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Objective: We investigated the effects of conventional
and hypofractionation protocols by modelling tumour
control probability (TCP) and tumour recurrence time,
and examined their impact on second cancer risks. The
main objectives of this study include the following: (a)
incorporate tumour recurrence time and second cancer
risks into the TCP framework and analyse the effects of
variable doses and (b) investigate an efficient protocol to
reduce the risk of a secondary malignancy while maxi-
mizing disease-free survival and tumour control.
Methods: A generalized mathematical formalism was
developed that incorporated recurrence and second
cancer risk models into the TCP dynamics.

Results: Our results suggest that TCP and relapse time
are almost identical for conventional and hypofractio-
nated regimens; however, second cancer risks resulting
from hypofractionation were reduced by 22% when

Clinically, it is observed that over half of all cancer patients
undergo radiotherapy over the course of their treatment,
either as a primary treatment modality or in an adjuvant or
a neoadjuvant context. In current radiotherapy treatments,
tumours are often irradiated with a heterogeneous dose
distribution throughout the treatment volume. The prob-
ability that all cancerous cells are removed from the system
immediately post treatment is known as tumour control
probability (TCP)." The design and complexity of any
treatment regimen in terms of improving therapeutic ef-
ficacy can be deduced (to some extent) from TCP values.
Although a given heterogeneous dose distribution to the
target volume locally controls the disease to a large extent
(for a given radiation regimen), there are still shortcomings
associated with the currently used radiation protocol.
Of these, side effects are of great importance and can be
classified based on the time to clinical presentation, with

compared with the second cancer risk associated with a
conventional protocol. The hypofractionated regimen
appears to be sensitive to dose escalation and the
corresponding impact on tumour recurrence time and
reduction in second cancer risks. The reduction in second
cancer risks is approximately 20% when the dose is
increased from 60 to 72Gy in a hypofractionated
protocol.

Conclusion: Our results suggest that hypofractionation
may be a more efficient regimen in the context of TCP,
relapse time and second cancer risks. Overall, our study
demonstrates the importance of including a second cancer
risk model in designing an efficient radiation regimen.
Advances in knowledge: The impact of various fraction-
ation protocols on TCP and relapse in conjunction with
second cancer risks is an important clinical question that
is as yet unexplored

shorter-acting side effects arising from irritation of the skin
or mucosa, or irradiation of tissues with sensitive adjacent
structures. Late toxicities of radiation are known to man-
ifest after a period of 10-15 years, and one of the major
late toxicities is the appearance of a secondary malignancy.
Moreover, owing to the gains made in cancer care and
patient management, there has been a marked increase in
the number of survivors of childhood cancers, or cancers at
young ages, and these patients are therefore at increased
risk for the delayed consequences of radiotherapy. Several
clinical studies have reported tumour recurrence or relapse
within a span of 5 years” and late toxicities in the form of
secondary malignancies within 5-20 years®’ post irradia-
tion. These clinical investigations have been carried out on
several types of tumours across a variety of treatment regimens
and have also indicated that tumour relapse is a leading cause
of death along with radiation-induced second cancers.
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Several pre-treatment factors such as age at diagnosis, gender
and stage of tumour may impact tumour relapse. Relapse
probability and time may vary depending on the treatment
modality. In our work, for simplicity, we consider the effect of
single treatment modality, namely, radiotherapy on TCP
along with analysis of time to relapse. Also, escalating the dose to
the target volume will eliminate tumours® '’ and may have an
impact on the relapse time (either very long ideally or an in-
crease in the recurrence time) depending on the radiation pro-
tocol. Moreover, dose escalation may elevate radiation-induced
second cancer risks, but the degree to which it increases these
risks remains to be determined.

Clinically, it is widely believed that radiotherapy-induced cancer
risks are owing to scattered doses and radiation leakage from the
linear accelerator, as well as irradiation to the healthy tissues
adjacent to the target volume. Several systematic clinical inves-
tigations have indicated that radiation therapy is a significant
causative factor of second cancers. Numerous case—control and
cohort—control studies have also suggested that there is an increased
risk of secondary malignancies with young cancer survivors, for
example, survivors of Hodgkin’s lymphoma (HL).''™"* There-
fore, it is of paramount importance to reduce radiation doses to
healthy tissue, while at the same time improve dose conformity
to the target volume. The critical organs that get irradiated can
be located in-beam (known as serial organs) or out-beam (also
known as parallel organs) to the radiation beams and occa-
sionally also receive the same integral dose. It is therefore critical
to minimize radiation dosage and schedule radiation doses
such that there is minimal impairment of delivery to the critical
organs around the primary treatment volume, a probable in-
crease in the relapse time (or with a long relapse time ideally),
but also with the goal of reducing the risk of a secondary ma-
lignancy. It should be noted that in this work, we concentrated
on modelling late complications due to radiotherapy, that is,
radiation-induced second cancers only and not on normal
tissue complication probability (NTCP) modelling.

