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 To the Editor, 

 Standard three-dimensional (3D) planning studies 
have shown that dose escalation by use of inhomo-
geneous dose distribution may increase the local 
tumour control by more than 10 percentage points 
for advanced non-small cell lung cancer (NSCLC) 
patients [1 – 4]. Nevertheless, only a few clinical stud-
ies investigating dose escalation have been initiated 
[5,6]. There have been concerns regarding the dose 
distributions with steep gradients within the planned 
volume. One concern is how the respiratory motion 
affects the calculated 3D dose to the tumour. Another 
issue is whether the 3D dose to the organs at risk is 
representative for actual delivered dose when posi-
tion uncertainties are included, or whether the steep 
dose gradients within the tumour might shift towards 
the organs at risk causing unexpected toxicity. Some 
studies have investigated the dosimetric effect of 
geometric uncertainties, e.g. respiratory motion and 
setup uncertainties [7 – 9]. 

 Previously, 3D calculations of homogeneous dose 
distributions and dose-escalated inhomogeneous 
dose distributions have been studied by Nielsen et   al. 
[1] to evaluate the potential of inhomogeneous dose 
escalations for NSCLC patients with involved lymph 
nodes. In the current study, recalculations of the 
same treatment plans accounting for systematic and 
random uncertainties (4D calculations [10,11]) were 
performed in order to validate dose to organs at risk 
and the reported tumour control probability (TCP) 
values.  

 Material and methods 

 Details of the patient characteristics for the 20 
included NSCLC patients have been reported previ-

ously [1]. The treatment plans were performed on a 
mid-ventilation phase from a 4DCT divided in 10 
time equidistant phases. Two treatment plans were 
created for each patient with homogeneous and 
dose-escalated inhomogeneous dose distributions. 

 In 3D planning, a planning target volume (PTV) 
is included to ensure adequate dose coverage of the 
moving target inside the PTV. Margins were calcu-
lated based on the margin equation by van Herk 
et   al. [12]. The idea of that equation was to ensure 
that 90% of the patients would receive a minimum 
dose of 95% of the prescribed dose. The dose distri-
bution of the PTV is considered as a surrogate for 
the 4D dose distribution of the moving target. 

 In this study, two different PTVs were gener-
ated, the standard one around the clinical target 
volume (CTV) labelled PTV CTV  and an additional 
one related directly to the gross target volume 
(GTV) labelled PTV GTV , which was used for dose 
escalation. Margins were calculated based on the 
patient-specifi c respiratory motion obtained from 
the 4DCT and population based systematic and 
 random uncertainties (see specifi c values below).  

 4D dose calculation 

 A schematic of the 4D calculations is available 
in Supplementary Figure 1 (available online at 
http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.835492). The 3D dose distribution 
was recalculated in each respiratory phase and accu-
mulated to an averaged dose distribution in order to 
account for the respiration-induced uncertainties. 
The transformations to the mid-ventilation phase 
were based on the deformation fi elds from deform-
able registrations of the respiratory phases using the 
elastixs freeware toolbox developed and validated for 
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lung registration by Klein et   al. ([13], R6 with 
B-spline grid refi nement). The registrations were 
visually inspected prior to further data analysis. A 
convolution of the dose distribution was performed 
with the population-averaged overall random uncer-
tainty, which consists of the residual random compo-
nents from baseline and setup uncertainties after 
daily image guidance (each assumed to be residual 
sizes of 1 mm [14]). 

 The systematic uncertainty is a position change 
which for a given patient is the same for all treatment 
fractions. Translations of the dose cube due to the 
systematic uncertainty was sampled 1000 times per 
patient by distributing the locations of sampled 
points according to a Gaussion distribution. The 
values for the systematic uncertainties were: baseline 
1 mm, setup 1 mm, and delineation 2 mm [14]. All 
samplings and dose accumulations for the 4D dose 
calculations were performed in Matlab.   

 TCP evaluation 

 All the 4D calculated plans were evaluated by two 
TCP models with the same radiobiological model 

parameters and annotation (TCP M  and TCP LQ ) as 
in the previous 3D study [1]. The increases in TCP 
values between inhomogeneous and homogeneous 
dose distributions were calculated for a homoge-
neous clonogenic cell density distributed either in 
the GTV or CTV.    

