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Abstract
Introduction. Tumour hypoxia is an important factor that confers radioresistance to the affected cells and could thus decrease
the tumour response to radiotherapy. The development of advanced imaging methods that quantify both the extent and the
spatial distribution of the hypoxic regions has created the premises to devise therapies that target the hypoxic regions in the
tumour. Materials and methods. The present study proposes an original method to prescribe objectively dose distributions
that focus the radiation dose to the radioresistant tumour regions and could therefore spare adjacent normal tissues. The
effectiveness of the method was tested for clinically relevant simulations of tumour hypoxia that take into consideration
dynamics and heterogeneity of oxygenation. Results and discussion. The results have shown that highly heterogeneous dose
distributions may lead to significant improvements of the outcome only for static oxygenations. In contrast, the proposed
method that involves the segmentation of the dose distributions and the optimisation of the dose prescribed to each segment
to account for local heterogeneity may lead to significantly improved local control for clinically-relevant patterns of
oxygenation. The clinical applicability of the method is warranted by its relatively easy adaptation to functional imaging of
tumour hypoxia obtained with markers with known uptake properties.
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Tumour hypoxia is one of the main microenviron-

mental factors that modulate the response to radio-

therapy through the resistance it confers to the

affected cells and the promotion of their malignant

development [1�6]. The radioresistance induced by

the absence of oxygen at cellular level means that

affected cells have to be irradiated with doses 2�3
times larger than the doses required to inactivate

well oxygenated cells in order to obtain the same

effect [7]. Consequently, at conventional dose levels

the hypoxic radioresistance increases the probability

that affected cells would survive radiotherapy and

would subsequently repopulate the tumour and even

lead to distant metastases. This could therefore

explain the correlations between tumour hypoxia

and poor clinical outcome. Several methods were

consequently proposed to counteract the effect of

hypoxic radioresistance ranging from increased use

of oxygen [8�10] or administering oxygen-mimetic

radiosensitisers [11�13] to using different radiation

qualities [14,15] or escalating the dose administered

with conventional radiation qualities [16]. However,

the success of the strategies aimed to counteract the

effects of tumour hypoxia depends on the availability

of accurate information about the tumour oxygena-

tion status at various points during the treatment.

Several methods are now available to quantify

tumour oxygenation or hypoxia as recently reviewed

by Daşu and Toma-Daşu [17] or Krohn et al. [18] and

the results are usually used for predictive purposes or

for selecting patients for dedicated treatment ap-

proaches. However, the most promising methods for

an effective optimisation of the treatment are the

imaging techniques that can provide information on

the severity as well as on the spatial distribution of the

hypoxic areas. Indeed, it has been suggested by Ling

et al. [19] that imaging information could be used to

define a biological target volume besides the conven-

tional target volumes that may improve target deli-

neation and dose delivery. The results of modelling

studies like that of Tome and Fowler [20] also

suggested that selectively boosting the dose to a small

tumour subvolume could lead to improved local

control. Subsequent modelling studies presented
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several approaches with various degrees of complexity

that have been proposed for the inclusion of imaging

information into treatment planning. One of the most

common methods is to delineate a hypoxic subtarget

in the tumour to which to prescribe a more or less

empirical escalation of the dose according to the

available radiation therapy technique and the toler-

ance of the normal tissues around the tumour

[21�23]. The risk however is that the prescribed

dose is not large enough to counteract the hypoxic

radioresistance and therefore the method might fail to

bring the expected results in a clinical setting. Other

approaches recommended highly heterogeneous dose

distributions based on a linear increase of the pre-

scribed dose according to the signal intensity in

positron emission tomography (PET) or magnetic

resonance (MR) images [24�26] or as a result of

redistributing the dose to the target by increasing the

dose to the hypoxic voxels while decreasing the

prescribed dose to the remaining voxels in the tumour

[27�29]. Heteorgeneous dose distributions however

are at risk of failing to provide expected results for

cases of dynamic hypoxia as have indeed been seen in

clinical patients [30,31]. More complex approaches

for heterogeneous dose prescription make use of

dynamic PET information [32] or the adaptation of

the prescribed doses based on two successive PET

images taken during the treatment [33].

