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Abstrac t t 

BackgroundBackground and purpose: To assess the impact of both set-up errors and 
respiration-inducedd tumour motion on the cumulative dose delivered to a clinical 
targett volume (CTV) in lung, for an irradiation based on current clinically applied 
fieldd sizes. 

MaterialsMaterials and methods: A cork phantom, having a 50 mm spherically shaped 
polystyrenee insertion to simulate a gross tumour volume (GTV) located centrally in 
aa lung was irradiated with two parallel opposed beams. The planned 95 % isodose 
surfacee was conformed to the planning target volume (PTV) using a multi leaf 
collimator.. The resulting margin between the CTV and the field edge was 16 mm in 
beam'ss eye view. A dose of 70 Gy was prescribed. Dose area histograms (DAHs) 
off the central plane of the CTV (GTV + 5 mm) were determined using radiographic 
filmm for different combinations of set-up errors and respiration-induced tumour 
motion.. The DAHs were evaluated using the population averaged tumour control 
probabilityy (TCPpoP) and the equivalent uniform dose (EUD) model. 

Results:Results: Compared with dose volume histograms of the entire CTV, DAHs 
overestimatee the impact of tumour motion on tumour control. Due to the choice of 
fieldd sizes a large part of the PTV will receive a too low dose resulting in an EUD of 
thee central plane of the CTV of 68.9 Gy for the static case. The EUD drops to 68.2, 
66.11 and 51.1 Gy for systematic set-up errors of 5, 10 and 15 mm, respectively. For 
randomm set-up errors of 5, 10 and 15 mm (1 SD), the EUD decreases to 68.7, 67.4 
andd 64.9 Gy, respectively. For similar amplitudes of respiration-induced motion, the 
EUDD decreases to 68.8, 68.5 and 67.7 Gy, respectively. For a clinically relevant 
scenarioo of 7.5 mm systematic set-up error, 3 mm random set-up error and 5 mm 
amplitudee of breathing motion, the EUD is 66.7 Gy. This corresponds with aTCPpop 

off 41.7 %, compared with 50.0 % for homogeneous irradiation of the CTV to 70 Gy. 
Conclusion:Conclusion: Systematic set-up errors have a dominant effect on the cumulative 

dosee to the CTV. The effect of breathing motion and random set-up errors is 
smaller.. Therefore the gain of controlling breathing motion during irradiation is 
expectedd to be small and efforts should rather focus on minimising systematic 
errors.. For the current clinically applied field sizes and a clinically relevant 
combinationn of set-up errors and breathing motion, the EUD of the central plane of 
thee CTV is reduced by 3.3 Gy, at maximum, relative to homogeneous irradiation of 
thee CTV to 70 Gy, for our worst case scenario. 
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1.. Introductio n 

Thee aim of radiotherapy, achieving local tumour control while sparing 
surroundingg normal tissue, is limited by various factors. For tumours located in the 
thoracicc cavity, the increase in the range of secondary electrons in low-density 
tissuee with respect to soft-tissue [7,11,19] results in a broadening of the beam 
penumbra,, which necessitates the use of large field margins (margin between the 
targett volume and the field edge) in order to achieve homogeneous irradiation of 
thee target volume. Set-up errors and respiration-induced tumour motion necessitate 
thee use of even larger field sizes then would be required to account for the beam 
penumbraa solely. A consequence of enlarging field sizes, is an increase in dose to 
normall tissues like the lungs, which leads to an increased probability of 
complications,, such as radiation pneumonitis. 

Applyingg the nomenclature as given in ICRU report 50 [12], a geometrical 
structure,, the planning target volume (PTV), is used as an aid for treatment 
planning,, i.e. to define beam directions, shapes and weights, and to report dose 
values.. Treatment planning using this PTV should result in irradiation of the clinical 
targett volume (CTV) to at least 95 % of the prescribed dose during the entire course 
off radiotherapy. The PTV is constructed from the gross tumour volume (GTV) in two 
steps.. Firstly, to account for the spread of sub-clinical disease, the GTV is expanded 
inn 3-D into the CTV. Subsequently, margins are applied to this CTV to account for 
patientt set-up errors and tumour movement, resulting in the PTV. 