The main objective of this work is to develop a generalized
mathematical framework that can incorporate relapse dynamics
into a TCP model in conjunction with a second cancer risk
model. This was carried out to understand the effects of dose
escalation on recurrence and second cancer risks. Our minimal
model also proposes an efficient paradigm in terms of regimen
that may provide insights to be confirmed by future clinical
investigations.

METHODS AND MATERIALS

Mathematical model of tumour control probability
and recurrence

The linear quadratic (LQ) model is a radiobiological formalism
that is used to provide quantitative insights into the evaluation
of various clinically relevant treatment protocols. The LQ model
describes the fraction of cells that survived owing to adminis-
tration of a uniform dose D, where D can be an acute dosage or
a fractionated dose delivered in several fractions. The survival
fraction of cells after radiotherapy is given by:
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§ = ¢ ~aD=B(D*/K) (1)

where D is the total dose and K denotes the number of fractions.
In the above equation, a (1/Gy) is the cellular radiosensitivity
parameter, which denotes the direct action of lethal cell killing,
and B (1/Gy?) represents two-track action where damage from
two different radiation tracks interact to inactivate the cell via
a double-strand break in the DNA.'*'® The ratio a/8 depends
on the type of tissue that is being considered. For tissues with
early effects, the value of @/ is high, and the linear value is of
more importance, and there is therefore a reduced dependence
on fractionation. For tissues with late effects, the value of @/
is low, and the quadratic term is more important, so that frac-
tionation also becomes more relevant.

The TCP is a clinical indicator used to estimate the elimination
probability of cancerous cells in a tumour and also to compare
various fractionation regimens that are used in current clinical
practice. In this work, the average number of cells in the tumour
volume at any given time is modelled deterministically, and
because the true number of cells is a stochastic quantity, we may
approximate the probability of tumour control as the Poisson
probability that there are zero clonogens remaining in the sys-
tem, with a given average number of cells. That is, the TCP value
is given by Equation (2) as can also be found in O’Rourke et al:'

TCP = ¢~ NS (2)

where N is the total number of clonogens in the system and S is
the survival fraction of cells after a given acute dosage D.

Clinically, it is not always possible to eliminate all the cancerous
cells in the system. There is generally a non-zero probability that
a small number of cancerous cells are not eliminated (by either
surviving the effects of irradiation or escaping the irradiation
itself). These remaining cancerous cells clonally expand post
irradiation, to cause a relapse or recurrence of the primary tu-
mour after a period of time. Although several growth functions
such as exponential, Gompertz etc. can be chosen, for simplicity,
we chose a logistic growth function for recurrence. We define a
recurrence of the primary tumour to have occurred after a critical
number of cells, 10, has been reached and model the growth of
the remaining cancerous cells after the tumour has been irra-
diated (by a logistic growth function), with the same exponential
growth parameter as in the pre-treatment phase. For simplicity
(although this can be generalized), we assumed that the critical
threshold of cancerous cells diagnosed at relapse is of the order
of 10°. Then, we determined the time point at which the tumour
population level reaches a threshold of 99.9% of 10° (note that
the population only approaches 10° asymptotically, since this
is the limit of the logistic growth in our framework). We then
regard this as the time post treatment to recurrence:

%:,\n,<1—%);)\>0 (3)

where dn,/dt denote rate of change of the remaining cancerous
cells (post irradiation) with time and N denotes carrying ca-
pacity of the tissue. Note that 7, is the quantity of cancerous cells
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remaining at the end of the treatment. The output of the TCP
model determines the initial condition for the relapse dynamics
framework.

Mathematical framework for second cancer risks

Several models have been developed in the literature to estimate
radiation-induced second cancer risks, and some of them include,
but are not limited to, Lindsay et al,'” Sachs and Brenner,'®
Manem et al'” and Timlin et al.** Also, several types of risks (for
instance, relative risk, absolute risk, life time risk) are used to
estimate radiation-induced carcinogenic risk. In this work, we
used excess relative risk (ERR) similar to the work by Sachs and
Brenner.'® A commonly used biologically motivated mathe-
matical model to estimate second cancer risks is the
initiation—inactivation—proliferation  (IIP) model.'”™"  The
organ-specific second cancer incidence owing to ionizing radi-
ation is proportional to the yield of pre-malignant (PM) cells at
the end of the treatment. Therefore, the functional form used to
obtain the ERR estimate is given as the product of the yield of PM
cells at the end of the treatment and a proportionality factor as:

ERR = F(D) X G(a,e,g) =M X B (4)

where F(D) is the number of radiation-induced initiated PM
cells and G(a, e, g) is a constant that depends on the age at
exposure a, time since exposure e and gender g. This is standard
practice in the modelling of cancer risks as a result of ionizing
radiation. From Equation (4), it is evident that the number of PM
cells given by F(D) = M is dependent only on the radiation pro-
tocol and is independent of patient age. The factor G(a,e,g) = B
is independent of the radiation dose but is dependent on time.
Since the incidence of second cancers is a multistep carcinogenic
process post irradiation, the term B accounts for all these slower
biological processes. The IIP formalism gives the evolution of
normal and PM cells M during and also at the end of radiation
treatment. The proportionality factor B is a constant that denotes
time since exposure and is obtained by transferring the risks from
the atomic bomb cohort to the corresponding cancer cohort.
The underlying rationale behind this risk estimate is that the
radiation-induced second cancer risks will not change the slope
of the dose-response relationship post irradiation.