A potentially weak aspect of the proposed ap-

proaches is the issue of dose prescription. Thus,

empirical dose prescriptions might not result in doses

that are large enough to counteract the hypoxic

radioresistance and therefore the methods employing

them are at risk of leading to disappointing results in

a clinical setting. Similarly, the dynamics of the

highly heterogeneous hypoxic regions could change

the spatial distribution of hypoxia and this could

easily lead to mismatches between the hypoxic sub-

regions and the planned hotspots in the distribution.

This study aims to address these issues and proposes

a novel method for objective dose prescription taking

into account both the extent and the heterogeneity of

hypoxia. The principle of the method could however

be used for any imaging technique and any physio-

logical aspect that is known to influence the response

to radiation therapy.

Materials and methods

Dose prescription and optimisation

An objective method for dose prescription could be

derived from the cellular response to radiation.

Thus, the starting point is the spatial distribution

of cellular density, n(r) after a dose distribution D(r)
that is given by Equation 1.

n(r)�n0(r) �s(r) (1)

where n0(r) is the initial cell density distribution and

s(r) is the spatial distribution of the cell survival as a

function of the local dose D(r) and the local radio-

sensitivity.

The surviving fraction of cells s(r) could be calcu-

lated with various biological models. The most

widely used model to describe the response of cells

and tissues to fractionated treatments with non-

uniform doses per fraction is the LQ model [34�36]

in Equation 2.

s[d(r); a(r);b(r)]

�[exp(�a(r) �d(r)�b(r) �d2(r))]n (2)

where n is the number of fractions, d(r) is the dose per

fraction and a(r) and b(r) are the radiosensitivity

parameters modified according to the local oxygen

tension through the oxygen enhancement ratio (OER)

proposed by Alper and Howard-Flanders [37].

OER�
OERmax(k � pO2)

k � OERmax pO2

(3)

where OERmax is the maximum effect that is achieved

in the absence of oxygen, k is a reaction constant and

pO2 is the local oxygen tension. Biologically relevant

values were used for the parameters in Equation 3

(OERmax�3, k�2.5 mmHg) [7,38].

For the purpose of illustrating the formalism

proposed in this paper and to describe the clinically

expected tumour response, the parameters in Equa-

tion 2 were assumed to give a cell survival fraction of

0.5 at 2 Gy (SF2) with a/b�10 Gy (a�0.29 Gy�1)

for the fully oxygenated tumour cells [39]. It was

further assumed that the total cell population at the

beginning of the treatment was 108 cells. This set of

parameters is thought to be applicable for many

tumours treated with doses in the clinical range.

For particular clinical applications however special

sets of LQ parameters could be easily derived from

clinical dose response curves as proposed by Ågren-

Cronqvist et al. [40].

The relationship between cell survival and tumour

response expressed as the local tumour control

probability, P, is described by the Poisson expression

in Equation 4 as the result of integrating the density

of the surviving cells in Equation 1 over the whole

tumour volume.

P�e�N �exp

�
�g

r

n0(r) �s(r)dr

�
(4)

For the case of tumours composed of individual

voxels, as generally available from modern imaging

methods, the integral in Equation 4 transforms into

a summation over all the constituent voxels in the

tumour with volumes Vj, as in Equation 5.
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P�e�N �exp

�
�

X
Vj

n0(Vj) �s(Vj) �Vj

�
(5)

It should be noted that the expression in Equation

5 is quite general as it does not impose any

limitations with respect to the size or the shape of

the tumour.

This expression, in combination with Equations

1�3 above could be used to calculate the doses

needed to ensure a local control P. Thus, assuming

that at the end of the treatment the cellular density

should be uniform throughout the tumour and equal

to n(r)�
�ln(P)

V
; with V the tumour volume [41], a

dose distribution that would lead to a level of tumour

control P is given by Equation 6.

D̂(r)�n
a(r)

2b(r)

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

1

n

4b(r)

a2(r)
ln

�
Vn0(r)

�lnP

�s
�1

	
(6)

Equation 6 is a general expression that could be

used for any initial distribution of cell density, n0(r);
within the tumour volume V and for any functions

a(r) and b(r) describing the cellular radiosensitivity.

The dose distribution D̂(r) as predicted by Equa-

tion 6 may be highly heterogeneous as it has to

account for the variability in radiosensitivities given

by the variations in the local oxygenation of the

tumour. Indeed tumour oxygenation is characterised

by considerable heterogeneity given by the steep

gradients that characterise the oxygen diffusion into

the tissue as it has been shown both in experimental

observations [42] and in theoretical simulations

[43,44]. In general, highly heterogeneous dose

distributions are quite difficult to deliver with usual

techniques. Furthermore, it is known that the

cellular pO2 changes during the course of fractio-

nated radiotherapy and that this change could lead

to temporal variations of the radiosensitivity at the

voxel level. Such variations have indeed been ob-

served in clinical studies that used multiple imaging

of tumours during the treatment duration [30,31].

