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Abstract

Resection of the bulk of a tumour often cannot eliminate all cancer cells, due to their infiltra-
tion into the surrounding healthy tissue. This may lead to recurrence of the tumour at a later

time. We use a reaction-diffusion equation based model of tumour growth to investigate how

the invasion front is delayed by resection, and how this depends on the density and behav-
iour of the remaining cancer cells. We show that the delay time is highly sensitive to qualita-

tive details of the proliferation dynamics of the cancer cell population. The typically assumed

logistic type proliferation leads to unrealistic results, predicting immediate recurrence. We

find that in glioblastoma cell cultures the cell proliferation rate is an increasing function of the

density at small cell densities. Our analysis suggests that cooperative behaviour of cancer
cells, analogous to the Allee effect in ecology, can play a critical role in determining the time
until tumour recurrence.

-
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Author summary

Mathematical models of propagating fronts have been used to represent a wide variety of
biological phenomena from action potentials in neural cells to invasive species in ecology
and epidemic spreading. Here we show that when such models are used to predict the
effects of external perturbations the results can be very sensitive to certain details of the
local dynamics. For example, the post resection recurrence of tumour growth depends
strongly on the density dependence of the proliferation of cancer cells. This suggests that
targeting the cooperative behaviour of cancer cells could be an efficient strategy for delay-
ing the recurrence of diffuse aggressive brain tumours.
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Introduction

The growth of a malignant tumour is driven by the uncontrolled proliferation of cancer cells,
and their invasion into healthy tissue. While the primary therapy often involves the surgical
removal of the tumour, unfortunately, the surgery often leaves a small population of cancer
cells infiltrated into the surrounding tissue. After a remission period of variable duration, the
surviving cancer cells can initiate the recurrence of the disease. This is a particularly serious
concern for glioblastoma brain tumours characterised by a diffuse tumour boundary within a
complex, heterogeneous and relatively soft brain tissue [1, 2].

A major recent retrospective MRI study has shown that 77% of glioma patients relapsed
centrally within 2 cm of the original tumour mass, 18% patients relapsed more than 4 cm
from the original enhancement and 4% relapsed within the contralateral hemisphere
[3]. The median relapse time was 8 month for local relapses, and progressively longer for
distant relapses. The median time for contralateral relapses increased almost two-fold, to 15
months.

At the macroscopic level, invasive cancers with a diffuse boundary such as glioblastoma can
be described by mathematical models specifying the spatial and temporal changes in tumour
cell density [4-9]. Models of tumour invasion often utilise travelling front solutions of the
Fisher-Kolmogorov type reaction-diffusion equation [10-12]. Predictive quantitative models
of tumour growth have been proposed as a potential tool for patient specific computational
optimisation of treatment strategies such as localised radio- and combinatory chemotherapies
[13-19]. In combination with diagnostic imaging, such models aim to forecast the spatial and
temporal progression of the disease taking into account the heterogeneity of the tumour and
the tissue environment [13, 17].

To understand the dynamics that controls the initiation of recurrent tumour growth, in this
paper we investigate, using quantitative models, how surgical removal of the tumour affects its
delayed recurrence. In particular, we aim to identify key parameters of tumour cell populations
that determine how much the progression of cancer can be delayed by surgical resection. We
show that a density dependent proliferation of the cancer cells [20], particularly at low cell den-
sities, has a key impact on predicting the time until tumour recurrence.

Results
The model

We consider a population dynamics model of glioma invasion in which the population density
of cancer cells within a tissue is determined by the balance of proliferation, motility and cell
death. Tumour cells are known to engage in a rich variety of motility [21]. Yet, as we discuss
below, available experimental data suggest that at long time scales cancer cell movement is ran-
dom and well approximated as a diffusion process, similar to the behaviour observed in cell
cultures [22]. Thus, tumour spreading at a tissue scale is thought to be well described by a reac-
tion-diffusion equation of the form:

%z%(D%) + Cr(C) (1)

where C(x, t) is the density of cancer cells at location x and time t. The diffusivity of the cells D
characterises their random motility, and the function r(C) describes the balance of the rate of
proliferation by cell division and cell death rate. In the simplest, and typically used, form of Eq
(1) the environment is steady and homogeneous (D and fare independent of x and ¢) and the
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proliferation term is the logistic function

HC) = p <1 - %) 2)

where p is the maximum population growth rate. Expression (2) assumes that, on average, the
balance of proliferation and death rates of cells, 7(C), decreases with the cell density and van-
ishes when the density reaches the carrying capacity K. This behaviour reflects—in a simplistic
form—limitations of both biochemical resources and cell size as the cell density increases [13,
17,23, 24].

Eq (1) with the logistic proliferation term (2) is the well known Fisher-Kolmogorov (FK)
equation. The FK equation has travelling front solutions of the form C(x, t) = Cy(x — vt) where
v is the propagation velocity and Cj is the stationary population density profile of cancer cells,
as seen in a reference system co-moving with the front [25-27]. For sufficiently localised initial
conditions (e.g. with nonzero values restricted to a finite region) the asymptotic front speed is
2+/Dp and the characteristic front width is \/D/p.

Following the surgical intervention reactive gliosis appears at the site of surgery. In the
majority of the cases for a couple of months the resected area remains tissue free as evidenced
by follow-up imaging [28]. As such the cell spreading into this area can substantially be
delayed. Thus, in our model it is natural to represent tumour resection (or other localised pri-
mary treatments such as radiation therapy) by resetting cancer cell density C to zero in the
region where C is higher than a predefined detection threshold 6. Back-propagation of the
tumour into the area from which it was removed can be also prevented by no-flux boundary
conditions imposed at the contour of the threshold density. The modified cell density profile
is then used as initial condition for the same reaction-diffusion equation to generate the post-
resection dynamics in the altered spatial domain. We find that our results are quite insensitive
to whether or not the resected domain remains available for repopulation.