We adopted the mathematical framework discussed by Sachs
and Brenner.'® There are three biological mechanisms associ-
ated with this framework: initiation, inactivation and pro-
liferation components. The proliferation mechanism is assumed
to occur during the course of the treatment (i.e. during and in-
between fractionation), until the cells reach a steady state
number N post irradiation (as a result of tissue homoeostasis).
Throughout this work, radiation-induced mutated stem cells are
also referred to as mutated or PM cells. In this framework, we
track the number of normal #(t) and PM m(t) cells during and
at the end of treatment at a given time ¢. As mentioned earlier,
the ERR is defined as the product of a proportionality factor (B)
with the yield of PM cells (M) at the end of treatment, given by
Equation (4).

Denoted by K and T, the number of fractions to be administered
and the time between any two fractions (which is assumed con-
stant), respectively, and the average dose per fraction is assumed

BUR

to be d for the whole organ. Then, the total dose is given by
D =Kd.

Welet n, m , n" and m" denote the number of normal and
PM cells just before a dose fraction and immediately after the
dose fraction, respectively. Suppose k = 1,2, K, then the surviving
fraction of cells owing to dose d is given by Equation (1).

The fraction of normal stem cells that are not initiated as PM
cells in a given fraction is given by:

P=¢ 7 (5)

where y (1/Gy) is the mutation-induction parameter.

The number of normal and PM cells that survive the kth dose
fraction'® are:

nt (k) =SPn~ (k),m* (k) =S[m~ (k) + (1= P)n" (k)] (6)

where SPn~ denotes the surviving fraction of normal cells that
are not made pre-malignant owing a dose d Gy. Owing to
homoeostatic regulation of tissue, we assume the repopulation
mechanism of normal and PM cells during and after radiation
follows a logistic growth model, where A and rA are the repo-
pulation rates of normal and PM cells, respectively. Thus, the
repopulation mechanism for surviving normal and radiation-
initiated PM cells is given by:

B N
n k) = =N o7
m~(k+1)=m" (k) {%&;1)} 7

The number of PM cells after the last fraction has been admin-
istered and until the normal cells cease to repopulate is given by:

— + N '
M=m" (k) [nJr—(kJ (8)
Solving the above set of discrete equations with initial conditions
n (1) =Nand m (1) = 0, we obtain the yield of PM cells at the
end of treatment and until the repopulation of normal cells
reaches its steady state. The above discrete model in terms of its
continuous analogue and the equivalence (between them) is
discussed by Manem et al:"’

dn n X .
i )\n(l —N) —adi;ﬂ(t—zT)n
K
—yd ) f:(t—iT)n; A >0
i=1
« )
n .
= = r)\m(l _N) —adi;ﬁ(t—lT)m
K
+yd Y fr(t —iT)n; A >0
i=1

where the first term in the above coupled equations denote the
repopulation mechanism, the second term denotes the action of
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Table 1. Summary of fractionation protocols

Protocol Fractionation scheme

Conventional 30 fractions with 2 Gy per fraction

Hypofraction 20 fractions with 3 Gy per fraction

cell kill due to dose rate (which is defined as the dose delivered in ¢
minutes) and the third term denotes the radiation-induced initia-
tion due to the dose rate. f(f) is a step function that represents the
fractionated dose d delivered in K fractions. dn/dt and dm/dt
denote rate of change of normal and pre-cancerous cells with
time. The function f(t+—iT) denotes the step function, representing
the dose D delivered in K fractions. In the above equations, all
three terms are active during irradiation time, and only the first
term is active during fractionation, and after the last dose till the
normal cells reach a steady state. It should be noted that the change
in the yield of PM cells due to the quadratic term in the discrete
version (i.e. in the survival fraction of cells) is minimal (at the order
of 10> magnitude). Therefore, the quadratic term for the survival
fraction of cells is not considered in either the discrete or the
continuous versions. However, in this article, we use the continuous
analogue given by the set of Equation (9).

We incorporated the TCP model with relapse dynamics of the
tumour and estimated the corresponding second cancer risks
for various fractionation protocols. Clinically, it is important to
eliminate the cancerous cells completely (or reduce them to a
possible minimum), such that either the recurrence is zero or the
relapse time is increased, which is carried out by escalating the
dose. Thus, radiation in this case is considered to be a double-
edged sword, which increases local control of disease and increases
relapse time (assuming some cancer cells still remain in the sys-
tem) but at the cost of an increase in the second cancer risks.

