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Abstract

A partial differential equation model is developed to understand fieetethat nutrient and acidosis have on the distribution of
proliferating and quiescent cells and dead cell materiatiotic and apopotic) within a multicellular tumour sphdroThe rates

of cell quiescence and necrosis depend upon the local nugiel acid concentrations and quiescent cells are assuncedsume
less nutrient and produce less acid than proliferatingcélhalysis of the dierences in nutrient consumption and acid production
by quiescent and proliferating cells shows low nutriengls\do not necessarily lead to increased acid concentraiicemaerobic
metabolism. Rather, it is the balance between prolifegagind quiescent cells within the tumour which is importartgréased
nutrient levels lead to more quiescent cells, which prodesg acid than proliferating cells. We examine thifget via a sensitivity
analysis which also includes a quantification of tffee that nutrient and acid concentrations have on the rdteslquiescence
and necrosis.

Key words: acid, mathematical model, quiescence, proliferating

1. Introduction The cell cycle is a series of tightly regulated biochemieelres
which control the growth and development of a cell. To sum-
marise: cells grow during Gphase, before entering a period
during which their DNA is synthesised (S-phase),, & short
Period following S-phase, allows the cell time to prepare fo
cell division, involving splitting of the DNA spindle and p&i-

. . - _cal division of the cell in two (M-phase). The newly genedate
the past thirty years [2, 31].Whilst able to mimic many char cells may enter a period of extended time without further pro

risti in vivo tumours, for instance th rv ial - . . .
acteristics o 0 tumours, for instance the observed spatia liferation. Such cells are defined to have entered the geiigsc

varation in oxygen and glucose concentrations from therouteGO hase. In tumour bioloay enterina such a phase is usuall
to inner regions [21, 24], MCTS are not widely used in cancer P : gy 9 P y

drug discovery, due to the cell culture techniques beingemordr'ven by factors exte_rnal to th? C?"‘ for instance a dewéa
complex than standard 2D monolayers [37]. grov_vth factors or nutrient depnvatl(_)n. Cells may undengo t
basic forms of cell death; apoptosis or necrosis. Apoptissis
Initial mathematical modelling work in the area focusedioms @ decision by a cell to commit cell ‘suicide’. In doing so the
ple models describing MCTS growth in the context of nutrientCell shrinks to form an apoptotic body which is removed by the
delivery to the tumour [10, 16]. With time and further exper- immune system. Physiological events, such as decreased nut
imental understanding a number of continuum mathematica@nt concentration within the tumour or high acidity, canéav
models have been devek)ped which have focused onfibet e harmful dfects on quiescent cells and may eventually lead to
certain biological mechanisms (biochemical and biomeighan necrosis; the breaking down of the cellular wall and relesse
cal) have on MCTS development, (see, for example [9, 25, 40])cell contents into the extracellular environment.
The work presented here involves mathematical modelling of__e . . .
two different aspects of tumour growth: the cell cycle and aci- ecent experimental and mathematical modelling work has el

dosis and theféects both of these have on MCTS growth. mdafted the |mportaqce of pH levels on tumo'ur morphology.
Noninvasive magnetic resonance (MR) techniques have been

developed to measure both intracellular pH (p&hd extracel-

IAuthor to whom all correspondence should be addressed!ular PH (pHx) of human and animal tissues [14, 15]. Virtu-
m.tindall@reading.ac.uk. ally all tumour pH data to date show an acidicplnd alka-

Multicellular tumour spheroids (MCTS) are three-dimemnsio
cellular aggregates which mimic many of the charactessiic
in vivo avascular tumours [24]. They have been the focus o
research for experimentalists and applied mathematicees
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line pH relative to normal tissue. Moreover, it is found that state structures, as a result of the varying chemotactiores
the pH¢ becomes more acidic as the tumour grows, consistertp the local environment within the tumour.

with reduced perfusion [15]. Clinical specimens have shown . . ) ] o
that these changes have a molecular basis in upregulation ¥fé Will take simple expressions which capture the qualiéati
glucose transporter 1 and the &+ exchanger [13]; the de- behaviour,

veloped mathematical models [33] have shown excelleneagre

ment with experimental data on the distribution of upretgda Ke(C) = ksC, (4)

cells. Ke(C) = keC, (5)