Numerical results: Logistic growth

Numerical solutions of Eq (1) with the logistic growth term (2) and resection are shown for a
one dimensional system in Fig 1. Surprisingly, we find that the resection does not lead to any
detectable delay of the propagation of the front: The post-resection front initiated by the trun-
cated, low cell density tail of the cancer cell distribution coincides with the unperturbed origi-
nal front (see also S1 Movie). This behaviour appears to be independent of model parameters
including the resection threshold 6.

To explain this counterintuitive behaviour we note that in the logistic proliferation term (2)
the cancer-free equilibrium state C = 0 corresponding to healthy tissue is linearly unstable.
Therefore the FK front is a so called “pulled front” [27, 29], where the dynamics of the low cell
density leading edge is not affected even by the complete removal of the population behind the
front. The complete absence of a delay in front propagation, however, questions the suitability
of FK equation to represent radical medical interventions, which are expected to delay the pro-
gression of cancer.

Glioblastoma cells exhibit a weak Allee effect in culture

Since after resection the density of cancer cells is low everywhere, the recurrence of the tumour
is mainly determined by the survival and proliferation of cancer cells at low cell densities. To
gain a qualitative insight into the density dependence of the cancer cell proliferation rate, we
performed a series of in vitro experiments.
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Fig 1. Space-time plot showing the numerical solution of the reaction-diffusion Eq (1) with the logistic growth term (2) in non-
dimensional form (o =1, D=1, K=1). The initial condition is localised at x = 500 and resection is applied at ¢ = 30 with a threshold 6 =0.1.
After the intervention the simulation is continued using the truncated cancer cell profile as initial condition. (left): The resected region is removed
from the domain by imposing no-flux boundary conditions. (right): The density is set to zero within the resected region, but back-propagation
remains possible.

https://doi.org/10.1371/journal.pcbi.1005818.g001

Glioblastoma cells were grown and imaged in sparse cultures for at least 4 days. Cultures
were seeded at low cell densities ranging from 3 to 100 cells/mm?, corresponding to an area
confluency (coverage) between 0.5 and 20% (see S3 and S4 Movies). We evaluated a time-lapse
image sequence s in terms of A(t), the total area covered by the cells as a function of time ¢
(Fig 2, see Methods for further details).

The growth rate by(T) characterising the time period T < t < T + AT was obtained as a lin-
ear fit of the corresponding A(t) values:

A (t) = b(T)t + const. (3)

We have chosen the duration of the time period as AT = 30h, sufficiently short for the linear
approximation (3) to hold, and sufficiently long to detect slow changes in the area covered by
cells (Fig 2a).

The density-dependent average growth rate per cell, #(C) = f(C)/C, was obtained as

r(A) = <bs(T)/A(T)>s,T:AS(T)zA (4)

where the (...) average was calculated over parallel cultures s and time intervals for which the
initial A(T) coverage was sufficiently close to A.

Experimental results from two glioblastoma cell lines suggest that in the low density regime
the cell growth rate r(C) increases with the population density C while it decreases at larger
densities (Fig 2). This non-monotonous behaviour is in contrast with the logistic model which
assumes a monotonously decreasing growth rate. In ecology such behaviour is known as the
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Fig 2. Allee effect in glioblastoma cell cultures. A: U87 glioblastoma cells in culture, detected by our segmentation
algorithm (blue). (B): Confluency (area covered by cells) A as a function of culture time tin parallel cultures of the U87 cell
line seeded at various densities, specified in the plot. Each line represents an average of n= 12 microscopic fields of the
same culture. The standard error of the mean is indicated by the shaded areas. The dashed lines are linear fits over two 30
h long time periods, each starting at a confluency value of 20%. (C,D): Average growth rates rfor various confluency
values A, for two glioblastoma cell lines, GBM1 (C) and U87 (D). To obtain each value r, we pooled data from three distinct
experiments, each monitoring 4 parallel culture dishes seeded at various densities. Thus, each rvalue incorporates data
from 40-100 microscopic fields.

https://doi.org/10.1371/journal.pcbi.1005818.9002

Allee effect [30, 31], and can arise as a result of some sort of cooperative behaviour among
individuals that becomes less efficient at low population density. In cultures of cancer cells
such cooperative behaviour can likely arise due to autocrine growth factors, diffusive signalling
molecules produced and secreted by cells that enhance growth and proliferation of other cells
[32]. Mathematical and computational models of cellular mechanisms leading to the develop-
ment of Allee effect in the context of tumour growth has been described in recent studies [33,
34], and properties of travelling front solutions in a model of tumour invasion with strong
Allee effect was studied in [35].

Computational model with Allee effect

Motivated by our experimental observations of non-monotonous density-dependent survival
and proliferation of tumour cells, we replace the logistic growth rate (2) with a quadratic net

cell proliferation rate
C C
=p (= 1—=). 5
C) p<K+ﬁ>< K) (5)
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Fig 3. Space-time plot, similar to Fig 1, obtained with Allee effect as described by the quadratic cell proliferation function (5). p=1,
D=1,K=1,8=0,6=0.1.

https://doi.org/10.1371/journal.pcbi.1005818.g003

We choose this functional form as being the simplest that describes a non-monotonous density
dependent proliferation. The Allee effect can be categorised by the sign of the parameter f as
“strong” when f < 0, or “weak” otherwise. In the case of strong Allee effect the spatially uni-
form population dynamics is bistable and there is a critical density Cy= —BK below which the
growth rate is negative. For 8 > 0, the case of weak Allee effect, the cell reproduction rate
increases with cell density, but it is always positive and there is no critical survival density.

