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Are more complicated tumour control probability models better?
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Mathematicaimodels for the tumour control probability (TCP) are used to estimate the expected suc-
cess of radiation treatment protocols of cancer. There are several TCP models in the literature, from the
simplest (Poissonian TCP) to the well-advanced stochastic birth—death processes. Simple and complex
models often make the same predictions. Hence, here, we present a systematic study where we compare
six of these TCP models: the Poisson TCP, the Zaider—Minerbo TCP, a Monte Carlo TCP and their cor-
responding cell cycle (two-compartment) models. Several clinical non-uniform treatment protocols for
prostate cancer are employed to evaluate these models. These include fractionated external beam radio-
therapies, and high and low dose rate brachytherapies. We find that in realistic treatment scenarios, all
one-compartment models and all two-compartment models give basically the same results. A difference
occurs between one-compartment and two-compartment models due to reduced radiosensitivity of quies-
cent cells. We find that care must be taken for the right choice of parameters, such as the radiosensitivities
a and g and the hazard functioh. Typically, different hazard functions are used for fractionated treat-
ment (fractionated survival fraction) and for brachytherapies {i@atcheside protraction factor). We

were able to combine these two approaches into one ‘effective’ hazard function. Based on our results,
we can recommend the use of the Poissonian TCP for everyday treatment planning. More complicated
models should only be used when absolutely necessary.

Keywords tumour control probability; radiation treatment of cancer; mathematical modelling of cancer
treatment.

1. Background
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A standard treatment for the control of tumour growth is radiation. Many mathematical models have £
been developed to help predict the outcome of a given radiation treatment schedule. One such mathel§
matical tool is the tumour control probability (TCP). The TCP is a measure for the probability of tumour ™
cell eradication and it can be used to compare the expected success of different treatment protocols. The
very nature of tumour control, i.e. the eradication of clonogenic cells, requires a stochastic approach
for the TCP. There are several TCP models in the literature, which are based on Poisson statistics, on
general birth—death processes, on branching processes, and on individual-based models. Several of these
models have been validated using clinical d&tayreveet al.,2003;Horaset al.,2010); hence, we are
confident about the significance of these models. While the first models are based on a single clono-
genic populationfaider & Minerbg 2000;Hanin,2001), extensions have been presented which aim to
include cell cycle or quiescent statd3afvson & Hillen 2006;Hillen et al, 2010;Maler & Lutscher

2010). Some of these models are fairly simple (e.g. the Poissonian TCP), while others are very complex
(e.g. a TCP model from a cell cycle birth—death process). In practice, it is hard to judge which of these
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modelsshould be used. What do we loose if we still use the simple model and not the more complicated
alternatives?

The purpose of this paper is to show that, in realistic treatment scenarios for prostate cancer, all
models give very similar results. Discrepancies can be observed, although they are small compared to
other uncertainties that are intrinsic in these models. Our conclusion is that the Poissonian TCP model is
good enough for everyday treatment planning, in particular when it comes to the comparison of different
treatment protocols. More complicated models should only be used if there is a striking reason to do so.
This confirms the theoretical results obtainedHgnin (2004), who showed that in the limit for large
tumours and not too fast growing tumours, the distribution of surviving tumour cells approximates a
Poisson (or generalized Poissonian) distribution.

Some work has been done on the comparison of different TCP maddeikeret al. (1990) first
guestioned the efficacy of the Poissonian TCP by numerical simulation and found that the Poissonian
TCP might underestimate the correct TCP. In an example of a very fast growing tumour, the discrep-
ancy was about 15%akovlev(1993) confirmed these findings theoretically, and Hanin and his group
(Hanin, 2001, 2004; Hanin et al., 2001) proved, mathematically, that the TCP based on the iterative
birth—death process converges to a Poissonian TCP for uniform fractionated treatment.

The six TCP models compared in this paper are as follows:

(1-P): The Poissonian TCP.The Poissonian TCP is the standard formula for TCP computations
for uniform fractionated treatments. There are several extensions of this model which include
regrowth or lesion repair mechanisms, and we will discuss those later in S2ction

(1-ZM): The TCP of Zaider & Minerbo (2000).The TCP of Zaider and Minerbo is based on a birth—
death process for tumour growth and decay. It is the first model which allows for arbitrary
temporal form of radiation treatment and the approach of Zaider and Minerbo has revolution-
ized the field.

(1-MC): Monte Carlo TCP. Here we explicitly simulate a large number of cells and use Monte Carlo
simulations to estimate tumour survival.

(2-P): Two-compartment Poissonian TCPHere we aim to include cell cycle mechanisms. We split
the cell populations into two compartments which represent an active phase (G1, S, G2, M)
and a quiescent phase (GO0). If the clonogenic cells do not enter a GO phase, then the model
equally applies for a splitting into S, G2, M and G1 phases. The major assumption is that active
cells are more radiosensitive compared to cells in the quiescent compartment.

(2-DH): Two-compartment TCP of Dawson & Hillen (2006).The Dawson and Hillen TCP is based
on a birth—death process and generalizes the ZM TCP, aiming to include cell cycle effects
according to the splitting mentioned in item (2-P).

(2-MC): Two-compartment Monte Carlo TCP. Here we extend the Monte Carlo simulations to the
two-compartment scenario.

