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S2 Text 

Estimation of initial tumor cell composition (at balanced exponential 
growth) 

 
At conditions of balanced exponential growth all tumor cell populations grow with the same rate constant 
and their fraction in the tumor bulk is invariant with time. In our modelling approach, the simulated tumor 
is initialized with the population fractions that the cancerous system tends to establish at balanced 
exponential growth, for the given values of input parameters. Prior to simulation, these fractions are 
computationally estimated [Stamatakos et al., 2010; Kolokotroni et al., 2011]. In the present section analytical 
expressions describing the proportion of the various tumor cell categories are derived, based on a 
compartmental analysis of the adopted kinetic model of tumor cells. All cell category populations are 
expressed in respect to the total proliferating cells, unless otherwise stated.   

1. Dormant cells  
According to the analysis in Kolokotroni et al. (2011) and Bertuzi et al. (1997), the population of stem 
proliferating ( )tNP ,τ  and dormant ( )tNG0  cells, assuming conditions of balanced exponential growth, 
are given by Eqs (1) and (2) respectively: 
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where τ∈[0,Τc] is the time elapsed since proliferating cells have entered the cell cycle, PN  and 0GN  are 
the initial populations (at t=0 and τ=0), and α is the growth rate constant. The total population of 
proliferating cells at time t is derived by integrating Eq (1) with respect to τ, over the cell cycle duration Tc: 
 

( ) ( ) ∫∫ ⇒== +−
Tc

atRa
P

Tc

PP deeNdtNtN A

0

)(

0

, τττ τ
 

( ) at

A

TcRa

PP e
Ra

eNtN
A

+
−

=
+− )1( )(

 (3) 

 
The ratio between the initial populations can be derived by Eq (6) in Kolokotroni et al. (2011): 
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Based on Eqs (2) and (3) and by taking into account Eq (4) the ratio between dormant and proliferating 
cells can be computed:  
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In the present analysis stem and LIMP cells are considered to be of equal cell cycle duration and of equal 
residence time in dormant phase. Thus, Eq (5) is valid not only for stem cells but for the total population 
of proliferating and dormant cells (stem and LIMP).  

2. Terminally differentiated cells 
In the following analysis the compartment of DIFF cells perceives the population of proliferating cells, 
either stem or LIMP, as one compartment. Taking into account that (a) the terminally differentiated cells 
may die through spontaneous apoptosis or necrosis and, hence, are removed from the corresponding 
compartment at rates equal to RADiff και RNDiff respectively, and (b) at time t a fraction equal to (1-Psym) out 
of the dividing population ΝP(Tc,t) of stem cells will follow the path towards differentiation, the population 
of DIFF cells ( )tNDiff must satisfy the following equation: 
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Under conditions of balanced exponential growth with growth rate constant α, the time course of the DIFF 
cell population is given by: 
 

( ) at
DiffDiff eNtN =  (7) 

where DiffN the initial population. By substituting in Eq (6) the populations of proliferating and DIFF 

cells as given by Eqs (1) and (7) respectively, we obtain the ratio PDiff NN : 
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The ratio between terminally differentiated and proliferating cells can be calculated by Eqs (3), (7) and (8): 
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3. Apoptotic cells 

The compartment of apoptotic cells is populated from proliferating and dormant cells with a rate constant 
RA and from terminally differentiated cells with a rate constant RADiff. The residence time of apoptotic cells 
in their compartment, defined as the time needed for apoptosis process to be completed and apoptotic 
bodies to be removed from the tumor bulk, is TA. Hence, the removal rate constant of apoptotic cells is 
equal to 1/TA. Under the preceding assumptions the apoptotic cell population, NA(t), must satisfy the 
following equation: 
 

( ) ( ) ( ) ( ) ( )tN
T
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Under conditions of balanced growth the time course of apoptotic cell population is given by: 
 

