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Abstract

The endpoints in radiotherapy that are truly of relevance are not dose distributions but the probability of local control,
sometimes known as the Tumour Control Probability (TCP) and the Probability of Normal Tissue Complications (NTCP).
A model for the estimation of TCP based on simple radiobiological considerations is described. It is shown that
incorporation of inter-patient heterogeneity into the radiosensitivity parameter a through s, can result in a clinically
realistic slope for the dose-response curve. The model is applied to inhomogeneous target dose distributions in order to
demonstrate the relationship between dose uniformity and s,. The consequences of varying clonogenic density are also
explored. Finally the model is applied to the target-volume DVHs for patients in a clinical trial of conformal pelvic
radiotherapy; the effect of dose inhomogeneities on distributions of TCP are shown as well as the potential benefits of
customizing the target dose according to normal-tissue DVHs.

1. INTRODUCTION

Physicists working in Radiotherapy spend a lot of their time measuring doses in phantoms and
then calculating the dose distributions in patients due to a particular arrangement of beams. This is
because the radiotherapist prescribes the treatment in terms of a (uniform) dose to the target volume
accompanied by some sort of constraint on the dose to one or more organs at risk. However, the
endpoints in radiotherapy that are truly of relevance are not dose distributions but the probability of
local control, sometimes known as the Tumour Control Probability (TCP) and the Probability of
Normal Tissue Complications (NTCP). The aim of the radiotherapist is to maximise the TCP while the
NTCP remains below some "acceptable" (usually very low) level.

This lecture will deal with the biological modelling of Tumour Control Probability in terms of
the spatial distribution of the absorbed dose within the patient but not the temporal distribution i.e. the
difference between different fractionation scheme. It should be noted that the reference list is provided
primarily as an aid to further reading rather than an attempt to acknowledge the originators of the
various concepts and ideas.

Some of the reasons why a model for TCP is desirable are listed below (the references cited are
not intended to be exhaustive):

• Dose distributions in 3-D are inherently very complex and some way of assimilating this vast
amount of information is needed [1,2]

M As a means of quantifying treatment plan comparisons [1,2]

• As a way of estimating the effect of non-uniformities in the tumour dose distribution [3]

• Enables one to make estimates of the effect of dose and patient position uncertainties on
therapy outcome [4-6]

H Optimization is beginning to be done in terms of TCP and NTCP [7,8]
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Figure 1. TCP curves from Equ. 4 for clinically realistic values ofN0 = 109 and a ranging from O.i
to 1.0 Gy'1. Note the unrealisticallv steeo shoes.

As a way of using the results of biological assays for o(tumour) etc. [9-11]

As the only (?) way (short of doing a full clinical trial) of quantifying the benefits of
improvements in dose distributions through new technology e.g. Multileaf Collimators
(MLCs), 3-D planning etc. [12]

As an aid to clarity of thought in external-beam radiotherapy [13]

2. A SIMPLE BIOLOGICALLY BASED TCP MODEL

2.1. General

It is well-known that the so-called Dose-Response curve has a sigmoid shape e.g. [3]. Several
authors have fitted mathematical functions to this curve. However, it is not easy to see how changes in
basic parameters such as tumour cell radiosensitivity, inhomogeneities in the dose distribution,
variation in tumour volume and in clonogenic cell density etc. can be accommodated by empirical
curve-fitting approaches. In the case of Tumour Control, in contrast to that for Complications in
Normal Tissues e.g. [14], it is possible to develop a model starting from the response of cells to
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radiation. Nimierko and Goitein [15] have recently described such a model, which is basically identical
to the one developed here [12,16]. It is this latter model which is described below and used in the rest of
the analysis.

2.1.1. Basic Cell-Survival Curves

Numerous radiobiological experiments have demonstrated beyond doubt that the killing of cells
by radiation can be described by an expression of the form

S = exp(-aZ) -
(1)

where S is the surviving fraction after a (uniform) dose D of radiation to a population of cells. The
parameters a and b characterise the initial slope and degree of curvature, respectively, of the survival
curve. This is known as the Linear-Quadratic or LQ model of cell killing [10,17-19].

