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Abstract
The Vital-Lopez model of a glioblastoma multiforme (GBM) tumor was modified to include
haptotactic migration strategies and radiotherapeutic treatment methods.

Haptotactic migration

strategies in the model showed little improvement in overall tumor growth and this component likely
will involve further modification with the parameters describing the dynamics of the coupled effects of
extracellular matrix degradation and repair. Radiotherapy methods were analyzed against typical
fractionation schemes with and without quiescent cell killing assumed and the model was tested against
fractionation schemes in vivo as well. Assumption of quiescent cell killing provided the greatest fidelity
with other models but did not accurately depict high-dose fractionation schemes. Lastly, analysis of the
model against combination therapies in vivo confirmed a synergistic effect with concomitant
temozolomide and radiotherapy and provides a template for future work investigating specific
synergism parameters.
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Chapter 1
Introduction
Glioblastoma multiforme (GBM) is among the most aggressive and challenging human cancers,
accounting for 50-60% of primary brain tumors in adults (Mohin, 2006) and associated with a median
survival of 10-12 months after diagnosis (Alford, 1991). Aside from its high resistance to conventional
cancer treatments such as radiotherapy (Kleinsmith, 2006) and vulnerable region of genesis, the
invasiveness of GBM tumor cells is primarily what has rendered it a very deadly disorder and why even
seemingly complete surgical resection of the tumor fails uniformly. In vivo experimental results have
verified this characteristic, as glioma cells have been identified throughout the central nervous system
within 7 days of tumor xenograft implantation in a rat brain (Silbergeld, 1997).
The invasiveness of GBM tumor cells is largely due to three major mechanisms of migration:
chemotaxis, haptotaxis, and cell-cell adhesion forces (Chen, 2009). Chemotaxis is cell migration up
favorable chemical gradients in the extracellular space, haptotaxis is cell migration up gradients of
soluble proteins in the extracellular space, and cell-cell adhesion forces mainly hinder movement of the
cell and are most effective when neither strong local chemotactic gradients nor strong local haptotactic
gradients exist (Chen, 2009). Chemotaxis is the primary determinant of cell migration, but haptotaxis
plays a major role in migration strategies far from the tumor spheroid core (Chen, 2009). It is welldocumented that in developmental processes involving haptotactic cell migration, a relatively small
proportion of “trail-blazing” cells can act to guide others through their beaten path in the extracellular
matrix (ECM) (Insall, 2006). The specific orientation of the ECM has been shown to be a significant
determinant of the rate and heterogeneity of tumor invasion (Painter, 2009).
Glioblastoma is first treated through surgical resection of the tumor if feasible. Removal of 98%
or more of the initial tumor cells with resection has been associated with notably longer life expectancy
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than if fewer than 98% are removed (Lecroix, 2001). Nevertheless, recurrence of the tumor occurs
uniformly due to GBM cells being present outside the removed area due to their invasive characteristics.
Chemotherapeutic and radiotherapeutic treatments in patient-specific dosing schedules then become
the primary therapeutic strategies.
Finding optimal treatments and treatment schedules for GBM is essential in progressing towards
ultimately improving the survival rate and quality of life of patients who have been diagnosed with this
devastating cancer. Mathematical modeling provides a necessary medium for developing models based
on existing clinical data to rapidly test and predict the outcomes of future treatments. Many efforts
have been made to accurately depict the rapidly invasive nature of the disease. In both in vivo and in
vitro models, migrating tumor cells detach from the primary spheroid core early in tumor evolution and
invade the surrounding brain (Guillamo, 2001). Simulation results have suggested that the ability of
GBM cells to degrade the ECM and migrate through a permissive ECM are the primary factor in this
tremendous degree of invasiveness (Eikenberry, 2009). Given these characteristics of invasion and
treatment of GBM, this current study involves modifying cell migration algorithms by incorporating
haptotactic effects to the Vital-Lopez glioblastoma tumor progression model (Vital-Lopez, 2010) and
improving its applicability by including radiotherapeutic treatment.