 Results 

 Example of results from a 4D calculation is seen in 
Figure 1. The fi gure shows DVHs from both homo-
geneous and inhomogeneous plans for the CTV 
and GTV. It is seen that inclusion of the respiration 
only changed the DVH with a limited amount, 
which was common for all patients. For the selected 
patient, the grey region is very large due to a rather 
small GTV volume (9.9 cm 3 ). It is also seen that 
the PTV, which might serve as a 3D surrogate for 
the moving target, had much lower dose values than 
the actual 4D calculations. The deviation between 
the actual DVH (grey region) and the PTV was 
larger for the  inhomogeneous plans than for the 
homogeneous plans, which was common for all 
patients.  
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  Figure 1.      Example of DVHs for a selected patient. 3D calculations (solid line), 4D inclusion of respiration (dashed line), 4D inclusion of 
all random and systematic uncertainties (grey region), and 3D calculation of related PTV (dotted line). The grey region is for each dose 
bin given as the 10th to 90th percentile of the 4D calculated DVHs.  
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 Dose coverage 

 Minimum, mean and maximum dose values for the 
two type of plans are summarised in Table I and the 
patient individual values are shown in Supplemen-
tary Figure 2 (available online at http://informa
healthcare.com/doi/abs/10.3109/0284186X.2013.
835492). It is seen that the minimum dose for the 
moving CTV and GTV was larger than the corre-
sponding minimum dose for the 3D PTVs. The mean 
doses were almost unchanged for the homogeneous 
plans while a clear increase in mean dose is seen for 
the inhomogeneous plans. For the maximum doses, 
slight decreases are seen for the homogeneous plans 
while the values were almost unchanged for the 
inhomogeneous plans. 

 For the 4D calculated doses only 0.3% and 0.06% 
of the DVHs had minimum doses (D 99% ) below 
the 95% dose level for homogeneous and inhomoge-
neous plans, respectively. In an additional 4D 
 calculation in which the respiration uncertainty was 
included as a convolution together with the remain-
ing random uncertainties, the same numbers were 
3% and 1%, respectively. 

 Changes in predicted dose due to 4D calculations 
for the organs at risk are shown in Table II. Differ-
ences between predicted dose level for 4D and 3D 
calculations related to the dose constraints are shown 
together with the uncertainty of the 4D calculated 
average values. Very small differences (all    �    1.1 Gy) 
were observed between the average 4D value and the 
corresponding 3D calculation. The uncertainties on 
the average value from the 4D calculations are given 
in columns labelled  “ 4D Dev”. For some of the organs 
quite large, but very similar, values were observed for 
both homogeneous and inhomogeneous plans.   

 TCP values 

 Increase in TCP values based on the 4D calculations 
between inhomogeneous and homogeneous plans 
are shown in Figure 2 for TCP calculations based on 
homogeneous clonogenic cells distribution in either 
the CTV or GTV. The error bars shown in the his-
tograms are one standard deviation of the combined 
uncertainties for the homogeneous and inhomoge-
neous plans. For all patients, it is seen that the TCP 
increases based on the 3D PTV calculations were 

  Table I. Overview of dose and TCP values.  
 a) CTV 

Units 3D CTV 3D PTV CTV 4D CTV p-value

 Homogeneous plan 
D 98% [Gy] 64.6    �    0.9 63.4    �    0.5 64.5    �    0.8  �    0.001
D mean [Gy] 67.0    �    0.7 66.5    �    0.5 66.9    �    0.7  �    0.001
D 1cm3 [Gy] 70.0    �    1.3 70.5    �    0.9 69.8    �    1.3  �    0.001
TCP M [%] 19.9    �    1.1 19.2    �    0.8 19.8    �    1.0  �    0.001
TCP LQ [%] 21.2    �    8.1 20.1    �    7.8 21.1    �    8.1  �    0.001
 Inhomogeneous plan 
D 98% [Gy] 66.3    �    2.1 64.3    �    1.0 66.1    �    1.9  �    0.001
D mean [Gy] 73.4    �    2.0 71.0    �    1.2 73.2    �    1.9  �    0.001
D 1cm3 [Gy] 82.1    �    6.3 82.1    �    6.3 81.9    �    6.3 0.005
TCP M [%] 29.4    �    2.9 25.6    �    1.7 29.1    �    2.7  �    0.001
TCP LQ [%] 30.0    �    9.7 25.8    �    9.4 29.7    �    9.6  �    0.001

