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 Abstract 
  Introduction.  High resolution beam delivery may be required for optimal biology-guided adaptive therapy. In this work, we 
have studied the infl uence of multi leaf collimator (MLC) leaf widths on the treatment outcome following adapted IMRT 
of a hypoxic tumour.  Material and methods . Dynamic contrast enhanced MR images of a dog with a spontaneous tumour 
in the nasal region were used to create a tentative hypoxia map following a previously published procedure. The hypoxia 
map was used as a basis for generating compartmental gross tumour volumes, which were utilised as planning structures 
in biologically adapted IMRT. Three different MLCs were employed in inverse treatment planning, with leaf widths of 2.5 
mm, 5 mm and 10 mm. The number of treatment beams and the degree of step-and-shoot beam modulation were varied. 
By optimising the tumour control probability (TCP) function, optimal compartmental doses were derived and used as 
target doses in the inverse planning. Resulting IMRT dose distributions and dose volume histograms (DVHs) were exported 
and analysed, giving estimates of TCP and compartmental equivalent uniform doses (EUDs). The impact of patient setup 
accuracy was simulated.  Results . The MLC with the smallest leaf width (2.5 mm) consistently gave the highest TCPs and 
compartmental EUDs, assuming no setup error. The difference between this MLC and the 5 mm MLC was rather small, 
while the MLC with 10 mm leaf width gave considerably lower TCPs. When including random and systematic setup errors, 
errors larger than 5 mm gave only small differences between the MLC types. For setup errors larger than 7 mm no differ-
ences were found between non-uniform and uniform dose distributions.  Conclusions . Biologically adapted radiotherapy may 
require MLCs with leaf widths smaller than 10 mm. However, for a high probability of cure it is crucial that accurate 
patient setup is ensured.   
 Biological parameters like hypoxia, proliferation, 
clonogen density and angiogenesis are known to 
infl uence the response of tumours to radiotherapy 
[1]. Developments in imaging technology may pro-
vide assessment of the spatial distribution of these 
parameters [2]. Thus, biologically adaptive radiother-
apy employing non-uniform tumour dose distribu-
tions may be advantageous when the dose distribution 
refl ects the radioresistance throughout the target 
 volume [3,4]. The spatial variation of the biological 
parameters may be on a sub centimetre scale though 
[5,6], and the need for high resolution dose delivery 
may be crucial for optimal tumour control [7]. 

 Multi leaf collimators (MLCs) with leaf widths 
between 1.6 mm and 10 mm for conventional linear 
accelerators are now commercially available. The 
potential advantages of reduced leaf width have been 
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elucidated in numerous works. In one data modelling 
study it was found that for single treatments, degra-
dation of the physical dose distribution could be 
expected if the leaf width exceeded 1.5 – 1.8 mm [8]. 
Another modelling study found improvements in 
target volume coverage and dose to region at risk for 
leaf widths down to 2 mm [9]. Studies of different 
patient cases showed that smaller leaf widths may for 
some patients give improved target volume coverage 
and reduced doses to organs at risk, for other cases 
only small differences in tumour control probability 
(TCP) and normal tissue complication probability 
(NTCP) were seen [10 – 12]. 

 However, these fi ndings are for conventional 
IMRT with intended uniform tumour dose distri-
butions. To our knowledge, no studies have inves-
tigated the infl uence of MLC leaf width on 
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biologically adapted IMRT plans employing non-
uniform tumour dose distributions. 

 The present work aimed at exploring the effect 
of varying MLC leaf widths on a heterogeneous 
tumour model. Three different MLCs were used for 
IMRT planning of a canine patient presenting a 
highly heterogeneous hypoxia map. Different IMRT 
plans were generated covering relevant, clinical plan 
settings, and the resulting dose plans were evaluated 
on the basis of dosimetric properties and radiobio-
logical effect estimates.  

 Material and methods  

 Imaging and planning 

 The section below has been described in detail else-
where [13]. Briefl y, a female canine patient with a 
spontaneous osteosarcoma in the nasal region was 
used as a model for this dose planning study. The 
gross tumour volume was outlined in contrast 
enhanced MR images, and segmented into four com-
partments based on the tissue contrast concentra-
tion. The contrast enhancement served as a tentative 
marker for the partial oxygen pressure (pO 2 ) in the 
tissue, and the tumour compartments were thus 
related to varying degrees of hypoxia [13]. Compart-
ment 1, 2, 3 and 4 have mean oxygen concentrations 
of about 30 mm Hg, 13 mm Hg, 2.3 mm Hg and 
0.2 mm Hg, respectively. The compartments may 
thus be described as normoxic, moderately hypoxic, 
hypoxic and extremely hypoxic [13]. The compart-
mental information was transferred to pre-contrast 
MR images of the dog ’ s head and the resulting images 
(voxel size 0.35 × 0.35 × 5 mm) were converted to 
the CT DICOM standard. 