Rosss [23] et al. analysed multiple ultra-fast CT-scans in a group of lung cancer 
patientss and correlated tumour motion and tumour location in the lung with the 
occurrencee of a geometrical miss (movement of the tumour outside the beam 
portal).. They showed that tumour movement and the chance of a geometrical miss 
aree greatest for hilar and lower lobe lesions. Ekberg et al. [6] used fluoroscopy to 
determinee respiration-induced motion of lung tumours for a group of patients and 
performedd electronic portal imaging to study the reproducibility of patient set-up 
duringg a treatment course. They found systematic set-up errors of 2.0 and 3.0 mm 
inn the transversal plane and the cranio-caudal direction, respectively. For the 
randomm set-up errors the values are 3.2 and 2.6 mm (1SD), respectively. They 
combinedd their results into a margin of 11 mm from CTV to PTV in the transversal 
planee and 15 mm in the cranio caudal direction. These margins should ensure a 86 
%% probability that the PTV encompasses the CTV throughout the treatment. 

Vann Herk etal. [25] developed an analytical method for selecting margins, based 
onn all possible treatment preparation (systematic) errors, including for example the 
usee of a non-representative CT-scan for target delineation, and treatment execution 
(random)) errors, such as patient set-up errors and inter-fraction tumour motion. 
However,, in case of lung tumours an extra intra-fraction tumour motion due to 
patientt respiration is introduced, as well as a change in the resulting dose 
distributionn due to the tumour motion, which is not (yet) incorporated in their 
probability-basedd approach. 

Normall tissues like the lungs can be spared in two different ways. First of all, the 
marginn from CTV to PTV can be reduced by using a set-up correction protocol 
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applyingg multiple portal images [1,2] or by control of tumour motion due to patient 
respirationn during irradiation [10,13,14,22,27]. Secondly, the high dose region can 
bee more closely conformed to the PTV using well chosen irradiation techniques. 
Grahamm et al. [9] showed that the use of a non-coplanar beam set-up reduces the 
dosee to normal tissues, thus allowing tumour dose escalation. However, such a 
proceduree is achieved at the cost of an increase in treatment planning and 
executionn time. Mohan et al. [20] showed that for a prostate treatment, beam 
intensityy modulation, compensating for the loss of dose at the beam edges, allows 
thee use of smaller margins and consequently allows sparing of surrounding normal 
tissuess while improving target dose homogeneity. Lind et al. [16] showed that 
uncertaintiess in patient alignment can be taken into account by overcompensating 
thee radiation fluence at the beam edge. In case of a lung tumour, the mean dose to 
thee lungs, a parameter related to the incidence of radiation pneumonitis [15], can be 
reducedd by applying such a type of intensity modulation, as shown by Brugmans et 
al.al. [3]. 

Inn a previous study [8], we showed that the choice of a field shape based on 
dosee calculations having an inadequate inhomogeneity correction algorithm, as 
currentlyy applied in many treatment planning systems, results in a too low dose to 
aa large part of the PTV. It was, however, assumed that the treatment set-up was 
static.. In the present study we modelled different components of tumour motion and 
investigatedd the impact of tumour motion on the cumulative 3-D dose distribution 
deliveredd to the CTV when using field sizes that are clinically applied in our 
institution.. These field sizes are based on the equivalent pathlength inhomogeneity 
correctionn algorithm, leading to a margin of only 6 mm between PTV and field edge. 
AA worst case scenario was used to derive an upper limit for the reduction in tumour 
controll using these 'too small' field sizes in case of clinically relevant tumour motion. 
Furthermore,, the influence of each of three components of tumour motion, i.e. 
systematicc set-up error, random set-up error and respiration-induced tumour 
motion,, on the cumulative dose to the CTV was assessed both separately and 
combined.. This has been done in order to identify the type of tumour motion that 
hass the largest impact on the reduction in tumour control probability. In this study 
wee used film measurements and an inhomogeneous phantom because our TPS 
doess not correctly predict penumbra broadening in low-density tissue. 