Chapter 2
Simulation Methods
Haptotaxis
The first modification of the model involves incorporation of haptotactic gradients in the cell
motility algorithm. The current Vital-Lopez model takes into account only chemotaxis as a source of cell
migration, with oxygen as the only chemoattractant involved (Vital-Lopez, 2010). When strong local
chemotactic gradients fail to exist, cell movement in the model assumes a biased random walk (Vital-
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Lopez, 2010). While chemotaxis has been shown to be the predominant mechanism for determining
migrating direction of GBM tumor cells, at low local chemotactic gradients, factors such as haptotaxis
play a major role in cell motility (Chen, 2009).
The revised model takes into account haptotaxis forces in determining the overall local
gradients for motility of each tumor cell. Haptotaxis involves the migration of tumor cells up gradients
of soluble proteins in the extracellular matrix (ECM). This occurs biologically through cell surface
heterodimers called integrins serving as ligands for tumor cells to bind to these regions of higher ECM
protein concentration or adjacent cells (Bellail, 2004). Tumor cells at the invasive front detach from the
primary tumor mass, adhere to the ECM via specific receptors, and locally degrade ECM components
(Bellail, 2004). The migration capabilities of a tumor largely depend on the cell type, as each cell type
has a different sensing radius that determines its ability to sense its local microenvironment (Kim, 2009).
Protein gradients exist naturally in the ECM in vivo, but these are created to a greater extent by
invading tumor cells, as it has been well-documented that the ECM composition is changed by invading
tumors (Rutka, 1988). These gradients are largely established by tumor cells through secretion of matrix
metalloproteinases (MMPs) which and degrade the ECM (Kim, 2009). The synthesis of MMPs by the cells
is thought to be a complex process regulated by several growth factors, cytokines, and hormones
(Rooprai, 2000). MMP secretion rate of the cell plays a major factor in its migratory properties, as cells
with higher MMP secretion rates have been shown to migrate faster from the tumor spheroid core (Kim,
2009). MMP activity has generally been found to be greater in vitro than in vivo, possibly due to MMPs
being stimulated by local microenvironmental conditions in vitro but produced on demand in small
quantities by enzymes in vivo (Rooprai).
Matrix degradation is either contact or non-contact dependent (Painter, 2009). In contactdependent degradation, referred to as pericellular proteolysis, the MMPs are recruited to focal
3

adhesions at the leading edge of a migrating cell, acting on matrix fibres directly in the cell’s path. In
non-contact dependent degradation, MMPs are secreted into the immediate extracellular environment
where they degrade the matrix.

Figure I: MMP activation pathways (Nakada, 2003)
There are 8 distinct structural classes and 28 designations of MMPs (Egeblad, 2002), two of
which have well-documented ECM degradation capabilities. MMP-2, also known as Gelatinase A, is
activated on the cell surface in a pericellular manner in contact-dependent degradation. The other
major degradory MMP, MMP-9, is secreted in the extracellular space in a latent precursor form, typical
of most MMPs (Nakada, 2003). The activation pathways for each are shown in Figure I. Glioblastoma
multiforme has consistently been associated with high expression of both MMPs (Gabelloni, 2010), but
the revised Vital-Lopez model makes the simplying assumption that all matrix-degrading MMPs are
secreted in the extracellular space in a non-contact dependent manner.
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Haptotaxis, or haptotactic permission, is treated differently in different models. Some consider
it as a non-diffusible tissue quality (Kim, 2009) with ECM-degrading MMPs as non-diffusible substances
(Panovska, 2007), while others consider MMPs to be diffusing through the ECM throughout the
degradation process (Kim, 2009). This study considers MMPs as diffusing substances, secreted solely by
proliferating and migrating cells (Panovska, 2007) and with a spatiotemporal concentration distribution
modeled by Equation 1, from Kim et al (Kim, 2009):

(1)