These models depend on a number of parameters, e.g. the initial number of tumoup ctis
radiation sensitivities andg, or the so-called ‘hazard functioh(t). We will test several combinations
of the parameter values and we give details about the models and parameters in Qeatids In
Sectiond, we present our results and we conclude the paper with a discussion in Section
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1.1 Prostate cancer

Prostate cancer is the most common malignant tumour afflicting men in the viddd( Health
Organization2008). Fortunately, early detection tests—such as digital rectal examination or determin-
ing the amount of prostate-specific antigen (PSA) in the blood—increase the chance of early diagnosis
and hence successful treatmefirnerican Cancer SocietyOne very important treatment method for
prostate cancer is radiotherapy, where ionizing particles (such as X-rays and gamma-rays) transfer en-
ergy and kill cancer cells in the treated area. Over half of all cancer patients receive radiotherapy at some
stage of their disease, either alone or in combination with other types of treatment (such as surgery or
chemotherapy){aanderset al.,2002; O’Rourkeet al.,2009). Two types of radiotherapy methods are
available: brachytherapy, whereby a radiation probe is inserted into the tumour; and external beam ra-
diotherapy, in which the tumour is irradiated from outside the patient. Generally speaking, in external
beam radiotherapy, the total dose (energy per unit mass in unit of gray (Gy)) is split into several fractions
to allow the patient’s normal tissues to recover between fractions.

Brachytherapy is more efficient for early stage, localized prostate cancer. There are two brachyther-
apy methods for prostate cancer: high dose rate and permanent seeds (also called low dose rat
brachytherapyRrostate Cancer Cangdéligh dose rate brachytherapy involves inserting several frac-
tions of seeds, over a span of a few days, through very tiny plastic catheters placed into the prostate
gland. In low dose rate brachytherapy, seeds are injected into the glands. These seeds will irradiate o
at a low dose rate and remain in the gland for a long time. If we denote the initial dd%eaasithe
seed decay rate dsthen the total dos®(t) absorbed up to timeis given by

D(t) = %(1—e‘”). (1.1)
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2. TCP models

Before we introduce the TCP models, we briefly discuss the linear quadratic (LQ) model for cell survival
and the hazard function.

2.1 Survival fraction

If D denotes the radiation dose, then we denote the survival fraction of c&{©asA widely accepted
survival fraction model is the LQ model:

S(D) = exp(—a D — AD?), (2.1)
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wherea (Gy™1) and g (Gy?) areradiosensitivity parameters depending on the tissue types. The
parameters: and g are empirically estimated parameter values and they include radiosensitivity as
well as repair mechanisms. The ratig is a rough characterization of the sensitivity of tissues to
radiation and it can be used to differentiate tissues into early responding tisgtie( 10, typical for
clonogenic tissue) or late responding tissue (the ratio is about 3, typical for healthy tidguslpon,
1988;Fowler, 1989).

When the treatment dod® is split inton fractions of dosed, D = nd and the survival for each
fraction is independent, (2.1) changes into

S(D(n, d)) = exp(—ad — Bd?) - - - exp(—ad — fd?) = exp(—a D — fd D) = exp(—(a + Bd)D).

n

(2.2)
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Equationg2.1) and 2.2) assume that there is no regrowth during treatment. However, proliferation
plays an important role when the treatment time is long compared to the tumour doublingtiwvis.
& Tucker (1987) were the first to include a time factor in the LQ model. By fitting mouse lung cancer
data ofMahet al. (1987), they found that the regrowth is exponential with paranieterd the isoeffect
curvesk (= — In S(D)) are constant,

E = #D(a/B + D/n) — bT, (2.3)

wheren is the number of fractions anf is the total treatment time. Some other scholars (Maciejewski

et al.,1989; Thameset al., 1990; Witherset al., 1988; Yaes,1989) also studied regrowth and regrowth
delay in the LQ models. Therefore, by using this exponent in the LQ model, we have an LQ model as a
function of dose and time,

S(D,t) = e™* D-AD?/n e(ln(z)/Td)(t—tk)’ (2.4)

whereTy = In(2)/b is the tumour doubling time anty is a time delay between the beginning of treat-
ment and measurable regrowth of the tumour.

In brachytherapy (continuous radiation over time), the model is modified by using the Lea—Catcheside
factorG(t) (Kellerer & R0ssi1972)

S(D) = e"*D-AGMD? (2.5)

The Lea—Catcheside factor describes the interaction of past radiation damage with current damage,
where the interaction probability decays exponentially with pafEhe Lea-Catcheside factor is usually
written fort > T as

G(t) = /m D(r) / e 79 D(s) dsdr

—00

D(t)?

or
T

2 . T .
G(M) = TT)Z/_OOD(T) /_Ooe_y(’_s)D(s) dsdr,

whereD(7) andD(s) are the dose ratd) (t) is the cumulative dose ariddenotes the end of treatment.
The Lea-Catcheside factor for endpoints> T has originally been derived from a lethal-potentially
lethal model (LPL model)Qurtis,1986). We can, however, use the same LPL model to derive a time-
dependent Lea€atcheside factor, which applies to all times 0. This formulation leads to our choice

of d.+(t) in (c) described subsequently. In that case, thel@atcheside factor becomes:

t T
G(t) / D(r)/_ e 7 =9 D(s) dsdb. (2.6)

—0Q

" D(1)?