The existence of a minimal density required for the survival of cancer cells would imply
that the tumour can be eliminated completely if the resection threshold is sufficiently low
(6 < —=PK). This is, however, very rare in the case of glioblastoma [36]—suggesting that this dis-
ease exhibits a weak Allee effect: 0 < f < 1.

We used the cell proliferation function (5) and repeated the tumour growth and resection
simulations in one dimension (Fig 3). According to our expectations, in the modified model
the resection can indeed substantially delay the propagation of the tumour (see also S2 Movie).
Fig 4 shows the integral of cancer cell population density C(x, t) within the area outside the
resection, for different values of the resection threshold 8. Note, that after resection there is a
lag phase during which the total number of cancer cells is almost constant. The lag phase is fol-
lowed by a sharp transition to a linear increase indicating a front moving with constant speed.
From this graph we can determine the length of the remission period, 7, as a delay relative to
the original unperturbed front. The remission period thus increases substantially as the resec-
tion threshold is reduced.

The dependence of the remission period length 7 on the resection threshold 6 (Fig 5) is
qualitatively different depending on the type of Allee effect considered. In the case of strong
Allee effect, the delay time becomes infinite at a finite critical resection threshold. In the
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Fig 4. Total number of cancer cells as a function of time for different values of the resection threshold
d(p=1,D=1, K=1, 8=0). A rough estimate of the time unit based on the experimentally observed in vitro

proliferations rates is about 2—3 days. Note, that the case 8 = 0, shown in these simulations, gives an upper
limit of the delay time, for nonzero 8 the values can be significantly lower.

https://doi.org/10.1371/journal.pcbi.1005818.9004

borderline case when 8 = 0 we find a power law behaviour where the delay is inversely propor-
tional to the square of the resection threshold. For weak Allee effect with f > 0 the remission
period length appears to follow a power law similar to the 8 = 0 case for larger values of the
threshold &, and crosses into a logarithmic function when the resection threshold is low.
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Fig 5. The remission time = caused by resecting the tumour as a function of the resection threshold & for weak and strong Allee effects.

https://doi.org/10.1371/journal.pcbi.1005818.9005
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Theory

In order to explain the inverse quadratic power law dependence of the recurrence delay on the
resection threshold ¢ for the case = 0, we look for approximate solution of Eq (1) using the
exponential tail [37] of the truncated front 6 exp(—ax), where x > 0, a = /p/D, as initial con-
dition after resection. Since we are considering the low density tail of the cancer cell distribu-
tion left from the resected tumour (C(x)/K < 1), we can neglect the limitation of growth due
to the finite carrying capacity. First we compare the relative magnitude of the diffusion and
proliferation terms right after resection by substituting the initial concentration into the Eq (1)
2

% ~ dpe ™ + p%e*m (6)
From this we can see that if the resection threshold is small, §/K < 1, then at this initial state
the diffusion term dominates over cell proliferation. This is also visible in the numerical
simulations, which show that the population density peak at the resection boundary quickly
decreases at the beginning as the cancer cell population is dispersed (S2 Movie).

Although the full diffusion-proliferation equation cannot be solved explicitly, we can use
this observation regarding the dominance of diffusion, and find an approximate solution valid
for the initial period of time, by neglecting the proliferation term. The solution of the diffusion
equation using the exponential post-resection profile as initial condition is

Clx, t) = g [1 —erf (\/ﬁ - 2%@)} et (7)

For large ¢, that is relevant in the small resection threshold limit (6 — 0), the argument of
the error function is dominated by the first term, and using the asymptotic form of the com-
plementary error function 1 — erf(x) ~ (1/y/7)e = /x we obtain the following approxima-
tion:

x?

5 N
~ 4Dt (8)
C(x, 1) 2\/7t_pte

In Eq (8) we recovered a Green’s function of the diffusion equation in which the total popu-

lation size remains constant.

Now we can use this approximate solution and substitute it back into the full diffusion-pro-
liferation equation, to compare again the relative magnitudes of the diffusion and proliferation
terms.

2 2

_ 2 252 _ 2
C p 0 capi( X L), DO ~up( > 9)
ot 2/mpt 4D*? 2Dt 4Kmt 2D?t?

At the time when the contribution of cell proliferation becomes comparable to the diffusion
term, the purely diffusive approximation breaks down. At this point the proliferation of cancer
cells becomes non-negligible since diffusion is no longer efficient enough to disperse the can-

cer cell population to keep their density low at which reproduction is slow as imposed by the
Allee effect. This leads to a sudden rapid increase of total cell mass initiating tumour recur-
rence represented by a new propagating front. Thus we can use the time needed for the prolif-
eration term to reach the magnitude of the diffusion term as an estimate for the remission
time, 7. Using x = 0 as a reference point where the cancer cell density is maximal, and
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balancing the two terms at ¢ = 7 we obtain

1 9 0 0
202, /TpT p 2/mpt <2K. /np‘c) (10)

L0

in agreement with the numerically observed 7(6) ~ &~ % for the case 8= 0 which represents an
upper limit for the finite recurrence time with weak Allee effect 8> 0.

which leads to

Discussion

We have shown that the model of tumour invasion based on logistic cell proliferation cannot
describe the delayed progression of cancer due to resection and therefore it may not describe
correctly the typical outcome of clinical interventions that substantially reduce population
density of tumour cells. We propose that the key element, that determines the time until
tumour recurrence, is the Allee effect, which results from positive cooperative behaviour of the
cancer cells.