 In the current project IMRT planning was done 
using the VSIM virtual simulator (v 2.2) and Kon-
Rad inverse planning module (v 2.2.18) under the 
Coherence platform (Siemens Medical Solutions, 
Germany). The images containing the compartmen-
tal tumour information were imported to the virtual 
simulator, and the four compartments were defi ned 
by a manual contouring procedure in the VSIM 
module. The tumour was located close to the left 
orbital cavity and only the right eye was therefore 
defi ned as an organ at risk. 

 Three different types of MLCs were available for 
the dose planning. These were a Siemens ModuLeaf 
collimator with 2.5 mm leaf width at isocentre, a 
Siemens 160 MLC with 5 mm leaf width, and a 
Siemens 82 leaf collimator with 10 mm leaf width. 
Four different fi eld arrangements were set up for 
each MLC, corresponding to three, fi ve, seven and 
nine coplanar, equally spaced fi elds, with the isoce-
ntre located at the volume centre of the tumour. 
LC leaf width in biologically adapted radiotherapy   1117

Each fi eld arrangement was optimised with three, 
fi ve, seven and ten step-and-shoot intensity levels, 
resulting in a total of 48 dose plans. Particular atten-
tion was given to seven fi elds and seven intensity 
levels, as this is the setting of choice at our clinic, 
usually providing satisfactory IMRT dose distribu-
tions with a practicable number of segments. A mar-
gin of 5 mm encompassing the entire tumour volume 
was always used, where the target dose to the margin 
was set equal to the prescribed dose in Compart-
ment 1 (Figure 1, margin contour line not shown). 
Six MV photons were used, and the mean tumour 
dose was 54 Gy over 18 fractions (3 Gy/fraction).   

 Tumour dose redistribution and radiobiological 
modelling 

 In order to optimise the tumour control under a fi xed 
integral dose, the dose to the tumour was redistrib-
uted according to [13 – 16] 
 where  d  mean  is the mean tumour dose (in this case 
3 Gy),   n   i  the fractional volume of compartment  i  and 
 d  i  the corresponding prescribed dose. The model 
used for estimating the TCP and the underlying 
radiobiological parameters has been described in 
detail elsewhere [13]. TCP is a function of a number 
of variables and parameters: 
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 where n is the number of fractions, { fi(d)}4
i�1 is the 

set of compartmental dose distributions (obtained 
from the IMRT planning), N 0  is the number of 
tumour clonogens at start of treatment,  α  and  β  the 
linear and quadratic component of cell survival,  σ   α   
the inter patient standard deviation in  α  ,  and 
{OERi}

4
i�1 the set of compartmental oxygen enhance-

ment ratios. 
 Compartmental TCPs, that is the probability of 

controlling a given compartment, could also be esti-
mated using the modelling above. Furthermore, the 
equivalent uniform dose (EUD) to each compart-
ment was calculated [17]: 
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 Plan evaluation 
 The set of compartmental doses {di}
4
i�1 (Equation 1) 

giving an optimum TCP for this patient (Table I) was 
found using a method based on Lagrange multipliers 
[16]. The compartmental doses were 48.1 Gy, 
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  Figure 1.     Coronal CT images through the central part of the 
tumour, with dose distribution as overlay for the seven fi elds and 
seven step-and-shoot intensity levels dose plan. Top image: 2.5 mm 
MLC. Middle image: 5 mm MLC. Bottom image: 10 mm MLC. 
Contour colours, with prescribed dose in brackets: Compartment 
1: green (48.1 Gy), Compartment 2: yellow (53.8 Gy), Compartment 
3: blue (63.4 Gy), Compartment 4: red (70.3 Gy).  
53.8 Gy, 63.4 Gy and 70.3 Gy for compartments 1 – 4, 
respectively, and these doses were entered as target 
doses to the treatment planning module. Dose vol-
ume histograms (DVHs) for the 48 IMRT plans were 
analysed using custom made software in Interactive 
Data Language (IDL) (v 6.2, ITT Visual Information 
Solutions, Boulder, USA), giving estimates of com-
partmental EUDs and TCPs, and of the total TCP. 