Another approach, which is also based on clear physical principles, is the assumption of an effective
interaction window for lesiond{awson & Hillen,2006). If two single hit events occur close in time,
then there is a chance of an interaction. In this case, the survival fraction reads

t
S(D) = exp(—/o [a +28(D(s) — D(s — w))] D(s)ds) ,

wherew denotes the size of the effective interaction window.
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2.2 Hazard function

We can use the concept of a hazard function to unify the above models into one formalism. The hazard
functionh(t) describes the decay of survival fraction as

EOO _ _hoysowy. 2.7)

Zaider and Minerbo advertise the following hazard function for any form of treatment
h1(t) := (a + 28D(t))D(t) (2.8)

If we solve 2.7) for the surviving fraction with hazard functidni(t) and initial conditionS(0) = 1, we
obtain

t
S(D(t)) = exp(— /0 hl(s)ds) = exp(—aD(t) — fDA(1)). (2.9)
Casel: If we only give one treatment of dogskand evaluate the above formula at the end of treatment
T, then we get
S(D(T)) = e d=/¢,

whichis the LQ model 2.1).
Case2: If, however, we given fractions of dosel, then at the end of treatment we obtain

S(D(T)) = exp(—and — B(nd)?) (2.10)

which does not correspond to the fractionated LQ form@l&). In 2.10), thes-term is overamplified
by an additional factor afi, which, as we argue, leads to over-optimistic estimates for the TCP.
Based onZ2.8) we rather propose the following form of hazard function for fractionated treatment:

ha(t) = (& + pd)D(t). (2.11)

Thetermd D(t) describes the interaction of previous lesions with current radiation, which is on a small
timescale compared to the treatment tithdf we solve @.7) usingha(t), we obtain

S(D(t)) = exp(—(a + #d)D(1)),

which is exactly the LQ modeDl(2).
More generality, we propose an effective interaction diygewhich includes the LeaCatcheside
factor, the fractionated schemes from above and the interaction window approach into one framework:

h3(t) := (¢ 4 fdy (1)) D(1), (2.12)
where

(a) ds = d for fractionated treatments,

(b) d(t) = 2D(t) asin Zaider—Minerbo’s formulaq.9) ,

(©) du(t) =2 ' e 79 D(s)dsfor the Lea-Catcheside factor and
(d) dis(t) = 2(D(t) — D(t — w)) for the finite interaction window.
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Thecorresponding survival fractions are

t
S(D(t)) = exp(—aD(t) -p /0 deﬁ(S)D(s)ds)

Especially

(a)
S(D(t)) = exp(—(a + pd)D(t)) (2.13)

(b)
SH(D(t)) = exp(—aD(t) — FDA(t)) (2.14)

(©)
S(D(t)) = exp(—a D(t) — AG(t)D(t)?), with G(t) from (2.6) (2.15)

(d)

t

S(D(t)) = exp (—a D) — ﬂ/o 2(D(s) — D(s— w))D(s)ds) . (2.16)

There are several interesting special cases:
Casel: If we consider fractionated treatment, and the intesvadcludes one fractionation, then we can
compute the integral in case (d) and figgt) = S, (t) whichis in agreement with the LQ model.
Case2:If y — 0in(c), thend,;(t) = 2D(t) andwe obtain the Zaider—Minerbo formula (b). This shows
that the approach (b) is useful if early lesions are not repaired and are always able to interact.
Case3: If the interaction window in (d) is larges(— oo), we use the fact thdd (—oo) = 0 to see that

(d) corresponds to (b). Hence, we get the same picture as in Case 2 above; model (b) implicitly assumes

that interactions of radiation-induced lesions are on a long timescale.
Cased4: If the interaction window is smalk{ — 0), then we redefingd = 2f» and we obtain

ha(t) in (d) —» (« 4+ AD(t))D(t).

In this scenario, interactions would be strictly local in time.

In what follows, we will compare these different forms of hazard functions for the six models men-
tioned above. We find that the results for (c) k€@atcheside and (d) finite interaction window are
virtually identical, while case (b) gives over-optimistic results.

2.3 Poissonian TCP

The simplest TCP models are based on the Poisson or the binomial distribution and the LQ survival
fraction model. They both assume that the initial number of tumour &&lls large. LetX denote a
random variable for the amount of surviving cells. If the death of tumour cells is stochastically inde-
pendent of each other, and cell survival is a rare event, then we can a¥sisggven by the Poisson
distribution. The probability ok tumour cells surviving is then,

lk e—).

pPX =k =—4

(2.17)
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Since the expectation of this distributionEg X) = 1, we use the number of surviving cedNyS(D) as
anestimator forl. Therefore, we have the Poisson TCP as

TCPo = p(X = 0) = e * = g NoS(D)| (2.18)
Similarly, the binomial TCP has the form
TCPs = (1 — S(D))No (2.19)

if the number of surviving cellX satisfies a binomial distribution. The Poisson approximation tells us
that the binomial distribution approaches the Poisson distribution Waer co, S(D) — 0 and the
product ofNgS(D) approachethe constant (i.e. NoS(D) — 1).

Thesurvival fraction 2.4) includes linear regrowth. The corresponding ordinary differential equation
(ODE) for linear regrowth is given by

dN

e (b —d)N(t) — h(t)N(t), (2.20)
whereb denoteghe mitosis rate and the natural death rate. We estimate the paranieitethe Poisson
distribution @.18) as the expected number of surviving tumour cells and obtain the one-compartment
Poissonian TCP

TCPp, (t) = e NV, (2.21)

In Gongetal. (2011), we also derived an explicit formula for non-linear regrowth. In order to compare
with ZM TCP, where linear regrowth is used, we focus here on linear regrowth.