Where
P

= MMP concentration in g/cm3
= MMP diffusion coefficient, 5.0*10-7 cm2/s
= Production rate constant of MMPs by cells, 6.94*10-8s-1

n

= Local tumor cell density in g/cm3, calculated in the Vital-Lopez model
= Natural decay rate constant of MMPs, 5.0*10-6s-1

This study makes the simplifying assumption that cancer cells are the only source of MMPs and
that initial concentrations of MMPs in the extracellular space are all zero, though this is not quite the
case in reality (Egeblad, 2002). Having obtained the concentrations of MMPs using a function to solve
the partial differential equation in (1), the model then determines the ECM spatiotemporal
concentration from an ordinary differential equation, Equation 2, from Kim (Kim, 2009):

5

(2)

Where
ρ

= Extracellular matrix density in g/cm3

ρ0

= Initial extracellular matrix density, 1*10-3 g/cm3
= Degradation rate constant of the ECM in cm3/g/s
= Reconstruction constant of the ECM, 5.0*10-6 s-1

Initial conditions assume a homogenous ECM of density 1*10-3 g/cm3, consistent with Kim’s value. This
assumption is valid for in vitro experiments but not in vivo, as a vastly heterogeneous environment is
present in that setting. The model also assumes that invading cells do not completely degrade the ECM,
as excessive degradation can inhibit rather than aid migration (Goldbrunner, 1999) (Mahesparan, 1999).
Therefore, the ECM degradation rate constant from Kim is not used, as it rapidly caused complete
degradation of the ECM in a short time period. Instead, this parameter was fit so that the limiting
degree of degradation of the ECM at the initial MMP concentration, taken from Kim as 1*10-7 g/cm3,
was 50% of the original ECM density, ensuring only partial degradation would occur. Based on those
= 25 cm3/g/s, as opposed to the value of 3*108 cm3/g/s

guidelines, this value was determined to be

used by Kim. The ECM concentration profile at a constant MMP concentration with this degradation
constant is shown in Figure IX in the Appendix.

Radiotherapy
The next modification of the Vital-Lopez model involves incorporation of a radiation therapy
scheme into the treatment schedule. The previous version of the model involved the chemotherapeutic
6

