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Abstract—Advanced head and neck cancers are aggressive 

tumours, which require aggressive treatment. Treatment efficiency is 
often hindered by cancer cell repopulation during radiotherapy, 
which is due to various mechanisms triggered by the loss of tumour 
cells and involves both stem and differentiated cells. The aim of the 
current paper is to present in silico simulations of radiotherapy 
schedules on a virtual head and neck tumour grown with biologically 
realistic kinetic parameters. Using the linear quadratic formalism of 
cell survival after radiotherapy, altered fractionation schedules 
employing various treatment breaks for normal tissue recovery are 
simulated and repopulation mechanism implemented in order to 
evaluate the impact of various cancer cell contribution on tumour 
behaviour during irradiation. The model has shown that the timing of 
treatment breaks is an important factor influencing tumour control in 
rapidly proliferating tissues such as squamous cell carcinomas of the 
head and neck. Furthermore, not only stem cells but also 
differentiated cells, via the mechanism of abortive division, can 
contribute to malignant cell repopulation during treatment. 
 

Keywords—Radiation, tumour repopulation, squamous cell 
carcinoma, stem cell.  

I. INTRODUCTION 

EPOPULATION of cancer cells during treatment is one 
of the leading causes of treatment failure in head and neck 

carcinomas. The process of repopulation is manifested as a 
marked increase in tumour growth rate after treatment 
initiation, and can be up to 15-20 times faster than the growth 
rate specific to the latency period [1].  

There are several mechanisms behind repopulation that 
have been identified in normal epithelia and are thought to be 
responsible also for tumour cell repopulation in squamous cell 
carcinomas of the head and neck [2]. These repopulation 
mechanisms are linked to both stem cells (such as recruitment 
of quiescent stem cells, accelerated stem cell division, loss of 
asymmetrical division of stem cells) and to differentiated cells 
(such as abortive division and cell recruitment of quiescent 
differentiated cells) [2]. Cell recruitment refers to the process 
of cellular re-cycling, whereby quiescent but viable cells re-
enter the cell cycle under a stimulus. Through accelerated 
stem cell division stem cells decrease their cell cycle time 
while the loss of asymmetrical division leads to symmetrical 
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division, i.e. the creation of two stem cells. Abortive division 
is a mechanism that refers to the proliferation of differentiated 
cells rather than stem cells, thus suggests a less powerful 
effect on overall repopulation. However, in radiotherapy (RT), 
abortive division can interact with the clinical outcome by 
counterbalancing the continuous cell loss due to tumour 
irradiation.  

The mechanisms of accelerated stem cell division and 
abortive division of differentiated cells are controlled by tissue 
hypoplasia while loss of asymmetrical division is dictated by 
stem cell depletion. Both stem cells and differentiated cells 
contribute, to various extents, towards tumour repopulation 
during treatment.  

Treatment of advanced head and neck cancer involves 
radiotherapy, which is often combined with other treatment 
modalities such as chemotherapy or immunotherapy. 
Radiotherapy was given, for several decades in a standard 
fractionation manner, i.e. a dose of 2 Gy a day, 5 days a week, 
over 7 weeks. However, the clinical outcome (loco-regional 
survival, overall survival) with such treatment protocol was 
poor, mainly due to repopulation of tumour cells during 
treatment [1]. Therefore, altered fractionation schedules have 
been suggested in order to overcome malignant repopulation. 
When managed with a more aggressive schedule, such as 
accelerated radiotherapy (2 fractions a day, 6 days a week, 
over 5 weeks), the clinical response of head and neck cancers 
has improved [3]. The aggressive cancer therapy, however, is 
also aggressive on the normal tissue, thus treatment breaks are 
often implemented to allow for the surrounding healthy tissue 
to recover. 

The aim of the present work was to employ an in silico head 
and neck cancer model to illustrate the influence of 
repopulation, due to both stem and differentiated cells, on 
treatment break timing during accelerated radiotherapy and to 
compare the results with the conventionally fractionated 
radiotherapy.  

Given that tumour hypoxia is another important parameter 
that is responsible for treatment failure, in order to eliminate 
this bias, the present model considers a normally oxygenated 
head and neck tumour. 

II. METHODS 

Considering the stochastic nature of tumour growth and its 
response to radiation, a Monte Carlo computational method 
has been employed to simulate the growth of a head and neck 
carcinoma, with biologically realistic parameters [4].  

