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Abstract

Glioblastoma  (GBM)  is  one  of  the  most  common  primary  brain  tumours  in  adults,  with  a dismal  prognosis  despite  aggres-
sive multimodality  treatment  by  a  combination  of  surgery  and  adjuvant  radiochemotherapy.  A  detailed  knowledge  of the
spreading of  glioma  cells  in  the  brain  might  allow  for  more  targeted  escalated  radiotherapy,  aiming  to  reduce  locoregional
relapse. Recent  years  have  seen  the  development  of  a  large  variety  of  mathematical  modelling  approaches  to  predict  glioma
migration.
The aim  of  this  study  is  hence  to  evaluate  the  clinical  applicability  of  a detailed  micro-  and  meso-scale  mathematical  model
in radiotherapy.  First  and  foremost,  a  clinical  workflow  is  established,  in  which  the  tumour  is  automatically  segmented  as
input data  and  then  followed  in  time  mathematically  based  on  the  diffusion  tensor  imaging  data.  The  influence  of  several
free model  parameters  is  individually  evaluated,  then  the  full  model  is  retrospectively  validated  for  a  collective  of  3  GBM
patients treated  at  our  institution  by  varying  the  most  important  model  parameters  to  achieve  optimum  agreement  with
the tumour  development  during  follow-up.  Agreement  of  the  model  predictions  with  the  real  tumour  growth  as  defined  by
manual contouring  based  on  the  follow-up  MRI  images  is analyzed  using  the  dice  coefficient.
The tumour  evolution  over  103-212  days  follow-up  could  be  predicted  by  the  model  with  a  dice  coefficient  better  than  60%
for all  three  patients.  In  all  cases,  the  final  tumour  volume  was  overestimated  by  the  model  by  a  factor  between  1.05  and
1.47.
To evaluate  the  quality  of  the  agreement  between  the  model  predictions  and  the  ground  truth,  we  must  keep  in  mind  that  our
gold standard  relies  on  a  single  observer’s  (CB)  manually-delineated  tumour  contours.  We therefore  decided  to  add  a  short
validation of  the  stability  and  reliability  of  these  contours  by  an  inter-observer  analysis  including  three  other  experienced
radiation oncologists  from  our  department.  In  total,  a  dice  coefficient  between  63%  and  89%  is achieved  between  the  four
different observers.  Compared  with  this  value,  the  model  predictions  (62-66%)  perform  reasonably  well,  given  the  fact  that
these tumour  volumes  were  created  based  on  the  pre-operative  segmentation  and  DTI.
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Introduction

Glioblastoma (GBM) is one of the most common primary
brain tumours in adults, with a dismal prognosis despite
aggressive multimodality treatment by a combination of
surgery, adjuvant radiochemotherapy, and recent additions
such as tumour-treating electromagnetic fields [1–4]. Over
the past years, a joint endeavour by mathematicians, radiol-
ogists and biologists has been to understand the underlying
mechanisms of tumour cell proliferation and invasion into the
surrounding brain parenchyma by combining mathematical
modelling approaches with cell investigations and imaging
studies. As a result, a plethora of mathematical models have
been developed which reflect the most fundamental biolog-
ical properties of GBM, such as the go-or-grow dichotomy;
themselves, these models have contributed to clarifying the
necessity and possible biological bases of some of these prop-
erties [5–18].

With the evolving complexity of the models, the ques-
tion arises whether the translation to the clinical treatment of
glioblastoma patients can be achieved. This implementation
is most promising for the field of radiotherapy, in such a way
that predicting the spread of glioblastoma in the brain would
enable more individualized target volume delineation and pos-
sible dose escalation so as to reduce tumour recurrences.
However, to achieve this aim, reliable modelling predictions
must be attainable in the realistic clinical setting, i.e., for
patients with non-ideal data sets, with an adequate a-priori
choice of model parameters.