The two-compartment Poisson TCP can be calculated by the following system of ODEs for active
(a) and quiescent cellgjf (Hillen et al.,2010),

a

4 = —Ha+va— (da+ha)a, (2.22)
dqg
a=2ﬂa—uq — (dg + hg(t))q. (2.23)

Here,h, andhq arethe hazard functions for active and quiescent cells dnendd, arethe natural
death rates, respectively. The teyngives the regrowth rate of active cells, andives the switch rate
of quiescent cells to active cells. We solve it numerically, and then evaluate
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TCPp, (t) = e~ @O+AM) (2.24)

The two-compartment model ir2(22) and (2.23) is based on a more general two-compartment model

in Hillen et al. (2010). The model itdillen et al. (2010) allows cells after mitosis to become quiescent,

or to continue in the cell cycle. Two special cases lead to the one-compartment @I dn the

one hand and the two-compartment mo@?2Rand2.23) on the other hand. In this paper, we focus on
these two extreme cases. For a full discussion of the two-compartment models we refer to the literature
(Dawson & Hillen 2006;Hillen et al.,2010).
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2.4 TCPbased on birth—death processes

When the number of tumour cells are small, stochastic effects dominate. In this case, deterministic
models seem to be inappropriate for predicting the number of surviving cells. To accommodate the
stochastic effectsZaider & Minerbo(2000) employed a stochastic birth—death process. That is, the
probability P of i tumourcells surviving at time is given by the master equation

? =({—-1bP_1t)—i(b+d+h®)R M)+ (i +D)d+h)Ps1(t), i=0,1,2,3,... (2.25)
with the convention thaP_; = 0. The expected number of tumour ceNgt) = > i P (t) satisfieghe
mean-field equatior2(20).

The mean-field descriptior2(20) of tumour cell proliferation and its death due to radiation is a rea-
sonable approach when the number of cells is large. However, for a relatively small cell population (e.g.
at the end of the treatment), the average behaviour is no longer adequate as probabilistic or stochastic
noise becomes dominant.

By introducing a generating function, Zaider & Minerbo solved the master equation (2.25) and
obtained an explicit expression for the TCP,

No
t) et
TCPzm(t) = Po(t) = | 1— 5O - (2.26)
1+ bS(He? / T
® 0 ShHe
Here
t
S(t) =exp (—/ d+ h(r) dr) (2.27)
0
is the probability of cell survival for a given hazard functibrt) and natural death ratk Dawson &
Hillen (2006) simplified the Zaider—Minerbo TCP into
No
TCPm(t) = | 1— N® s , (2.28)
No-i-bNoN('f)/O NG

whereN solves the mean-field equatio.20). Note that wheh = 0, the Zaider—Minerbo TCP reduces
to the binomial TCP.

In the previous section, we discussed the use of a two-compartment model to describe cell cycle
effects. This extension can also be done for the birth—death process of Zaider and Mineibaxysea
& Hillen, 2006;Hillen et al, 2010;0’Rourkeet al., 2009). The basic idea is the same as above, i.e. a
detailed master equation for two compartments is used as a starting point. The mean-field equations are
given by @.22) and (2.23) and the TCP can again be expressed by the corresponding solutions of the
mean-field equations. The resulting TgsPformulais very complex and we refer to the original papers
for reference Pawson & Hillen,2006;Hillen et al.,2010).

2.5 Monte Carlo method

Another class of models for tumour growth are individual-based modelsHatgikirou & Deutsch
2009; Kempf et al, 2010). Here we use the Monte Carlo method as representative for this class of
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models. The Monte Carlo method allows us to explicitly model the stochastic nature of cell-radiation
interaction, cell proliferation and cell death. For the Monte Carlo simulations, we use the same birth and
death probabilities as used in the master equation appr@a2h)( The probability distributions for the
random sampling in each time interval is given by:

e bAt for the probability of regrowth in a time interval of lengftt, whereb is the cell growth rate;

e (d+h(t))At for probability of death in a time interval of lengtkt, whereh(t) is the hazard function
(2.12);

e 1—(d+ b+ h(t))At is the probability the cell remains unchanged in a time interval of leAgth

For each simulation run and for each time-step, we define the treatment success indicapaEE S(

1, if N(t) =0,

0, else,

TS(t) = [

whereN((t) is the number of tumour cells at timeTCP is therefore defined as the averag&lo$uch
independent simulations and is given by

M
TCPt) = % > TS). (2.29)
i=1

IO X0 qLULLERLL1//:011Y WO | PPE0 JUMOC

Accordingto the law of large numbers, the error aftdrsamplings is the order of 4/M. In order
to keep this error at an acceptable level, we simulate each case 300 times and the outcome is average
The output of the TCP curve as a function of time is relatively smooth, with a small standard deviation
(=~ 0.05).

For the two-compartment models, we have two subpopulations governed by their own probability
distributions according to Tabl

5o

e uAt for the probability of regrowth in a time interval of lengttt, wherey is the cell growth rate;

o (da + ha(t))At and(dgq + hq(t))At for probability of death in a time interval of lengtht for the
active and the quiescent cells, respectively, agd), hq(t) aretheir hazard functions;

e VAt for the transition probability from quiescent into active cells in a time interval of length

o 1— (u+dy+ ha(t))At andl — (v + dg + hg(t))At arethe probabilities that the cells remain
unchanged in a time interval of lengttt for the active and the quiescent cells, respectively.