( ) at
AA eNtN =  (11) 

where AN the initial population. From Eqs (11) and (10) it follows: 
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(12) 

 
By substituting in (12) the fraction of dormant and differentiated cells in respect to proliferating cells 
from Eqs (5) and (9), respectively, we obtain: 
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4. Necrotic cells 

Necrotic cells are populated from the compartments of dormant and terminally differentiated cells. The 
residence time of tumor cells in dormant phase is ΤG0, and when this time expires the cells will either 
become cycling, with a probability PG0toG1, or will enter the necrotic pathway with a probability 1-PG0toG1. 
Hence, the transition rate constant between the compartments of dormant and necrotic cells is (1-
PG0toG1)/ΤG0. Moreover differentiated cells die through necrosis with a rate constant RNDiff. Necrotic cells 
are permanently removed from the tumor bulk with a rate constant 1/TΝ, where TΝ, the time needed for 
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the completion of necrosis and the removal of lysis’ products.Under the above assumptions the necrotic 
cell population, NN(t), must satisfy the following equation: 
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As previously, under conditions of balanced growth we have: 
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From Eqs (14) and (15) it yields: 
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By substituting in (16) the fraction of dormant and differentiated cells in respect to proliferating cells 
from Eqs (5) and (9), we obtain: 
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5. Stem and LIMP cells 

In the following analysis, stem and LIMP cells are considered to be of equal cell cycle duration and of equal 
residence time in dormant phase. Let N be the number of mitoses performed by LIMP cells before 
becoming terminally differentiated. The population of stem cells constitutes one compartment, while LIMP 
cells are divided into as many compartments as the number of mitoses N. Each compartment of class n, 
n=0,…,N-1, contains the LIMP cells that have performed the same number n of mitotic divisions. Let NS,P 

and NS,G0 be the number of stem cells residing in the active cell cycle and dormant (quiescent) phase, 
respectively, whereas NLn,P and NLn,G0 represent the number of proliferating and dormant LIMP cells that 
have undergone n mitoses. Therefore, the compartment of class n=0 corresponds to the LIMP cells that 
have arisen directly from the asymmetric division of stem cells and have performed no mitotic division yet, 
while the compartment of class n=N-1 contains the LIMP cells that have one more mitotic division left 
before their terminal differentiation. We assume that the number of proliferating cells, stem or LIMP, is a 
function of two independent time variables: the time t measured from the beginning of the simulation and 
the time τ that has elapsed since the cells have entered the cell cycle, τ∈[0,Τc]. At each time t, the number 
of stem cells that divide is NS,P(Tc,t). A fraction equal to (1-Psym)*NS,P(Tc,t) will give birth to one stem cell 
and one LIMP cell of n=0 class. LIMP cells perform only symmetric divisions giving birth to LIMP cells 
that are placed in the next compartment. According to the above described kinetic model, the populations 
of stem and LIMP cells must satisfy the following equation:  
 
Stem cells: 
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LIMP cells of class n=0: 
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Under conditions of balanced exponential growth, all populations expand with the same growth rate α. 
Their time courses are given by: 
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where PSN , , 0,GSN , PLnN ,  και 0,GLnN  the initial populations (for t=0 and/or τ=0). The total 
population of proliferating cells at time t is derived by integrating Eqs (27) and (29) in respect to τ, over the 
cell cycle duration Tc. It yields: 
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5.1 Ratio of zero class LIMP cells to stem cells 

We will compute the ratio between the LIMP cells of n=0 class and the stem cells: 
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By substituting in Eq (19) the population of stem proliferating and dormant cells from Eqs (27) and (28), 
we obtain: 

 

( ) PS
TRa

G
A

sleep
symGS Ne

T
Ra

P
PN CA ,

)(

0

0,
1

1 +−









++

+=  
(33)  