The aim of this study is hence to evaluate the clinical appli-
cability of a detailed micro- and meso-scale mathematical
model [11] in radiotherapy. First and foremost, a clinical work-
flow is established. The model is then retrospectively validated
for a collective of GBM patients treated at our institution. Prac-
tical issues such as the choice of input data, model parameters,
and possible pitfalls are highlighted.

Although a few studies have evaluated different mod-
elling approaches for radiotherapy [19–23], these have relied
on relatively simplified modelling assumptions and placed
their emphasis on radiotherapy target delineation or distant
relapse patterns. In parallel, mathematical models continu-
ously evolve towards higher complexity, which may bring
them closer to the biological mechanisms, but not necessarily
to the clinical reality. The aim of this study is not to present
a sophisticated mathematical approach, but rather to take one
step backwards and assess in how far a clinical implementa-
tion for an existing advanced model can be achieved and may
realistically contribute to improved treatment of our patients.

Methods and materials
Biomathematical  model

The underlying mathematical model is described by Eng-
wer et al. [10–12]. In brief, this is a multi-scale mathematical
hys 32 (2022) 149–158

approach including on the microscale subcellular dynam-
ics of receptor binding, the interaction of glioma cells with
anisotropic tissue on the mesoscale, and the evolution of the
total tumour cell population on the macroscale. The most
important underlying assumptions and model parameters are
briefly outlined in the following.

We consider that tumour cells can perform the following
actions: bind their receptors to ligands on tissue fibres or
detach from the same, move at constant speed s, so that only
the directions of their velocity vectors vary when the cells turn
(instantaneously) with a rate depending on their receptor occu-
pancies, move preferentially along fibre bundles, proliferate
and die, naturally or under treatment. For each cell the number
of receptors involved in such process (e.g., integrins) [24,25] is
set constant as R0 = 105 [26]. The detachment rate k− = 0.1 s−1

is taken from the literature [27], while the attachment rate k+

is assumed to be of comparable magnitude, but remaining as a
parameter to be optimized in the model. The effect of the tis-
sue anisotropy on the cell orientation is modelled by a turning
rate which involves a constant component λ0 = 0.8 s−1 [11]
and a parameter λ1 scaling the receptor occupancy variable;
it is not a-priori  known and included in the optimization of
the model. In practice, λ1 gives the sensitivity of the turning
rate to changes in receptor occupancy. The migration speed
of the cells is assumed to be constant, but allowed to vary
within a reasonable parameter range, compatible with values
available in the literature [28,29]. Cell proliferation is mod-
elled as logistic, with growth rate cg = 8.44 · 10−7 s−1 [30].
The patient-specific DTI brain data is included in the model
via the turning kernel involved in the reorientation operator
on the mesoscopic level of description (for more details refer
to [6–8,10–12,16]. The parabolic upscaling procedure therein
leads to diffusion and drift terms containing in their coef-
ficients the so-called tumour diffusion tensor encoding DTI
information about the brain structure.

Workflow  implementation  and  model  adjustment

A major part of this work concerns the clinical implementa-
tion of the existing model into a practicable workflow, which
is summarized in Figure 1. The most important steps are
described here.

The initial tumour extension required as a model starting
point is derived from the magnetic resonance images (MRI).
As invasive cancer cells preferentially migrate along neuronal
fibre tracts [12,25,31], these are estimated by diffusion tensor
imaging (DTI) as additional model input. All data sets were
retrieved retrospectively from the picture archiving and com-
munication system (PACS) for all patients treated at our clinic
between January 2012 and December 2016.

To ascertain a reproducible objective input dataset as

starting point for the model, it was decided to use an auto-
matic segmentation algorithm (BraTumIA), which combines
the information from T1-weighted images with and without
contrast media, T2-weighted and fluid-attenuated inversion
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Figure 1. Main steps in implemented workflow to

recovery (FLAIR) sequences [32]. The software automati-
cally segments normal tissue, enhancing- and non-enhancing
tumour, oedema, and necrosis. All segmentation results were
validated visually against the “gold standard” as determined
by an experienced radiation oncologist, with satisfactory
results in agreement with the literature [33,34].