Thus, all these variations may lead to a loss in the

tumour control from the preset level when the local

oxygenation changes while the same heterogeneous

dose distribution is delivered at every fraction. This

happens because the overdosage of a radiosensitive

region could not account for the underdosage of a

radioresistant region due to the non-linear relation-

ship between cell survival and dose.

The simplest method to account for these variations

would be to deliver a rather high uniform dose to the

whole tumour that accounts for the maximum hy-

poxic protection that may be encountered. However,

such an approach may not be feasible in the light of the

toleration limitations of the normal tissues nearby. A

more robust solution to overcome this limitation is to

simplify the dose distribution by segmenting the target

volume into several regions according to the regional

distribution of radiosensitivities and delivering a

homogeneous dose to each region. This approach

would however require a robust method to prescribe

the dose to each segment taking into consideration the

local heterogeneity in radiosensitivity.

It has previously been shown that for a tumour

with homogeneous radiosensitivity a heterogeneous

dose distribution will lead to a decrease of the

control probability due to the non-linear relationship

between radioresistance, dose and cell survival [45].

However this observation is also relevant for dy-

namic variations of the heterogeneity in the con-

sidered target volume if one can assume that the

overall average radiosensitivity is constant and the

temporal variations take place around a mean value.

Indeed, in this case the product of individual survival

over several fractions would be given mainly by the

average radiosensitivity. Hence, one could assume in

turn that the loss of the tumour control probability

would be the effect of dose heterogeneity in the

target. The magnitude of this effect could be

quantified by taking into account the mathematical

expansion of the tumour control probability as a

function of dose (Equation 7).

P(D(r))�P(D)�
D2(r)

2

@2P

@D2

�
sD

D(r)

�2

�. . . (7)

where D(r) is a heterogeneous dose distribution with

average D and standard deviation sD:
The expression in Equation 7 might be interpreted

to suggest that variations in tumour control prob-

ability are given by the heterogeneity in the delivered

dose distribution. However, it should be noted that

for the case under discussion, Equation 7 reflects the

effects of the heterogeneity of the planned dose

distribution that results from the individual radio-

sensitivities according to Equation 6. It can never-

theless be seen that the effect of a uniform dose

equal to the mean of the distribution differs from the

effect of the heterogeneous dose distribution. This is

because the increased survival in the low dose areas

is not compensated by the decreased survival in the

high dose areas. It has also been shown [45,46] that

the response of the tumour to a heterogeneous dose

distribution will correspond to a homogeneously

distributed effective dose that is lower than the

average delivered dose (Equation 8).

Deff �D

�
1�

g

2P(D)

�
sD

D

�2	
(8)

where D is the average of the dose distribution, in

the present case D̂(r); g is the normalised slope of the

dose response curve of the tumour and s2
D is the

variance of the heterogeneous dose distribution,
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D̂(r): The value used for simulations (/g�4) is

representative for many human tumours [46].

Thus, it appears that in order to avoid the predicted

loss of control due to heterogeneity, the doses to each

segment have to be adjusted to ensure close to

uniform tumour effect. From Equation 8 it results

that a prescribed uniform dose, DP, which could

counteract the effects of dose heterogeneity in each

segment ensuring a level of tumour control probability

P would be given by the expression in Equation 9.

DP �
D�

1 �
g

2P(D)

�
sD

D

�2	 (9)

In the clinical setting the distribution of radio-

sensitivities would have to be determined from

imaging methods. It should however be stressed that

the formalism proposed above is not limited to any

particular imaging method. It provides a universal and

simple method to account for the effects of the

heterogeneity in radiosensitivity in the target mea-

sured with any method.

Investigating the efficiency of the proposed method for

dynamic hypoxia

Clinical and experimental tumours generally have

heterogeneous oxygenations resulting from poor

vascular structures, acute hypoxia and low oxygen

content of the individual blood vessels that usually

originate from the venous vasculature [47]. Thus,

tumour hypoxia appears due to diffusion limitations

in regions far from active blood vessels or around

temporarily non-perfused blood vessels. These dif-

ferent causes lead to considerable heterogeneity of

the tumour oxygenation with respect to the spatial

distribution [42,43]. Furthermore, increased prolif-

eration and angiogenesis in tumours may also lead to

dynamic changes of the pattern of oxygenation.