2.. Material s and Method s 

2.1.2.1. The phantom  and treatment  technique 

Thee phantom used for our studies (Figure 1a) has been described earlier [8] and 
consistss of polystyrene (grey) and cork (white) layers of 10 or 20 mm thickness with 
aa 50 mm diameter polystyrene insertion at the centre of the cork volume, simulating 
aa tumour in lung. This polystyrene sphere, which is considered to be the GTV, is 
expandedd into a PTV according to the current clinical practice in 3-D conformal 
radiotherapyy of non-small cell lung cancer (NSCLC) at The Netherlands Cancer 
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Institute.. First the GTV is uniformly enlarged to the CTV by a 5 mm margin to 
encompasss microscopic tumour spread. A further expansion with 10 mm of the CTV 
too the PTV is performed to account for geometrical uncertainties like tumour motion 
andd set-up errors. 
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FigureFigure 1: a) Transverse cross-section of the lung phantom consisting of polystyrene 
(grey)(grey) and cork (white) slabs. The phantom has a 50 mm diameter polystyrene sphere 
insertedinserted at the centre. The dashed circle indicates the CTV, which is a 3-D expansion 
ofof the polystyrene sphere with 5 mm. The horizontal dashed line indicates the central 
planeplane through the tumour, at 100 mm depth in the phantom, b) Positions and depths 
ofof film measurements in the phantom, indicated by the horizontal dashed lines. 

49 9 



ChapterChapter 3 

Ann 8 MV AP-PA conformal treatment plan was designed with a 3-D treatment 
planningg system1, in which the equivalent path length inhomogeneity correction 
algorithmm is incorporated. The accuracy of this algorithm for lung treatments has 
beenn described previously [8]. This TPS does not accurately predict the width of the 
beamm penumbra in lung tissue. However, the TPS is only used to determine the 
conformall field size which is used in further measurements. The isocentre was 
locatedd at the centre of the GTV at 100 mm depth in the phantom. The ICRU 
referencee point was located at the beam isocentre. Using multi leaf collimation, the 
fieldd shape was chosen to conform the planned 95 % isodose level to the PTV in 
thee central plane. In beam's eye view (Figure 2), the margin between the field edge 
andd the PTV was 6 mm. A dose of 50 cGy was prescribed to the ICRU reference 
point,, resulting in a suitable dose range for the radiographic films. 
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FigureFigure 2: Field shape for the AP-PA irradiation technique. The CTV contour in the 
centralcentral plane is indicated by the dashed circle. The thin line corresponds with the leaf 
positionspositions while the thick line represents the position of the backup collimators. Field 
dimensionsdimensions are 92 mm and 94 mm in gun-target and A-B direction, respectively. 

2.2.2.2. Film  measurements 

Film22 measurements for a single beam were performed in multiple planes in the 
phantom,, as indicated by the horizontal dashed lines in Figure 1b. Films were 
irradiatedd one at a time and each measurement was performed three times. Films 
weree developed with a Kodak X-OMAT 3000RA processor and digitised with a laser 
digitiser33 with a resolution of 0.656 x 0.656 mm2. The films were converted to dose 
usingg a sensitometric curve, determined by perpendicular irradiation of films to 5 
differentt dose levels at a depth of 10 cm in a homogeneous polystyrene phantom 
positionedd at a source skin distance (SSD) of 90 cm and using a 10 x 10 cm2 field 
att the isocentre. An unexposed film was developed and digitised for background 
subtraction. . 