In silico Repopulation Model of Various Tumour Cells 
during Treatment Breaks in Head and Neck Cancer 

Radiotherapy 
Loredana G. Marcu, David Marcu, Sanda M. Filip 

R 



International Journal of Medical, Medicine and Health Sciences

ISSN: 2517-9969

Vol:9, No:3, 2015

228

 

th
in
di
la
w
tri
pe
co
fin
m
th
Tu
lit

be
su

w
ra
pa

af
fo

th
re
re
RT
fra
ho
th
sim
th
fo
ra
by
m
be

fra
ill
tu
tre

w
m
tu
th
fra
tu
co
po

Cells in the 
he biological p
nto two dau
ifferentiated (P
atter cells exi

without contrib
iggered back 
ercentage of 
omputational m
nal biologica

model, stem an
he tumour pop
umour volum
terature and h
As a next st

een modeled 
urvival:  

 

where S repre
adiation dose a
arameters that

Based on the
fter a radiation
or head and ne

The aim of t
he virtual tum
esponse to frac
esponsible for
TOG-9030 p
actionation s
ours apart, 5 d
hree different 
mulated: afte

he relationship
or the α/β = 
adiotherapy af
y the model. 

monitored and 
een analysed a

The simula
actionation sc
lustrate the su

umour cells, 
eatment sched
Standard (co

was shown to 
modeled on he
umour repopul
he sharp slope
actions, the st

umour, while 
ontrol the tu
opulation. It c

model follow
process of mit
ughter cells 
P) or non-pro
it the cell cy
buting to tum

into the cycl
each cell ty

model after m
l composition
nd differentia

pulation and ha
me doubling tim

as an average 
tep, the effect
using the Lin

esents the su
and the α and
t characterize 
e scientific lite
n dose of 2 G
eck cancer [5]
the simulation
our on a temp
ctionated radio
r repopulatio
protocol whi
chedule [3] 

days a week an
timings for t
r 20, 24 and 

p for cell surv
8 [6] the su

fter 1.6 Gy ha
Both stem an
their contribu

and discussed

III. 

ation of con
chedules has 
urvival of can

respectively
dules. 
onventional) f

be inferior to
ead and neck 
lation during 
es of the surv
tandard irradia
the accelerat

umour in a w
can, therefore

w a cell cycle 
tosis. Thus, ce
that can be

oliferating (qu
ycle and ente

mour proliferat
le as a respon
ype was esta

multiple iterati
n of a malign
ated cells repr
ave a mean ce
me is also in 
value of 52 d

t of fractionat
near Quadrati

  

urviving cells
d β parameters
radiosensitivi
erature, an SF

Gy) of 54% ha
.  
n was to follo
poral scale an
otherapy when

on are activa
ich has em
(1.6 Gy/fract
nd a total num
treatment inte
28 fractions,

vival (1) and c
urviving frac
as been determ
nd differentia

ution towards 
.  

RESULTS 

nventional a
led to cell 

ncer stem cel
y, following 

fractionation o
o accelerated 
cancers. Fig. 
treatment, wh

viving curve b
ation protocol
ted radiation 
well-oxygenat
e, be conclud

that is confo
ells in mitosis
e either stem
uiescent) cells
r the resting 
tion, unless th
nse to cell lo
ablished with
ions according
nant tumour. 
resent about 
ell cycle time 
accordance w

days. 
ted radiothera
ic formalism 

     

s, D is the 
s are tumour s
ity. 
F2 (surviving f
as been imple

ow the behav
nd to analyse 
n all the mech
ated. Based 

mployed an 
tion, twice d

mber of 42 fra
erruptions hav
, respectively
considering th
ction for acce
mined and em
ated cells hav
tumour grow

as well as
survival curv
lls and differe

the two d

of the radiatio
fractionation
1 shows that

hich is illustr
between cons
l cannot eradic
schedule is 

ted (normoxi
ded that non-h

 

rmal to 
s divide 
m (S), 
. These 
phase, 

hey are 
ss. The 
hin the 
g to the 

In the 
12% of 
of 33h. 

with the 

apy has 
of cell 

 (1) 
 

overall 
specific 

fraction 
emented 

viour of 
tumour 

hanisms 
on the 
altered 

daily, 6 
actions), 
ve been 
. Using 

he value 
elerated 

mployed 
ve been 

wth have 

altered 
ves that 
entiated 

different 

on dose 
n, when 
t due to 
ated by 

secutive 
cate the 
able to 
ic) cell 
hypoxic 

an
acc
ov
nu
pri
be
ma
rep
pe
ma

rad
ste
de
of 
pro
pe
tim
ste
36
dif
fra

F

P
e
rc
e
n
ta
ge

 o
f 
ce
lls

nd radiorespon
celerated radi

verall number
umber of tumo
imary cancer.
en plotted as
ass, without a
presentative c
rcentage of s
alignant tumou
 

Fig. 1 The ef
radiothe

 
Due to the a
diotherapy, th
em and also 
velopment. W

f 5% stem cel
oliferating ce
rcentages inc

ming of treatm
em cells varie
6.6% (break af
fferentiated c
actions) to 33.
 