agent Temozolomide (TMZ) as the sole method of treatment (Vital-Lopez, 2010). The aim of radiation
therapy in cancer treatment is to destroy cancer cells while limiting damage to nearby healthy cells
(Oldham, 2001), and it is imperative that the fast proliferating tumor tissue is markedly more
radiosensitive that the slow proliferation normal tissue for treatment to be effective (Cordes, 2004).
Radiotherapy, while a common method to cure highly radiosensitive cancers such as lymphoma
(Kleinsmith, 2006), is not as effective at treating glioblastoma (Kleinsmith, 2006). However, it has been
shown to be more effective at delaying tumor growth than temozolomide alone in mice at biologically
viable doses and demonstrated a variable synergy when given in combination therapy with TMZ (Kil).
Radiation therapy is typically administered in units of Gray, where 1 Gray is equal to 1 Joule of
ionizing radiation absorbed per kilogram of patient body weight. Typically, radiation therapy is applied
either to the whole brain or to the designated tumor volume with a 1-2 cm margin around the
designated invasive edge (Eikenberry, 2009). Once radiation is absorbed by the cell, the fundamental
mechanism for cell death, while not completely understood, involves linear energy transfer (Tilly, 1999)
where highly energized particles emitted from the radioactive source ionize the atoms which make up
the DNA of the tumor cells. This causes lesions that effectively damage the DNA and are manifested as
double-stranded breaks. Radiation death occurs through either interphase death, where cells are
directly killed through treatments in excess of 100 Gy, or the clinically relevant mitotic death, where cell
death is contingent upon division and consists in loss of the capacity to divide (Gliemroth, 2003).
Patients typically receive radiation therapy in doses called fractions over a several week period,
rarely exceeding 60 Gy total cumulative dose. The biologically relevant dose of radiation is around 1.02.5 Gy/day (Rockne, A mathematical model for brain tumor response to radiation therapy, 2009). Above
the maximum tolerable dose, radiotherapy kills normal healthy cells at an unacceptable frequency and
provides no net benefit for the patient. Low-frequency, high-dose schemes have been shown to be more
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effective than high-frequency, low-dose schemes (Rockne, 2009), so the simulations were begun using
schedules toward the higher end of the biologically relevant dose realm.
The fate of a single irradiated cell cannot be predicted with current mechanistic knowledge, and
only survival probabilities can be assigned to a cell based on experimental data (Stamatakos, 2002).
Thus, radiotherapy has been commonly modeled by equation (3), the linear quadratic equation, which
expresses the surviving fraction of a population of cells after a given dosage of radiation (Enderling,
2010):
(3)
where S is the surviving fraction from 0 to 1 of a given population of cells after n fractions of radiation of
dosage d, in units of Gy/fraction. The parameters α and β are highly dependent on the type of tissue
being treated and the phenotype of the cells comprising that tissue. These parameters are typically
expressed for a tissue in terms of their relationship, termed the α/β ratio. For proliferating cancer cells
in brain tissue, this ratio is commonly accepted as approximately equal to 10 (Rockne, 2009) (Garcia,
2006).
In the modified model, radiation death is assumed to be an instantaneous process, following
current models (Rockne, 2010), as DNA damage from radiation usually leads to death of cells within the
first 2-3 cell divisions after exposure (Thompson, 1969) (Perez, 1998). Other models explicitly make this
assumption that cells die after exactly 2 mitotic divisions following exposure to radiation (Stamakos,
2006) (Antipas, 2004). Sub-lethal radiation damage is repairable by the cell within 60-70 min (Brenner,
1995), well within the 2.4 hour time step in the Vital-Lopez model, and thus this period of increased
treatment sensitivity for the cell is considered a non-factor. Also, cells with equal access to oxygen are
assumed to have equal probability of being killed, regardless of location relative to other cells, as
assumed in other models (Rockne, 2009). Since the Vital-Lopez model is a continuous-discrete model
8

that treats cells as discrete entities rather than a continuous field, radiotherapy is simulated by assigning
a random number between 0 and 1 to each cell. If the cell’s assigned number is greater than the
surviving fraction calculated in equation (3), the cell dies.
The model was first evaluated, without haptotactic modifications, for efficacy against generic
fractionation schemes of radiotherapy used in other models (Dionysiou, 2006). The radiobiological
parameters used in the radiation tests were α = 0.17, β = 0.02, typical of a tumor with mutated p53
tumor repair protein (Haas-Kogan, 1996) (Stamakos, 2006) (Dionysiou, 2006), which is characteristic of
40-60% of GBMs (Wu). Also, the model was evaluated against results of in vivo radiation dosing
schedules administered to athymic rats with intracranially implanted U87MG and U251MG xenografts
(Ozawa, 2006) for a qualtitative analysis of its predictive effects.
Tumor cell phenotype plays a major role in response to radiotherapy, as migrating cells have
been found to be more radioresistant than proliferating cells is some cell lines (Amberger). Also, efficacy
of radiation against tumor cells is directly relation to the oxygen content of the cell, with radiation
mostly ineffective against hypoxic cells (Steel, 1997) (Eikenberry, 2009). Thus, a parameter called the
oxygen enhancement ratio (OER) is utilized (Antipas, 2004). Cells with a lower access to oxygen in the
Vital-Lopez model, such as the quiescent cells, had their radiobiological parameters adjusted by a factor
proportional to the OER, which is commonly taken to be about 2.7 (Antipas, 2004).