11 U-MPIan, University of Michigan treatment planning system 
22 Kodak XOMAT-V 2 
33 Konika KFDR-S 
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2.3.2.3. Simulation  of  tumour  motion  and set-up  errors 

Tumourr motion was assumed to be in a direction perpendicular to the central 
beamm axis. Both respiration-induced tumour motion and set-up errors were 
simulatedd by displacing the phantom with respect to the central beam axis in steps 
off 2.5 mm up to a displacement of 30 mm. Simulation of set-up errors and patient 
breathingg was performed by adding the information in films for each position of the 
tumourr with respect to the central beam axis, in such a way that the position of the 
CTVV for each film overlaps. Each film is weighed with the fraction of treatment time 
thatt the tumour is located at that position for a given combination of set-up errors 
andd respiration-induced tumour motion. 

5 5 

1.00 -
0.55 \-
0.0 0 

7.55 mm systemati c set-u p erro r 

_L L _i_ _ -1_ _ 

-155 -10 

(a) ) 

100 15 20 25 30 

'55 5 
5 5 

0.33 r-
0.22 -
0.11 \-
0.0 0 

33 mm rando m set-up erro r (1 SD) 

t » >> • 
-155 -10 -5 

(b) ) 

100 15 20 25 30 

0.33 r 

0.22 -
0.11 f-
0.0 0 

'53 3 

55 mm breathing amplitude 

-L L _i_ _ _l_ _ 

-155 -10 -5 

(C) ) 

100 15 20 25 30 

I I 
0.3 3 
0.22 I-

o.ii  F-
0.0 0 

•• All combined J 

^^  ^ 

*JL *JL mil mil JU. . 

(d) ) 

-155 -10 -5 0 5 10 15 20 25 30 

Displacementt from isocentre (mm) 

FigureFigure 3: Weights of films, irradiated at different positions of the phantom with respect 
toto the central beam axes, for simulation of; a) a systematic set-up error of 7.5 mm; b) 
randomrandom set-up errors with 3 mm standard deviation; c) 5 mm amplitude of respiration-
inducedinduced tumour motion; d) a combination of these three situations. 
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Simulationn of a systematic set-up error of for example 7.5 mm requires the use 
off only one film with a weight of 1 (Figure 3a). 

Randomm set-up errors are assumed to be normally distributed with a standard 
deviationn s. For practical reasons random set-up errors are only simulated over an 
intervall of approximately -3a to +3a. Simulation of random set-up errors with a 
standardd deviation of 3 mm therefore requires the use of 9 films with different 
weightss that are sampled from a normal distribution (Figure 3b). The sum of the 
weightss of all films is normalised to 1. 

Wee assumed a respiration-induced tumour motion in which the tumour spends 
ann equal amount of time at each position. Therefore, simulation of respiration-
inducedd tumour motion with an amplitude of 5 mm requires the addition of 5 films, 
eachh with a weight factor of 0.2 (Figure 3c). Our simulated breathing motion is a 
simplificationn of a realistic breathing curve. A comparison of various breathing 
curves,, e.g. as given by Lujan et al. [17] showed only minor differences regarding 
thee DAH of the CTV. Consequently, for computational simplification we have chosen 
too use our symmetrical breathing curve. 

Forr a combination of motion parameters, weights are sampled from a curve that 
isis the convolution of a block-function simulating breathing motion, a normal 
distributionn simulating random set-up errors and a dirac function simulating a 
systematicc set-up error. For the combination of motion parameters mentioned 
above,, the resulting weights are shown in Figure 3d. 

2.4.. Constructio n of dose-volum e histogram s (DVHs) and dose-are a 
histogram ss (DAHs) 

Too limit the amount of film measurements, we mainly constructed dose-area 
histogramss of the central plane of the CTV. In section 3.2 we will explain that, with 
respectt to the use of DVHs of the entire CTV, the use of DAHs leads to an 
overestimatee of the effect of tumour motion on tumour control probability. This 
differencee has been estimated by constructing DVHs for two combinations of a 
systematicc set-up error and respiration-induced tumour motion, and by comparing 
thesee DVHs with their corresponding DAHs. 