Incorporating TCP with relapse dynamics, in conjunction with a
second cancer risk model may provide insights into the design of

Table 2. Summary of parameters

Parameters .
. Interpretation
(units)
Ny Initial number of tumour cells
a (1/Gy) LQ model parameter
B (I/Gyfz) LQ model parameter

taou (days) Doubling time of tumour cells

Proliferation rate of tumour cells during

Ar (1/day) treatment

X» (1/day) Proliferation rate of tumour cells post-
treatment phase

A (1/day) zfl}if::ﬁg;n;;:liz)of normal cells

R Proliferation rate of pre-malignant cells

v (1/Gy) Mutation induced by radiation

LQ, linear quadratic.

VSK Manem et a/

efficient protocols that do not impair treatment to the primary
tumour.

RESULTS

Without dose escalation: tumour control probability,
recurrence calculations

We first present our investigations on TCP, recurrence and second
cancer risks individually. This has been carried out in order to
explore an efficient protocol (between traditional and hypo-
fractionation regimens) that can increase TCP and recurrence time.

Owing to the absence of any large body of clinical data to val-
idate our mathematical framework, we resorted to sensitivity
analysis of various parameters to address relevant questions re-
lated to TCP, relapse and second cancer risks. All the biological
parameters were varied within reasonable ranges (that resemble
various organs of interest). We also evaluated radiation-
induced second cancer risks for conventional and hypo-
fractionation schemes used for the TCP and recurrence model.
This was carried out in order to determine the risks associated
with each of these individual protocols.

Since it is very important to control primary tumour and to
increase relapse time (or ideally to have a relapse time longer
than the remaining lifetime of the individual), the TCP can be
increased only when dose escalation is carried out for a fixed
number of fractions or when there is an increase in the total
number of fractions. Later in this section, we present our results
related to dose escalation with TCP maximized and recurrence
time increased, as well as the corresponding change in second
cancer risks. This will help us identify the protocols that can be
administered in order to minimize the occurrence of secondary
malignancies. Table 1 summarizes the protocols used in our
work (all radiation therapies were given at one fraction per day,
5 days per week, with a 2-day break for the weekend).

Table 2 summarizes the parameters that were used in our
mathematical model.

Figure 1 displays TCP and recurrence curves for conventional
and hypofractionation protocols.

Figure 1. Tumour control probability (TCP) vs dose (left panel)
and recurrence vs dose (right panel) for various fractionation
regimens for a sample parameter set.

5

1 : AL :
——— 5 : ‘ f
° 08} Conventional i 8t —Conventional | .. ]
T F
S g
O . a
206 spaiactony 2 gl [——Hypofraction
E i E :
E -
o c
. [ ;
20.4 % 4
i o
3 5
& 021 @ 2t
n
%D 40 50 60 00 1000 2000 3000 4000
Dose (Gy) Time (Days)

4 of 11 birpublications.org/bjr

Br J Radiol;87:20140377


http://birpublications.org/bjr

Full paper: Modelling TCP, relapse and second cancer risks

Table 3. Sensitivity analysis for «
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Conventional regimen Hypofractionation regimen
a radiobiological parameter
TCP (%) Recurrence (days) TCP (%) Recurrence (days)
0.10 0 1741 0 1896
0.15 0 2095 2.26 2230
0.20 50.27 2445 83.25 2561
0.25 96.73 2789 99.11 2922
0.30 99.84 3122 99.95 3262
0.35 99.99 3477 99.99 3610

TCP, tumour control probability.

All other model parameters are maintained at the following values as « is varied: = 0.02 Gy 2, tyo, =80d, A,=In (2)/80d.

The biological range for a (1/Gy) is taken from Kehwar.”' In
Table 3, the results of the sensitivity analysis for the radiobio-
logical parameter a (1/Gy) are presented. This investigation
was carried out fixing other parameters B8 (Gy *) and the
growth rate parameters A, A, (1/day) in the TCP and recurrence
framework. TCP and recurrence are reported for each regimen,
and we note that TCP reported is that at the completion of the
treatment schedule.

In Table 3, the big jump in TCP at a cut-off value of a > 0.15
(1/Gy) may be explained entirely by the dynamics of the TCP
curve, in the sense that indeed the jump is owing to the as-
sumption of Poisson statistics. This may also be observed from
the shape of the TCP curve generally, in which, past a certain
dose, a very rapid and large increase in TCP was observed, and
since modifying o merely changes the efficacy of a dose of ra-
diation, one would expect to observe similar behaviour past a
given cut-off point. From Table 3, it is clear that hypofractio-
nation yields better results for TCP and recurrence than that of
conventional protocol, especially for smaller values of a.

In Table 4, the results of a similar analysis carried out by fixing
a, and the growth rate parameters A;, A, (1/day) and varying the
LQ model parameter 3 are presented.

As can be seen in Table 4, varying the values of B also gives
consistent results that the hypofractionation scheme is an

Table 4. Sensitivity analysis for g

efficient regimen compared with the traditional protocol (in that
the recurrence times are longer, which is more desirable), and
the TCP at the completion of treatment is higher, across the
values of B studied. Moreover, we note that the effect of the 8
parameter was not as great as the effect of the a parameter, as
shown in Table 3, as all TCP values are relatively consistent and
close to unity.