There is therefore the risk that mismatches between

radioresistent regions and planned hotspots in the

dose distributions would lead to loss of local control.

The magnitude of this loss could in principle be

determined in clinical studies employing a suffi-

ciently large patient population. However, such a

study would be rather difficult to implement in

practice, both due to ethical and logistic issues.

An alternative would be to investigate the effective-

ness of the method though theoretical simulations.
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Figure 1. Simulated oxygen distribution in a theoretical tumour used in this study. It was assumed that the simulated tumour has two

hypoxic islands surrounded by cells that are better oxygenated. The local oxygen distributions for each region are indicated in the insets.
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Theoretical modelling is a reliable method capable of

simulating the effects of radiation therapy and

providing a quick estimation of various treatment

gains or losses before lengthy and expensive clinical

trials are set up. Results from previous simulations of

tissue oxygenations [17,43,48,49] have been used as

input for a Monte-Carlo algorithm to generate

theoretical three-dimensional tumours with different

morphological sub-regions similar to those imaged in

patients. Figure 1 shows an example of oxygen

distribution in a section through a simulated tumour.

The influence of the dynamics of oxygenation

throughout the treatment was investigated by mod-

ifying the oxygen distributions in the tumours and

thus simulating possible inter-fractional changes of

tumour oxygenation that may occur in fractionated

treatments. Different patterns and frequencies of

changes in oxygenation were taken into consideration

as illustrated in Figure 2. Thus, it was first assumed

that the reoxygenation could only affect the distribu-

tion at the microscopic level, while the overall

regional oxygenations remain the same. This pattern

is thought to give the influence of the dynamic

changes of acute hypoxia that result on the micro-

scopic level from the closure and opening of blood

vessels in the tumour. Another pattern of oxygena-

tion assumed that the hypoxic islands in the tumour

could shrink during the course of the treatment. This

o

Subsequent oxygenationInitial oxygenation

–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

0 2 4 6 8 10 0 2 4 6 8 10

–10 –8 –6 –4 –2 0 2 4 6 8 10 0 2 4 6 8 10

0 2 4 6 8 10 0 2 4 6 8 10
–10

–8

–6

–4

–2

0

2

4

6

8

10

Distance (mm)

D
is

ta
nc

e 
(m

m
)

0

5

10

15

20

25

30

35

40

pO2 (mmHg)

a

b

c

–10 –8 –6 –4 –2 –10 –8 –6 –4 –2

–10 –8 –6 –4 –2 –10 –8 –6 –4 –2

–10 –8 –6 –4 –2
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treatment.
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could be regarded as modelling the shrinkage of the

chronic hypoxic compartment as the result of the

overall improvement of oxygenation. Yet, a third

pattern of changes in oxygenation took into account

the possibility that the hypoxic regions might change

location due to more complex patterns of vascular

failure that may occur during the treatment. Similar

dynamic patterns were indeed observed in clinical

patients [30,31] when repeated PET investigations

were performed during the course of the treatment.

Different reoxygenation patterns were taken into

consideration when studying the influence of hypoxia

dynamics, from no change of the oxygenation during

the whole treatment up to changes at every delivered

fraction. Several degrees of shrinkage of the hypoxic

subregions were therefore modelled, e.g., 20%, 30%,

60%, 80% etc. This covers all the possible reoxy-

genation rates that may be encountered in clinical

tumours, from the rapid reoxygenation of acute

hypoxia characterised by timescales of a few minutes

or hours to the slow reoxygenation brought about by

the removal of the inactivated cells and which may

have a timescale extending over several days or

weeks.

Oxygenation maps like the one in Figure 1 were

used as a starting point to calculate dose distribu-

tions that will give a tumour control of 90% under

the assumption that the radiosensitivity distribution

given by hypoxia remains unchanged throughout

the treatment. The first step was the transfor-

mation of the oxygenation maps into distributions

of radiosensitivities with the help of Equation 3.