The alpha

parameter from equation (3) is divided by the OER, and the beta parameter is divided by the square of
the OER, as employed in other models (Stamakos, 2006). Some models employ separate OER values for
the α and β parameters, listing OERα from 1.7 to 1.8 and OERβ from 3.0 to 3.5 (Chapman, 2003). The
Vital-Lopez model utilized the OER of 2.7 for simulations of the fractionation schemes outlined
previously to evaluate its effect on the relative efficacy of each scheme, with relevant radiobiological
parameters for each cell line taken from Taghian (Taghian, 1992).
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Synergistic effects
The final modification to the Vital-Lopez model consists of beginning analysis towards
incorporation of an algorithm for the synergistic effect of combination therapy of temozolomide and
radiotherapy on the GBM tumor. This allows for the model to be more applicable towards current GBM
treatment strategies, as combination strategy is currently considered the standard method of treatment
for patients not involved in a clinical trial (Mason, 2006). When considering the effect of combination
therapy with chemotherapy and radiotherapy, two types of interaction may be expected to occur:
independent cytotoxicity of each agent, and a radiosensitization effect of the chemotherapeutic agent
(Chenoufi, 1998) (Barazzuol, 2010).

Carlson has shown that if there is a sensitization effect of

treatments with glioblastoma, a radiosensitization effect from the chemotherapeutic agent is the usual
outcome and not vice-versa (Carlson, 2009). Other studies have confirmed this, suggesting that a
significant synergistic effect does indeed occur when temozolomide is given with radiotherapy
(Barazzuol, 2010).
Given that it has been shown only radiosensitization may occur and not chemosensitization in
combination therapy for GBM, adjustment of the α and β parameters of the radiotherapy model is thus
the only modification needed for modeling of synergistic effects. Thus, these parameters would be
increased by a constant ratio to model the dynamics of the tumor. A previous study involving modeling
the synergistic effect of TMZ and chemotherapy on a population of patients implemented a reduction of
75.2% in the α/β ratio (Barazzuol, 2010). The Vital-Lopez model handles the tumor on the individual cell
level and thus would offer an intriguing medium to compare synergistic parameters.
There are several mechanisms through which TMZ could enhance radiosensitivity. TMZ may
redistribute the cells into a radiosensitive phase of the cell cycle, as cells exhibit the greatest
radiosensitivity in the M and G2 phases and the greatest radioresistance in the S phase (Stamatakos,
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2002) (Antipas, 2004). TMZ may also increase the number of double-strand DNA breaks after radiation
exposure. There are many mechanisms by which TMZ could simply weaken a cell and leave it more
vulnerable to radiation-induced apoptosis, such as mutations in the DNA mismatch repair (MMR)
pathway or immediate activation of methylguanine methyltransferase (MGMT) (Kaina, 2007). These
situations could thus improve the efficacy of such a treatment.
The current Vital-Lopez model was evaluated against combination therapy schemes by first
calculating tumor volumes assuming independent cytotoxicity of each agent. Results of studies by Kil
(Kil) of U251 tumor xenograft implantation in nude mice and Carlson (Carlson, 2009) of intracranial
implantation of GBM12 xenografts in mice were used. Radiobiological parameters for U251 were used
to simulate treatment with the GBM12 cell line, with all other radiobiological parameters taken directly
from Taghian.

Chapter 3
Results
Haptotaxis
Simulations were first performed to evaluate the effect of the strength of the haptotaxis
gradient c in the modified Vital Lopez model for the overall migrating direction of the cell determined by
equation 4:
(4)
Where d is the migrating direction, go is the oxygen gradient, gv is the vascular endothelial growth factor
gradient from Vital-Lopez, b is a constant equal to 0.625, and gh is the new local haptotactic gradient.
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Figure II: Effect of haptotactic gradient strength on tumor volume. A: c = 0.1, B: c = 0.5, C: c = 1.0
Values of c of 0.1, 0.5, and 1.0 were chosen for the simulations. Tumor volume growth at each
magnitude of the haptotaxis gradient is shown in Figure II. As shown, tumor growth had little effect on
the strength of this gradient. Given the incredible invasive capacity of GBM, the haptotaxis parameter is
likely to have a much stronger effect. Therefore, further analysis is required in terms of accurately
describing the coupled dynamics of MMP secretion and ECM restoration in the tumor
microenvironment so that stronger gradients are established. Sufficiently capturing this effect would
allow for a sensitivity analysis of the haptotactic gradient strength parameter to tune it to experimental
results and enable further analysis of haptotactic effects to proceed with the model.
Radiotherapy
Results of the typical fractionation schemes both without an oxygen enhancement ratio (OER)
for quiescent cells and employing the OER for quiescent cells are shown in Figures III and IV,
respectively.