The main drawback of the Monte Carlo method lies in its random nature: all the results are affected
by statistical uncertainties which can be reduced at the expense of increasing the sample population
and, hence, the computation time. This method is very convenient when the system has several degrees
of freedom such as fluidsP(ausnitz & Tavares2004) and cellular structuregrankset al., 2001),
or when inputs are very uncertain, such as risk in busingksghews 2009). More broadly, Monte
Carlo simulations have been applied to species dynamics in ecology, spatial sciences and oil exploration
(Gonzalez-Parrat al.,2010;Popov & Prokhoroy2007) .
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3. Treatment protocols and parameter values

In this section, we use seven treatment protocols for prostate cancer from the literature to compare the
six models described in the previous section. Among them, three are standard treatments (labeled as
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TABLE 1 Seven treatment schedules for prostate cancer. A, C and D are standard treatments and e and

f are two hyperfractionated treatments, where f is a high-dose brachythéf®Rd and2®l are two
permanent seeds brachytherapy treatments. Note that the brachytherapy treatments have no end time,
since the radioactive seeds remain in the body. The column ‘Total days’ indicates the time when the total
treatment dose is rehed

Dose/fraction Days/ Total Times/ Total
Protocol (dGy) week days day dose Reference
A 2 5 53 once 78 Reutheret al. (2002)
C 3 5 26 once 60 Liveseyet al. (2003)
D 4.3 5 16 once 51.6 Liaoetal.(2010)
e 1.2 5 44 twice 76.8 Parson®t al.(1988)
f 6 5 4.5 twice 54 Yoshiokaet al. (2006

Protocol Initial dose Decayrat¢ Total days Halftimes Total doseReference

103pg 571 0.0408 47.63 16.99 120 Naget al.(1999)
125, 1.86 0.0117 207.8 59.4 145 Nagetal. (1999

A, C, D). These are given once per day on weekdays with weekends off. The others are one hyperfrac-
tionated treatment (labeled as one high dose rate brachytherapy (labeled pand two permanent
seeds brachytherapie¥3Pd, 12°1) (see Tabld).

For computational simplicity, we assume that all radiation protocols start on a Monday. Fractionated
treatmentsA, C, D, e and f are given on weekdays with weekends off. We assume it takes 10 min to
deliver each fraction of the dose at a constant dose rate. If the protocols prescribe one fraction per day
(called standard treatments), treatments are delivered at 12:00 pm (noon); in the case of two fractions
per day (called hyperfractionated treatments), treatments are delivered at 12:00 and 6:00 pm.

To compare parameter values between one- and two-compartment models, we use weighted aver-
ages. In the two-compartment mod2l42) and 2.23), the transition rate from active to quiescent is
4 and the transition rate for quiescent to active idence, assuming Poisson process for the transi-
tion events, the average time spent in the active phasgusfd in the quiescent phasgvl(Thieme,

2003). The parameter values will be different for active and quiescent compartments, ¢ geatle

of the radiosensitivities. In general, Ipgne be a parameter in the one-compartment model padpq
parametersor active and quiescent cells, respectively. Then the parameters are related by the following
equation

1/u 1/v
P iy TP

pone = (31)
Theparameters used in the two-compartment model are listed in thg J €umnin Table2, and
the parameters for the one-compartment model are in columnf R most publications on cancer
growth, the effective net growth rate is reported. We use these values to estimate the net grawitt rate
The parameters of the one-compartment models are related to the parameters of the two-compartment
model via the weighted averaging described ab®:&)( We will see later that this is indeed a good
choice as the models behave quite similarly.
The permanent seeds have dose Bate) = Roe*t, which is a continuous function of tine In
the case of fractionated treatments (protodgl€, D, eand f from Tablel), D(t) are jump functions.
Because of the differences in the dose rates of these treatments, we report their results separately.
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TABLE 2 Table of parameters and references. Coluh@Pyy refers to the two-compartment model,

is the birth rate of its active tumour cells andis the transition rate from quiescent into active cells.
aa, fa, aq andfq are radiosensitive parameters of the LQ model for active and quiescent cells, respec-
tively. ColumnTCPz\y refers to the parameters for one-compartment models, which are calculated by
(3.1) based on the values in columEPpH. Besides the initial tumour siZE®, we also simulate for

NO(GO) = 107, 10%, 10°, 109, which give similar results; hence, we choose to only present the results for
1

TCPsm TCPboH Unit Reference
Initial cell N(0) = 10° a(0)+q(0) = 1¢° cells Strigariet al. (2008)
Net growth rate b—-d=0.0273 u — dy = 0.0655 1/day Swansoret al. (2001)
v —dq = 0.0476 1/day Basseet al. (2002)
a a =0.1531 oa = 0.145 Gyt Carlsonet al. (2004)
oq = 0.159 Gyt Carlsonet al. (2004)
B 2p =2x0.0149 2/ = 0.070646 G)T2 Carlsonet al. (2004)
2fq =0 Assumption
protocol A protocol C protocol D
= ] = ] ! r
0.8 j 0.8 : 0.8 i
o 08 - o 06 o 060 ]
3] 1 3] ] I
T o4 1 o4 F o4 I
02| ° 0.2 0.2 :
ol—a : ol—s ob—s U
0 50 0 50 0 10 20 30
time(days) time(days) time(days)
protocol e protocol f
Bt E T T
08 1 [ o8| | ‘
% 0.6 I ; % 0.6 ; |- Poisson TCP
1! - + == Zaider—-Minerbo TCP
" o4 1! " o4 : E [ " Monte-Carlo TCP
02 !- ‘ 02 i
1} | i
0 : ) —
0 50 0 5 10

time(days) time(days)