These were subsequently used in Equation 6 to

calculate the heterogeneous dose distribution re-

quired to achieve the predefined tumour control

probability. Segmented dose distributions were also

calculated for the hypoxic regions according to

Equation 9. The resultant dose distributions were

then used to calculate the influence of various

patterns of reoxygenation in the tumours. The results

of the analysis were quantified in terms of the tumour

control probability according to Equation 5.

Results

Figure 1 shows a realistic tumour oxygen distribu-

tion generated according to the principles described

in the section on Materials and methods. It was

assumed that the tumour has two hypoxic subvo-

lumes surrounded by cells that are better oxyge-

nated, but not as well as the normal tissues. The

local oxygen distributions for each region are in-

dicated in the insets. For simplicity, a spherical

shape was assumed in this study both for the

tumours and their subregions, but this has little

implications on the algorithm used to calculate

optimum dose distributions as it operates on a voxel

basis for which the shape of the target is irrelevant.

The resultant dose distributions for the tumour

oxygenation in Figure 1 are presented in Figure 3.

Thus, panel 3a shows the heterogeneous dose dis-

tribution required according to Equation 6 to achieve

the predefined tumour control probability (average

dose9standard deviation: 68911 Gy), while panel

3b shows the segmented dose distribution calculated

for each subregion according to Equation 9 resulting

in prescribed doses of 68 Gy (regional average dose9

standard deviation: 6796 Gy), 103 Gy (86923 Gy)

and 110 Gy (90926 Gy). The resultant dose dis-

tribution in Figure 3b has the advantage that it could

be relatively easily delivered in clinical practice with

existing techniques comparatively to the highly het-

erogeneous distribution in Figure 3a. As described in

the section on Materials and methods, the dose

distributions in Figure 3 were used to calculate the

expected tumour control probabilities for various
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patterns of reoxygenation in the tumours. Compar-

isons were performed with the predicted results from

irradiating the tumour with uniform doses that could

be used in clinical practice. The results are sum-

marised in Figure 4 and Table I.

As expected, assuming that the hypoxic regions

remain completely unchanged throughout the treat-

ment, the resultant tumour control was practically

zero when uniform or segmented dose distributions

were delivered to the tumour. The explanation is

that for static populations the response to radiation

is totally governed by the very radioresistant initial

hypoxic compartment and that the relatively modest

dose increases that may be achieved in the clinic for

uniform irradiation are most likely insufficient to

counteract the radioresistance of the hypoxic cells

that require doses 2�3 times higher than the well

oxygenated tumour cells. This situation however is

seldom encountered in the clinic where the relatively

high cure rates observed indicate quite strongly that

reoxygenation does indeed take place during the

treatment and that the oxygenation compartments

are not static [7]. Various reoxygenation patterns

were indeed observed in clinical tumours investi-

gated repeatedly during radiation therapy with F-

MISO PET [30,31].

Probably the most encountered pattern of reox-

ygenation in clinical and experimental tumours is

given by the behaviour of acute hypoxia caused by the

temporary closure and opening of the blood vessels

which determine the oxygenation dynamics on the

microscopic level. Figure 4 shows that when it was

assumed that individual voxels could have acutely

0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

100 80 Gy uniform dose

70 Gy uniform dose

Segmented dose distribution (equation 9)

T
um

ou
r 

C
on

tr
ol

 P
ro

ba
bi

lit
y 

(%
)

No. of reoxygenations during a 30 fractions treatment

Figure 4. Variations in the achievable tumour control probability

due to modifications of the hypoxic pattern in the tumour. Solid
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target. Open symbols show the response to a segmented dose

distribution derived with Equation 9.

o

Table I. Predicted tumour control probabilities for various numbers of reoxygenations.

Tumour control probability (%)

Uniform dose distribution with the specified value

Number of

reoxygenations

Heterogeneous dose

distribution

Segmented dose

distribution 60 Gy 70 Gy 80 Gy 90 Gy

Reoxygenation of acute hypoxia

0 90 0 0 0 0 0

1 55 1 0 0 0 27

2 46 49 0 0 26 77

4 50 84 0 12 77 97

9 57 92 0 47 94 99

14 60 93 0 59 96 100

29 63 94 0 68 98 100

Reoxygenation of acute and chronic hypoxia

0 90 0 0 0 0 0

1 62 5 0 0 1 30

2 58 75 0 0 34 82

4 67 94 0 26 85 98

9 80 95 2 76 98 100

14 84 95 12 89 99 100

29 87 96 34 97 100 100

Complex reoxygenation patterns

0 90 0 0 0 0 0

1 59 11 0 0 3 44

2 69 48 0 56 94 99

4 82 90 16 93 100 100

9 85 94 29 96 100 100

14 86 95 35 97 100 100

29 87 95 39 98 100 100
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varying oxygenations throughout the treatment while