Fig. 2 The influ

 
An interesting

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

0

N
u
m
b
e
r 
o
f 
ce
ll
s

20

25

30

35

40

45

50

A

g

nsive head an
iotherapy. Th
r of stem an
our cells whi
. Non-prolifer
s they only c
any ability to
cells seems re
stem and diff
ur. 

ffect of standard
erapy on a norm

activation of 
here is a larg
differentiated

While before r
lls (S) and 7%
ells, P), durin
creased drast

ment breaks. T
ed from 41.3
fter 28 fractio
cells varied 
7% (break aft

uence of treatme
type [fx

g observation

10

T

Standard RT

After 20 fx
Timing of

%

d neck tumou
he y-axis of F
nd differentia
ch could pos
rating or quie
contribute to 
o regrow it. T
elatively smal
ferentiated ce

d versus acceler
moxic head and 

repopulation 
ge increase in
d cells that co
radiotherapy th
% differentiat
ng accelerated
tically, depen
Therefore, the
3% (break aft
ons), while the

from 30.5%
ter 28 fraction

ent gap timing o
x = fractions] 

n is the fact th

20 30

reatment time (d

T Accele

After 24 fx
f treatment gap 

% S

urs can benefi
Fig. 1 represen
ated cells, th
sibly repopul
scent cells ha
the overall t

Thus the num
ll, due to the
lls that const

rated fractionati
neck tumour 

mechanisms 
n the percent
ontribute to t
he tumour con
ted cells (or f
d radiotherapy
nding also o
e average perc
fter 20 fractio
e average perc

% (break aft
ns). 

on percentage o

hat the percent

0 40

days)

erated RT

After 28 fx

% P

fit from 
nts the 

hus the 
ate the 
ave not 
tumour 

mber of 
e small 
titute a 

 

ion 

during 
tage of 
tumour 
nsisted 
finitely 
y, both 
on the 
cent of 
ons) to 
cent of 

fter 20 

 

of cell 

tage of 

50

x



International Journal of Medical, Medicine and Health Sciences

ISSN: 2517-9969

Vol:9, No:3, 2015

229

 

st
in
no
pr
en
di
ki

Fi

24
tu
of
nu
sig
sc
a 
po
Th
ve
m
to

em cells decre
n Fig. 2. This 
ot allow su
roliferating ste
nlarged graph
ifferentiated c
ill along the tr

 

Fig. 3 Surviv
accelerated r

 

ig. 4 Enlarged r

 
When treatm

4 fractions, th
umour cell kil
f tumour cells
umber of surv
gnificantly lo

chedule that a
consequence,

ool of cancer 
he pattern sh
ery similar to

mechanism of r
o counteract th

 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0

N
u
m
b
e
r 
o
f 
ce
lls

0

10

20

30

35 36

N
u
m
b
e
r 
o
f 
ce
lls

eases with the
is because ea

ufficient cell 
em cells to co

h for small nu
cells is just the
reatment. 

ving curves of s
radiotherapy wi

representation o

ment breaks ar
hose extra dos
l, which is hi
s (Figs. 5 and
viving stem c
ower (see als
allowed irradia
, the surviving
cells during t

howed by the
o the one pr
repopulation v
he killing effec

10
Treatm

Stem cells

6 37 38

Treatme

Stem cells

e delay of trea
arly breaks (a

kill among
ontrol the tum
umber of cells
e opposite, to

stem and differe
th treatment ga

of the end part o
Fig. 3 

re planned fo
ses of radiatio
igh enough to
d 6). As illus
cells after the
so Table I) a
ation breaks a
g stem cells c
the subsequen
e surviving d
resented by t
via abortive di
ct of radiother

 
 
 

20 30
ment time (days)

Differe

39 40 41

ent time (days)

Differe

atment gap, as
after 20 fractio
g the contin

mour (Figs. 3 a
s). The behav
 keep a const

entiated cells un
ap after 20 fract

of surviving cur

r later, such 
on lead to add

o hinder repop
strated in Fig
e treatment b
as compared 
after 20 fractio
could not rebu
nt doses of rad
differentiated 
the stem cell
ivision was to
rapy on tumou

40
)

entiated cells

42 43 44

entiated cells

surviving

 

s shown 
ons) do 
nuously 
and 4 – 
viour of 
tant cell 

 

nder 
ions 

 

rve from 

as after 
ditional 
pulation 
. 5, the 

break is 
to the 

ons. As 
uild the 
diation. 
cells is 
ls. The 

oo weak 
ur cells. 