There exists a growing number of mathematical models inthe ~ Ko(C.H) = ko(Ce - C) + ko(H - H), (6)

tumour literature which have been developed to understad t Ko(C.H) = kp(Cw —C)+Ky(H — Ha), )

role of the cell cycle in tumour growth. These include dynami K TC ®)
A = Ao

models which include simple [3, 6, 12, 17] or complex [43] de-
scriptions of the cell cycle, the spatiotemporal distribatof
the cell cycle state within MCTS [7, 19, 22, 35, 36] and thera-HereKg(C) represents the rate of cell birtkp(C) is the rate of
peutic interventions [7, 43]. No mathematical model culen ~Cell transfer from the quiescent to proliferating compaits,
exists which has considered how nutrient and acidosisdafel Kq(C, H) is the rate at which cells move from the prolifer-

fect the spatiotemporal cell cycle state of tumour cellséead ~ ating to quiescent compartment (quiescenég)(C, H) is the
cell material within an avascular tumour. rate of cell death from the quiescent cell compartment @ecr

sis),Ka(C) is cell death from the proliferating cell compartment
In this paper we consider a mathematical model of a MCTSapoptosis) an€.. andH., denote the concentration of nutri-
which includes a simple model of the cell cycle, where celts a ent and acid at the tumour boundary, respectively, which are
considered to exist in either a proliferating, quiescentled  assumed to be constant. Note tBat C., andH > H.,, given
cell (due to necrosis or apoptosis) state. The model insludethe respective boundary conditions and application of thg-m
a description of the nutrient and acid concentration withia  imum principle.
MCTS. In what follows, the fect these have on the distribution
of proliferating cells, quiescent cells and dead cell matend
the overall tumour size, is investigated.

Acidification leads to death of normal cells due to activatd
p53-dependent apoptosis pathways, as well as loss of fumcti
of critical pH-sensitive genes [27, 42]. Tumour cells, hoare
may be relatively resistant to acidic pHWhilst normal cells
die in environments with a persistent pH below about 7, tumou
cells continue to proliferate in a relatively acidic medipi
6.8) [11]. Beyond this point quiescence and eventually ossr
occur [28]. This biological knowledge is reflected in theend
pendence of apoptosi, on H, and the monotonic increase of
quiescenc&g and necrosi¥p with H.

2. Modél Formulation

Let P(x,t), Q(x,t) andM(x, t) represent the density of prolifer-
ating cells, quiescent cells and dead cell material pervatit
ume, respectively, whose mass conservation is described by

Given that the rate of éusion of nutrient throughout the spheroid

P+ V- (uP) = (Ks(C) ~Ko(C H) ~ Ka)P + Kp(C)Q, (1) rapid compared to the time scale of growth, we adopt the
Q+V-(UQ = Ko(CHP-(Ko(C.H)+Kp(C)Q. (2) standard quasi steady-state assumption [40]
M +V-(UM) = KaP+Kp(C,H)Q=AM, 3)

DcV2C = o¢(P + ecQ)C. (9)

This equation has two nutrient consumption terms, one-relat
ing to proliferating cells ¢c) and the other to quiescent cells
(ocec). HereDcg is the nutrient dfusion codficient.

whereu(x, t) represents the local velocity of the cells alikd

(I =B,P,Q,D,A) are cell cycle transition, or birfeath rates,
which we assume are dependent upon the lod¢hlsible nutri-

entC(x,t) and extracellular hydrogen ion (acid) concentration ) i )

H(x,t). We assume that dead cell material is lost from the tuln the case of acid diusion throughout the spheroid, we also
mour at a constant rate(as first observed in [16]). make a quasi steady-state assumption

We note that our work dliers to other models by explicity ac-
counting for proliferating cells, quiescent cells and dead
material. Comparative papers [40, 41] only account for diud