The Allee effect at the level of a tumour cell population may reflect diverse processes at the
cellular level. A number of signalling pathways that include autocrine components, such as
TGFalpha/EGF/EGFR, PDGF/PDGFR, HGF/SF and CXCL12/CXCR4 ligand/receptor sys-
tems, have been identified in glioma and glioblastoma [32]. Thus, glioblastoma cells can both
produce the diffusive factor and respond to its presence with the appropriate receptors that
activate cell proliferation. In addition, interactions between tumour cells and the surrounding
stromal cells may also depend on the concentration of growth supportive paracrine factors
and thus on the local cell density [38]. Furthermore, the matrix remodelling capacity, includ-
ing the deposition of fibrillary collagen that promote glioma cell invasion, is also influenced by
the density of tumour cells [39]. Finally, multicellular spheroid models of tumour growth often
exhibit resistance against various treatment modalities [40].

Our mathematical model that includes the Allee effect provides the following insight into
the dynamics of the tumour cell population: After resection the proliferation of cancer cells is
very slow therefore their distribution is mainly determined by random motility which spreads
the cells into the low density regions faster than they could reproduce leading to progressively
lower densities. The process is eventually halted by the density distribution of the cells near the
resection boundary becoming almost uniform in space. Without a cell density gradient ran-
dom cell motility cannot further reduce cell density and the slow proliferation eventually
catches up and leads to the recurrence of the invasion front. In accord with this analysis, the
radiologically and histologically assessed cellularity, i.e. the density of tumour cells in the tis-
sue, is one of the most important histological prognostic factors in glioblastoma multiforme—
more predictive than the total tumour burden or proliferation index of the surgical specimen
[41-43]. A counterintuitive prediction of our analysis is that reduced cell motility would pro-
mote an earlier local recurrence of the disease. Experimentally, this hypothesis could be tested
by comparing the migratory activity of patient derived glioma cells and the time of recurrence
using a major glioblastoma cohort in order to decrease the impact of other potential confound-
ing factors like genetic background or extent of resection.

Glioblastoma cells are known to follow extracellular matrix rich structures, myelinated
tracks and tissue inhomogeneities such as blood vessels or white matter tracts (axon bundles).
However, only 20-30% of glioma recurrence is non-local (occurs at a distance greater than 2
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cm from the original tumor centroid) [3, 44]. Thus, remissions clearly involving directed cell
migration in great excess to local diffusivity happen, but our simple model representing cell
motility as a diffusive process deals with the majority of cases. While to the best of our knowl-
edge there is no single tracking data available for glioblastoma cells in situ or in brain slice
explants, in the latter experimental model cells often spread in a spatially isotropic pattern that
appears to be consistent with a diffusive spreading [45, 46]. Thus, while glioma motion may be
anisotropic and directed at sub-millimetre scales, the complexity of the brain tissue may result
in an approximate diffusive spreading at larger scales.

The diffusion term of Eq (1) may also incorporate density-dependent effects. The random
motility of cancer cells may also depend on the local cell density, hence affecting the diffusion
parameter D. When D vanishes for small population densities, the diffusive FK fronts are
replaced by compact fronts with a well defined boundary [47, 48]. Similarly, expansion of an
adhesive tumour mass without substantial random motility would be described by an advec-
tion term. Although, such generalisations are likely to be relevant for other malignancies, the
diffuse infiltrate characteristics of glioblastoma are best explained by a diffusive process with a
finite D at vanishing densities.

Recent improvements in imaging technology offer the promise of treatments specifically
optimised both for the individual patients and tumours at the specific locations. We demon-
strated that predictive models of tumour progression, necessary to evaluate and design such
treatments, must include the Allee effect of tumour cell population dynamics. In this paper we
considered a highly simplified one-dimensional model. In reality the strongly non-uniform tis-
sue environment distorts the shape of the tumour and influences the cell’s ability to migrate.
Although this will not modify the main qualitative observations regarding the relationship
between tumour recurrence time and the Allee effect, such inhomogeneities and tissue anisot-
ropies need to be taken into account when optimising treatment modalities in a patient spe-
cific manner. While surgery always aims to remove most of the tumour cells, our results
indicate that interfering with autocrine feedback regulation of growth control at low cell densi-
ties may effectively prolong remission after surgery. As areas with maximal cell densities (and
not the total tumour burden) determine remission time, radiotherapy optimisation must also
critically depend on the Allee effect.

Methods
Cell culture

Two human glioblastoma cell lines (U87 and GBM1) were investigated in this study. U87 is a
standard cell line from American Type Culture Collection (ATCC, HTB-14), GBM1 was estab-
lished from a giant cell variant of glioblastoma multiforme at the National Institute of Neuro-
surgery in Budapest, Hungary as described previously [22]. Cell lines were maintained and
studied in Dulbecco’s Modified Eagle Medium (DMEM, Lonza) containing L-glutamine, sup-
plemented with 10% fetal bovine serum (Invitrogen) and penicillin-streptomycin-amphoteri-
cin B (Lonza). Cells were grown in non-precoated culture dishes at 37°C in a humidified, 5%
CO,, 95% air atmosphere. Confluent cultures were washed twice with PBS (Invitrogen) and
incubated with trypsin-EDTA (Sigma) to obtain cell suspensions. Cells were seeded in low
densities (3, 10, 30 cells/mm2) into 35 mm Petri dishes (Greiner).

Time lapse imaging

Time-lapse recordings of the cell cultures were performed on a computer-controlled Leica
DM IRB inverted microscope equipped with a Marzhauser SCAN-IM powered stage and a
10x N-PLAN objective with 0.25 numerical aperture and 17.6 mm working distance. The
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microscope was coupled to an Olympus DP70 colour CCD camera. Cell cultures were kept in
a stage-top mini incubator at 37°C in humidified 5% CO, atmosphere. Phase contrast images
were collected every 10 minutes from each microscopic field for durations up to 3-4 days.