 
By substituting in Eq (22) the population of LIMP proliferating and dormant cells from Eqs (29) and 
(30), we get: 
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Based on the above, the ratio between stem and LIMP dormant cells of n=0 class can be calculated:  
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By substituting in Eq (23) the populations of stem proliferating, LIMP proliferating and LIMP dormant 
cells from Eqs (27), (29) and (30), and by taking into consideration Eq (7) in Kolokotroni et al. (2011) we 
get: 
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For the ratio between the LIMP proliferating cells of n=0 class and the stem proliferating cells we get: 
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Therefore, the ratio between the LIMP cells of n=0 class and the stem cells is: 
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5.2   Ratio of LIMP cells n class to n-1 class  

In this section we will compute the ratio between the LIMP cell population of class n and the one of the 
preceding class n-1: 
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By substituting the populations of LIMP proliferating and dormant cells from Eqs (29) and (30) in the 
differential equation (25) and the boundary condition (26), and by taking into consideration Eq (7) in 
Kolokotroni et al. (2011), it yields: 
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Based on the above Eqs (40) and (41) and Eqs (29), (30), the ratio between the LIMP proliferating or 
dormant cells of n class and the LIMP proliferating of n-1 class can be derived: 
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By substituting Eqs (42) and (43) in Eq (39) and after performing some derivations the requested ratio 
can be computed: 
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5.3   Ratio of LIMP cells n class to stem cells 

By taking into consideration Eqs (38) and (44), the ratio between the LIMP cell population of n=1 class 
and the stem cell population can be derived: 
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The ratio between the LIMP cell population of n=2 class and the stem cell population is: 
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Based on induction hypothesis and by taking into consideration Eq (38), the ratio between LIMP cells of 
class n and stem cells can be derived: 
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5.4   Ratio of stem to LIMP cells  

Based on Eq (45) the ratio between stem cells and the total population of LIMP cells can be computed: 
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6. Growth fraction 
The growth fraction (GF) is defined in the present paper as the ratio between the proliferating cells and the 
total living population, that is:  
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Taking into account Eqs (5) and (9), it yields: 
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7. Comparison of theoretical analysis with simulation  
The following Table lists, for indicative values of the input parameters, the theoretical values of the fractions 
of the various cell populations, as derived from the above equations and the computational ones as obtained 
by performing the corresponding simulation runs using the model. As explained in Kolokotroni et al. (2011) 
the deviation between the theoretical and computational values is higher as more dormant cells re-enter cell 
cycle, (i.e. for higher PG0toG1 and higher proportion of dormant cells). However, based on the set of 
parameters examined, it remains low (0-4%) for cell populations with a proportion of the order of 10-2 and 
higher. We conclude that the theoretical analysis predicts with satisfactory accuracy the initial cellular 
composition of the simulated tumor. 
 
 

Table A. Comparison of model simulation results with compartmental analysis in respect to cell composition. 

 Simulation Α Simulation Β 

 Theoretical 
value*  

Computational 
value* 

Theoretical 
value* 

Computational 
value* 

ΝG0/Total 0.0920 0.0920 0.2453 0.2457 

ΝDiff/Total 0.7774 0.7781 0.5471 0.5499 

ΝA/Total 0.0058 0.0048 0.0168 0.0152 

ΝN/Total 0.0343 0.0338 0.0230 0.0220 

ΝS/NL 0.0897 0.0897 0.000095** 0.000095** 
Growth 
fraction 

0.0943 0.0946 0.1748 0.1737 
 

 Α Β 
Tc (h) 30  50 
TG0 (h) 96 334 
TN (h) 20 15 
TA (h) 6 10 
NLIMP 7 17 
RA (h-1) 0.001 0.0001 
RADiff (h-1) 0.001 0.003 
RNDiff (h-1) 0.001 0.002 
PG0toG1 0.01 0.4 
Psleep 0.26 0.20395 
Psym 0.4 0.16 

 

* Values rounded to forth decimal place 
** Value rounded to two significant figures 
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