 For the seven fi elds and seven step-and-shoot 
intensity levels plan, random setup errors were 
generated in the coronal (CT) plane for each of the 
18 fractions. The IMRT dose matrix was shifted 
relative to the CT images according to normally-
distributed (Gaussian) random numbers, generated 
by IDL. A mean total TCP value was calculated 
for 50 iterations, which gave convergent values. 
Systematic setup errors were also introduced, as 
shifts in the positive and negative directions along 
the lateral and vertical axes in the coronal plane. 
Mean TCP values were calculated for the four shift 
directions. Setup errors in the AP direction were not 
implemented due to the coarse image resolution of 
5 mm in this direction.    

 Results 

 Dose distributions for the coronal isocentre plane are 
shown in Figure 1 for the three MLC types. Seven 
treatment fi elds and seven step-and-shoot intensity 
levels were used in this example. Based on visual 
inspection, the dose distribution for the most hypoxic 
compartment (Compartment 4, red contour lines) 
was shown to be more conformal for the 2.5 and 5 
mm MLCs than for the 10 mm MLC. There seemed 
to be only small differences between the MLCs in 
dose coverage for Compartment 1, 2 and 3. Neither 
of the MLCs was able to dose paint the small, single 
Compartment 4-region at the most posterior (upper) 
part of the tumour with adequate dose. 

 Differential DVHs are presented in Figure 2 for 
the three MLCs, and mean doses and standard devi-
ations are presented in Table I. Again, seven treat-
ment fi elds and seven step-and-shoot intensity levels 
were employed. For Compartment 4, the 10 mm 
MLC histogram was clearly shifted towards lower 
doses compared to the 2.5 mm MLC, and the mean 
dose was reduced by 3.9 Gy (5.9%). For Compart-
ment 3 there was a minor shift towards lower doses 
for the 10 mm MLC, while the dose was shifted 
slightly towards higher doses for Compartment 1 and 
2. For the 5 mm MLC there was likewise a shift 
towards lower doses in Compartment 4 compared to 
the 2.5 mm MLC, with a reduction in mean dose of 
1.2 Gy (1.8%). For Compartment 1, 2 and 3 there 
were only minor differences in mean doses between 
the 2.5 mm and the 5 mm MLCs. The variation in 
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dose (SD) within each compartment was consistently 
higher for the 5 mm and 10 mm MLCs compared 
to the 2.5 mm MLC. 
  Table I. Dosimetric and radiobiological parameters for three different MLC types 1 .   

MLC leaf width, 
[mm] Compartment

Prescribed dose, 
[Gy]

Mean dose, 
[Gy]   �  SD, [%] EUD, [Gy] TCP 2 TCP 3 

2.5 1 48.1 49.1  �  4.9 47.5 0.96 0.56
2 53.8 54.1  �  6.7 51.4 0.86
3 63.4 61.6  �  6.4 58.3 0.68
4 70.3 66.0  �  4.5 63.8 0.59

5.0 1 48.1 49.1  �  5.1 47.3 0.95 0.51
2 53.8 54.2  �  7.7 51.0 0.85
3 63.4 61.5  �  7.0 57.4 0.65
4 70.3 64.8  �  5.1 62.5 0.55

10.0 1 48.1 50.1  �  6.0 47.5 0.96 0.41
2 53.8 54.3  �  7.4 50.8 0.85
3 63.4 60.0  �  6.8 56.0 0.60
4 70.3 62.1  �  5.1 59.4 0.44

    1 The data shown are for an IMRT plan of seven fi elds and seven step-and-shoot intensity levels.   
  2 TCP for each compartment.   
 Compartmental EUDs are also presented (Table I). 
The EUD for each compartment was in most cases 
reduced with increased leaf width. This was in con-
trast to the compartmental mean dose, which in 
Compartment 1 was highest for the 10 mm MLC. 
TCP values, both for each tumour compartment and 
  Figure 2.     Differential DVHs from the seven fi elds and seven step-
compartment, and shows data for the 2.5 mm MLC (solid lines), 5 m
for the tumour as a whole, are presented in detail in 
Table I. The three MLC types gave almost equal TCP 
for Compartment 1 and 2, but there were increasing 
differences in TCP for Compartment 3 and 4. For 
Compartment 4, the 2.5 mm MLC gave 4 percentage 
points higher TCP compared to the 5 mm MLC, 
and 15 percentage points higher TCP compared to 
the 10 mm MLC. The compartmental differences 
were refl ected in the TCP for the tumour as a whole, 
and-shoot intensity levels dose plan. Each panel represents one 
m MLC (dashed lines) and 10 mm MLC (dotted lines).  
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where the 2.5 mm MLC gave 5 percentage points 
higher TCP than the 5 mm MLC, and 15 percentage 
points higher TCP than the 10 mm MLC. 