A similar analysis was carried out by fixing the LQ parameters
o, and the growth rate parameters A, (1/day) and varying A, (1/
day), as in Table 5, or fixing A; and varying A, (1/day), as
shown in Table 6. We recall that the parameter A, represents the
growth rate of the cancer cells during radiotherapy treatment
and the parameter A, represents the growth rate of the cancer
cells in the period following the completion of radiotherapy.

The results of Tables 5 and 6 show that the effect of the pa-
rameter A, as it varies, upon TCP and recurrence time is small,
and therefore the outcome measures studied are relatively in-
sensitive to this parameter. In contrast to this, we observe that
the effect of varying the parameter A,, on the recurrence time is
indeed far more significant, and thus controlling the rate of cell
proliferation post treatment for the residual cells has a much
greater effect on tumour recurrence time than does the rate of
cell proliferation during radiotherapy. Interestingly, this points
to the observation that controlling tumour growth rate

Conventional regimen Hypofractionation regimen
B radiobiological parameter
TCP (%) Recurrence (days) TCP (%) Recurrence (days)
0 98.21 2841 98.41 2878
0.005 99.01 2934 99.35 2973
0.010 99.46 2968 99.73 3052
0.015 99.70 3070 99.89 3164
0.020 99.83 3122 99.95 3262
0.025 99.91 3204 99.98 3397

TCP, tumour control probability.

All other model parameters are maintained at the following values as B is varied: a« = 0.3 Gy, tyou =804, Ao=In (2)/80d.
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Table 5. Sensitivity analysis for A,
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Conventional regimen Hypofractionation regimen
A1 growth parameter
TCP (%) Recurrence (days) TCP (%) Recurrence (days)
0.005 99.86 3146 99.96 3304
0.006 99.85 3151 99.95 3298
0.007 99.84 3150 99.95 3288
0.008 99.84 3139 99.95 3274
0.009 99.83 3110 99.95 3255
0.010 99.83 3109 99.95 3258

TCP, tumour control probability.

All other model parameters are maintained at the following values as A, is varied: « = 0.3Gy ™', 3=0.02Gy 2, A,=In (2)/80d.

during radiotherapy is not as efficacious as increasing survival or
reducing recurrence time as controlling the tumour growth rate
post radiotherapy. We also note that TCP is entirely insensitive
to the parameter A,, as is entirely expected, as this is the post-
treatment growth rate, and therefore will not have any effect on
the outcome of the treatment at the instant of treatment com-
pletion, since A; was held constant over these simulations.

Tables 3—6 provide an in-depth analysis of TCP and recurrence
calculations. It is clear that overall from these results, the hypo-
fractionation regimen studied is an efficient protocol as com-
pared with the conventional protocol. Moreover, it may be noted
that the parameters a and A, emerge as important contributors
to TCP and recurrence time, respectively, whereas these meas-
ures are relatively insensitive to other parameters. Additionally,
based on the sensitivity of TCP to the parameter o, we note
that in a parametrically heterogeneous population, if small « is
represented among the parameter sets, TCP, as observed at the
population level, will appear diluted. This represents a shortcom-
ing of using a Poisson model for the TCP with fixed parameters,
as there is unmodelled parametric uncertainty that remains
unaccounted for, but is characterized by this sensitivity analysis.
The variation of various growth and tissue parameters in the
biological range, relevant to radiobiology, does not change the
conclusion that hypofractionation schemes appear to be theoreti-
cally the better option in terms of locally controlling the disease as
well as increasing the disease-free survival time of the patient.

Table 6. Sensitivity analysis for A,

Second cancer risks

In this article, we consider the critical structure to be one of the
irradiated organs in the vicinity of the target volume. As discussed
earlier, we assumed that second cancer ERR is proportional to
the number of PM cells as in Equation (4), where the value of B
is organ specific.'"®'® Figure 2 displays a plot between dose and
the corresponding number of PM cells, comparing conventional
and hypofractionation protocols in the context of second
cancer risks for a sample parameter set. The numbers of PM
cells are calculated under the assumption that the healthy tissue
(also known as the organ of interest) receives 100% of the dose
received by the tumour.

We had varied the above parameters within a biological range
(results not shown here) and found the hypofractionation scheme
to be a better option in the context of second cancer risks. Based
on our calculations, hypofractionation emerges as a more the-
oretically optimal protocol for the reduction of second cancer
risks, which is clinically consistent with the results reported by
Schneider et al*? (in the treatment of sarcoma and carcinoma).
Owing to the high dose per fraction, the cell kill mechanism
dominates the proliferation term in the mathematical model,
leading to a reduction in the risk of second cancer compared
with the other protocols. For large doses, the cell kill mechanism
dominates mutation induction, which causes a decline in second
cancer risks. Therefore, in the context of second cancer risk
reduction, we observed that hypofractionation is a theoretically
more efficient regimen than the other protocols, notably even

Conventional regimen Hypofractionation regimen
A, growth parameter
TCP (%) Recurrence (days) TCP (%) Recurrence (days)
0.008 99.83 3382 99.95 3530
0.009 99.83 3006 99.95 3140
0.010 99.83 2705 99.95 2826
0.011 99.83 2459 99.95 2569
0.012 99.83 2254 99.95 2355

TCP, tumour control probability.