T

i.e.
the
tum

tum
ad
in 
rad
giv
de
be
sch
the
sig
5.2

giv
ge
tum
sur
ab
co
cel

50

45

g cells

N
u
m
b
e
r
o
f
ce
lls

THE INFLUENCE O

Percenta

Before ra

After 32 Gy

After 38.4 Gy

After 44.8 Gy

Note: all percent
 from the existin

e decrease in cel
mour composition
 
As shown in
mour response

dministered be
the present 

dioresponsive
ven in doses o
spite repopu
tween fractio
heduled after 
e percentage 
gnificant valu
27%, which is
 

Fig. 5 Survivi
accelerated ra

 
Similar princ
ven their li
nerations); di
mour, though 
rvival curves
ility to pro
ntinuous mali
lls exist within
 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0

N
u
m
b
e
r 
o
f 
ce
lls

TA
OF DOSE FRACTIO

DIFFEREN

age of cells 

adiotherapy 

 (20 fractions) 

y (24 fractions) 

y (28 fractions) 

tages are calculat
ng tumour cell po
ll percentage dur
n. 

n Table I, the
e) strongly de

efore the sched
in silico mo
 head and ne

of 1.6 Gy twic
ulation of ste
ons. Howeve
32 Gy (i.e. a
of stem ce

ue of 3.81% 
s due to repopu

ing curves of st
adiotherapy wit

ciple applies t
imited life-ti
fferentiated ce
repopulation 

. Stem cells, 
liferate inde
ignant cell rep
n the tumour p

10

Tre

stem cells

ABLE I 
ONS ON THE PERC

NTIATED CELLS 

Stem (%) 

5.27 

3.81 

0.31 

0.0 

ted out of the tota
ool prior to radio
ring treatment as

e clinical out
epends on the 
duled treatme

odel of a vir
eck tumour, 
ce daily, can e
em and diff
er, when tre
fter 20 fractio

ells after the
when comp

ulation of surv

tem and differen
th treatment gap

to differentia
ime (i.e. li
ells will not b
does occur, a
on the other 
finitely, fact
population as 
population. 

20 30

eatment time (d

Differe

CENTAGE OF STEM

Differentiated (%

7.08 

2.26 

0.17 

0.0 

al number of init
otherapy in order 
s compared to th

tcome (or th
number of fra

ent break. The
rtual, normox
50 Gy of ra

eradicate the tu
ferentiated ce
eatment break
ons of 1.6 Gy
 break has

pared to the 
viving cells. 

ntiated cells un
p after 24 fracti

ated cells. Ho
imited numb
be able to regr
as shown by 
hand, have a

t that leads 
long as viabl

40

ays)

ntiated cells

M AND 

%) 

tial cells, 
to show 

he initial 

e final 
actions 
erefore, 
xic and 
diation 
umour, 
ells in 
ks are 

y each), 
still a 
initial 

 

nder 
ons 

owever, 
ber of 
row the 
all cell 
a great 

to a 
le stem 

50



International Journal of Medical, Medicine and Health Sciences

ISSN: 2517-9969

Vol:9, No:3, 2015

230

 

Fi

ra
ac

re
ab
be
be
of
ce
nu

br
ra
co
ca

‘d
di
tu
ad

N
PC

[1]

[2]

[3]

[4]

ig. 6 Enlarged r

Repopulation
adiotherapy ar
ccount for a be

While stem c
epopulation du
bortive divisio
etween consec
etween these t
f stem cells w
ells have limi
umber of gene

This in silico
reaks for norm
adiotherapy is
ontrol in rapid
arcinomas. 

Differentiate
doomed’ cells 
ie out. On the
umour, thus 
djustments of 

This work w
National Educa

CE-2012-4-00

] H. R. Wither
Semin. Radia

] W. Dorr, “M
experimental 
2003. 

] K. Fu, T. Paj
“A Radiation
study to com
fractionation 
squamous cel
Oncol. Biol. P

] L. Marcu, T.
virtual tumo
Australas. Ph

0

10

20

30

35

N
u
m
b
e
r 
o
f 
ce
lls

representation o

IV. C

n mechanism
re important f
etter clinical o
cells are the m
uring treatmen
on, contribute
cutive doses 
two cell categ
which keep pr
ited repopula
erations they c
o model has s
mal tissue re
s an importan
dly proliferati

ed cells und
as they event

e other hand, 
for their era
treatment para

ACKNO

was supported
ation, CNCS-U
067. 