When the irradiation is fractionated as in external-beam radiotherapy (Fig. 2: full curve), for
the almost universally adopted 2-Gy (per day) fraction scheme the effective slope of the survival curve
is very nearly given by the value of a alone. Thus one can write:

Ns * No exp f-aDJ (2)

where No is initial number and Ns the surviving number of clonogenic cells, assumed here to be
irradiated uniformly and to have uniform radiosensitivity a (Gy'1). Note it would be not be difficult to
reinstate the b term; Nimierko and Goitein [15] include it in their model.
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Figure 2. Tumour Control Probability (TCP) as a Junction of target dose, derived from Eqs 5 and 6,
with a - 0.35, rcl = JO7 for a 320 cc volume, for sa = 0.0 and for the clinically more realistic so =
0.05 (adapted from [12]).
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2.1.2. The Poisson Statistics Result

The next step is to incorporate the endpoint i.e. the eradication of the tumour into the model.
There is considerable radiobiological evidence for the statement that a tumour is only "dead" when
every single clonogenic cell (i.e. cells with the potential for uncontrolled division) has been eliminated.
Thus the quantity that we require is the Probability that No Single Clonogenic Cell Survives; equating
this with Tumour Control Probability (TCP), we then exploit the Poisson Statistics Relation e.g. [20]:

TCP = exp [-NJ ( 3 )

If we now substitute Equ. 2 for Ns into Equ. 3 we arrive at

TCP = exp[-Ar0 txp(-aD)] (4 )

A plot of this expression for TCP as a function of Dose D produce the well-known sigmoidal
curve. Using a realistic value for the number of initial clonogenic cells No of the order of 109 [19] and
realistic values of a from 0.1 to 1 Gy"1 (e.g. [10]) one obtains the family of curves shown in Figure 1.

2.1.3. Inter-patient variability in radiosensitivity

Theoretical models must be compared to clinical data wherever possible. There exist, in the
literature, a number of Local Control vs Tumour Dose studies e.g. [21-25]. Despite the limitations
associated with such data i.e. uncertainties in the dosimetry, inadequate patient numbers, imprecise
clinical definition of Local Control etc. there are almost no Tumour Control vs Dose curves with slopes
anything like as steep as the ones in Figure 1. This has led several investigators to favour an empirical
model to fit these clinical Dose-Response curves e.g. [3,8].

Various hypotheses have been advanced over the years to explain the shallowness of the
clinically observed dose-local control curves e.g. [26]. The explanation that is currently thought to be
the most likely one is inter-patient heterogeneity in the intrinsic radiosensitivity of the tumour cells i.e.
the a values [4,10,13]. This is in contrast to the possible heterogeneity of radiosensitivity of the
clonogenic cells within any one patient's tumour. Hypoxia, long considered to be a major cause of
failure to achieve local control in radiotherapy, is not now thought to play such an important role
[17,19]. Thus explanations based on the effect of a small hypoxic, and therefore radioresistant, fraction
of cells have fallen into disfavour e.g. [27]. A very interesting analysis of the clinical Dose-Response
data has recently been published by Brenner [28]. He demonstrated that it was possible to explain the
wide variations in the dose required to achieve local control for a number of different lesions solely in
terms of variations in a from one lesion type to another and the variation in the number of clonogenic
cells, the assumed proportional to the volume of the lesion. The bottom line of this study was that one
did not need to invoke any assumptions on e.g. the variation in the hypoxic cell fraction with tumour
size. Thus the Brenner analysis lends support to models for TCP based on only two parameters,
intrinsic tumour-cell radiosensitivity a and clonogenic cell density, that vary with tumour type.
However, Brenner did not build into his analysis any inter-patient variation in radiosensitivity and as a
consequence the number of clonogenic cells No required to fit the clinical data came out as
unrealistically small.

The TCP model described here, which I believe to be soundly based on meaningful
radiobiological parameters, explicitly incorporates inter-patient variation by assuming that a is
distributed normally amongst the patient population, with standard deviation s» [12,16]. As one
increases the value of s, the slope of the dose-response curve decreases. One way of thinking about this
is to regard the resulting curve as the sum of the curves for different a values in Fig. 3. There is thus a
group of patients with low a values who will never be cured (TCP = zero), another group with high a
values who will always be cured, and a group with intermediate a values for whom the term stochastic

fraction has been coined as the outcome for these patients is literally a matter of chance [29].
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TCP AS A FUNCTION OF DOSE UNIFORMITY

0.5 n Mean Dose = 60 Gy
Mean Alpha = 0.35
No. Cells = 10**9

0 5 10 15

[STD. DEW DOSE] x 100

Figure 3. The effect on TCP of non-uniformity in the target dose distribution, expressed as Sc/D, for
different values of the inter-patient radiosensitivity variation parameter sa; the mean target dose is
60 Gy, the mean a ~ 0.35 (corresponding to bladder tumours - [10]) and No = 109.

2.1.4. Application to clinical dose-response data

The present model has been applied to the case of bladder tumours; through the irradiation of
human bladder tumour cells grown in vitro Deacon et al [10] determined a mean a value of 0.35 Gy"1

which was adopted. Local control vs dose curves were then computed from

TCP(D) =

where TCP(a£>Jf0) is given by Equ. 4 and a fraction # of the patients have a = a, such that

g.