This software automatically co-registers datasets with dif-
ferent coordinate frames, and the output segmentation can be
referenced to any desired data set – in our case, the DTI frame
since this is the input for the mathematical modelling step.
However, first experiences showed that sometimes the refer-
ence frames could not be adequately registered, so all data sets
including the planning CT for further data processing in radio-
therapy were rigidly co-registered in the Slicer3D software
[35] before input into BraTumIA. This software was also used

later in the workflow to convert structures into DICOM for-
mat (digital imaging and communication in medicine) before
input in the treatment planning system (Philips Pinnacle V
16.2).
epare data for tumour simulation and evaluation.

BraTumIA is designed for pre-operative images, and only
for this time point was DTI information available. Therefore,
tumour migration modelling needed to be started on the pre-
operative segmentation and geometry. This may even be closer
to the clinical reality since possibly, microscopic tumour inva-
sion along white matter tracts will already have occurred by
the time of macroscopic gross tumour resection. On the other
hand, further migration will occur from the starting point of
post-operative remaining tumour spread, so it was necessary to
evaluate the influence of surgery on the tumour segmentation
in a first step. This was done by comparing the segmentation
volumes in the form of volume ratios and the dice coefficient
DCC [36], which is defined for any two volumes X  and Y  as:

DCC =  2 ∗ |X  ∩  Y |/(|X|  +  |Y |)

At this point, all data sets were visually checked for

plausibility before proceeding with the data processing and
modelling. An in-house C++ code using the open source
InsightToolkit-library (ITK) [37] transforms the DTI dataset
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and segmentation to the same resolution. The DTI matrices are
calculated from the DTI-data set using the Camino software
[38]. With these input data sets, the model can be run with an
appropriate choice of parameters. The numerical discretiza-
tion was performed using the multipoint flux approximation
method [39]. The model result is a three-dimensional repre-
sentation of tumour cell densities in the patient’s brain at a
chosen time-point in the future.

To assess to which extent the model results corresponded
to the real growth pattern of the tumour, the longest time point
during follow-up for which MRI images were available was
used for modelling. The model output was then compared
with the tumour contour in the follow-up MRI images as
determined by a senior radiation-oncologist (CB), hereafter
referred to as “gold standard”. Again, volume ratios and DCC
were used for the comparisons.

Supplementary to the workflow implementation, the main
part of this work consisted in finding the optimum parameters
for realistic modelling results. This multi-parametric problem
was approached step-wise as follows:

Firstly, the tumour cell densities in these tumour compart-
ments (contrast media enhancing and nonenhancing tumour,
necrosis and oedema) were adjusted within clinically realistic
ranges. As in other modelling studies, it was expected that the
tumour cell density within the volumes segmented as tumour
(enhancing and non-enhancing) were between 80% and 100%.
In fact, this choice had only little influence on the modelling
results, so both tumour compartments were modelled with
100% cell density. Based on pathological information (Prof.
Schulz-Schaeffer, personal communication), tumour cell den-
sities in the oedema and necrosis volumes were assumed to
fall between 0 and 20%. Within these ranges, several trial runs
were performed with the extreme parameter values to assess
the individual parameters’ influence and obtain most plausible
values. Comparing the model predictions for starting densi-
ties of 0% and 20% tumour cells in these compartments, it
was found that a huge tumour volume encompassing nearly
the complete brain resulted unless the tumour cell density in
the oedema volume was set to 0, which was maintained for
the following simulations. Most probably, this arises from the
fact that BraTumIA is known to overestimate the amount of
oedema [32], and tiny disseminated oedema islands within the
brain parenchyma will coalesce over time in the modelling
process. For the necrosis volume, 15% tumour cell density
was presumed, which had only minor influence on the mod-
elling results, being considerably smaller than the volume of
viable tumour and contained therein.