Image analysis

Recorded phase-contrast images were analysed by segmentation and particle image velocime-
try (PIV) algorithms implemented in Octave and Python. To detect cell occupied area a global
threshold was applied to the local standard deviation of intensity on each image [49]. The code
used for segmentation and confluency calculation are available at http://github.com/aczirok/
cellconfluency.

Supporting information

S1 Movie. Movie showing the front propagation before and after resection using the logis-
tic proliferation term. Blue curve is the original unperturbed front and Red dashed curve

is the post-resection front. Note, that in this case the post-resection front coincides with the
unperturbed one, i.e. the front propagates without any delay. The parametersare D=1,p =1,
K =1, the resection time is t, = 20 and resection threshold is 6 = 0.1.

(AVI)

$2 Movie. Movie. Same as S1 Movie. except that the proliferation term is replaced with the
cubic function including the Allee effect (8 = 0). In this case the resection is followed by a latent
remission period and the recurrent front is substantially delayed relative to the original front.
The parameters are D = 1, p = 1, K = 1, the resection time is ¢, = 70 and the resection threshold
isd=0.1.

(AVI)

$3 Movie. Movie. Segmented time-lapse phase-contrast image sequence of the U87 cell line.
(MP4)

S$4 Movie. Movie. Segmented time-lapse phase-contrast image sequence of the GBM1 cell line.
(MP4)

Author Contributions

Conceptualization: Zoltan Neufeld, William von Witt, Andras Czirok.
Formal analysis: Zoltan Neufeld, Jiaming Wang, Andras Czirok.
Funding acquisition: Andras Czirok.

Investigation: Zoltan Neufeld, William von Witt, Dora Lakatos, Jiaming Wang, Balazs Hege-
dus, Andras Czirok.

Methodology: Zoltan Neufeld, Dora Lakatos, Andras Czirok.

Project administration: Zoltan Neufeld, Andras Czirok.

Resources: Andras Czirok.

Software: Zoltan Neufeld.

Visualization: Zoltan Neufeld.

Writing - original draft: Zoltan Neufeld, Dora Lakatos, Balazs Hegedus, Andras Czirok.
Writing - review & editing: Zoltan Neufeld, Balazs Hegedus, Andras Czirok.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005818 November 17,2017 11/14


http://github.com/aczirok/cellconfluency
http://github.com/aczirok/cellconfluency
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005818.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005818.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005818.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005818.s004
https://doi.org/10.1371/journal.pcbi.1005818

©-PLOS | Sotoer o

Modelling cancer recurrence

References

1.

10.

1.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Claes A, Idema AJ, Wesseling P. Diffuse glioma growth: a guerilla war. Acta Neuropathologica. 2007
Nov 1; 114(5):443-58. https://doi.org/10.1007/s00401-007-0293-7 PMID: 17805551

Scherer HJ. The forms of growth in gliomas and their practical significance. Brain. 1940 Mar 1; 63(1):1—
35. https://doi.org/10.1093/brain/63.1.1

Sherriff J, Tamangani J, Senthil L, Cruickshank G, Spooner D, Jones B, Brookes C, Sanghera P. Pat-
terns of relapse in glioblastoma multiforme following concomitant chemoradiotherapy with temozolo-
mide. The British journal of radiology. 2013 Feb; 86(1022):20120414. https://doi.org/10.1259/bjr.
20120414 PMID: 23385995

Harpold HL, Alvord EC Jr, Swanson KR. The evolution of mathematical modeling of glioma proliferation
and invasion. Journal of Neuropathology & Experimental Neurology. 2007 Jan 1; 66(1):1-9. https://doi.
org/10.1097/nen.0b013e31802d9000

Hatzikirou H, Deutsch A, Schaller C, Simon M, Swanson K. Mathematical modelling of glioblastoma
tumour development: a review. Mathematical Models and Methods in Applied Sciences. 2005 Nov; 15
(11):1779-94. https://doi.org/10.1142/S0218202505000960

Gerlee P, Nelander S. The impact of phenotypic switching on glioblastoma growth and invasion. PLoS
Computational Biology. 2012 Jun 14; 8(6):e1002556. https://doi.org/10.1371/journal.pcbi. 1002556
PMID: 22719241

Anderson AR, Quaranta V. Integrative mathematical oncology. Nature Reviews Cancer. 2008 Mar 1; 8
(3):227-34. https://doi.org/10.1038/nrc2329 PMID: 18273038

Altrock PM, Liu LL, Michor F. The mathematics of cancer: integrating quantitative models. Nature
Reviews Cancer. 2015 Dec 1; 15(12):730-45. https://doi.org/10.1038/nrc4029 PMID: 26597528

Enderling H, Chaplain MA, Anderson AR, Vaidya JS. A mathematical model of breast cancer develop-
ment, local treatment and recurrence. Journal of Theoretical Biology. 2007 May 21; 246(2):245-59.
https://doi.org/10.1016/}.jtbi.2006.12.010 PMID: 17289081

Edelstein-Keshet L. Mathematical models in biology. Society for Industrial and Applied Mathematics;
2005Jan 1.

Keener J, Sneyd J. Mathematical physiology. Springer Science & Business Media; 2010 Jun 4.