Constructionn of a DVH was performed in the following way. Interpolation 
betweenn 2-D dose distributions, in a direction parallel to the central beam axis, 
resultedd in a 3-D dose distribution for a single beam and for a specific position of 
thee tumour with respect to the central beam axis. This 3-D dose volume was 
resampledd onto a grid with a resolution of 1 x 1 x 1 mm3. An AP-PA irradiation for 
aa specific position of the tumour was simulated by addition of the same dose 
distribution,, mirrored with respect to central plane. The resulting dose distribution 
willl deviate marginally from the true 3-D dose distribution, since the high dose 
gradientss for an AP-PA irradiation technique will occur in the penumbra region, 
perpendicularlyy to the central beam axis and the direction of interpolation. 

Forr each position of the tumour, the 3-D dose distribution was centred on the 
positionn of the CTV in that distribution. A cumulative 3-D dose distribution, 
simulatingg tumour motion, was created by addition of the 3-D dose distributions for 
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eachh phantom position, weighed with the amount of time spent by the tumour at that 
position.. From this final distribution, the DVH of the CTV was extracted. 

Constructionn of DAHs required the addition of multiple films that were irradiated 
inn the central plane of the phantom. Multiple DAHs were created for various 
combinationss of set-up errors and respiration-induced tumour motion. 

2.5.2.5. Evaluation  of  DVHs and DAHs 

Thee influence of tumour motion on the cumulative dose to the CTV has been 
assessedd by evaluating the DVHs and DAHs using two different biological models: 
thee population averaged tumour control probability (TCPpoP) according to the model 
byy Webb and Nahum [26] and the equivalent uniform dose (EUD) according to a 
formulaa provided by Niemierko [21]. 

Filmss were irradiated with an amount of monitor units resulting in a dose value 
off 50 cGy at the ICRU reference point in case of no set-up errors and no patient 
breathingg (static case). For calculating TCPpoP and EUD-values, this dose value and 
alll DVHs and DAHs were rescaled to a prescribed dose of 70 Gy in order to 
representt a clinically relevant irradiation. To facilitate the comparison of DAHs and 
DVHs,, the area of the DAHs and the volume of the DVHs were normalised to 100%. 

Equationn (1) and (2) show the equations for calculating the TCPpoP; 

TCP(a)TCP(a) = Hjcxp\-NJ.-expHxD,)] (1) 

TCPTCPPOPOPP=^==^=  JTCP(a)-^^da (2) 

Heree a is the linear term in the linear-quadratic model of cell survival [4], Dj the 
dosee received by Nj clonogens and TCP(a) the TCP value for a single value of a. 
Wee assumed an amount of clonogenic cells of 2.48*1010, a homogeneous 
distributionn of clonogenic cells in the CTV, a mean a-value, OCQ, of 0.35 Gy1, and a 
standardd deviation, oat of 0.08 Gy1 [26]. This choice of parameters results in a 
TCPp0pp of 0.5 for a homogeneous irradiation of the CTV to 70 Gy. This point is 
locatedd on the steepest part of the dose-response curve, thus a too low dose to a 
partt of the CTV will lead to a maximum decrease in TCPpop. Furthermore, these 
valuess result in a value for the steepness of the dose-response curve, y, of 1.8, 
whichh is close to the maximum observed value for lung tumours [18]. This choice of 
parameterss leads to a slight overestimate of the reduction in TCPpop for a given 
dosee distribution in the CTV. For calculating the TCPpoP of a DAH, the total amount 
off clonogens (not the density) was taken equal to the amount of clonogens used to 
calculatee the TCPpop of a DVH. 
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Thee equivalent uniform dose was computed according to equation (3): 

EUDEUD = Dref\n 
D,ID„ D,ID„ 

I,V(S^) D" " 
V V 

/ ln (SFAA O) 

Heree Dref is the reference fraction dose, SFref the surviving fraction at this 
referencee fraction dose and V| the fraction of clonogenic cells that receives a dose 
D|.. The reference fraction dose is assumed to be 2 Gy and SFref = SF2 was set to 
0.5,, corresponding to an a-value of 0.35 Gy1 since 

•Bv=*~ a ' 1 V .. (4) 

Formulaa (3) assumes a homogeneous clonogenic cell density and no population 
averaging. . 