Secondly, the influence of varying the cell migration speed
s, receptor binding rate k+ and constant λ1 involved in the
cell turning rate was examined by varying these parameters
separately.
In the third and final step, an individual optimization of
the parameters s  and k+ was carried out for each patient in
a manual iterative approach starting by a coarse grid search
hys 32 (2022) 149–158

followed by interval-nesting, and the quality of the best results
was compared with the gold standard.

A final parameter entering into the model predictions is the
level set with which the resulting tumour is displayed. The
model output gives a map of predicted tumour cell densities,
assigning each voxel a positive value since there is always
a non-vanishing chance of finding tumour cells. To create
a predicted tumour volume within the brain parenchyma, a
threshold value must be chosen for which a voxel is consid-
ered to be either “tumour” or “normal tissue” – in a way, this is
the converse of the initial input tumour cell density. In practice,
this is similar to adjusting the window in CT images, so we
refer to this parameter as “grey scale” or “level set”. Within
plausible values, this level set was also optimized for each
patient, so as to remain consistent with the input methodology.

Patients

Initially, data for 44 patients was retrieved from the data
base to be included in this analysis. However, a large num-
ber of patients needed to be excluded from the study either
because insufficient initial imaging (6 patients) or follow-up
MRI were available (13 patients), patients underwent more
than one surgical intervention (4 patients), or survival was
less than two months (6 patients). In further 12 cases (27%
of patients), segmentation was impaired by artefacts for vari-
ous reasons such as ventricular shunts, so that only 3 patient
data sets remained for optimization. However, the interme-
diate steps in this analysis (such as comparison of pre- and
post-operative segmentation results) did not require the com-
plete data sets and larger patient collectives could be included,
which will be detailed in the respective results.

Results

Comparison  of  segmentation  results  before  and  after
surgery

For this analysis, all data sets were included for which pre-
and post-operative MRI data were available for segmentation
with less than a 7-day time interval, resulting in 10 patients
(Table 1) with pre-operative tumour volumes ranging between
28.2 cm3 and 251.9 cm2. Pre- and post-operative tumour seg-
mentations were performed alike by the BraTumIA software.
In addition to the ratio of the segmented tumour volumes,
the DCC is compared for the volume “normal brain”, as the
change in brain structure is relevant for the DTI consistency.

For all cases, the dice coefficients for the tumour-
surrounding brain structure were larger than 80%, which
is good agreement given the circumstances that a surgi-
highly influenced by surgical and medical interventions. In
7 out of 10 patients, a tumour volume reduction is con-
firmed by segmentation, however, in the remaining 3 cases, the
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Table 1
Differences between preoperative and postoperative tumour segmentation for patients with pre- and postoperative MR imaging less than 7
days apart.

Case # Time interval pre-post [days] Volume pre-OP [cm3] Volume post-OP [cm3] Ratio VpostOP/VpreOP Dice coeff

1 0 116.385 124.257 1.07 0.84
2 0 251.922 225.015 0.89 0.83
3 1 28.197 46.242 1.64 0.95
4 1 48.558 70.920 1.46 0.89
5 1 134.784 125.712 0.93 0.89
6 1 125.073 123.561 0.99 0.81
7 1 226.461 187.722 0.83 0.88
8 3 115.122 100.686 0.87 0.91
9 4 140.796 115.668 0.82 0.82
10 4 68.493 63.960 0.93 0.93

Figure 2. Preoperative and postoperative tumour segmentation for case #4. For this patient, postoperative bleeding into the resection cavity
rain

binding and  λ1
was falsely segmented as viable tumour. However, the oedema and b
but actually not shown in the current slice.

segmented tumour volume after surgery is increased. To check
this implausible result, these cases were individually scru-
tinized. Figure 2 shows the example for case #4. Here, a
post-operative bleeding into the resection cavity was mistak-
enly segmented as viable tumour, giving rise to an apparent

increase in tumour volume after surgery. The other segmented
volumes (oedema, brain) remain plausible. This example con-
firms our choice of the pre-operative segmentation as a starting
 volumes are correctly segmented. In general necrosis is segmented

point for the model. The same reason applies to all three
patients with apparently larger tumour after surgery.