All other model parameters are maintained at the following values as A, is varied: a = 0.3 Gy, B=0.02 Gy 2, tgou =80d.
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Figure 2. Number of pre-malignant (PM) cells vs dose for
various fractionation regimens—conventional and hypofractio-
nation schemes. Parameters: A = 0.4 (1/day), r=0.76, y=10 6
1/Gy), N=10°, a = 0.18 (1/Gy).
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conventional radiotherapy. Although there are several ongoing
discussions on the effect of fractionation on second cancer risks,
these theoretical risk predictions cannot be generalized for every
critical structure or tissue type.

For a fixed total dose of 60 Gy, Table 7 presents the values of
TCP, recurrence time and the corresponding number of PM cells
(which is proportional to second cancer risks, ERR) associated
with a specific protocol.

From Table 7, we noticed that TCP and recurrence time are
almost the same for conventional and hypofractionated regi-
mens; and second cancer risks induced by hypofractionation
are reduced by 22% in comparison with that of the conven-
tional protocol. Thus, from our analysis, we concluded that
hypofractionation appears to be a stronger regimen in terms of
improvement in TCP, recurrence time and reduction of second
cancer risks (compared with the conventional protocol).

EFFECT OF DOSE ESCALATION

Dose escalation is necessary in order to increase primary tumour
control and decrease the recurrence rate (i.e. having a zero re-
lapse time ideally or increasing the relapse time). Increasing
the dose applied during treatment, for instance, adding days of
treatment (i.e. elongating the treatment window) by 4-5 days,
changes TCP, and this in turn changes the average number of
cancer cells that remain in the tissue. The effect of these changes
on the residual number of cancer cells then changes the recurrence
time for cancer, and a “sensitivity” of the recurrence time, to
dose applied, can be calculated. Therefore, dose escalation will
have a predominant influence on not only TCP but also on the
relapse time. For instance, Figure 3 presents plots of how the
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Figure 3. Effect of dose escalation on recurrence time for
conventional protocol.
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recurrence dynamics are modified by dose changes in the irra-
diation protocol (Tables 8 and 9).

The set of curves in Figure 3 represents the variations in dose
modification for the conventional protocol.

The following tables (Tables 8 and 9) present an analysis for dose
escalation administered using conventional and hypofractio-
nated protocols in current clinical practice, with respect to TCP,
recurrence time and second cancer risks. This analysis was
carried out for the specific set of parameters: A;= (1/day), A,=
(1/day), Ay= A,= In(2)/80, a =0.25 (1/Gy), a/B =4 (Gy)
for a slow growing tumour; and A =0.4 (1/day), r=0.76,
y=10"%1/Gy), N=10% a=0.18 (1/Gy) for an irradiated
healthy organ.

The dose escalation and its effects on TCP, recurrence time and
second cancer risk behaviour for the two dosing regimens dis-
play an interesting behaviour. In all of the above table (Tables 8
and 9), the dose is escalated according to the definitions of the
corresponding fractionation protocols. For a conventional pro-
tocol, when the dose is escalated by 12 Gy (i.e. from 60 to 72 Gy),
TCP is increased by only 1%, recurrence time by 365 days and
second cancer risks are reduced by 6%. In the case of the
hypofractionated protocol, when the dose is escalated by a sim-
ilar amount, we observe that recurrence time increases by 380
days, and there is a corresponding reduction in second cancer
risks of 20.8%. This suggests that, clinically, while the effects
of dose escalation in the hypofractionated and conventional
protocols studied provide similar benefits in terms of disease-
free survival time increase, the reduction in second cancer

Table 7. Summary of tumour control probability (TCP), recurrence and second cancer risks for a fixed total dose of 60 Gy, with
a=03Gy |, B=0Gy 2, tyou=80d, \,=In(2)/80d

Protocol TCP (%) Recurrence time (days) Number of pre-malignant cells
Conventional 98.21 2841 15.90
Hypofraction 98.41 2878 12.26
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Table 8. Effect of dose escalation using conventional protocol

VSK Manem et a/

Dose (Gy) Tumour control probability (%) Recurrence time (days) Number of pre-malignant cells
60 98.21 2841 15.90
62 99.00 2930 15.75
64 99.45 2977 15.58
66 99.69 3069 15.38
68 99.83 3107 15.17
70 99.91 3206 14.93

risks is much greater in the hypofractionated protocol, pro-
viding another rationale for the continued study of this
treatment paradigm.

