group. These results indicate that multiparametric MR may be 
used in a longitudinal study to monitor the effects of different 
cancer therapies, where every treatment induced specific modi-
fications upon the MR parameters. Therefore, the same group 
used this multiparametric MR approach to compare two radi-
ation techniques, MRT and spatially homogeneous irradiation, 
to monitor treatment response in a F98 GB rat model.36 Results 
showed that MRT leads to a significantly higher, earlier, and more 
continuous increase in tumour blood vessel permeability than 
spatially uniform irradiation, without affecting healthy tissue. 
MRT induced an increase in vascular permeability in all tumour 
areas with particular physiological characteristics, including 
those tumour areas not impacted by homogeneous irradiation, 
and MRT more efficiently disrupted brain tumour vessels in the 
most actively proliferating area of the tumour that is considered 
as the relevant target area for adjuvant drug delivery. The authors 
concluded that an adjuvant chemotherapy might be more effec-
tive when coupled with MRT than with spatially uniform irra-
diation fields, which are used in conventional radiation therapy.

Differentiation between tumour recurrence and 
radiation necrosis
Radiation treatment plays a central role in the standard of care 
of GB patients, however, local recurrences following therapy 
remain common. Like any other treatment, there are also 
possible side-effects associated with radiation treatment, such as 
delayed radiation injury, also known as radiation necrosis (RN). 
Obviously, a correct diagnosis is important for patient manage-
ment because patients with tumour recurrence need second-line 
treatment, while patients with RN can continue their therapy 
but may require steroid administration. However, differentia-
tion between tumour recurrence and RN presents a diagnostic 
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dilemma because both are usually found around the tumour bed 
and both entities have similar appearance on conventional MRI 
(Figure 4). Therefore, the differentiation between tumour recur-
rence and radiation necrosis has been a topic of sustained interest 
in laboratory animal research and often requires a combination 
of irradiation and advanced MRI.37

Until recently, reports of small-animal models of RN have been 
sparse, however, the arrival of small animal irradiators enabled 
reproducible introduction of RN in small volumes, resulting in 
animal models of RN in rats37–39 and in mice.37,40 According 
to Garbow et al37 an optimised animal model of RN should 
incorporate several important features, such as: consistent 
induction of late time-to-onset necrosis following irradiation; 
characteristic standard MRI changes that allow clear identifica-
tion of necrotic regions; tissue injury whose histology accurately 
matches pathological findings in brain tissue from patients with 
confirmed RN; progression of necrosis occurs over an experi-
mentally appropriate period of time, thereby enabling longitu-
dinal imaging studies to characterise the onset and development 
of necrosis and its response to therapeutic interventions. Using 
standard MRI, RN lesions are characterised as heterogeneously 
hyperintense on T2 weighted MR images and contrast enhancing 
with surrounding oedema on T1 weighted MR, which is similar 
to the appearance of GB on standard MR.41 However, more 

advanced MR can provide powerful tools for differentiating RN 
from tumour recurrence, as illustrated in several recent studies.

Zhou et al39 described the use of CEST-APT techniques for 
distinguishing tumour recurrence from radiation necrosis in 
rats. APT showed hyperintensities in tumours and low signals in 
necrotic lesions, probably associated with the absence of mobile 
cytosolic proteins and peptides.

Zhu et al42 explored molecular MRI using microparticles of 
iron oxide (MPIO) targeted to ICAM-1. ICAM1-MPIOs caused 
a marked negative MRI contrast effect in irradiated rat brains, 
compared to rat brains that were not irradiated, probably due to 
the upregulated ICAM1 expression in the neuroinflammatory 
process in RN.

A study of the group of Garbow et al37,43 suggested that RN and 
GB exhibit different DWI features in a mouse models of glioma 
and radiation injury. Results showed that ADC was decreased 
in tumours, while apparent diffusion increased in RN. The 
same group investigated that MR-measured tissue oxygenation 
changes can differentiate radiation-induced lesions from brain 
tumours.37,44 MR quantification was done by evaluating the 
effects of the breathing gas composition on the longitudinal 
relaxation rate (R1). R1 data were collected during alternate free 

Figure 4. Glioblastoma and radiation necrosis are both heterogeneously hyperintense on T2 weighted MR images (top). Moreover, 
a similar contrast enhancement pattern is observed on T1 weighted contrast-enhanced MR images (bottom).
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breathing of pure oxygen, a hypoxic gas mixture (12.5% O2), 
and carbogen (95% O2). In each animal, three R1 data sets were 
randomly collected for each of the three breathing gas compo-
sitions and R1 data were collected 20 min after the start of free 
breathing of each gas composition to allow tissue oxygen levels 
to equilibrate. The authors showed that the longitudinal relax-
ation rate was linearly dependent upon tissue oxygenation and 
that radiation necrosis and tumour in mouse models can be 
distinguished using oxygen-driven changes in R1. Breathing gas 
modulation experiments applied in mice models of radiation 
necrosis and glioma indicated significantly larger R1 differences 
between the breathing gas conditions in mice with RN, compared 
to tumour-bearing mice.