Volpert V, Petrovskii S. Reaction-diffusion waves in biology. Physics of life reviews. 2009 Dec 31; 6
(4):267-310. https://doi.org/10.1016/j.plrev.2009.10.002 PMID: 20416847

Rockne R, Rockhill JK, Mrugala M, Spence AM, Kalet |, Hendrickson K, Lai A, Cloughesy T, Alvord EC
Jr, Swanson KR. Predicting the efficacy of radiotherapy in individual glioblastoma patients in vivo: a
mathematical modeling approach. Physics in medicine and biology. 2010 May 18; 55(12):3271. https://
doi.org/10.1088/0031-9155/55/12/001 PMID: 20484781

Baldock AL, Rockne RC, Boone AD, Neal ML, Hawkins-Daarud A, Corwin DM, Bridge CA, Guyman
LA, Trister AD, Mrugala MM, Rockhill JK. From patient-specific mathematical neuro-oncology to preci-
sion medicine. Frontiers in oncology. 2013; 3:62 https://doi.org/10.3389/fonc.2013.00062 PMID:
23565501

Frieboes HB, Chaplain MA, Thompson AM, Bearer EL, Lowengrub JS, Cristini V. Physical oncology: a
bench-to-bedside quantitative and predictive approach. Cancer research. 2011 Jan 15; 71(2):298-302.
https://doi.org/10.1158/0008-5472.CAN-10-2676 PMID: 21224346

Gu S, Chakraborty G, Champley K, Alessio AM, Claridge J, Rockne R, Muzi M, Krohn KA, Spence AM,
Alvord EC Jr, Anderson AR. Applying a patient-specific bio-mathematical model of glioma growth to
develop virtual [18F]-FMISO-PET images. Mathematical medicine and biology: a journal of the IMA.
2012 Mar 1; 29(1):31-48. https://doi.org/10.1093/imammb/dqr002 PMID: 21562060

Corwin D, Holdsworth C, Rockne RC, Trister AD, Mrugala MM, Rockhill JK, Stewart RD, Phillips M,
Swanson KR. Toward patient-specific, biologically optimized radiation therapy plans for the treatment of
glioblastoma. PloS One. 2013 Nov 12; 8(11):e79115. https://doi.org/10.1371/journal.pone.0079115
PMID: 24265748

Hinow P, Gerlee P, McCawley LJ, Quaranta V, Ciobanu M, Wang S, Graham JM, Ayati BP, Claridge J,
Swanson KR, Loveless M. A spatial model of tumor-host interaction: application of chemotherapy.
Mathematical biosciences and engineering: MBE. 2009 Jul; 6(3):521. https://doi.org/10.3934/mbe.
2009.6.521 PMID: 19566124

Leder K, Pitter K, LaPlant Q, Hambardzumyan D, Ross BD, Chan TA, Holland EC, Michor F. Mathemat-
ical modeling of PDGF-driven glioblastoma reveals optimized radiation dosing schedules. Cell. 2014
Jan 30; 156(3):603—16. https://doi.org/10.1016/j.cell.2013.12.029 PMID: 24485463

Korolev KS, Xavier JB, Gore J. Turning ecology and evolution against cancer. Nature Reviews Cancer.
2014 May 1; 14(5):371-80. https://doi.org/10.1038/nrc3712 PMID: 24739582

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005818 November 17,2017 12/14


https://doi.org/10.1007/s00401-007-0293-7
http://www.ncbi.nlm.nih.gov/pubmed/17805551
https://doi.org/10.1093/brain/63.1.1
https://doi.org/10.1259/bjr.20120414
https://doi.org/10.1259/bjr.20120414
http://www.ncbi.nlm.nih.gov/pubmed/23385995
https://doi.org/10.1097/nen.0b013e31802d9000
https://doi.org/10.1097/nen.0b013e31802d9000
https://doi.org/10.1142/S0218202505000960
https://doi.org/10.1371/journal.pcbi.1002556
http://www.ncbi.nlm.nih.gov/pubmed/22719241
https://doi.org/10.1038/nrc2329
http://www.ncbi.nlm.nih.gov/pubmed/18273038
https://doi.org/10.1038/nrc4029
http://www.ncbi.nlm.nih.gov/pubmed/26597528
https://doi.org/10.1016/j.jtbi.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17289081
https://doi.org/10.1016/j.plrev.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20416847
https://doi.org/10.1088/0031-9155/55/12/001
https://doi.org/10.1088/0031-9155/55/12/001
http://www.ncbi.nlm.nih.gov/pubmed/20484781
https://doi.org/10.3389/fonc.2013.00062
http://www.ncbi.nlm.nih.gov/pubmed/23565501
https://doi.org/10.1158/0008-5472.CAN-10-2676
http://www.ncbi.nlm.nih.gov/pubmed/21224346
https://doi.org/10.1093/imammb/dqr002
http://www.ncbi.nlm.nih.gov/pubmed/21562060
https://doi.org/10.1371/journal.pone.0079115
http://www.ncbi.nlm.nih.gov/pubmed/24265748
https://doi.org/10.3934/mbe.2009.6.521
https://doi.org/10.3934/mbe.2009.6.521
http://www.ncbi.nlm.nih.gov/pubmed/19566124
https://doi.org/10.1016/j.cell.2013.12.029
http://www.ncbi.nlm.nih.gov/pubmed/24485463
https://doi.org/10.1038/nrc3712
http://www.ncbi.nlm.nih.gov/pubmed/24739582
https://doi.org/10.1371/journal.pcbi.1005818

©-PLOS | Sotoer o

Modelling cancer recurrence

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Paul CD, Mistriotis P, Konstantopoulos K. Cancer cell motility: lessons from migration in confined
spaces. Nature Reviews Cancer. 2017 Feb 1; 17(2):131—-40. https://doi.org/10.1038/nrc.2016.123
PMID: 27909339