DHV?H = ~(P+ €1 Q) (o + 074(Ceo — C)), (10)

where the acid diuses at a rat®y andoy andopeq repre-
sent the production of acid by proliferating and quiescetisc

dead cells within an MCTS. Although we have recently CO”Sid'respectiver.
ered the #ect of diferent spatial velocities, dependent upon the

cell cycle state of the cell and the cell’s local extracelfuiutri-
ent gradient [36], we have here, for simplicity, assumed @lia
cells move with the same spatial velocity. This assumpt&n r
duces the complexity of having to account for varying cedley

2

In equations (9) and (10k: <« 1 andey < 1, represent-
ing the fact that quiescent tissue is essentially metaaiblic
inactive, consuming significantly less oxygen than its iprol
erating counterpart and producing significantly fewer logen



ions. Tumours rely on anaerobic metabolism and hence pro- m = 1-p-q, (16)
duce acid at a rate under normoxic conditions (the Warburg 10 (.,0c
effect [39]); nonetheless, as oxygen levels decrease, acid pro 2 5¢ (f 6_5) = (p+eq, (17
duction increases linearly at ratg, (the Pasteurféect [29]). 1 a oh
Whilst more complex descriptions of tumour metabolism are Y (52—) = —(p+e0)(1+0n(1-0), (18)
possible (see, for example [5, 38]), in this form the sizehef t £og\" o8

parameter space remains tractable.

|
| >
—_
"
N
=
I

k(C)p—A'm (19)

o
N
>
S

We adopt the common assumption that the tumour is spheri-

cal aqd thus we will cgn3|der so!utlons in the o'ne—dlmem;h.on where the non-dimensional rates are given by
spherical polar coordinates regime (see Section 4). This as

sumption allows us to determine the motion of the cells by not

ing that there is no additional space in the tumour (incosmre ko(C) = €, &p(C) = KpC.  Kq(C. 1) = ka(1—C) +kgh,
ibility) so that ka(c.h) =ky(1-c)+Kh, ka=ks and ' = kBLCW (20)
N=P+Q+M, (11) and the remaining non-dimensional parameters are
whereN is a constant. This also assumes that cells have similar K o C KH
size. A mass balance equation can then be found by adding k= —, o= —+— and ki = -0 (21)
equations (1) and (2) and then using (11) to obtain ks TH keCo
1 fori = p,gq,d,aandl = P,Q,D, A.

We impose the following boundary and initial conditions.r Fo
boundary conditions o€ and H we let C(x,t) = C, and
Throughout this model derivation, we have assumed that variH(x,t) = H.. These assume the spheroid grows in a nutrient
ous processes follow simple, linear dynamics. It can beaatgu rich medium whose metabolite concentration remains cahsta
that these assumptions are too unrealistic to represemnlemm For the initial conditions we assume all cells are initigdhplif-
biological phenomena such as these. However, these pesces®rating, i.e.P = N, Q = 0, M = 0. For simplicity we assume
are poorly understood and, as a first approximation, an gssumno cell shedding.

tion of linearity is sificient to capture qualitatively similar mono-

tonic behaviour (e.g. cell death decreasing with oxygenati
and increasing with acidity in Eq. (7)). We would not expec
these assumptions to have a markéda on the model’s con-
clusions. c:(0,7) =hs(0,7) =0, c((r),7)=1, h(I(r),7)=0,

v(0.7) =0, p(0)=c(0)=1 q(0)=h0)=0,(22)

On non-dimensionalising the initial and boundary conditio
{become

2.1. Non-dimensionalisation RUT
wherel'(r) = ®T) is the non-dimensional spheroid radius with

Equations (1), (2), (11), (9), (10) and (12) are non-dimenslised dr
according to u([,7) = P and TI'(0) =Ty, (23)
T

£=t/L, t=t/T, p=P/N, q=Q/N whereR(t) is the dimensional radius of the tumour.

c=C/C, h=(H-H.)/Ho and v=Tu/L, (13)
2.2. Parameter estimation

whereL = vDc/(Noc) andT = 1/(ksC..) represent length
and time scales, respectively. The acid concentrationatedc
with respect taHg = (oyDc)/(0cDy). Our dimensional sys-
tem of equations in spherical polar coordinates in the ameds-
ional radial direction become Values for the cell cycle rates specified in the model are not

readily available and as such we have determined these-as fol

The model is dependent on eleven non-dimensional parasneter
as set out in Table 2. These may be estimated from parameters
available in the literature as shown in Table 1.