   b) GTV 

Units 3D GTV 3D PTV GTV 4D GTV p-value

 Homogeneous plan 
D 98% [Gy] 64.8    �    0.9 64.4    �    0.9 64.8    �    0.9  �    0.001
D mean [Gy] 67.0    �    0.8 66.9    �    0.7 67.0    �    0.8 0.145
D 1cm3 [Gy] 69.2    �    1.4 70.1    �    1.3 69.2    �    1.4  �    0.001
TCP M [%] 19.9    �    1.1 19.8    �    1.0 19.9    �    1.1 0.117
TCP LQ [%] 21.4    �    8.3 21.1    �    8.1 21.3    �    8.2 0.012
 Inhomogeneous plan 
D 98% [Gy] 68.3    �    2.9 66.2    �    2.2 68.2    �    2.9  �    0.001
D mean [Gy] 75.7    �    3.9 73.0    �    2.0 75.4    �    3.4  �    0.001
D 1cm3 [Gy] 81.8    �    6.4 82.1    �    6.3 81.6    �    6.3  �    0.001
TCP M [%] 33.3    �    6.0 28.9    �    3.2 32.9    �    5.5  �    0.001
TCP LQ [%] 34.1    �    11.0 29.6    �    10.3 33.6    �    10.8  �    0.001

        Values are mean and standard deviation over the patient population (4D patient values are averaged 4D 
values). Columns show the 3D calculation of CTV or GTV, the related PTV, and a 4D dose calculation 
of moving CTV or GTV. P-values are paired Wilcoxon sign ranked test between 3D PTV and 4D CTV 
or 4D GTV.   
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less than those based on a full 4D calculation of the 
related CTV or GTV.    

 Discussion 

 Four-dimensional calculations confi rmed that it was 
possible to increase the expected local control rate 
by use of inhomogeneous dose escalation for all 
patients. The average 4D dose to critical structures 
were quite close to the 3D calculations as seen in 
Table II. For some of the critical structures, the 
uncertainty on the maximum dose calculated in 4D 
is relatively high (e.g. 4 Gy for spinal canal). This 
could be critical for some patients as the maximum 
dose could exceed the tolerance dose. However, it 
should be noted that this uncertainty is almost the 
same for the homogeneous and inhomogeneous plans. 
Hence, dose-escalated inhomogeneous treatment 
plans are not more sensitive to the uncertainties 

included in this study, than the homogeneous treat-
ment plans that have been used in standard clinical 
practice for many years. 

 The reason for the increase in minimum doses to 
the target in 4D calculations compared to the 3D 
calculations are caused by various effects: 1) dose 
distribution moves relative to tumour position; and 
2) imperfect conformity: only a part of the target 
surface is at the 95% isodose level, while the remain-
ing receives higher doses. These effects will increase 
the minimum dose with respect to the calculated 3D 
dose for the PTV. Moreover, due to the steeper dose 
gradients at the edge of the target in the inhomoge-
neous plan, the dose level slightly inside the tumour 
edge is higher for these plans than the corresponding 
homogenous plans. Thus, a low dose to the tumour 
in an respiration extreme and  “ cold dose ”  position is 
compensated by the delivered dose to the tumour in 
non-extreme positions. This is less diffi cult in the 
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  Figure 2.      Increases of TCP value by use of inhomogeneous versus homogeneous dose distributions based on 3D PTV calculation 
(PTV CTV /PTV GTV ) and 4D calculation for moving CTV or GTV.  

  Table II. Organs at risk.  

Homogeneous plan Inhomogeneous plan

Organ Constraint Aver. dev. 4D dev. Aver. dev. 4D dev.

Lung D mean [Gy] 0.0    �    0.2 0.6 0.0    �    0.2 0.6
Oesophagus D max [Gy] 0.2    �    0.6 2.4 0.4    �    0.8 2.7
Spinal canal D max [Gy] 1.1    �    1.1 4.0 0.9    �    1.2 4.0
Aorta D 1cm3 [Gy]  – 0.2    �    0.2 1.4  – 0.1    �    0.4 2.2
Connective tissue D 1cm3 [Gy]  – 0.1    �    0.1 0.3 0.1    �    0.2 0.9
Trachea �    bronchi D 1cm3 [Gy] 0.0    �    0.1 1.5 0.0    �    0.3 2.1
Heart D 1cm3 [Gy]  – 0.5    �    2.5 6.1  – 0.3    �    2.7 7.1

    Patient averaged differences between 4D and 3D calculations for organs at risk (mean and standard 
deviation) as well as patient averaged standard deviation of 4D calculated values.   



  4D dose evaluation of inhomogeneous dose distribution    711

inhomogeneous plans since they on average have 
higher doses than the homogenous plans. 