Hegedliis B, Czirok A, Fazekas |, Babel T, Madarasz E, Vicsek T. Locomotion and proliferation of glio-
blastoma cells in vitro: statistical evaluation of videomicroscopic observations. Journal of neurosurgery.
2000 Mar; 92(3):428-34. https://doi.org/10.3171/jns.2000.92.3.0428

Holdsworth CH, Corwin D, Stewart RD, Rockne R, Trister AD, Swanson KR, Phillips M. Adaptive IMRT
using a multiobjective evolutionary algorithm integrated with a diffusion?invasion model of glioblastoma.
Physics in medicine and biology. 2012 Nov 29; 57(24):8271. https://doi.org/10.1088/0031-9155/57/24/
8271 PMID: 23190554

Enderling H, Chaplain MA, Hahnfeldt P. Quantitative modeling of tumor dynamics and radiotherapy.
Acta biotheoretica. 2010 Dec 1; 58(4):341-53. https://doi.org/10.1007/s10441-010-9111-z PMID:
20658170

Fisher RA. The wave of advance of advantageous genes. Annals of Human Genetics. 1937 Jun 1; 7
(4):355-69.

Murray JD. Mathematical Biology. || Spatial Models and Biomedical Applications Interdisciplinary
Applied Mathematics V. 18. Springer-Verlag New York Incorporated; 2001.

Stokes AN. On two types of moving front in quasilinear diffusion. Mathematical Biosciences. 1976 Jan
1; 31(3—4):307-15. https://doi.org/10.1016/0025-5564(76)90087-0

Hamard L, Ratel D, Selek L, Berger F, van Der Sanden B, Wion D. The brain tissue response to surgical
injury and its possible contribution to glioma recurrence. Journal of neuro-oncology. 2016 May 1; 128
(1):1-8. https://doi.org/10.1007/s11060-016-2096-y PMID: 26961772

Ebert U, van Saarloos W. Front propagation into unstable states: universal algebraic convergence
towards uniformly translating pulled fronts. Physica D: Nonlinear Phenomena. 2000 Nov 15; 146(1):1—
99. https://doi.org/10.1016/S0167-2789(00)00068-3

Courchamp F, Clutton-Brock T, Grenfell B. Inverse density dependence and the Allee effect. Trends in
ecology & evolution. 1999 Oct 1; 14(10):405—10. https://doi.org/10.1016/S0169-5347(99)01683-3

Taylor CM, Hastings A. Allee effects in biological invasions. Ecology Letters. 2005 Aug 1; 8(8):895-908.
https://doi.org/10.1111/j.1461-0248.2005.00787.x

Hoelzinger DB, Demuth T, Berens ME. Autocrine factors that sustain glioma invasion and paracrine
biology in the brain microenvironment. Journal of the National Cancer Institute. 2007 Nov 7; 99
(21):1583-93. https://doi.org/10.1093/jnci/djm187 PMID: 17971532

Konstorum A, Hillen T, Lowengrub J. Feedback regulation in a cancer stem cell model can cause an
allee effect. Bulletin of mathematical biology. 2016 Apr 1; 78(4):754—-85. https://doi.org/10.1007/
s$11538-016-0161-5 PMID: 27113934

Béttger K, Hatzikirou H, Voss-Bohme A, Cavalcanti-Adam EA, Herrero MA, Deutsch A. An emerging
allee effect is critical for tumor initiation and persistence. PLoS computational biology. 2015 Sep 3; 11
(9):1004366. https://doi.org/10.1371/journal.pcbi.1004366 PMID: 26335202

Sewalt L, Harley K, van Heijster P, Balasuriya S. Influences of Allee effects in the spreading of malig-
nant tumours. Journal of theoretical biology. 2016 Apr 7; 394:77-92. https://doi.org/10.1016/.jtbi.2015.
12.024 PMID: 26802481

Krex D, Klink B, Hartmann C, von Deimling A, Pietsch T, Simon M, Sabel M, Steinbach JP, Heese O,
Reifenberger G, Weller M. Long-term survival with glioblastoma multiforme. Brain. 2007 Sep 4; 130
(10):2596—606. https://doi.org/10.1093/brain/awm204 PMID: 17785346

Guo JS, Morita Y. Entire solutions of reaction-diffusion equations and an application to discrete diffusive
equations. Discrete Contin. Dyn. Syst. 2005 Feb 1; 12(2):193-212.

Shabtay-Orbach A, Amit M, Binenbaum Y, Na’ara S, Gil Z. Paracrine regulation of glioma cells invasion
by astrocytes is mediated by glial-derived neurotrophic factor. International journal of cancer. 2015 Sep
1; 137(5):1012—20. https://doi.org/10.1002/ijc.29380 PMID: 25487790

Huijbers 1J, Iravani M, Popov S, Robertson D, Al-Sarraj S, Jones C, Isacke CM. A role for fibrillar colla-
gen deposition and the collagen internalization receptor endo180 in glioma invasion. PloS one. 2010
Mar 22; 5(3):e9808. https://doi.org/10.1371/journal.pone.0009808 PMID: 20339555

Weiswald LB, Bellet D, Dangles-Marie V. Spherical cancer models in tumor biology. Neoplasia. 2015
Jan 31; 17(1):1-5. https://doi.org/10.1016/j.ne0.2014.12.004 PMID: 25622895

Burger PC, Volimer RT. Histologic factors of prognostic significance in the glioblastoma multiforme.
Cancer. 1980 Sep 1; 46(5):1179-86. https://doi.org/10.1002/1097-0142(19800901)46:5%3C1179::
AID-CNCR2820460517%3E3.0.CO;2-0 PMID: 6260329

Jamjoom AA, Rodriguez D, Rajeb AT, Manita MA, Shah KA, Auer DP. Magnetic resonance diffusion
metrics indexing high focal cellularity and sharp transition at the tumour boundary predict poor outcome