op 19 lows. By definition, each time unit corresponds to one full

— _— V = C) — C, h) — C)g, . - H

ot T 2 og (£°v) (kn(C) = ka(C: ) = Ka) P + x5(C)a cell cycle period, which we take to be twelve hours. From this
(14) andC, we can determingg = 4.6 x 104 mM~! s7! which is

0 10 in good agreement with experimentally quoted values [20].

s e () = k(e p- (le) + )

Previous authors have takkn= 0.05 andk, = 0.9 [35], which

(15) assumes a high rate of quiescence and few cells returning fro



Table 1: Dimensional parameter values.

Parameter Value Description Reference
D¢ 15x10°cm? st Nutrient (oxygen) dfusion codicient. [26]
ocNC,, 22x10'mMs?t Tissue nutrient (oxygen) consumption rate. 4]
& 0.1 Quiescent:proliferating nutrient ratio. [8]
€H 0.01 Quiescent:proliferating metabolic ratio. [28]
Co 5x 102 mM Normal nutrient (oxygen) concentration. [4]
Dy 11x10°%cm?s? Hydrogen ion dfusion codicient. [28]
Noy 5x10°mMs?t  Hydrogen ion production rate. [28]
He 56x 10°° mM Normal hydrogen ion concentration. [28]
Ro 5-50um Tumour cell radius. [1]

Co 101 Non-dimensional nutrient-induced quiescence threshold. [18]

Co 5x 1072 Non-dimensional nutrient-induced necrosis threshold. ] [1
Ho 4% 10 mM Acid-induced quiescence threshold. [28]
Hp 103 mM Acid-induced necrosis threshold. [28]
oo1 16 Anoxic:normoxic acid production ratio. [32]
A 0.05day Rate of removal of dead cell material. [34]

the quiescent to proliferating compartment. Using thisigadf 3. Model analysis
kq, and assuming thai(cq, 0) = kq(1, hg), allows us to cal-
culatek; = 4 x 1072, Herecq andhq are the respective nu-

trient and acid concentrations at which cells become qargsc how the boundary of the tumour behaves given the interplay

2t the auiescent treshold 5 e same, whether cue to mreDCeen the three celcycle state compartmens - rofifa
q ' quiescent and dead cell matter. We know from the boundary

dgpnva_non or acid concentration. In order to calculatgnbn— conditions that = 1 andh = 0. Thus equations (1)-(3) reduce
dimensional parametels, andhp, we have used equation (21)

to obtainHy = 1.5 x 10°°> mM, and then using equation (13),
hg = 20 andhp = 60 follow.

Before turning to numerical solutions of our model we coasid

e T ) < resholde. and P = PL-p-ka)+kya+A'pm (24)
o calculateky andk; we use the necrosis thresholds, an G = —pq+'gm- koG, (25)
hp, (see Table 1) and assume the point at which cells die and

= —mp+ AP +kep—A'm. (26)

resume proliferation are equivalent, ik@.= «p. This leads to My
kg = 5x 1072 andk, = 8x 107*. We have chosen a higher death

rate ofky = 0.2 in order to demonstrate particular features ofon the boundary of the tumour, where the Eulerian flux terms
the model as discussed in Section 3. Investigations hawersho are zero. The steady-states of this system of equationsvare g
that widespread apoptosis occurs in cells fixed mid-cydkeraf by

around one week, or 14 time units [23]. As such, we approxi-

matek, = 1/14 =7 x 1072, . P
ka=1/ (Py 05 m) = (0.0.1), (P30 M) = (1 15,0, )