Fic. 1. TCP for treatmentA, C, D ande, f as function of time, with survival fractior2(14) (and corresponding
hazard functionZ.8)) and survival fraction.13) (or equivalentlyZ.16)). Each subplot shows two groups of three
curves. The left groups correspond to (2.14) while the right group correspon2l4d 8).(The vertical line on each
subplot is the treatment ending time. Blue lines are for Poissonian TCP (1-P), cyan lines for Zaider—Minerbo (ZM)
TCP (1-ZM) and red for Monte Carlo TCP (1-MC). All the parameter values are from Pable

4. Results
4.1 Fractionated treatments

In Fig. 1 we show the time course of the TCP for the three one-compartment models (1-P), (1-ZM)
and (1-MC). The five subplots refer to the five fractionated treatménts, D, e and f, where the
vertical line indicates the end time of these treatments. Within each figure we show two groups of
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three curves. The left group of three curves corresponds to the survival fraction descridzd4)y (
whereas the right group of curves corresponds to the survival fraction for fractionated treafisjts (
Instead of using (2.13) directly, we use (2.16), which is equivalent to (2.13) for fractionated treatment,
as mentioned earlier. This choice allows us later to use the same formulation for brachytherapy as well
as for any other time-dependent treatment methodli let al. (2003), the best estimate of the average
tumour DNA repair time is 16 min. That is to say, one DNA damage can only interact with another to
create a double-strand break, if they occur within 16 min.. Hence, we choose an interaction window of
o = 16 min, such that any dose delivered to a patient within this window will count towards the hazard
function, asDawson & Hillen(2006) proposed.

The simulations clearly show that the three models make the same predictions. The hazard function
(2.8) shows clearly over-optimistic results, while the results using the effective interactiod.fase
more plausible. The computation of absolute TCP values is not the point of this paper. The point is to
show that these three very different methods show virtually identical TCP predictions. Hence, they are
equally useful for treatment outcome predictions.

In Fig. 2 we plot the TCPs as a function of dose. Again, we see that the curves that correspond to the
same choice offi(t) are very close. The numbers in each subplot ardxfgevalue for the Poissonian
TCP. We do not show thBsg values for the other models, since they are very close as we can see from
the graph. We compared oisg values with those reported lyevegrunet al. (2002) from clinical
data for prostate cancer. Our values@rD and f are all in the 95% confidence intervals of thBigg
values. OurDsg values forA, e are a bit higher than the values reportedJeyegrunet al. (2002).

We also compare the three one-compartment models with their two-compartment models by using
the parameters from Tab® The results for protocolS ande are reported in FigB3. We find that the dif-
ference between the one-compartment and two-compartment models are negligible for hyperfractionated

protocol A protocol C protocol D
1 7 1 7 = 9
0.8 / 0.8 ] » 0.8
o 067 1 o 08f 1 o 06
o i 8] 1 O :
o4 i 86.5{ F 0.4 : 76.75{ & 0.4 68.083
02t 1 02f 1 02f |
gt . | LLE F | LE,
0 50 100 0 50 100 0 50 100
Dose(Gy) Dose(Gy) Dose(Gy)
protocol e protocol f
e 1 e
0.8 LA B N - Poisson TCP
o . 06 ' = = Zaideg-Minerbo TCP
8] [&] 1 Monte—Carlo TCP
2 Fo4p 59
02| !
:
z 0 .
0 50 100 0 50
Dose(Gy) Dose(Gy)

Fic. 2. TCP for treatmentA, C, D ande, f as function of dose, with survival fractio.l4) (and corresponding
hazard functionZ.8)) and survival fraction;13) (or equivalentlyZ.16)). Each subplot is the result for one treat-
ment shown on the top. The lines gathering on the left part of each subplot are results by using hazard function
(2.8), whereas ones on the right part are results calculated ith)( Horizontal line denotes tHegg position

where TCP= 0.5. Blue lines are for Poissonian TCP, cyan lines for ZM TCP and red for Monte Carlo TCP. All the
parameter values are from Taldle
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1 —Poisson TCP ZM/DH TCP g
= 1 o — W—Mﬂﬂﬁ,lé-ﬁﬂﬂﬂlgj—

0.8 0.8 [ J j 0.8
| I
0.6 06 | 0.6 K TR
& a | a e, 1-cmprt.
8 (l;) (bl) | C, 2-cmprt.
0.4 0.4 ’ 1 04 (| e, 2-cmprt.

0.2 0.2 | : 0.2 F
| 7 |

0 0 0 :
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time (days) time (days) time (days)

FiGc. 3. TCP as a function of time, using protoc@sande, for both the one- and two-compartment models. The left panel is for
the Poisson TCPs ((1-P) and (2-P)), the middle panel is for the ZM and Dawson—Hillen TCPs ((1-ZM) and (2-DH), respectively)
and the right panel is for the Monte Carlo TCPs ((1-MC) and (2-MC)). All parameters are taken from2Taidethe effective

dose hazard function (2.12)(d) is used.