 Maximum doses in homogeneous plans consist 
typically of small spots located in multiple places. 
Such spots will be reduced by the  “ averaging ”  
performed during a 4D calculation and is the cause 
for the smaller maximum doses. For the inhomoge-
neous plans, the maximum dose is typically located 
centrally in a single volume in the target and are 
therefore not infl uenced to the same degree by 
the  “ averaging ”  involved in 4D calculations as the 
homogeneous plans are. 

 The changes in minimum, mean, and maximum 
dose values were different for the homogeneous and 
inhomogeneous plans. These effects make the 3D 
PTV less suitable to predict the dose distribution for 
the moving target for the inhomogeneous plans than 
for the homogeneous plans. This is seen in the change 
of TCP values shown in Figure 2, which was larger 
than the corresponding increases based on the 3D 
PTV dose distributions. The increase in TCP value 
was actually better predicted by use of the 3D target 
dose distribution (GTV and CTV) than the 3D dose 
distribution of the related PTV. 

 The number of 4D DVHs with minimum doses 
less than 95% of prescribed dose was signifi cantly 
lower when the respiratory motion was included by 
recalculation in all phases compared to the test in 
which the respiration was included as a convolution. 
This shows that the dose distribution is not constant 
in space as the tumour moves, which is assumed in 
the convolution approach. The same assumption 
was actually used in sampling of the systematic 
uncertainties in the current study. It is therefore 
expected that the actual dose distribution for the 
moving target is slightly higher than calculated in 
this study. 

 The effect of respiration on target DVH were 
quite modest in the current study. This may be related 
to the peak-to-peak respiration amplitude of the 
patients which ranges 0 – 12 mm. This somewhat lim-
ited range is similar to the motions observed in pre-
vious studies from our institution [15,16]. It can not 
be concluded from our study how the 4D calcula-
tions would be for a large motion, e.g. 2 cm ampli-
tude. However, such a large amplitude is quite rare 
among our patients, especially for those with the 
lymph node involvement. The 3D DVH for the target 
is close to the average DVH from the 4D  calculations. 
TCP increases are seen to be alike for the 3D and 
4D calculations, thus lack of access to 4D calcula-
tions is not a hindrance to start using the advantages 
of inhomogeneous dose distributions, especially 
given that the dose to organs at risk are changed 
equally for the homogeneous and inhomogeneous 
plans when recalculated in 4D. 

 In summary, there were changes in calculated 
doses and TCP values with the 4D calculations com-
pared to standard 3D calculations. However, the 
changes were small and therefore of little clinical rel-
evance. The changes were of similar sizes in both the 
homogeneous and inhomogeneous treatment plans. 
For organs at risk, only very small dose changes were 
observed between the average 4D calculation and the 
standard 3D calculation. The similarity between TCP 
increases calculated in 4D and 3D is very promising 
since 4D recalculations are then not needed for a 
reliable clinical introduction of dose escalation using 
inhomogeneous doses.                   
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 To the Editor, 

 Cancer is a leading cause of death worldwide, includ-
ing developing countries [1,2]. In Mozambique, 
because of the high prevalence of infectious diseases 
such as malaria and later HIV [3,4], the cancer bur-
den has received less attention until it has recently 
become a public-health problem. With improving life 
standards and health care, cancer incidence and 
prevalence will most probably continue to increase 
as cancer is an age-related disease. 

 Surgery and chemotherapy are the main cancer 
treatment modalities in Mozambique. However, a 
national cancer registry of good quality could help 
identify the need for radiation therapy (RT), which 
is a major treatment modality and is utilised for cure 
or palliation of about 50% of all cancer patients in 
the developed world [5,6]. 

 In a big step towards national reporting on 
cancer, a population-based cancer registry has been 
established in the Beira Central Hospital, Province 
of Sofala, Mozambique, with help of the Interna-
tional Agency for Research on Cancer (IARC) and 
it is expected that the registry will gradually evolve 
to cover the whole nation [7 – 9]. 

 The spectrum of cancer types displayed on the 
Beira Cancer Registry and Globocan 2008 estimates 
indicates that Mozambican cancer patients could 
greatly benefi t from RT alone or in combination with 
surgery and chemotherapy, already available. At the 
present time, only a very limited number of patients 
can afford to receive RT treatment as it is only offered 
abroad. 

 Therefore, it was the aim to compare the cancer 
incidence in Mozambique and Sweden in relation to 
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