Sensitivity  analysis  of  cell  migration  velocity,  receptor
The influence of the most relevant undetermined model
parameters, migration speed and receptor binding, is
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Table 2
Variation of the parameters s, k+ and assessment of the corresponding tumour simulation.

Tumour cell migration velocity s

s [m/s] 1 × 10−6 7.07 × 10−7 2.5 × 10−7 1 × 10−7

s reduced to 100% 70.7% 25% 10%
Volume [cm3] 980 731 255 134
Vol reduced to 100% 75% 26% 14%

Receptor binding rate k+

k+ [s-1] 1.0 0.01
k+ reduced to 100% 1%
Volume [cm3] 899 853
Vol reduced to 100% 94.9%
displayed in Table 2 for an example patient. The main influ-
ence of the tumour migration speed is in the predicted tumour
size. The receptor binding rate has little influence on the result-
ing tumour volume, but strongly determines the tumour shape,
as it is the paramount parameter for isotropic or anisotropic
migration along fibre tracts. Since the influence of λ1 both
on predicted tumour shape and volume was relatively weak,
the best fit value of 0.01 s−1 was maintained for the following
step.

Final  model  predictions

For the three patients with sufficient data for a complete
modelling sequence, the results are presented in Table 3.

The future tumour evolution (day 103-212) could be pre-
dicted by the model with a dice coefficient better than 60%
for all three patients. To achieve this amount of agreement,

the cell migration speed s needed to be varied by a factor of
2.5, and the receptor attachment rate k+ by a factor of 100. In
all cases, the final tumour volume was overestimated by the
model by a factor between 1.05 and 1.47.
Discussion and conclusions

Quality  of  model  predictions

To evaluate the quality of the agreement between the model
predictions and the ground truth, we must keep in mind that
our gold standard relies on a single observer’s (CB) manually-
delineated tumour contours. We therefore decided to add a
short validation of the stability and reliability of these contours
by an inter-observer analysis including three other experi-
enced radiation oncologists from our department (JF, JP, PM).
As for the gold standard, they were asked to provide con-
tours of the presumed clinical tumour extension based on the
follow-up MRI images. The data sets were presented blinded
as to the patient case and with no information on the model
results or other physicians’ contours, and the four contour sets
were compared with each other and with the model predictions
(Figure 3, Table 4).
In total, a dice coefficient between 63% and 89% is reached
between the four different observers. While this falls short
of the theoretically desirable value of 100%, a DCC of 70%
or larger is generally considered as good agreement in the
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Table 3
Comparison results and referenced simulation parameters for 3 patients.

Parameter Patient a Patient b Patient c

Cell migration speed s [m/s] 5.0 · 10−7 2.0 · 10−7 5.0 · 10−7

Receptor binding rate k+ [s−1] 1.0 0.01 0.01
Grey scale/level set for final tumour delineation 1–255 50–255 1–255
Follow-up time [days] 119 103 212
Starting tumour volume [cm3] 53.2 24.4 102.2
Predicted tumour volume [cm3] 187.6 80.6 182.4
Gold standard [cm3] 148.4 77.1 124.5
V(sim)/V(real) 1.26 1.05 1.47
DICE 0.66 0.62 0.65

Figure 3. Upper panel: example of the preoperative segmentation and simulated future tumour extent for patient B. Lower panel: tumour
delineations of four experienced physicians based on the real follow-up images of this patient.

Table 4
Differences in CTV-delineation between 4 experienced physicians. CTVs were contoured based on CT- and MRI data.