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005818 November 17,2017 13/14


https://doi.org/10.1038/nrc.2016.123
http://www.ncbi.nlm.nih.gov/pubmed/27909339
https://doi.org/10.3171/jns.2000.92.3.0428
https://doi.org/10.1088/0031-9155/57/24/8271
https://doi.org/10.1088/0031-9155/57/24/8271
http://www.ncbi.nlm.nih.gov/pubmed/23190554
https://doi.org/10.1007/s10441-010-9111-z
http://www.ncbi.nlm.nih.gov/pubmed/20658170
https://doi.org/10.1016/0025-5564(76)90087-0
https://doi.org/10.1007/s11060-016-2096-y
http://www.ncbi.nlm.nih.gov/pubmed/26961772
https://doi.org/10.1016/S0167-2789(00)00068-3
https://doi.org/10.1016/S0169-5347(99)01683-3
https://doi.org/10.1111/j.1461-0248.2005.00787.x
https://doi.org/10.1093/jnci/djm187
http://www.ncbi.nlm.nih.gov/pubmed/17971532
https://doi.org/10.1007/s11538-016-0161-5
https://doi.org/10.1007/s11538-016-0161-5
http://www.ncbi.nlm.nih.gov/pubmed/27113934
https://doi.org/10.1371/journal.pcbi.1004366
http://www.ncbi.nlm.nih.gov/pubmed/26335202
https://doi.org/10.1016/j.jtbi.2015.12.024
https://doi.org/10.1016/j.jtbi.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26802481
https://doi.org/10.1093/brain/awm204
http://www.ncbi.nlm.nih.gov/pubmed/17785346
https://doi.org/10.1002/ijc.29380
http://www.ncbi.nlm.nih.gov/pubmed/25487790
https://doi.org/10.1371/journal.pone.0009808
http://www.ncbi.nlm.nih.gov/pubmed/20339555
https://doi.org/10.1016/j.neo.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25622895
https://doi.org/10.1002/1097-0142(19800901)46:5%3C1179::AID-CNCR2820460517%3E3.0.CO;2-0
https://doi.org/10.1002/1097-0142(19800901)46:5%3C1179::AID-CNCR2820460517%3E3.0.CO;2-0
http://www.ncbi.nlm.nih.gov/pubmed/6260329
https://doi.org/10.1371/journal.pcbi.1005818

©-PLOS | Sotoer o

Modelling cancer recurrence

43.

44,

45.

46.

47.

48.

49.

in glioblastoma multiforme. Clinical radiology. 2015 Dec 31; 70(12):1400—7. https://doi.org/10.1016/j.
crad.2015.08.006 PMID: 26403545

Moskowitz Sl, Jin T, Prayson RA. Role of MIB1 in predicting survival in patients with glioblastomas.
Journal of neuro-oncology. 2006 Jan 1; 76(2):193—200. https://doi.org/10.1007/s11060-005-5262-1
PMID: 16234986

Wick W, Stupp R, Beule AC, Bromberg J, Wick A, Ernemann U, Platten M, Marosi C, Mason WP, van
den Bent M, Weller M. A novel tool to analyze MRI recurrence patterns in glioblastoma. Neuro-oncol-
ogy. 2008 Dec 1; 10(6):1019-24. https://doi.org/10.1215/15228517-2008-058 PMID: 18676355

Ohnishi T, Matsumura H, Izumoto S, Hiraga S, Hayakawa T. A novel model of glioma cell invasion
using organotypic brain slice culture. Cancer research. 1998 Jul 15; 58(14):2935-40. PMID: 9679949

Aaberg-Jessen C, Nagrregaard A, Christensen K, Pedersen CB, Andersen C, Kristensen BW. Invasion
of primary glioma-and cell line-derived spheroids implanted into corticostriatal slice cultures. Interna-
tional journal of clinical and experimental pathology. 2013; 6(4):546. PMID: 23573302

Witelski TP. An asymptotic solution for traveling waves of a nonlinear-diffusion Fisher’s equation. Jour-
nal of Mathematical Biology. 1994 Nov 1; 33(1):1-6. https://doi.org/10.1007/BF00160171

Jin W, Shah ET, Penington CJ, McCue SW, Chopin LK, Simpson MJ. Reproducibility of scratch assays
is affected by the initial degree of confluence: experiments, modelling and model selection. Journal of
theoretical biology. 2016 Feb 7; 390:136—45. https://doi.org/10.1016/}.jtbi.2015.10.040 PMID:
26646767

Wu K, Gauthier D, Levine MD. Live cell image segmentation. IEEE Transactions on biomedical engi-
neering. 1995 Jan; 42(1):1-2. https://doi.org/10.1109/10.362924 PMID: 7851922

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005818 November 17,2017 14/14


https://doi.org/10.1016/j.crad.2015.08.006
https://doi.org/10.1016/j.crad.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26403545
https://doi.org/10.1007/s11060-005-5262-1
http://www.ncbi.nlm.nih.gov/pubmed/16234986
https://doi.org/10.1215/15228517-2008-058
http://www.ncbi.nlm.nih.gov/pubmed/18676355
http://www.ncbi.nlm.nih.gov/pubmed/9679949
http://www.ncbi.nlm.nih.gov/pubmed/23573302
https://doi.org/10.1007/BF00160171
https://doi.org/10.1016/j.jtbi.2015.10.040
http://www.ncbi.nlm.nih.gov/pubmed/26646767
https://doi.org/10.1109/10.362924
http://www.ncbi.nlm.nih.gov/pubmed/7851922
https://doi.org/10.1371/journal.pcbi.1005818