the overall regional oxygenation of the tumour

remains in agreement with the distributions used as

input, the control improves considerably both for

uniform doses and for the segmented dose distribu-

tions targeting the hypoxic regions when the reox-

ygenation rate increases to the levels that are

considered relevant for real tumours (above 4 or 5

reoxygenations which would correspond to weekly

changes or even faster). In these conditions it is quite

likely that microscopic hypoxic regions at a certain

moment could also be irradiated in a better oxyge-

nated state and therefore be effectively sterilised,

resulting in an increased tumour control probability.

At the same time, the effectiveness of the highly

heterogeneous dose distributions decreases as a

result of the mismatches on voxel-level between

hypoxic regions and planned dose hotspots.

Furthermore, for uniform irradiation of the whole

tumour, one needs a considerable increase of the

dose, above 80 Gy, to achieve improved control.

This dose might not be delivered in most cases due

to the limitations imposed by the tolerance of the

healthy organs nearby. However, targeting the hy-

poxic regions in the tumour with a segmented

distribution with doses that take into account the

oxygenation heterogeneity according to Equation 9

could result in similar levels of control for a lower

average dose to the tumour or a lower dose to the

outer rim of the tumour tissue. Such a dose

distribution could also be achieved with a decreased

dose burden to the sensitive normal tissues near the

tumour and could hence result in reduced complica-

tion rates.

The mid-section in Table I shows the effects of

another pattern of hypoxia dynamics that accounts

for the relative shrinkage of the hypoxic regions in

the tumour. Indeed, it has been observed that as the

treatment progresses the overall oxygenation of a

tumour could improve as a result of the improved

vascular flow and the reduction of the bulk tumour

volume. The response pattern of a heterogeneous

dose distribution and the segmented dose distribu-

tions is similar to those for acute reoxygenation.

Furthermore, the tumour response for the segmen-

ted dose distribution improves rapidly for dynamic

tumours and high tumour control levels are more

easily achieved as the hypoxic fraction decreases

throughout the treatment and the remaining oxic

population is comparatively more effectively steri-

lised. The overall pattern is maintained even when

changes in location within the tumour accompany

the shrinkage of the hypoxic regions as shown in the

last section of Table I. The control levels at the end

of the treatment are somewhat lower for migrating

hypoxic regions, as the high dose regions would no

longer match the intended targets, but the impact

appears rather small when the overall oxygenation of

the tumour improves. However, in this case highly

heterogeneous dose distributions could also lead

easily to regional dose mismatches that would

consequently result in a more pronounced decreased

probability to control the tumour. The results there-

fore highlight the advantages of using a segmentation

of complex dose distributions according to the

algorithm proposed in this study that not only

delivers a more manageable dose distribution, but

could also account for changes in the hypoxic

pattern determined by the microscopic fluctuations

of acute hypoxia.

These results also show that the efficiency of the

individualization of the treatment plans based on

imaging tumour hypoxia depends on the approach

used to prescribe the doses to the target. Thus,

neglecting the effects of dynamic hypoxia could lead

to considerable loss of control for highly hetero-

geneous dose distributions due to mismatches be-

tween planned dosimetric hotspots and hypoxic

regions. In contrast, optimised dose distributions

preferably based on the segmentation of the hypoxia

images and prescribing the dose to account for local

heterogeneity as proposed in this study could indeed

result in improved local control.

Discussion

Tumour hypoxia is an important microenvironmen-

tal factor that confers resistance to radiotherapy

[50]. The hypoxic environment may also generate a

more aggressive malignant phenotype, thus increas-

ing the risk for distant metastases. These observa-

tions have identified tumour hypoxia as one of the

most important therapeutic problems for cancer

treatment. A recent analysis of clinical data has

shown that a significant fraction of the patients are

adversely affected by hypoxia and could therefore

benefit from dedicated treatment approaches in-

tended to counteract its effects [51].

The development of advanced imaging methods

capable of quantifying the extent and the spatial

distribution of the hypoxic regions has opened new

possibilities for anti-hypoxic therapies. Thus one

could use diagnostic images to define physiological

target volumes and to devise advanced treatment

plans depending on their expected responsiveness.