LUUJE’LU I//:dny woJy papeojumod

treatmente, while for standard treatment schedu2swo-compartment TCPs are shifted to the right

by at most 5 days. We have similar results for the other treatment protocols. Hence, the existence of a
quiescent compartment allows clonogenic cells to be sequestered from radiation and to repopulate th%«
tumour between treatments.

4.2 Brachytherapy treatments

A standard model for brachytherapy treatments is the hazard function with theQatdeheside pro-
traction factor (2.12)(c) and survival fraction (2.15). We will show that this choice of hazard function
can be approximated by the effective interaction window hazard fun@id2)(d) and survival fraction
(2.16). The Lea-Catcheside protraction factor is simple enough to program directly. However, by using
the time-window approach, we will be able to find a hazard function which is equally applicable to
fractionated therapies and to brachytherapy.

Choosing the total dose as for a radioactive seed ak.1),(the Lea—Catcheside fact@.§) can be
explicitly computed as

2 a2t Gt _
Gty = — 2N )[1 e L e 1]. 4.1)

D(H)2(y — 4 2/ Aty

2T0Z ‘TT 8unr uoelsq|V Jo Aisieaiun e /Bioseulnolps

Once againRy is the initial dose rateD (t) is the total dose absorbedljs the average half-life for the
permanent seed amgl= In(2)/y is the lifetime of the DNA double-strand breaks, which was chosen to

be the same as in the effective dose, 16 min. In what follows, we show mathematically that the effective
dose hazard function and Lea—Catcheside hazard function are almost the same, when both have the same

parameters.
From 2.7) we can compute the Lea—Catcheside hazard function as
D 2
hie(t) = dSct)/dt aDit) + ﬁ'w — gRoe +/3 Ro (e—2/1t _e Uty (42)

—Sc®) dt
where we use (4.1) in the last equality.
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By using the formulaX.1) in (2.12)(d), we have an effective dose hazard function as follows:

RS
I

—2Mt+Aw

hefi(t) = a Rye " + 28—2 (e —e ), (4.3)

Thedifference betweehes(t) andh (1) is

heff(t) —hie (t) e—2/1t+).w _ e—2/1t e—2/1t _ e—(}' +)t

28R2 - A B y —

_ e—ZM-H.w(y _ i) _ —ZM(y _ /1) _ /'Le—ZM +ie—(y+l)t
2y =)

e—ZAt-H.w(y _ /1) —y e—2/lt e—(}' +)t

Ay = 2) y—4
_ g2t f Y e H)t_
Ao Ay —4) y—4
Becauser =1In(2)/w = 6238 > 1, we have the following estimate
g 1\ e+t er 1 1
heff — hic| < 2BRZ |2 [ —— — = <2BR2|— — 24+ —|. 4.4
Iheft — hicl < 28Ry i)t ARG | pii— (4.4)

Thelast expression equals 0.0626 t§#Pd and 0.0066 fot2°l , when using the parameters in TaBle

Hence, the difference between these two approaches is very small. We show numerical simulations of
our three one-compartment models for these two types of hazard functions iharid.we find them

to be indistinguishable. Also, if we compare the TCP for the three models (1-P), (1-ZM) and (1-MC),
they are also virtually identical, hence, they give the same predictions.

Note that the!°3Pd curves for the Poissonian model do start to decay after about 110 days. The
Poisson TCP formula is based on the mean-field differential equations and, consequently, the number
of tumour cells can never be identical to zero. Hence after radiation subsides, the tumour will always
regrow. The other two models (1-ZM) and (1-MC) have the advantage that the tumour can be eradi-
cated in finite time and it does not recur. Hence, the decline in TCP after treatment is an artifact of the
Poissonian model.

4.3 Dependence of growth rate b and survival fractiofd 5

In order to investigate how the models depend on the tumour growth rate and the radiosensitivity of
the tumour, we compute the TCP for different effective growth rataad survival fraction$(d). For
matters of space, we show only proto€lThe behaviour is very similar for the other protocols.

We study the TCP dependence on the growth rate in Fidgn (a) we plot the pairwise distance
of the TCP curves between the three one-compartment models as a function of the growth rate in a
semilogarithmic plot. We measure the distance inltRenorm,which corresponds to the squared error
sum. We see that the distance between Zaider—Minerbo TCP and Poissonian TCP is always smaller
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Poisson TCP Zaider-Minerbo TCP Monte-Carlo TCP
S / =
{
0.8 0.8 0.8
125
L heﬁ
0.6 0.6 0.6 103 pg h
% 5 5 J o
= P ot | 125 4
0.4 0.4 0.4 Le
| 103
| Pd, h o
0.2 0.2 0.2 /
0 0 Q J y
0 100 200 0 100 200 0 100 200
time (days) time (days) time (days)

15 of 19

Fic. 4. TCP as a function of time for permanent seed treatment Wit d and125| , with the effective dose hazard
function @.3) and the Lea—Catcheside hazard functib®); The left panel is for the Poissonian TCP, the middle
panel is for the ZM TCP and the right panel is for the Monte Carlo TCP. Parameter values are frord. Table

(a) Log of L2 distance between each model (b) Time to reach TCP(t) = .95
as a function of birth rate as a function of birth rate
2 80
1}
& —&— Poisson
g =] o 70 o
0 s B W *— Zaider-Minerbo
E -1?";;@3-:#! = 7 Monte-Carlo 4
‘g = E 60
o —2 g —
=3 ﬁ/a =
=] = = s
o -3} / . & 50
= / —&— [ZM-PI T e
e
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FiG. 5.(a) Semilogarithmic plot of the pairwislez-distance between the TCP curves as a function of the birth rate

b, for treatment protocdC. (b) Time at which the TCP curve reaches 95% as a function of the birtl.riite use
effective dose hazard functio.02)(d) here and all parameters except the birth rate are taken fromZlable

than €2 = 0.14 when the regrowth rates are in the interval of [0, 0.07], but the distance increases

with increasingo; however, it is still very small over all<e~1). The Monte Carlo TCP shows a bigger

distance to the other two, but still smaller thanesen for the highest growth rate.