Inter observer analysis Patient

A B C

DICE Volume [cm3] VPhy/VR DICE Volume [cm3] VPhy/VR DICE Volume [cm3] VPhy/VR

1 (Reference) – 148.3 – – 64.2 – – 124.5 –
2 0.89 175.9 1.19 0.63 32.7 0.51 0.83 155.7 1.3

0.76
0.70
Physician
3 0.89 168.9 1.14 

4 0.87 184.5 1.24 

delineation of target volumes for radiotherapy [40,41]. Com-
pared with this value, the model predictions (62–66%)
perform reasonably well, keeping in mind the fact that these

tumour volumes were created based on the pre-operative seg-
mentation and DTI and extrapolated several months into the
future by mathematical modelling.
 93.6 1.46 0.85 120.9 0.97
 104.3 1.63 0.81 155.6 1.3

Choice  of  the  modelling  approach

There are many available mathematical models for glioblas-

toma migration available in the present literature, which
would warrant a similar study as performed here, and our
model choice must remain arbitrary to some degree. A major
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reason for our choice was the inclusion of the diffusion ten-
sor imaging data. In some well-known approaches such as by
Jbabdi et al. [42], the glioma diffusion direction is governed
only by cell density and the magnitude of the diffusion coef-
ficient is set constant for white and grey matter separately.
We believe it is important to integrate the realistic directional
distribution of white matter tracts, as glioblastoma cells are
known to migrate preferentially along these. Therefore we
opted for a model to integrate the DTI data so as to yield
a more individualized migration behaviour for each patient
and depending on the tumour origin. While this requires more
input data, these are readily available, forming part of the
routine pre-operative patient work-up. On the other hand, the
inclusion of additional biological effects such as hypoxia as in
[8], while increasing the realism in the model, requires infor-
mation not generally available, calling for additional imaging
such as positron-emission imaging which would entail addi-
tional radiation dose (and time for the patients). Still, there
are a number of modelling approaches which could have been
followed just as well as the model we chose [e.g., 11, 42],
each with its own advantages and disadvantages.

Similarly, the choice which model parameters to keep fixed
and which to vary in the optimization depended somewhat on
the availability of literature information. In our particular case,
R0, k− and λ0 were taken from the literature [11,26,27,43],
since at least some biological estimates for these parame-
ters were available. Keeping these parameters constant, k+,
λ1 and s  were adjusted to achieve the best model fit, which
was primarily intended to provide improved consistency with
previous applications of our model. Clearly, the literature val-
ues are not precise, but rather estimates withing rather wide
limits. For example, the total number of integrin receptors per
cell (R0) was estimated by [26] in the range (2.1 ±  0.2) ×  105

for αVβ3, (2.3 ±  0.2) ×  105 for α5β1, and (1.6 ±  0.2) ×  105

for αVβ5, which was simplified in the mathematical models
by Engwer et al. [11] to 1 ×  105. The turning rate λ0 was taken
from [43] as in previous modelling studies [10–12] as 0.1 s−1.
In fact, [43] observed a turning rate of between 60 and 80
degrees per 10 min for cells from a rat adenocarcinoma of the
mammary gland, which may exhibit different behaviour than
glioblastoma cells. Consequently, even those parameters fixed
in our optimization may be tainted by inaccuracies. A differ-
ent approach might have been to adjust all these parameters in
the optimization procedure. From a practical perspective, this
would have complicated the determination of the best fit, since
the iterations were performed manually rather than using an
automated cost function. Furthermore, different parameters
can influence the model into similar directions, so that distin-
guishing the effects can become complex. Finally, only three
patients were available for the final model evaluation. Adjust-
ing all parameters may be achieved in the future using a large

database of patients and machine-learning approaches to find
patterns for the prediction of the tumour evolution.

In this study, we chose a pragmatic approach in which those
parameters that could be estimated on biological grounds were
hys 32 (2022) 149–158

kept constant and those that were undetermined were adjusted
in the fit, so that the number of free parameters was kept to a
minimum. In all modelling approaches, there is a trade-off in
which a model with a larger number of free parameters will
more easily provide a good fit to the data, at the risk of over-
fitting. Abiding by the principle of parsimony, the simplest
explanation for the data should be preferred, which would be a
“straightforward” model that would include all “real” effects
without fitting superfluous fluctuations. Indeed, it would be
interesting to perform a similar study comparing several mod-
els in terms of their performance, both from the point of view
of different mathematical formulations and different numbers
of free fit parameters. The adequacy of these models might
then be compared using the Akaike information criterion or
its refined versions, which weigh the accuracy of the model
fit against the number of free parameters required to achieve
this. However, this is beyond the scope of this study. The prin-
ciple aim for this study consisted rather in proving the clinical
feasibility and usefulness of such modelling approaches while
exposing obstacles posed in the realistic setting, primarily the
fact that the parameter values vary strongly and can only be
determined with hindsight.