For the rate of dead cell matter lost from the tumour, we have (3. O3, M3) =

consulted the work of Tanaka and colleagues [34] who used a KoV kp) 1 (e _— kako

value of 1=0.05day in modelling glioma tumours. This leads (m’ [ (pg(p3 thka—1)-4 p3m3)’ m)' (27)

to a non-dimensional value of = 0.6. We have chosen a

slightly lower value " = 0.1) to demonstrate specific features ggp (p%, g, M) and @5, g, M) are biologically unrealistic. In

of the model, in particular the distribution of quiescenetic  the first case all of the tumour dies and in the second case we
at the centre of the tumour, as discussed in the next section. st havek, > (1 — k)1’ — well outside our parameter range
(see Table 2). We thus ignore these and consider the more real
istic case of 3, ;, m;) which shows the tumour density varies
dependent upon the rate of apoptosis and the rate at which dea
cell material is removed from the tumour. If these are néglig
ble then the boundary condition of previous authors, e.q], [4
holds, but in the next section we consider cases wkeaad’

are large enough tai@ct the densities of live and dead cells at
the surface as the tumour grows.

From equation (18) the anoxic & 0) to normoxic ¢ = 1) acid
production ratio is & o,. Thus from Table 1gp = 091 — 1 =
0.6.



4, Model ssimulations and results

Numerical solutions to the system of equations (14)-(19%h w
the respective boundary and initial conditions, were fobgd
applying the method of characteristics to equations (14) an
(15) and the Successive Over Relaxation (SOR) method te eq
tions (17) and (18). The finite volume method was used t

between these two rates has an importéigtca on the distribu-

tion of quiescent cells within the tumour. Our final paramete
set was chosen to demonstrate the general MCTS picture, that
of a mainly necrotic core with a small proliferating rim amd i
tervening quiescent region. Variations in these pararsgaed

thus the quiescent cell and dead cell matter distributi@hndt

u . . .
(fave an fect on drawing conclusions from the results which
ollow.

solve equation (19). Before applying each of these methods,

the governing equations were re-scaled to a fixed grid by th

e

transformation; = &/T'(r) given the moving boundary nature 4 1. Nutrient consumption and acid production
of the problem. The parameters used are those shown in Ta-

ble 2. Model solutions are plotted at=1, 5, 10, 40 and 50
days, respectively. Although we solve the dimensionless sy
tem (14)—(19), for illustrative purposes our results aespnted

in dimensional form.

Typical model results are shown in Figure 1 (a)-(f). As the

spheroid grows, it develops the three distinct regions of pr
liferating cells on the exterior (Figure 1(a)), quiescesitscto-

wards the inner regions (Figure 1(b)) and a mainly dead cor

of necrotic and apoptotic material (Figure 1((c)). We nabiat t
dead cell material is found throughout the three regionstdue
the assumed constant rate of apoptosis. The spatial weloci
profile of the cells is shown in Figure 1(d) and is in agreemen
with results found elsewhere, e.g. [40].

Table 2: Non-dimensional model parameters.

Parameter Value Parameter Value
I'o 3 Kq 0.9

e 0.1 ké 4% 1072
€H 102 Kqg 0.2

oh 0.6 K 8x 104
Kp 5x 102 k, 7% 1072
A 0.1

A comparison of the model with and without acid present i
shown in Figure 2. In each case the proliferating, quiesaerdt
dead cell distributions, cell velocity, nutrient and acahcen-
tration profiles were qualitatively equivalent to Figuréa)i(f).

S.

We wish to understand thefect that diferent rates of nutrient
consumption and acid production by proliferating and qzées
cells, respectively, have on the overall growth and deveknpt
of the tumour. In Figure 3, we vary the value &f, the dif-
ference in the rate of nutrient consumption by prolifergiémd
quiescent cells. Figures 3(a) and 3(b) compare the totalsad
and the radial velocity for three values & when hydrogen
Eons are present witgy = 0.01, and when no hydrogen ions are
present. Increasing the value &f results in a slower rate of
growth and a smaller steady-state radius; an increasefate
pxygen consumption by quiescent cells means the nutrient co
entration falls more rapidly and more cells become quigsce
hus there are fewer proliferating cells available to iasethe
tumour size.