REF

rs, “Treatment-in
t. Oncol., vol. 3, n
Modulation of r
results,” Int. J. R

ak, A. Trotti, C. 
n Therapy Oncolo
mpare hyperfracti

to standard frac
ll carcinomas: fir
Phys., vol. 48, no
. van Doorn, I. 
our using prob
hys. Eng. Sci. Med

36 37

Treat

stem cells

of the end part o
Fig. 5 

CONCLUSION 

ms of malig
factors that n
outcome. 
main contribu
nt, differentiat
 to malignant
of radiation. 

gories is given 
roliferating w

ation ability g
can survive. 
shown that the
epair and reco
nt factor tha
ing tissues suc

dergoing abo
tually cease cr
stem cells ar

adication ther
ameters.  

OWLEDGMENT 

d by a grant
UEFISCDI, P

FERENCES  
nduced accelerate
no. 2, pp. 135-14
repopulation pro

Radiat.Biol., vol 7

U. Jones, S. A. 
ogy Group (RTO
ionation and two

ctionation radioth
rst report of RTO
. 1, pp. 7-16, Aug
Olver and S. Z
abilistic method
d., vol. 25, no. 4, 

7 38

ment time (days

Differe

no

of surviving cur

gnant cells
eed to be tak

utors towards 
ted cells can a
t cell repopula
The main dif
by the ‘immo

whereas differe
given by the 

e timing of tre
overy in acce
t influences 
ch as head an

ortive divisio
reating new ce
e able to regr
re is need f

t of the Mini
Project no. PN

ed human tumor 
43, Apr. 1993. 
ocesses in oral 
79, no. 7, pp. 531

Spence, T. Philli
OG) phase III ran
o variants of ac

herapy for head 
OG 9003,” Int. J
g. 2000. 
avgorodni, “Gro
ds of cell gen
pp. 155-161, Dec

39

)

entiated cells

o surviving cells

 

 

rve from 

during 
ken into 

tumour 
also, via 
ation in 
fference 
ortality’ 
entiated 
limited 

eatment 
elerated 
tumour 

nd neck 

on are 
ells and 
row the 
for fine 

istry of 
N-II-ID-

growth”, 

mucosa: 
-537, Jul. 

ps, et al., 
ndomized 
ccelerated 
and neck 
J. Radiat. 

wth of a 
neration,” 
c. 2002. 

[5]

[6]

 
 
 
 
Dr
Un
Ad
Un
of T
the
a 
coo

Ro
rad
on 
uni
pre

title
Res
by 
for 
the

40

I. Tannock and
York: McGraw
S. M. Bentzen
practice,” in
London: Arno

. Loredana G. M
niversity of Orade
delaide, Australia
niversity of Adela
Timisoara, Roma

e LDR brachyther
TEAP (Trainin

ordinating the me
Her 19 years te
manian universit

diobiology and te
Medical Physics

iversity lab gui
esentations worldw
Prof. Marcu is a
e “Eminent Scie
search and she is
the Australasian 
her achievement

e vice-president o

d R. Hill 1998 Th
w-Hill, 1998, pp. 
n and M. Bauman
Basic clinical r

old Publisher; 200

Marcu is current
ea, Romania and s
a. She received 
aide, and her Ma
ania. During her A
rapy program at t
ng Education a
edical physics trai
eaching and rese
ties has materiali
eaching methodol
s being currently 
ides and has o
wide.  

a member of EST
entist of the year
s the recipient of 

College of Phys
ts in the areas of 
f the Romanian C

he basic science o
357-392. 

nn, “The linear-qu
radiobiology, 3rd
02. p. 134-146. 

tly a Professor o
she holds affiliati
her PhD in Me

asters degree from
Australian experi
the Royal Adelaid
and Accreditatio
ining and educati
earch experience
sed in seven boo
logies, respective
in press. She has

over 100 publi

TRO and RRS. S
r 2004” by the I
f the “Boyce Wor
sical Scientists an
f radiobiology and
College of Medica

of oncology. 3rd 

uadratic model in
d ed., G. G. St

of Medical Physic
ion with the Univ
edical Physics f

m the Western Un
ience she has coo
de Hospital. She 
on Program) p
ion in South Aust
e at both Austra
oks published on 
ely, with other tw
s written 5 textbo
cations and co

he has been awa
International Cou
rthley award 200
nd Engineers in M
d medical physic
al Physicists. 

ed, New 

n clinical 
teel, Ed. 

cs at the 
versity of 
from the 
niversity 

ordinated 
was also 

preceptor 
tralia. 
lian and 
physics, 

wo books 
ooks and 
nference 

arded the 
uncil for 
6” given 

Medicine 
cs. She is 