Clinical study—Hodgkin’s lymphoma

In this section, we apply our mathematical formalism to a clin-
ical case to evaluate TCP, recurrence and secondary cancer risks.
Although recent advancements in radiation therapy have sub-
stantially improved the survival rate of patients with Hodgkin’s
lymphoma, second cancers are a concern for most cancer sur-
vivors. We try to compare conventional and hypofractionation
regimens to evaluate TCP, recurrence time and the corre-
sponding second cancer risks in HL disease. We assume that the
patient diagnosed with HL disease is being treated with radio-
therapy only. The primary tumour associated with HL disease is
of the lymph nodes in the patient and the irradiated organs are
the breast, lung and thyroid tissues. Although patient-specific
second cancer risks are important for all organs, for simplicity,
we evaluate second cancer risks (ERR) associated only with the
breast tissue.

One should note that for a tumour of size Ny~ 10°, with a
proliferative rate in the range of 0.005-0.010 (1/day), the value
of TCP will be almost close to zero. In order to obtain a TCP
value close to one, the proliferative capacity of tumour cells must
be chosen very close to zero. Thus, our mathematical framework
can be only applied to small and intermediate tumour sizes,
which may arise owing to micrometastases. Hence, TCP and
relapse dynamics are associated with primary tumours as well as
micrometastatic tumours, and second cancer risks are associated
with the neighbouring organs around the primary target volume
and those located in the vicinity of the metastatic tumour. Al-
ternatively, not all tumour cells may be in the proliferating stage.
In fact, according to the cancer stem cell hypothesis, only

Table 9. Effect of dose escalation using hypofractionated protocol

a (typically) small population of cancer cells has the potential to
divide and maintain the tumour. If we assume that only 1% of
cells are tumour-initiating cells, then there will be about 107
proliferating cells and thus the value of TCP will not be close
to zero.

The IIP model developed by Sachs and Brenner'® was validated
on epidemiological data of secondary breast cancer risks, which
is displayed in Figure 4. The model fit was carried out using the
relative proliferation potential of PM cells  to be equal to 0.76.'®
Solid lines in the plot denote theoretical risk prediction by IIP
formalism. Data points are taken from clinical studies of sec-
ondary breast cancers in survivors of HL. The model fits well
with the current clinical data under the assumption that the
growth advantage is conferred on radiation-initiated PM cells
during the recovery period post irradiation.

Tables 10 and 11 present an analysis for dose escalation ad-
ministered using conventional and hypofractionated regimens to
treat HL disease. This investigation was carried out with respect
to TCP, recurrence time and second cancer risks. This analysis is
carried out for a specific set of parameters: A;= (1/day),
A= (1/day), A;= A,= In(2)/80, @ =0.25 (1/Gy) for primary
tumour; and a/f = 10 (Gy) (since lymph nodes are fast growing
tumours), A = 0.4 (1/day), r=0.76, vy = 107 (1/Gy), N= 10,
a = 0.18 (1/Gy) for irradiated healthy breast tissue and B = 1.2
(proportionality factor for breast tissue taken from Sachs and
Brenner'?).

The effect of dose escalation on hypofractionation scheme
was very effective when compared with conventional pro-
tocol, because the increase in recurrence times was seen to be
greater for hypofractionated protocol, along with a reduction in
second cancer risks. Our analysis therefore indicates that the

Dose (Gy) Tumour control probability (%) Recurrence time (days) Number of pre-malignant cells
60 98.41 2878 12.26
63 99.34 2958 11.67
66 99.73 3053 11.04
69 99.89 3171 10.38
72 99.96 3258 9.71
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Table 10. Effect of dose escalation using conventional protocol

BJR

Dose (Gy) Tumour control probability (%) Recurrence time (days) Excess relative risk—breast
60 98.19 2843 19.08
62 98.98 2927 18.90
64 99.43 2979 18.69
66 99.69 3067 18.45
68 99.83 3109 18.20
70 99.90 3206 17.91

hypofractionation scheme is a better regimen during dose es-
calation and has a very significant effect on recurrence time and
second cancer risks. Therefore, increasing the overall treatment
time (by dose escalation) may theoretically increase the survival
time of patients by approximately 1 year or more and may
also concomitantly reduce second cancer risks. This analysis
therefore may provide a theoretical justification for further
clinical trials comparing efficacy and second cancer toxicities
between conventional and hypofractionated radiotherapy
protocols.

DISCUSSION

One of the most common therapeutic anticancer modalities is
radiotherapy (alone or in combination with chemotherapy and/
or surgery). However, there are several short- and long-term
effects associated with radiation therapy. Short-term toxicities
include relapse of the primary tumour, and long-term com-
plications occur as a result of secondary malignancies in one of
the proximal organs of the target volume. Several clinical and
epidemiological studies have shown that patients may face short-
term relapse (within 5 years of treatment) or long-term relapse
(5-10 years) post irradiation.” All these studies provide mounting
evidence that tumour relapse and secondary malignancies are
two of the main causes of death in cancer survivors. Although

Figure 4. Excess relative risk (ERR) for breast tissue vs dose
(conventional fractionation regimens). Parameters: A = 0.4 (1/day),
r=0.76, y=10"% (1/Gy), N=10° a =018 (1/Gy). IIP, initiation-
inactivation-proliferation. Reproduced from Sachs and Brenner'™®
copyright (2005) National Academy of Sciences, USA.