However, increasingc leads to a lower concentration of acid
throughout the tumour as shown in Figure 3(d), a rather coun-
terintuitive result. We expect that decreasing the nutroem-
centration would lead to a higher acid concentration viseana
obic metabolism (the termr,(1 — c) in equation (18)). Our
model includes the well known biological result that a dasee
in nutrient concentration leads to a higher rate of quieseen
and therefore fewer proliferating cells. Since quiesceastisc
produce less acid than proliferating onesegaour results indi-
cate that this leads to a decrease in the acid concentraitiioim w
the tumour. This result is demonstrated by setting 0; asec
increases the acid concentration decreases (resultsawhkh

Our finding here shows the importance that the cell cyclestat
of the cells can have on the development of the tumour. By

Including acid in the tumour had no impact on the tumour sizegnaerobic metabolism alone, we would expect an increake in t

or the radial velocity profile. This is because the rates ofoe
sis and quiescence by acidosis are considerably smallee(th
orders of magnitude) than the rates due to a decrease iemiutri
concentration.

We also investigated varying the rate of necrégiand the rate
at which dead cell mattet’ is lost from the tumour. A necrosis
rate lower than that used here, i.e0®< kg < 0.2 led to more

quiescent cells accummulating at the centre of the tumodr an

an increase in tumour size. Likewise an increase led to demal
tumour and an even thinner quiescent region that that shown
Figure 1(b). Increasing’ means dead matter is lost faster from

acid concentration throughout the tumour. Including a dpsc
tion of proliferating and quiescent cells and théelience in
acid production between them can counteract tiiece When

the overall number of proliferating cells is greater thaat tbf
quiescent cells we expect a higher acid concentration as dic
tated byey < 1. When, however, the number of proliferating
cells is less than the number of quiescent cells, less agiobis
duced and although the nutrient concentration is low, ffexe

of anaerobic metabolism on the acid concentration is sexgnd

ito that of the cell cycle state. We note that varyingalone had

only a marginal fiect on the acid concentration, i.e<@, < 1
9nly resulted in a decrease in the spheroid radiu? ©f0.025.

the tumour, leading to a smaller tumour with more quiescen
cells at the centre and less necrotic material than that show
in Figures 1(b) and (c). These results show that the balance

5
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(a) Proliferating cell distribution P(r, t). (b) Quiescent cell distribution (r, t).
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1 1 1
0 005 01 015 02 025 03 0% 04 045 0 005 01 015 02 025 03 035 04 045 05
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(c) Dead cell matter distribution M(r, t). (d) Cell velocity —v(r, t).
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Spheroid radius (mm) - r Spheroid radius (mm) - 1
(e) Nutrient concentration €(r, t). (f) Acid concentration -H(r, t).

Figure 1:Numerical simulations typical of the model showing the main dynamicaiaehr during the first 50
days of growth (the tumour reaches a diameter of 0.896mm). The tuotbains a final steady-state after a
period of 80 days (with a 0.921mm diameter) as seen in Figure 2. Pamavadues used were as detailed in
Table 2.



Spheroid radius (mm)
Radial velocity (x 1071° m/s)

[D 0 2 k) 4 50 ) n 80 0 10 0 0 2 0 40 50 60 0 80 0 100
Time (days) Time (days)

(a) Outer radius of the tumourR(t). (b) Radial velocity of the tumour @R(t)/dt.

Figure 2: Comparing the fect of acidosis on the size of the tumour in respect of the spheroid réajiesd
radial velocity (b). The solid line denotes in the presence of acid and theddaroken line is in the absence of
acid ; = 0 = k). In both cases all other parameters were held constant as definallen2l

4.1.1. Nutrient and acid effect on quiescence and necrosis 0.01 < k; < 0.1, respectively and as shown in Figure 4(b). Sim-

ilar to cell death via necrosis, cell quiescence is moreiteas

The rates of cell quiescence and necrosis are dependent Upga change in acid concentration when the rate of quiescence
both the concentration of nutrient and acid. In this secti@n  Jue to the nutrient concentration is reduced.

wish to quantify and compare th&ect that nutrient and acid
concentration have on the transition to these cell states.