Several methods were proposed towards this aim and

their feasibility was investigated in theoretical plan-

ning studies [21�29]. However, their efficiency to

achieve improved local control in patients has not

been investigated in clinical studies, one major con-

cern being the possibility of mismatches between

hypoxic areas and planned dose escalations caused by
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the temporal variation of hypoxia. It is therefore only

through theoretical simulations that the efficiency of

any such method can be evaluated. The success of the

simulation of course depends on how well it can

mimic the different aspects that have been observed in

reality.

This study presented an original method to pre-

scribe dose distributions that focus the radiation dose

to the radioresistant regions and spare adjacent

normal tissues. The efficiency of the method has

been tested in clinically-relevant simulations of

tumour hypoxia. Careful steps were taken to include

several aspects that may appear for clinical tumours.

Thus, it was assumed that oxygenation is hetero-

geneously distributed throughout the tumour and

that different tumour regions could have different

oxygenations that may change during the treatment

duration as has been observed in clinical patients

[30,31]. Under these conditions it has been shown

that tumour hypoxia dynamics in general and the

reoxygenation rates in particular can influence the

success of various optimization approaches. Highly

heterogeneous dose distributions may lead to sig-

nificant improvements of the outcome only for static

oxygenations. In contrast dynamic hypoxia could

significantly reduce their effectiveness when the

complex dose distributions mismatch the hypoxic

regions. This has indeed been a matter of concern for

strategies devised only on pre-treatment investiga-

tions that do not take into consideration the evolu-

tion during therapy [25]. However, segmenting the

dose distributions and optimising the dose prescribed

to each segment to account for local heterogeneity

may be a solution to reduce the variability in regional

mismatches and could therefore lead to improved

local control. The results of the simulations have also

shown that this method appears to lose effectiveness

only when the oxygenation pattern changes less than

three to four times throughout the whole treatment.

These frequencies are highly unrealistic for conven-

tional schedules as they imply that oxygenation

changes only once every two or three weeks. Indeed,

the known reoxygenation rates of acute hypoxia are

of the order of a few minutes [52�54] and clinical

observations of tumour oxygenation show that the

hypoxic pattern could change significantly in weekly

investigations [30,55]. Hence, for most clinical cases,

the proposed method based on segmentation is

thought to lead to an increased probability of cure

while limiting the irradiation of the surrounding

normal tissues. The present study also indicates

that when hypofractionated stereotactic radiotherapy

is used a significantly higher dose would be required

due to lack of reoxygenation and severely radio-

resistant compartments. This applies at least when

five or less fractions are being used. For more than

five fractions, Equation 9 may be used to adjust for

hypoxic radioresistance using segmented dose deliv-

ery as discussed above.

The practical implementation of the method on

patient images deserves particular attention as direct

information on the tumour oxygenation is needed.

Such information could be obtained from PET

imaging with dedicated tracers that are metabolised

and trapped in the affected cells. Other imaging

methods like perfusion studies with Blood Oxygen

Level Dependant (BOLD) MRI provide information

mainly on the tissue vasculature that is an indirect

measure of the tissue oxygenation which is modu-

lated by the vascular density of the tissue [17].

Alternative methods like the use of fluorocarbon

reporter molecules are required to obtain direct

indications of the tissue oxygenation.

Clinical PET investigations of tumour hypoxia

could now be performed with several bioreductive

markers that have selective retention in the hypoxic

cells. Hypoxia imaging with nitroimidasole tracers

for example is based on the competition of the

compound with the intracellular oxygen and the

accumulation of the former in cells in which the

latter is in short supply [56]. In order to use

clinically the formalism proposed above, the distri-

bution of radiosensitivities could be obtained by

converting the observed PET intensities using the

binding characteristics of the tracer used giving the

uptake in a known level of oxygenation. From this

point of view, experimentally determined uptake

curves for PET tracers have the potential to provide

more accurate conversions of the image intensities

into distributions of oxygenation and hence of

radioresistance [57]. Experimental data on the

relationships governing the uptake of the hypoxic

tracers are relatively scarce [58,59] indicating the

general interest directed mainly towards the qualita-

tive evaluation of the PET images. However, the

potential of tailoring radiation treatments could only

be reached through the accurate quantification of

the images when such relevant relationships become

available since these relationships could be used to

determine an objective correlation between the

image intensities (given by the local uptake rates)

and the local oxygenation. In practice, the uptake

curves could be normalised to a level of oxygenation

well defined or easily obtainable for a tissue (for

example the oxygenation of a muscle or a well-

vascularised organ that appears in the diagnostic

image) similar to the usual normalisation of the PET

images. This could therefore provide a method of

quantifying the activities measured in PET images.