there is a probability of late relapse in some patients (which
occurs within 5-10 years) and/or a second malignancy within
5-20 years post irradiation, clinicians have yet to determine
which of these predominates in practice. Specifically, an example
of a tumour relapse 20 years following the initial treatment may
occur in HL, as reported by Markova et al;*> while, at the same
time, it is well known that the manifestation of secondary solid
tumours also occurs within 15-20 years post irradiation for HL
survivors. Therefore, as mentioned earlier, it is vital to explore
possible fractionation regimens that can maximize local con-
trol of the disease, increase disease-free survival (i.e. increase
in relapse/recurrence time) and reduce second cancer risks.
Recent clinical studies have reported that hypofractionation
appears to be a better option to treat carcinoma of the prostate®*
and breast cancer in elderly patients.””> More recently,
Schneider et al** found that hypofractionated therapy reduces
second cancer risks for carcinoma and sarcoma. In this article,
we have developed a generalized mathematical framework that
incorporates recurrence and second cancer risk models into the
TCP dynamics.

In this study, we first investigated the effect of various protocols
on TCP, recurrence time and the corresponding second cancer
risks. We observed that tumour control and time to recurrence
are identical for both conventional and hypofractionated regi-
mens; however, second cancer risks induced by hypofractiona-
tion were reduced by 22% compared with the conventional
protocol. The radiobiological benefit from hypofractionation is
higher than other protocols, including the conventional regi-
men. Therefore, from our analysis, we conclude that hypo-
fractionation would theoretically be a more optimal option
(taking into consideration TCP, recurrence time and second
cancer risks), as compared with a conventional protocol.

Secondly, we mathematically explored the effect of dose escala-
tion on TCP, recurrence time and second cancer risks. This was
studied in order to determine whether there is a protocol that
can increase disease-free survival time, while simultaneously
reducing second cancer risks. Escalating doses beyond the stan-
dard treatment protocol of 60 Gy, while lengthening the patient’s
treatment time changes the recurrence time by 300-400 days,
approximately, which can represent a significant treatment gain
from a clinical perspective. Moreover, escalating the dose in this
regime of parameter values has the interesting effect of reducing
the second cancer risks as well. In fact, in the higher dose region,
we see a reduction of second cancer risks owing to a large amount
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Table 11. Effect of dose escalation using hypofractionation protocol

VSK Manem et a/

Dose (Gy) Tumour control probability (%) Recurrence time (days) Excess relative risk—breast
60 99.64 3038 14.71
63 99.86 3144 14.00
66 99.94 3272 13.24
69 99.98 3345 12.45
72 99.99 3477 11.65

of cell killing compared with mutation induction. Based on all of
these facts, it would appear that for larger doses, hypofractionation
is a better protocol to administer, since second cancer risks have
a smaller relative increase, while at the same time, the increase in
recurrence time is the largest when compared with other pro-
tocols. Moreover, with the parameters used, a very high proba-
bility of tumour control was obtained. Additionally, looking at the
reduction in second cancer risks for this treatment regimen, as the
dose was escalated, shows that for this protocol, the reduction in
risk when increasing the dose was one of the largest, by ap-
proximately 20%. Thus, in terms of sensitivity, it can be seen that
a hypofractionated protocol is not only the most sensitive
to dose escalation in terms of recurrence time but also the most
sensitive to dose escalation in terms of second cancer risk re-
duction. Finally, hypofractionated therapy, which is adminis-
tered in shorter duration for the overall treatment might as
a result lead to economic savings in several other resources, and
may allow a greater number of patients to benefit from radio-
therapy over a given time period. It is on this basis that, within this
parameter space and for these models, the hypofractionated pro-
tocol is proposed as an efficient alternative therapeutic paradigm. It
is the hope that this theoretical framework can be used to provide
rational guidance for future clinical trials testing these hypotheses.

As a future study, this work will be extended to include patient-
specific features into the model with the corresponding dose—
volume histogram (DVH) data in order to obtain individualized

estimates of TCP, relapse and second cancer risk. We would also
like to compare several fractionation protocols used in current
clinical practice for treating various types of cohorts and
tumours. To validate our mathematical framework clinically, one
can use the DVH data and evaluate TCP, relapse and second
cancer risk for patients with HL. The estimation of second
cancer risk based on DVH data has been previously carried out
by Hodgson et al.*® This work can be extended, upon the
availability of clinical data for primary tumours such as the
differential DVHs and the relapse data for patients with HL, to
validate our modelling results. Additionally, we would also like
to extend our model to include tissue recovery and repair owing
to radiation therapy. Another future direction that we would like
to explore is to understand the dependency of a/B values
on radiation quality features of the beam (such as linear en-
ergy transfer) and microenvironment. We would like to ex-
tend this work to incorporate the above-mentioned features
into our model to evaluate TCP, relapse and second cancer
risks for various fractionation protocols.
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