In Fig. 5(b) we record the time when the TCP values reach 95% success. Again the model predictions

are very close, with a slight increased difference for large birth rate values.

Now changing the survival fraction by varying the radiosensitivity paramgtere plot the graphs
in Fig. 6. We show the logd-2 distance in Fig6(a) as a function of survival fractiof(d). Figure6(b)
shows the time at which TCP = 95% as a functiorsad). We see from (b) that the time reaching 95%

TCP sensitively depends @&(d) but the three models behave the same.
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(a) Log of L2 distance between each model (b) Time to reach TCP(t) = .95
as a function of S(d) as a function of S(d)
0 g 60
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E —— Zaider-Minerbo B
-1 = & 50 =— Monte-Carlo /’,
1} .‘.,"
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FIG. 6. (a) Semilogarithmic plot of the pairwish,;—distance between the TCP curves for treatment protGcas function of the
survival fractionS(d). (b) Time at which the TCP curve reaches 95% as a function of the survival fr&@nS(d) is varied by
changingp and all other parameters are taken from T&hleffective dose hazard functio.(2)(d) is used.

5. Conclusions

We initiated this line of research since we expected, based on experience, that the more complicated
models indeed make the same predictions as the simplest model, the Poissonian TCP. Through our sys-
tematic study we can confirm this observation. We simulated many more parameter values as presented
here and the discrepancy between Poisson models, birth—death models and Monte Carlo simulations is
always small. During our studies we found in the literature that the relation between survival fraction
and hazard function is often unclear and not well presented. Hence, we tried to summarize and com-
pare the different forms df and S(D) which are discussed in the literature. Different hazard functions

are used for fractionated therapies as opposed to brachytherapies. As a side result, we found that using
the effective interaction window ir2(12)(d), we were able to unify these two approaches into one frame-
work. We showed tha®(12)(d) can equally be applied to fractionated therapies as well as brachythera-
pies. As for fractionated treatments, it corresponds to the standard fractionated survival fraction and for
brachytherapy it corresponds to the kd@atcheside factor.

The Poisson TCP is simple and computationally efficient. We simulated the three models on the
same computer: Intel Core 2 Duo, 2.0GHz and 2GB DDR2. For one typical simulation the Poisson TCP
takes 3.34 s, the Zaider—Minerbo TCP uses 65.4 s and the Monte Carlo TCP uses up to 2.3 h. Therefore,
for slow-proliferating tumours, we suggest that the Poisson TCP be used for calculations. However,
when birth rate increases, the difference between Poisson TCP and Zaider—Minerbo TCP increases. For
example in Fig5, the difference between Poisson and Zaider—Minerbo TCP enlarges to 2 days when
the growth rate is 0.2. This confirms the resultsTatkeret al. (1990), who showed that the Poisson
TCP can underestimate the tumour cure up to 15% when the tumour doubling time is 2.06 days (or
growth rate 0.34), which is a very fast growing tumour. Furthermore, the change of the survival fraction
parametep will also slightly magnify the difference between the three TCP models.

As for the low dose rate brachytherapy, the Poisson TCP is much more sensitive to the number of
tumour cells. After the end of treatment, the growth of tumour cells (therefore the increase of tumour cell
numbers) causes the Poisson TCP to decrease. On the other hand, the Zaider—Minerbo and Monte Carlo
TCP remain constant. This is a clear advantage of the stochastic models of Zaider—Minerbo and Monte
Carlo. As soon as all cells are eradicated the tumour is gone forever. The Poissonian TCP, however, is
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based on an ODE formulation. Here solutions only converge to zero but will never reach zero in finite
time. Hence, in the Poissonian formulation a tumour will always recur.

We also compare Poisson, Zaider—Minerbo and Monte Carlo TCP with their corresponding two-
compartment TCP models, where the cell cycle effect is included through a quiescent compartment.
While the result between the two-compartment models are the same, there is a significant difference
between one- and two-compartment models. The two-compartment models give less optimistic predic-
tions and they suggest longer treatment periods. This is related to the fact that quiescent cells are less
sensitive to radiation and they can be reactivated by the death of the surrounding active cells. Nutrients
become available to the quiescent cells and they enter the cell cycle and repopulate the tumour. Hence,
it is critical to control the most radioresistant cells.

In this paper, we use prostate cancer treatments as test cases for our simulations. We expect, howeveg
that similar conclusions hold true for other localized tumours such as those in pancreas, colon, liver, etc. =

Overall, the differences in all the models which we study are small. We have to evaluate this within &
the treatment of a real tumour. There are many important aspects which we do not include in our models,%
such as immune response, spatial structure of the tumour, vascularization, metastasis, genetic instabil§
ities and relevant biochemical pathways. Compared to all these details, which are still missing from §
the models, the TCP models considered here are basically identical. Our study confirms the usefulness
of the Poissonian formulation and we feel that more complicated models should only be used when g
absolutely necessary.
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