 TCP values for the three different MLCs are 
presented in Figure 3, resulting from varying 
the number of treatment fi elds and the number 
of step-and-shoot intensity levels. There was in 
most cases an increase in TCP for all MLCs when 
increasing the number of fi elds and intensity lev-
els. In general, the 2.5 mm MLC gave the highest 
TCP values, and the 10 mm MLC gave the low-
est. The highest TCP values were obtained for the 
2.5 mm MLC using the 9-fi eld technique, but the 
differences from the 7-fi eld technique were small. 
In contrast, for the 5 mm and 10 mm MLCs the 
7-fi eld setup gave marginally higher TCP values 
than the 9-fi eld setup. 

 The TCP values referred above were based on 
ideal treatment conditions, i.e. no setup errors of the 
patient at treatment. Simulated setup errors in the 
coronal plane are shown in Figure 4 for the seven 
fi elds and seven intensity levels treatment plan. Data 
are shown both for the case of redistributed, non-
uniform tumour dose, as presented so far, and also 
for the case of intended uniform dose distribution. 
Increasing the systematic and random setup errors 
consequently reduced the TCP for the redistributed 
case. When the random and the systematic error 
exceeded 5 mm there was no longer any difference 
in TCP between the MLC types. For the case of 
uniform dose distribution there were no variations 
  Figure 3.     TCP values for the whole tumour for the three MLC types.
intensity levels.  
in TCP for setup errors smaller than 5 mm. Further, 
for errors above 7 – 8 mm there were small differ-
ences in TCP between the redistributed and uniform 
treatment plan.   

 Discussion 

 In the current work, the quality dependence of 
hypoxia dose painting plans on MLC leaf width was 
investigated. The hypoxia distribution in the tumour 
model employed was very heterogeneous, and the 
MLC of 10 mm leaf width gave dose distributions 
clearly inferior to MLCs of 2.5 mm and 5 mm leaf 
width. For such irregular hypoxia patterns it there-
fore appears that dose painting should be performed 
with a small  “ brush ” , rather than with a large one. 

 Figure 1 shows a plane through the tumour for 
seven fi elds and seven step-and-shoot intensity lev-
els. Highly heterogeneous compartments are dem-
onstrated, partly split up into minor subvolumes. 
The 2.5 mm and the 5 mm MLCs performed better 
than the 10 mm MLC, especially in distributing 
higher doses to peripheral subvolumes of Compart-
ment 3 and 4. This was further supported by the 
mean dose, standard deviation, EUD and TCP data 
(Table I), where all parameters for Compartment 3 
and 4 indicated a benefi t of using 2.5 mm or 5 mm 
leaf widths over 10 mm. Doses to compartments 1 
and 2 were also quite heterogeneous (Figure 2 and 
Table I), but the mean doses did meet the prescrip-
tions, however. 
 Each panel shows one fi eld setup with four different step-and-shoot 
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  Figure 4.     TCP calculations resulting from shifting the tumour 
relative to the dose matrix in the coronal plane. Data shown are for 
the seven fi elds and seven step-and-shoot intensity levels dose plan, 
with redistributed and uniform dose distributions. The abscissa 
for the random displacement panel (top) represents one standard 
deviation.  
 Comparing Figures 3 and 4, a small difference in 
maximum TCP was found for the given IMRT set-
tings and 0 mm setup error. The data in Figure 3 
were generated by dose-volume histograms, while 
the data in Figure 4 were calculated based on the 
high-resolution dose matrix generated by the dose 
planning system. This was expected to give small dif-
ferences in the evaluated dose distributions, and has 
no consequences for the current conclusions. 

 As stated by others [18], even an 5% increase in 
TCP could be appraised clinically important, and 
the 15% increase in tumour control observed in the 
current study may therefore be regarded as a con-
siderable gain. The validity of this calculated raise 
in tumour control could potentially be tested by 
a limited number of 50 patients in a randomised 
clinical trial [19]. However, all patients included in 
such a trial must in this case present highly hypoxic 
tumours, as the gain in TCP is reduced with decreas-
ing degree of hypoxia. Furthermore, we have assumed 
that the tumour hypoxia was constant throughout 
the treatment, which was an oversimplifi cation [14]. 
Also, the methods for assessing hypoxia and pre-
scribing dose to radioresistant compartments are 
still under investigation, and there is for the time 
being no consensus on a standardisation of biological 
target volume defi nition [2,18,20]. 