Exact fractionation schemes are defined in Table II in the Appendix. As expected,
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incorporation of the OER into fractionation schemes yields lower tumor growth rates. The greatest
effect is with the accelerated fractionation scheme, where tumor growth remains relatively stagnant for
a few weeks, which is consistent with other models (Dionysiou, 2006). Both show that accelerated
fractionation schemes of 2.0 Gy given twice a day achieves the highest cell killing rate and that
hypofractionation achieves the worst tumor control. This is somewhat consistent with clinicial trials, as
they have shown that accelerated fractionation improves tumor control rates for rapidly growing tumors
(Perez, 1998), but hypofractionation schemes have been shown to achieve long duration of tumor
control with less tumor cell kill. This is not reflected by the model, as the hypofractionation schemes of
6.0 Gy per day, administered once per week, yield the most rapidly growing tumors.

Figure III: Model simulations with different radiation fractionation schemes, not including an
OER effect for killing of quiescent cells
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Figure IV: Model simulations with typical radiation fractionation schemes with an OER effect
for killing of quiescent cells
The likely result of this is that developed radioresistance effects of the cell have not been taken
into account. Complete analysis of the cell cycle could also be examined, as radioresistance has been
largely determined to be cell cycle dependent (Antipas, 2004). Katzung (Katzung, 2001) has suggested
that proliferating tumor cells spend their in various cell cycle phases in the following distribution: 40% in
the G1 phase, 39% in the S phase, 19% in the G2 phase, and 2% in the M phase and, as mentioned
previously, cells are most radioresistant in the S phase. It is possible that, just as TMZ could redistribute
tumor cells into a radiosensitive phase, that certain fractionation schemes selectively redistribute tumor
cells into a radioresistant phase. Both further analysis of potential developed resistance mechanisms in
the GBM tumor cell and longer simulation trials are likely necessary.
The model was then tested against specific fractionation schemes in athymic rats invested by
Ozawa. Simulation parameters are shown in Table I in the Appendix. Simulation models correctly
predicted that for the U87mg cell line, 5 days of 3 Gy treatment yielded better tumor control than 10
14

days of 1Gy in terms of cumulative tumor volume, but not significantly. Treating 5 days of 2 Gy yielded
slightly lower tumor growth than 10 days of 1 Gy, inconsistent with Ozawa’s results, but simulations
were not run for the duration of the experimental trials (35 days) and so further analysis is necessary.
For the U251 cell line, the model correctly predicted that 10 days of 0.5 Gy treatment yields similar
tumor growth as 5 days of 0.75 Gy treatment. It underestimate, however, the relative effects of the 5
day scheme of 1.5 Gy fractions, as this yielded the best tumor control in Ozawa’s work but was outlasted
by the 10 day treatment of 1 Gy/day in the modified Vital-Lopez model. Again, this suggests that
acquired radioresistance/radiosensitization effects are involved and must be taken into account in the
model.