Recently, Bolcaen et al45 explored the use of dynamic 
contrast-enhanced (DCE) MRI in rats to discriminate tumour 
from necrosis. Time series obtained from the DCE-MRI data 
were used to quantify washin rate, washout rate, time-to-peak 
and maximum intensity. In addition, kinetic parameters were 
estimated using the extended Tofts model,46,47 that has become 
a standard for the analysis of dynamic contrast-enhanced MRI. 
Significantly higher washin and washout rates were observed 
in GB in comparison to RN. In addition, a significantly lower 
time-to-peak was observed in GB compared to RN. Receiver 
operating characteristic (ROC) analysis was performed on 
these parameters and threshold values could be determined to 
discriminate GB from RN.

In the above studies, naïve animal models were used to create 
either a tumour model (that lack RN) or a model for radiation 
induced brain injury (that lack a tumour). Because the presence 
of a tumour might exacerbates radiation-induced damage in 
peritumoral/normal brain tissue,48 Zawaski et al49 investigated 
the effect of brain tumour presence during radiation, which 
corresponds more closely to the patient situation. Three groups 
of rats were used, a control group, a group that only received 
RT and a group with complete tumour regression after RT. MR 
spectroscopy (MRS) was performed in combination with tran-
scriptomic analysis. Results indicated that tumour presence 
during radiation may affect the functional transcriptomics land-
scape and neurotransmitter levels at the tumour implantation 
site and normal tissue. MRS showed that taurine, an inhibitory 
neurotransmitter, was significantly lower in irradiated brains 
that had previously harboured a tumour, compared to the control 
and the group that only received RT. Taurine is a non-essential 
amino acid that has the ability to cross the blood–brain barrier 
or be synthesised within the brain by astrocytes from cysteine.50 
In the brain, taurine is involved in brain development, calcium 
homeostasis, osmoregulation and neurotransmission. It has been 
suggested that taurine may play an important role in inflamma-
tion associated with oxidative stress.51

Conclusions, recommendations and future 
perspectives
Because local tumour control in GB patients is still elusive in 
the majority of patients, there is an urgent need for alternative 
treatment strategies. With the advent of pre-clinical precision 
image-guided radiators, current treatment strategies might be 
improved by introducing new methods that can be developed to 
guide RT or by evaluating treatments effects more precisely. In 
this review, we focused on the current status of combining MRI 
with small animal RT using animal models of GB. Three main 
areas of research were found. First, MR-guided small animal 
RT to improve tumour localization and delineation by using 
the superior soft-tissue contrast properties of MR compared to 
CT. Second, better understanding the response to treatment by 
using more advanced (multiparametric) MR techniques. Finally, 
the discrimination between tumour recurrence and radiation 
necrosis remains a topic of sustained interest in laboratory 
animal research.

When MRI is used to guide radiation treatment it is important 
that MR images and planning CT are accurately co-registered. 
The use of a multimodality bed, some additional fiducial makers 
and a workflow where co-localisation procedures are performed 
with minimal delay can greatly simplify this process. To obtain 
an accurate co-registration it is further recommended to apply 
an automatic image registration algorithm. Although, for the 
head region rigid-body transformation are sufficient, non-rigid 
transformation might be more accurate as a result of geometric 
distortions of the acquired MR images.

Finally, tumour volume delineation for RT planning in GB is 
currently based on anatomical imaging techniques (CT/MR). It 
is important to mention that these structural imaging techniques 
cannot identify the most aggressive and/or radiation resistant 
parts within the tumour, which are probably responsible for 
treatment failure and tumour recurrence. Moreover, currently 
the tumour volume is being irradiated with a homogeneous dose 
because it is assumed that the tumour consists of tumour cells 
that share similar behavioural characteristics, and are there-
fore equally malignant and/or radiation resistant or sensitive. 
However, we know that tumours are very heterogeneous and 
using more advanced MR techniques or functional imaging 
techniques, such as positron emission tomography (PET), it 
is possible to visualise the most malignant and/or radiation 
resistant tumour parts. Dose painting strategies based on this 
functional information can be investigated preclinically before 
translation to the clinic. The rationale is that a non-uniform dose 
distribution with a higher dose to the most active and/or radi-
ation resistant tumour regions while keeping the total tumour 
dose constant could improve local tumour control without 
adding toxicity to the adjacent brain.
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