(5)

(6)

and Sg-, — 1. The initial number of clonogenic cells, No, has been estimated from the product rd x V^
with the clonogenic cell density taken to be 107 [19] and the mean value of the target volume V^ = 320
cm3; this latter value was derived from an analysts of the actual target volumes, as outlined on CT, of
patients entered into the ongoing Royal Marsden clinical trial of conformal pelvic radiotherapy [30].
The two curves in Figure 2 have been calculated using the above data. In both cases the TCP at the
actual clinical dose used in this hospital, 64 Gy (32 x 2-Gy fractions), come out at just below 0.5. This
is consistent with clinical findings and lends some confidence to the model. The value of 5, = 0.08 was
arrived at by adjusting st until the curve "fitted" the dose-response data in [22]; thus this is an entirely
empirical value. It has been used in subsequent analyses e.g. [16].
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2.1.5. Inhomogeneous Dose Distributions

The model developed thus far has assumed that all cells receive exactly the same dose. In
radiotherapy practice this will never be case. Thus some way is needed to incorporate dose distributions
into the TCP model. The data that is required is the number of clonogenic cells No-, that receive a dose
A This is most conveniently obtained from a Dose-Volume Histogram or DVH (e.g. [1,31]) generated
by the planning computer. Strictly what is required is the differential dose-volume distribution, dF/d£>
from which the more familiar cumulative DVH is calculated.

Thus one generalises Equ. 2 to:

= !>», exp [-a

where the summation is carried out over the n bins in the DVH. This expression should be also used in
Equ. 5 in order to take account of the effect of both dose inhomogeneities and inter-patient a variability
[16].

Strictly speaking the relevant DVH is not that for the target but instead that for the tumour
volume (GTV in ICRU SO terminology [32]) i.e. one should not include the margin added to account
for patient movement. However, it is currently not possible to be more precise about such issues. A
more serious limitation is probably the implicit assumption that the clonogenic cell density rci is
constant right out to the edges of the tumour or target volume. This is discussed in more detail below.

Brahme [3] applied a TCP model, which differed only slightly from the one described here, to
the question of the effect on TCP of both inhomogeneities in the target dose distribution and also
uncertainties in the absolute absorbed dose determination. A similar exercise has been carried out here
for the particular case of the bladder tumour data. The dose inhomogeneity in the target volume,
consisting of 109 clonogenic cells of uniform radiosensitivity, was assumed to follow a normal
distribution i.e. No-l was varied normally as a function of A, with a variable So/D (in Equ. 7). The
results of this exercise are shown in Figure 3. The calculation was carried out separately for different
values of 5a. The mean dose was set to 60 Gy, which is close to what is employed clinically (see above).

For a group of patients with tumours of exactly the same radiosensitivity i.e. s, = 0.0 even
small inhomogeneities in dose have a disastrous effect on the TCP; this corresponds to the very steep
dose-response curves in Figs. 1 and 2. More realistic values of 5, e.g. 0.10 result in a much less
dramatic reduction in TCP as the dose inhomogeneity is increased. The message of this study is that the
appreciable inter-patient variability in radiosensitivity indicated clinically for many types of tumours
considerably reduces the consequences of even moderate deviations from target dose uniformity. The
corollary of this is the conclusion reached by Brahme [3] that for certain classes of tumours with steep
dose-response slopes, notably in the larynx (the normalised dose gradient g > 4) only very small
uncertainties in the absolute dose determination can be tolerated.

2.1.6. Variation in clonogenic cell density

If the model as described thus far is applied to the DVH of the target volume (the PTV in
ICRU50 terminology [32]) then implicitly the assumption is made that the clonogenic cell density is
constant over the whole of the PTV i.e. one calculates the number of clonogenic cells at dose A , -Wo.;, in
Equ. 7 from the product of VOj and rd. However, the PTV actually involves a margin for microscopic
spread plus a second margin for geometrically inaccuracies. Thus clearly the assumption of constant rcl

is quite unrealistic. Figure 4 illustrates this point.
Whilst there is presently no clinical data on exactly how the cell density does vary throughout a

radiotherapy target volume one can use the model to assess the effect that such variations might have
on the predicted TCP. One way of looking at this is to calculate the change in dose D that corresponds
to a change in cell density rd when one requires that the TCP remains unchanged for a given volume
element of cells. Taking the clonogenic cell density at the tumour centre, say, to be r(0) and the
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Figure 4. Schematic drawing illustrating the problem of the variation ofclonogenic cell density at the
edge of the PTV; a hypothetical dose and cell density profile through the centre of the PTV is shown.

corresponding quantity at some position r to be r(r), then it is straightforward to show that the change
in dose at r to yield the same TCP for the same size of volume element is given by

-AD = — log,
a

P(O)
P(r) (8)

where we see that the product aDD is proportional to the logarithm of the ratio of cell densities. Figure
5 gives the dose change for three different values of radiosensitivity a.