Figure V: Ozawa simulation results for U87mg trials
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Figure VI: Ozawa simulation results for U251mg trials

Combination Therapy
Results from simulations from Carlson are shown in Figure VI. Simulation descriptions can be
found in table I of the appendix. Simulation results show a similar efficacy of individual chemotherapy
or radiotherapy, consist with experimental data, but suggest that sequential treatments of one week of
temozolomide followed by one week of radiotherapy and one week of radiotherapy followed by one
week of temozolomide impede tumor growth the longest. This was not the case, as concomitant
temozolomide and radiotherapy was consistently found to have the greatest effect on hindering tumor
progression experimentally. This suggests that independent cytotoxicity was not the prevailing
mechanism of the two therapies and that synergistic effects were likely involved. It also shows a far
more effective tumor control rate for sequential radiotherapy followed by chemotherapy. Simulations
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would likely need to be run for a longer period of time to evaluate whether this treatment ultimately
yielded different tumor characteristics or not.

Figure VII: Results of Carlson simulations. TMZ = temozolmide applied, RT = radiotherapy
applied, TMZ-RT = temozolomide then radiotherapy, RT-TMZ = radiotherapy then temozolomide,
TMZ + RT = concomitant temozolomide and radiotherapy

Results from the Kil simulations are shown in Figure VII. Temozolomide treatment and radiation
treatment individually are both shown to have a marginal effect on tumor growth, which is consistent
with the nude mice data, though radiation treatment was slightly more effective in that setting. The
combination therapy scheme in the simulation, however, only has a slightly greater effect on the
relative reduction in tumor volume. Nude mice in Kil’s work, shown in Figure VIII, experienced a
significant reduction in relative tumor volume of over 90% of that of the untreated tumor at day 15,
while the modified Vital-Lopez simulation predicts just a 35% reduction with its assumption of
independent cytotoxicity.

Thus, significant synergistic effects have been shown to occur with this

treatment.
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Figure VIII: Simulations results using the Kil experimental data. TMZ = 1 dose of 10 mg/kg TMZ in
mice, RT = 1 fraction of 5 Gy, TMZ + RT = 1 dose of 10 mg/kg TMZ followed 1 hour later by 1 fraction of
5 Gy

Figure IX: Kil experimental results using same dosing schedules
18

Chapter 5
Future Work
The incorporation of haptotactic permission and radiotherapeutic treatment adds fidelity to the
current Vital-Lopez model and makes it more relevant in analyzing current treatment strategies
employed for GBM. Nevertheless, aside from the modifications suggested from the simulation results,
there are several directions that could be taken to further improve the model on both accounts. The
current model assumes that radiotherapy has no effect on the extracellular matrix of the brain. This
may not be the case, as radiation has been shown to cause fibrosis effects in organs such as the lung
(Bentzen, 1996). If radiation-induced fibrosis occurred to a measurable extent in the extracellular space
in the brain under certain conditions, haptotactic effects would be enhanced and cell migration would
increase. Radiation therapy has been found to enhance cell motility in some cases (Zhai, 2006), and this
hypothesis could be used to further investigate those circumstances.
Another potential direction for the project to proceed in involves incorporation of inhibitory
agents in the treatment simulations. Methylguanine methyltransferase (MGMT) inhibitors such as O6benzylguanine have been used frequently in treatment with TMZ and radiation with mixed effects on
the sensitivity of each treatment (Wedge, 1997). Accurately modeling the relationship between these
three agents in combination would improve the relevance of the Vital-Lopez model to current treatment
strategies. The incorporation of radiotherapy also allows for the possibility of modeling advanced
radiotherapeutic treatment strategies such as brachytherapy. In brachytherapy, radioactive “pellets”
are implanted into the brain tumor, allowing for higher local radiation dosages to be distributed
(Loeffler, 1990).

Modeling the spatial distribution and apoptotic effect of radiation dosage in

brachytherapy would increase the applicability of the model to different treatments.
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Lastly, the haptotactic migration component of the model could be modified. The current model
assumes secretion of MMPs with degradation by normal cells, but in reality, this degradation occurs
from expression of tissue inhibitors of MMPs (TIMPs) by the normal brain cells (Placeholder1).
Ultimately, the balance between MMPs and TIMPs is critical for control of glioma cell invasion
(Planchenault, 2001). Also, not all MMPs promote tumor progression, as certain MMPs actually inhibit
tumor growth and malignant transformation and cause antiangiogenic effects (Gabelloni, 2010). The
efficacy of TIMPs is in question as well, though, as some studies have shown that decreased TIMP levels
seen in glioblastoma could be insufficient to prevent most ECM destruction and cell invasion (Mohanam,
1995). The model could be improved to accurately predict the conditions under which TIMPs are
secreted by the healthy brain cells, more accurately establishing haptotactic gradients and adding
fidelity to the model.