 In accordance with other works [14,16,20,21], a 
substantial gain in TCP was obtained by changing 
from a uniform (TCP total   �  0.22) to a redistributed 
dose distribution. An absolute increase of 19% in 
total tumour control was demonstrated even for the 
worst case of redistributed dose (the 10 mm MLC). 
Ten millimetre leaf width will still be the MLC of 
choice at many radiotherapy departments in the 
coming years, and the current data indicates advan-
tageous effects of implementing non-uniform dose 
distribution even for MLCs with this leaf width. 

 The treatment setups with fi ve, seven and nine 
fi elds and fi ve, seven and ten step-and-shoot intensity 
levels had fairly the same relative TCP distribution 
between the MLCs (Figure 3). The difference in 
tumour control between 5 mm and 10 mm leaf width 
was around 10% (7 – 12%). By reducing the leaf width 
from 5 mm to 2.5 mm, an additional 5% (4 – 7%) gain 
was reached. The 2.5 mm MLC has drawbacks, how-
ever, due to the add on functionality and limited fi eld 
size compared to an integrated MLC. An even more 
important issue could be the increased amount of 
monitor units (MU) required for the 2.5 mm MLC. 
For the setups referred above, the MU increased by 
a mean factor of 1.8 and 2.5 compared to the 5 mm 
and 10 mm MLCs, respectively (data not shown; the 
variations between the different setups were smaller 
than 10%). The large increase in monitor units for 
the 2.5 mm MLC may be caused by the abrupt 
increase in output factors for small segments with 
sides of equivalent squares below 20 mm [22]. Fur-
thermore, when changing from uniform to redistrib-
uted dose distribution, a relative increase in MU of 
1.6, 1.8 and 2.2 was seen for the 10 mm, 5 mm and 
2.5 mm MLCs, respectively. Increased integral dose 
was a matter of discussion when changing from 3D 
conformal radiotherapy (3D-CRT) to IMRT [23 – 25]. 
Adding considerable head scatter dose to normal 
tissue by reducing MLC leaf width or applying 
redistributed dose distributions could therefore be 
controversial, and should be further evaluated. 

 From Figure 3 it can also be inferred that using 
more than 5 step-and-shoot intensity levels has no 
impact on the TCP, which was in accordance with our 
previous study [13]. Increasing the number of inten-
sity levels had minor consequences for the MUs for 
the current case (data not shown). The number of fi eld 
segments, on the other hand, increased linearly with 
the increase in intensity levels. This would extend the 
treatment time, which is normally not desirable. 
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 For the current case, introducing systematic or ran-
dom setup errors larger than 2 mm gave reduced 
tumour control when adapting non-uniform dose dis-
tributions to the hypoxia maps (Figure 4). Above 7 
mm setup error, the tumour control was reduced to a 
level equal to that from a uniform dose distribution. 
Likewise, the TCP gain obtained with smaller leaf 
widths was reduced when taking setup errors into 
account. Above 4 – 5 mm setup error there was no dif-
ference between the MLCs. State-of-the-art image 
guidance using cone-beam CT (CBCT) may provide 
patient setup with overall accuracy of 1.5 – 2.5 mm for 
head and neck cancers [26 – 28], and local setup errors 
(for regions of interest within the CBCT fi eld of view) 
may be in the order of 3 mm [27]. Such errors impact 
the potential gain in TCP shown for the current tumour 
model. In accordance with a previous study [14], this 
indicated that dose redistribution should only be con-
sidered when high setup accuracy can be ensured. 

 The PET/CT scanner has been addressed increas-
ingly important in radiotherapy [29,30], and is an 
image modality of choice for providing hypoxia maps 
[2,31]. Still, the voxel resolution of around 5 mm 
provided by the PET/CT scanner is far too large to 
map the true spatial pO 2  variations in the tissue [32], 
which could be below 0.15 mm [5,6]. This is also the 
case for the current tumour model, with compart-
mental subvolumes down to about 1 × 1 × 5 mm 3 , 
and the absolute TCP values may thus be overesti-
mated [5]. This does not affect the conclusions of 
this work, however, which primarily evaluates the 
relative differences between the MLCs. 

 The scope of the current work has been to assess 
the effect of different MLC leaf widths on tumour con-
trol for non-uniform dose distributions. For the single 
patient case evaluated, there was a considerable gain in 
tumour control by treating with leaf widths of 5 mm 
compared to a 10 mm MLC, and even higher gain 
when adopting 2.5 mm leaf widths. This applied to 
idealised treatment conditions, however, with minimal 
setup errors present. A large increase in monitor units 
was also experienced when using the 2.5 mm MLC. 

  Declaration of interest:  The authors report no 
confl ict of interest. The authors alone are responsible 
for the content and writing of the paper.         
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