Thee two models, TCP and EUD, are closely related. When comparing two 
differentt DVHs, the corresponding TCPpoP-values will give an estimate of the 
differencee in tumour control, provided one knows the 'location' on the TCPpop-curve, 
i.e.. the uniform dose leading to a TCPpoP of 0.5 (50 %). The difference in EUD 
betweenn two different DVHs is an indication for the escalation in prescription dose 
necessary,, in order to increase the clonogenic cell kill of the plan with the lowest 
TCPpopp to the clonogenic cell kill of the plan with the highest TCPpop. 

2.6.2.6. Typical  tumour  motion 

Inn order to assess the influence of current clinically used field sizes on the dose 
too the CTV for a group of NSCLC patients, we extracted clinically relevant values 
forr the motion parameters from data gathered at our institution. 

AtAt The Netherlands Cancer Institute, the magnitude of tumour motion is 
measuredd for each individual patient from a playback of AP and lateral cine-loops 
acquiredd under normal breathing conditions during fluoroscopy. Tumour 
displacementt varies depending on tumour location within the thorax. Typical values 
forr the motion amplitude of upper lobe tumours are in a range from 2 to 6 mm. 
Tumourr displacement increases for tumours in the hilar region and is maximal for 
tumourss near the diaphragm (range of amplitude 2 to 9 mm). 

Too reduce systematic set-up errors, an off-line correction protocol using a 
(shrinking)) action level (3D vector length < 5 mm) as reported by Bel et ai [2] is 
applied.. If a correction was necessary, this correction was applied prior to the fourth 
fractionn in 95 % of the patients. After correction the resulting random set-up errors 
forr a group of NSCLC patients were 3.0, 3.4 and 2.2 mm (1SD) in the left-right, 
cranial-caudall and ventral-dorsal direction, respectively. For the systematic 
componentt these values were, 1.5, 1.8 and 1.3 mm, respectively. Because of the 

54 4 



InfluenceInfluence of lung tumour motion on the cumulative DVH 

correctionn protocol, no patient had a systematic set-up error with a 3-D vector length 
exceedingg 4.5 mm [W. Heemsbergen, M. Sc, Antoni van Leeuwenhoek Hospital, 
writtenn communication, June 2000]. 

Basedd on these values, we decided that a standard deviation of the random set-
upp errors of 3 mm and a respiration-induced amplitude of breathing motion of 5 mm, 
aree representative for a group of NSCLC patients. 

Inn the estimation of a clinically relevant systematic set-up error, treatment 
preparationn errors like the use of a non-representative CT-scan (Xprep, error in 
positionn of GTV with respect to patient bones), have to be accounted for besides a 
systematicc displacement due to patient positioning in the treatment room (Iset-up. 
errorr in position of patient bones with respect to the treatment room). No 
quantitativee data for Ip r e p are available but a standard deviation of 2.5 mm was 
assumed.. The standard deviations of the systematic errors can be added 
quadratically.. Ninety percent of the NSCLC population will have a systematic set-up 
errorr smaller than two and a halve times the total systematic set-up error [25]. 

ZZcUncUn=2.5^Z=2.5^Z22
setset__upup+Z+Z22

prepprep (5) 

Thiss results in a clinically relevant systematic set-up error, Edin, of about 7.5 mm. 