In order to compare cell necrosis via a reduction in the eatri - Summary and Conclusions
or an increase in acid concentration, we define

. Ji ka(1 - ) —k;hde

d

A mathematical model describing the growth of a MCTS and
_ (28) the dfect that nutrient and acid concentrations have on the dis-
fQ ke(1-c) +kjh do’ tribution of proliferating and quiescent cells and dead wel-

terial (via necrosis and apoptosis) throughout the tumas h
whereQ is the volume of the tumour at steady-state. This reheen formulated and solved.

lationship defines the ratio of theffirence in cell death due
to nutrient deprivation or acidosis with the total amouncell ~ We have found that the distribution of proliferating andegi
death in the tumour due to each mechanism. Wher 1 cent cells can have important consequences on the amount of
necrosis is dominated by a decrease in nutrient concesnrati acid produced in the tumour. Decreased nutrient levels do no
whilst whenfy = —1 acidosis has a greateffect than nutrient necessarily lead to excessive acid concentration via abaer
deprivation. We varietty andk], according to @1 < kg < 0.1 metabolism. Instead, because quiescent cells producadass
and 10* < ky < 1078, respectively. Figure 4(a) show that than proliferating cells, when the nutrient concentrat®low,
necrosis is dominated by a decrease in the nutrient cormeentrthere are more quiescent and fewer proliferating cells andé
tion rather than acidosis; a result kg being three orders of the increasedfeect of anaerobic metabolism is negligible. Our
magnitude less thaky. result here is dependent upon the rates of anaerobic mistabol
and cells moving from the proliferating to quiescent celinco

Cellular quiescence via either a decrease in nutrient ¢dr&e  partments, which have been obtained from experimentalidata
tion or increase in acid concentration, can be compared in e literature for a number of cancer cell lines.

similar way such that

Analysis of the model has also quantified th&etfience in cell
fg kg(1-c) — kyhdQ quiescence and death due to either the local nutrient or acid
- f ka(1—©) +kgh da’ (29) concentration. In th_e case qf necrosis we.varl_ed the rates of
Q necrosis due to nutrient deprivation and acidosis, resmbgt
Similar to equation (28) this relationship defines the refithe ~ Over one order of magnitude. By then comparing the overall
difference in cell quiescence due to nutrient deprivation or acinumber of dead cells produced via each mechanism we were
dosis with the total amount of cell quiescence in the tumourable to determine that both necrosis and quiescence are domi
Here we have variel; andk; according to @ < kq < 1 and nated by the nutrient rather than acid concentration. Icése

q
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Figure 3: (a) and (b) comparing theffect of diferent rates of nutrient consumption by quiescent versus pro-
liferating cells on the overall size of the MCTS. (c)-(f) Theet the diferent rates have on nutrient and acid
concentrations, proliferating cell density and velocity profiles. In fc¥glid lines are for wher, = 0.1 and
dotted lines wher, = 1. In both cases all other parameters were held constant as definailén2T
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Figure 4: The dfect of nutrient and acid concentration on cell necrosis (a) and quiesdb). Herefy quantitatively compares thefect of

cell death via anaerobic metabolism versus acidosis to the total amouell death and is defined by equation (28) (whign= 1 necrosis is
dominated by a decrease in nutrient concentration, whilst wijen-1 acidosis dominates). Likewise equation (29) expresses a similar quantity
in the context of cell quiescence. The results show that: (a) a dedreasgtient concentration dominates over acidosis in termgfettng cell
death; and (b) quiescence via acidosis begins to dominate only aftert¢hef Iguiescence via anaerobic metabolism reaches a threshold level.
Further details are provided in Section 4.1.1.

of necrosis, itis clear that this is the result of considerairi-  In the work presented here we have not considered fileete
ation between the necrosis rates due to each mechanism. Weéacidosis on the rate of apoptosis nor have we accounted for
note that altering our model to include proliferating cedath  the diference in intracellular and extracellular acid and their
via necrosis and quiescent cell death via apoptosis doesnot subsequentfiects. Such issues would need to be addressed in
ter the spatiotemporal distribution of cells in the tumduf  future work.

merely reduces the tumour size (results not shown).
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in order to understand thefect of decreased nutrient concen-
trations. A reduction in nutrient concentration may notglyn
lead to an increase in the acid concentration within the tumo References
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