Webb and Nahum [16] have attempted to address this problem by extending the present TCP
model to account for variations in rd as a function of position in the tumour. Figure 6 is taken from
their paper. This is an attempt to illustrate the practical consequences of Equ. 8 on a tumour where the
decrease in clonogenic cell density follows the (entirely hypothetical) full curve in Figure 6. The main
message is that for a considerable decrease in rc, the allowable dose decrease is very modest. Similar
conclusions were drawn in [33].
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ISO__TCP DOSE CHANGE AS F'N OF CLONOGENIC CELL DENSITY
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Figure 5. The change in dose as a Junction of the ratio ofclonogenic cell densities for a constant TCP
in equal volume elements, according to Equ.8.
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Figure 7 a,b. Distributions of TCP for a subset of treatment plans taken from the RMH pelvic trial.
The ones shown here correspond to the conventional arm and plans which have no non-zero volumes
in dose bins below 70% of the isocentre dose.
a - DVHfrom the PTV, natural volume variation (NW)
b - Uniform mean dose, NW.
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3. THE TCP MODEL APPLIED TO A LARGE BODY OF PATIENT DATA

The Royal Marsden pelvic trial [30,34] has furnished DVH data for over 200 treatment plans.
The TCP model described here has been applied to the DVHs for the target volumes (PTVs). Originally
TCP calculations were carried out for values of a = 0.35 but for s, equal to 0.0 and 0.08 (see earlier
section); the dose at isocentre was assumed to be 64 Gy in all cases. As expected the clinically
unrealistic s, = 0.0 calculations yielded a low average value for TCP and a very broad spread in values.

The sl = 0.08 calculations, which correspond to a more realistic dose-response i.e. less steep
dose-response relationship, also yielded a surprisingly broad spread in TCP values, with some plans
having TCP values below 0.2, whereas the mean value of around 0.4. This was subsequently traced to
errors in the DVH calculation by the treatment planning system. There were some plans which had non-
zero values even in dose bins below 70% of the isocentre dose, effectively corresponding to severe "cold
spots" i.e. underdosage in the PTV. Another aspect of this problem is the position of these "cold spots".
If one assumes that these were located close to the edge of the PTV then in reality there would be
unlikely to be any clonogenic cells involved. However, as discussed earlier, the model as applied here
assumes a uniform density of clonogenic cells everywhere in the PTV. Clearly then, the resulting TCP
values will represent some kind of most pessimistic estimate.

In an attempt to get around the above problem, an alternative set of calculations were carried
out in which it was assumed that the dose was uniform in the PTV, with the value of the single dose
given by the mean dose in the PTV. These calculations yielded a much smaller spread in the TCP. One
can expect that the "truth" lies somewhere in-between these two extreme calculations.
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Figure 9. A frequency distribution of the changes in TCP that would result from customizing the
target dose such that there was a 5% complication probability for each of 51 patients (adapted from
[12]).
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A final "tweaking" of the parameters has been done in order to investigate the effect of the
range tumour volumes (actually the range in PTVs) on the spread in TCPs. For the patients in the
RMH pelvic trial these range from 100 to 1680 cc with a mean value of 360 cc and a standard
deviation of 277cc. Does the TCP distribution become narrower if all the PTVS are forced to be the
same volume? As Figure 8 shows, in fact the tumour volume has almost no effect at all on the standard
deviation of the TCP.

4. A FUTURE PROSPECT

Nahum and Tait [12] carried out a modelling study on 51 patients treated conformally in the
Royal Marsden clinical trial for pelvic radiotherapy (about equal numbers of bladder and prostate
tumours). Firstly it was assumed that all patients were treated with 64 Gy (in 2-Gy fractions). Rectal
and small-bowel (late) complications were estimated using the Kutcher-Burman model for NTCP [14]
together with the Burman et col [35] values of TDso etc. A very broad spectrum of NTCP values
resulted, which was entirely due to the spectrum of normal-tissue DVHs found for this group of
patients. Then the prescribed dose for each patient was adjusted until the NTCP equalled 5%, thus
yielding now a spectrum of doses. Figure 9 shows the changes in TCP that would have resulted
compared to the standard 64-Gy prescription; the increases in TCP easily outweigh the decreases.
Could customized dose prescription be part of the optimized radiotherapy of the future?

5. CONCLUDING REMARKS

The TCP model described here is mathematically very simple and yet it is a reasonably complete
description of the process of tumour eradication by irradiation, apart from proliferation effects. The
main limitations in its use are the lack of clinical data on radiosensitivity and clonogenic cell density.
Thus the absolute values of TCP predicted must be treated with caution. Nevertheless this and similar
models can be used to gain insight into the effect on TCP of certain features of dose distributions such
as inhomogeneities [36], patient movement [37] and of differences in patient radiosensitivities. It is to
be hoped that the biological assays for the latter currently under development [9,11] will provide data
to enable treatments to be individualized both biologically as well as physically.
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