Chapter 6
Conclusions
The Vital-Lopez model for tumor progression has been modified successfully with
radiotherapeutic treatment schemes and has been given a foundation for a successful incorporation of
haptotactic effects with some tuning of parameters. Radiotherapeutic treatment effects largely agree
with literature data except for sequential treatment prior to temozolomide and high-dosage
fractionation, both of which should be investigated in the future. It successfully predicts significant
synergism against literature data and allows for future work in tuning radiobiological parameters to
accurately capture these effects. Despite advances in prediction of glioblastoma treatment through the
Vital-Lopez model and others, though, GBM remains a deadly disease with a poor prognosis. However,
continuous developments in treatment schemes yield hope that it may be more manageable in the
future. Mathematical modeling will undoubtedly serve as a useful tool for developing these treatments
and optimizing them on an individual basis in the hope of maximum survival period and quality of life.
20

Appendix

Figure X: Temporal ECM density profile at initial secreted MMP concentration from Kim
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Table I: RT and Combination Therapy Dosing Simulations
Tumor
Ozawa:
Intracranial
tumors in
athymic rats
U251
U251
U251
U251
U87a
U87
U251a
U251
U251
U251
U251
U87a
U87
U87
Kil: tumor
implanted in
legs of female
nude mice
U251a
U251
U251
U251
Carlson:
intracranial
tumor; mice
GBM12a*
GBM12
GBM12
GBM12
GBM12
GBM12

Days TMZ

TMZ (mg/kg)

Days RT

RT (Gy)

RT dose/day

-

0
0
0
0
0
0
0
0
0
0
0
0
0
0

1 to 5 and 8 to 12
1 to 5 and 8 to 12
1 to 5 and 8 to 12
1 to 5 and 8 to 12
1 to 5
1 to 5
1 to 5
1 to 5
1 to 5
1 to 5
1 to 5

0
0.3
0.5
1
0
1
0
0.5
0.75
1
1.5
0
2
3

1
1
1
1
1
1
1
1
1
1

1
1
1

0
10
0
10

1
1
1

0
0
4
4

1
1
1

1 to 5
8 to 12
1 to 5
1 to 5

0
66
0
66
66
66

1 to 5
1 to 5
8 to 12
1 to 5

0
0
2
2
2
2

2
2
2
2

a = rerun of first simulation, one set of results used to represent untreated tumor
*U251 cell line radiobiological parameters from Taghian were used
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Table II: Radiotherapy fractionation simulations
Type of
fractionation
Standard
fractionation
Hyperfractionation
Acceleration
fractionation
Accelerated
hyperfractionation
Hypofractionation
Standard
fractionation
Hyperfractionation
Acceleration
fractionation
Accelerated
hyperfractionation
Hypofractionation

OER

Days RT

RT (Gy)

No consideration

1:5,8:12,15:19,22:26,29:33,36:40

2

RT
dose/day
1

“
“

1:5,8:12,15:19,22:26,29:33,36:40
1:5,8:12,15:19

1.2
2

2
2

“

1:5,8:12,15,16

1.5

3

“

1,8,15,22,29,36,43,50,57,64

6

1

2.7

1:5,8:12,15:19,22:26,29:33,36:40

2

1

2.7
2.7

1:5,8:12,15:19,22:26,29:33,36:40
1:5,8:12,15:19

1.2
2

2
2

2.7

1:5,8:12,15,16

1.5

3

2.7

1,8,15,22,29,36,43,50,57,64

6

1
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