2.7.2.7. Model  assumptions 

Wee made several assumptions in our simulation of a lung cancer treatment plan 
andd the evaluation of the resulting tumour dose distribution, all leading to an 
overestimatee of the impact of tumour motion on tumour control probability. 
Consequently,, the decrease in tumour control for the set of tumour motion 
parameterss which are typical for our clinic, will be a maximum estimate. In clinical 
practicee the decrease is expected to be smaller for the following reasons. 
-- We simulated an AP-PA treatment with set-up errors and respiration-induced 

tumourr motion perpendicular to the central beam axes. Thus, any movement of 
thee tumour will be in the direction of the penumbra of all fields of the treatment 
plan,, leading to a maximum reduction in dose. In clinical conformal treatment 
plans,, multiple non-opposing beam incidences are used, thus reducing this 
effectt for some directions of tumour motion. 

-- For the calculation of EUD and TCPpop-values, we assumed a homogeneous 
clonogenicc cell distribution of equal density throughout the GTV and CTV. In 
reality,, the clonogenic cell density in the rim of the CTV is lower than in the GTV. 
Becausee of this assumption the fraction of clonogenic cells receiving a low dose 
iss too large . 

-- The parameters for the TCP model were chosen to have a TCPpoP of 50 % in 
casee of homogeneous irradiation of the CTV to the prescribed dose of 70 Gy. 
Thiss point is located on the steepest part of the TCPpop-curve and leads to a 
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maximumm reduction in TCPpop when a part of the CTV is irradiated to less than 
thee prescribed dose. This leads to an overestimate of the reduction in tumour 
controll due to a too low dose in the CTV. 
Wee used DAHs of the central plane of the CTV to assess the consequence of 
tumourr motion on tumour control. As we will show, the use of DAHs instead of 
DVHss of the entire CTV leads to an overestimate of the reduction in EUD and 
TCPp0pp a s a function of tumour motion. 

"-6 00 -50 -40 -30 -20-10 0 10 20 30 40 50 60 
distanc ee from beam axis (mm) 

FigureFigure 4: Dose profiles measured in the central plane through the central beam axis, 
withoutwithout (solid) and with (dashed) displacement of the tumour with respect to the 
centralcentral beam axis. The vertical lines indicate the respective position of the GTV-edge. 

3.. Result s 

3.1.3.1. Variation  in  the dose  distribution  due to  tumour  movement 

Movementt of the unit-density tumour in low-density lung material influences the 
dosee distribution. In Figure 4, dose profiles through the centre of the tumour are 
shown,, for a shift of 0 mm (solid line) and with the tumour shifted 15 mm (dashed 
line).. The vertical solid and dashed lines indicate the borders of the GTV for the 
correspondingg dose profiles. The difference in dose due to presence (or absence) 
off the unit-density tumour is up to 5 %. 

3.2.3.2. A comparison  between  DAHs and DVHs 

Dosee volume histograms of the CTV were determined for the static case and in 
casee of a systematic set-up error of 5 mm and respiration-induced tumour motion 
off 5 mm, parallel to the direction of the set-up error (Figure 5). Also shown are the 
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correspondingg DAHs. The minimum dose for each DVH and corresponding DAH 
aree equal. 
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FigureFigure 5: Dose-volume histograms of the CTV and dose-area histograms of the 
centralcentral plane of the CTV, for two combinations of a systematic set-up error and 
respiration-inducedrespiration-induced tumour motion. 

AA comparison shows that a relatively larger part of the DAH has values in both 
thee high and low dose regions, than the corresponding DVH. Both the regions of 
highestt dose (at the centre of the CTV) and lowest dose to the CTV (at the part of 
thee CTV closest to the beam edges) are located in the central plane through the 
tumour,, contributing relatively more to the DAH than to the DVH. Since both the 
EUDD and TCPpop model are relatively insensitive to overdosage and highly sensitive 
too too low dose values, use of DAHs results in a larger reduction in both EUD and 
TCPp0pp compared with the use of DVHs (Table 1). 