Clinical  applicability

Although the model predictions are in reasonably good
agreement with the realistic tumour growth, a major limitation
for the clinical application arises from the fact that the opti-
mum parameter choice varies over a large range. In particular,
the optimum receptor attachment rate varies over two orders
of magnitude for this small collective of only 3 patients. Even
the smaller, 2,5-fold change in cell migration velocity would
translate into a considerable change in predicted tumour vol-
ume. If optimum parameters for patient a were applied to
patients b and c, the dice coefficients would drop to 36.8%
and 47.4%, respectively. There is hence no “one-size-fits-all”
parameter set which can be applied to predictive modelling
at a stage before the first follow-up images are available. In
the present study, the model parameters were determined by
optimizing the parameters on the basis of the follow-up infor-
mation. However, radiotherapy starts at the earliest possible
time point after surgery, so predictive modelling must be per-
formed at this time if it is to be of any use to radiotherapy
planning. Only for a minority of patients will MRI infor-
mation at various time points before surgical and adjuvant
treatment be available, so that the parameters might be retro-
spectively fit to these data and the model predictions could be
used for planning radio-oncologic treatment. However, for the
vast majority of patients this information cannot be obtained
when it is needed. Possibly in the future, in-vitro biological
assays may provide a clue for the most important variables

cell migration speed and receptor attachment rates, so that
a realistic choice of model input parameters may become
possible. Other multi-scale modelling approaches still lead-
ing to the same type of equations for the characterization of
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tumour dynamics can require other parameters, depending on
the respective description on the cell scale. For instance, the
setting in [44] relies on a more detailed description of biome-
chanical effects influencing cell velocities, without involving
any receptor binding and even relaxing the assumption of a
constant cell speed. The brain tissue anisotropy (provided by
DTI data) is captured in a similar way, while the only remain-
ing parameter scales the cell acceleration, hence is related to
cell motility. Whether such a (presumably patient-specific)
parameter is easier to assess than a receptor binding rate is yet
unclear, however at least its order of magnitude can probably
be estimated from in-vitro assays (for further details refer to
[44] and [8]).

If this major pitfall of parameter assessment could be
resolved, the predictions for the model considered here and
its variants/extensions accounting for further relevant features
like tumour vascularization and hypoxia, necrosis etc. [6,8,9]
might provide a reasonable basis for planning target defini-
tion in radiotherapy. Most tumour recurrences are observed
in-field or at the field margins. If the density distribution of
tumour cells inside the brain could be realistically predicted,
regions with higher such densities might be treated with esca-
lated dose concepts in a dose-painting approach. However, this
will be for future studies to decide. At this point, mathemati-
cal models have made great progress in representing realistic
cell behaviour including a wide spectrum of biological phe-
nomena. Although our follow-up data was only sufficient for
a detailed evaluation of three patients, these provide repre-
sentative examples of the clinical reality. The model results
were realistic and almost as good as the inter-observer varia-
tion in our sample. The prediction quality obtained therewith
seems to be patient-dependent, which hints on patient-specific
parameters. To our opinion, the next steps along the way
towards realistic modelling must be the inclusion of biolog-
ical information on the individual tumour properties of each
patient, so that e.g. migration speed and behaviour in the
presence of anisotropic tissue can be included in a person-
alized predictive model of tumour spread. A comprehensive
diagnosis and therapy planning will ideally involve a team of
biologists, radio-oncologists, neuro-radiologists and neurolo-
gists aided by mathematicians. With the advent of technology
in cell biology, biomedical imaging, and computing power
development such interdisciplinary approaches will increas-
ingly get within reach.
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