The predicted distributions of local oxygenations

could be further converted into distributions of

radioresistances with the help of Equation 3, thus
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obtaining an objective conversion of the intensities in

the measured images into distributions of radio-

resistances, more accurate than empirical assump-

tions of the relationship between the two.

Several other aspects could influence the quanti-

fication of the tissue oxygenation and their impact

has to be taken into consideration for any optimisa-

tion approach. Thus, a general matter of concern for

the in vivo imaging of hypoxia is the ability of the

tracer to reach the cells through the vascular net-

work, bearing in mind that the same vascular

network is responsible for the appearance of hypoxia

in tumours. However, this is less of a problem for

nitroimidasoles since it has been shown in many

experiments that they could reliably image hypoxia

appearing in animal and human tumours far from

active blood vessels or around collapsed blood

vessels [42,60]. Another potential problem is that

tumours could be a mix of tumour and stroma cells

that may have different uptake properties which

could eventually influence the image intensities.

However, the good correlations between PET hy-

poxia and results from other measurement methods

[61,62] suggest that the impact of these aspects may

not hamper the quantification of the PET images.

Another aspect that may influence the prescription

of the dose and the efficiency of optimisation

methods is the averaging over rather large tissue

volumes that is characteristic to many imaging

modalities. It has been shown that even for polaro-

graphic methods that average over relatively small

tissue volumes the measured oxygenation could be

quite different from the real tissue oxygenation and

this may translate into different predictions regard-

ing tissue responsiveness to radiation therapy

[63,64]. This could be even more of a problem for

present imaging techniques that provide average

oxygenations which may underestimate the radio-

resistance of the microscopic hypoxic regions. Thus,

the small hypoxic regions that may not be rendered

effectively in the images could be underdosed even

with voxel-defined heterogeneous dose distributions.

This aspect is however expected to have less impact

on methods taking into account the dynamic char-

acter of tumour hypoxia and thus minimising the

mismatches between planned dosimetric hotspots

and hypoxic regions. The limiting factor in this case

could be the reduced heterogeneity of oxygenation

that appears in the measurements and which influ-

ences the prescribed doses. The effectiveness of the

method could however be improved if information

on the oxygenation heterogeneity could be obtained

from other means. This might be less of a problem in

modern medical approaches that involve multiple

tests before the treatment.

Improved results would be obtained if several other

physiological factors that influence the treatment

outcome are also taken into consideration. Algo-

rithms have been proposed to include information

regarding the local density of clonogenic cells and

their proliferation rate [65] and they could be easily

combined with the algorithms targeting tumour

hypoxia. Further improvements of the cure rates

could also be achieved by monitoring the tumour and

adapting the treatment to the clinically observed

variations in radiation responsiveness as proposed for

example for the BIOART approach [33].

For the practical implementation of optimisation

approaches targeting physiological factors with ad-

verse effects on treatment outcome, special attention

has to be paid to target movement and patient

positioning. These are general issues of concern for

all radiation treatment approaches, but they become

increasingly important for treatments employing

non-uniform dose distributions. The degree of accu-

racy needed of course decreases when the hetero-

geneity of the prescribed dose decreases as for

segmented dose distributions. Nevertheless, in order

to minimise the effects of target motion, modern

treatment approaches require integration with meth-

ods to image the position of the target in relation to

the beam location and the adjacent normal organs.

Conclusions

This study presents a robust method to prescribe

minimum dose levels that are required to counteract

various levels of hypoxic radioresistance in tumours.

The proposed approach is thought to lead to

improved local control as it takes into consideration

aspects like hypoxia dynamics and heterogeneity that

have been of concern for other dose prescription

approaches. The simulations performed as part of

the study have also highlighted the need to adapt the

prescription approach to the radiation delivery

method available. Thus, conventionally fractionated

regiments will benefit from the use of segmented

dose distributions with uniform doses per segments,

while hypofractionated regiments employing less

than about 5 fractions might benefit from the use

of more heterogeneous dose distributions if they

could be delivered in practice.
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