TableTable 1: EUD and TCPpop-values for the DVH of the entire CTV and the corresponding 
DAHDAH of the central plane of the CTV for two different combinations of a systematic 
set-upset-up error and amplitude of respiration-induced tumour motion. For homogeneous 
irradiationirradiation of the CTV to 70 Gy, the EUD and TCPpop are 70 Gy and 50 %, 
respectively. respectively. 

DVH H 

DAH H 

DVH H 

DAH H 

Amplitudee of 

breathing g 

motionn (mm) 

0 0 

0 0 

5 5 

5 5 

Systematic c 

set-upp error 

(mm) ) 

0 0 

0 0 

5 5 

5 5 

EUD D 

(Gy) ) 

69.1 1 

68.9 9 

68.7 7 

67.9 9 

TCPpop p 

(%) ) 
47.8 8 

47.3 3 

46.8 8 

44.8 8 
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Duee to the choice of field size and the resulting dose to the CTV, the EUD of both 
thee DAH and the DVH for the static case is less than 70 Gy. While the DAH shows 
aa decrease of 1.0 Gy in EUD and 2.5 % in TCPpop, these reductions are 0.4 Gy and 
1.00 %, respectively, for the DVH. These results show that use of the DAH of the 
centrall plane of the CTV instead of the DVH of the entire CTV, leads to an 
overestimatee of the impact of tumour motion on tumour control probability. 
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FigureFigure 6: Dose-area histograms of the central plane of the CTV for a) an increasing 
amplitudeamplitude of respiration-induced tumour motion, b) an increasing standard deviation 
inin random set-up errors c) an increasing systematic set-up error d) 5 mm systematic 
set-upset-up error with 5 mm amplitude of breathing motion parallel or perpendicular to the 
set-upset-up error. 

3.3.3.3. Dose-area  histograms  of  the central  plane  of  the CTV 

Thee choice of field size results in a part of the CTV receiving less than 95 % of 
thee prescribed dose for the static case (Figure 5). Each of the three 'motion 
parameters',, systematic set-up error, random set-up errors and respiration-induced 
tumourr motion, has a different influence on the dose delivered to the CTV. In Figure 
6a,, DAHs are shown for irradiation of the tumour without set-up errors, but with 
differentt amplitudes of tumour motion due to patient breathing. The shape of the 
DAHH essentially remains the same. Furthermore, a slight decrease in minimum 
tumourr dose is observed with increasing breathing motion. The minimum tumour 
dosee is 92.3 % for the static case and 91.8 % in case of a 10 mm amplitude of 
breathingg motion. 
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Inn Figure 6b, DAHs are shown for an increase in the standard deviation of 
randomm set-up errors without a systematic set-up error or breathing motion. A 
randomm set-up error of 5 mm (1SD) hardly has any influence on the minimum dose 
too the tumour. A random set-up error of 10 mm results in a decrease in minimum 
dosee from 92.3 % (static case) to 87.1 %. Also the 'volume' receiving a dose of less 
thann 95 % increases from 4.7 % (static case) to 22.7 % in case of a 10 mm standard 
deviationn in random set-up errors. 

Inn Figure 6c, DAHs are shown for an increase in systematic set-up error without 
randomm set-up errors or breathing motion. The tumour volume receiving a dose less 
thann 95 % of the prescribed dose is increased from 4.7 % (static case) to 13.8 % 
andd 19.9 % for a systematic error of 5 and 10 mm, respectively. Also, the minimum 
dosee to the tumour decreases considerably with increasing set-up error from 92.3 
%% to 88.5 % and 80.0 % for systematic set-up errors of 0 mm, 5 mm and 10 mm, 
respectively. . 

Inn Figure 6d, DAHs are shown for a systematic set-up error of 5 mm with 
respiration-inducedd tumour motion of 5 mm parallel or perpendicular to the set-up 
error.. There is a slight difference in the DAH as a function of the breathing direction. 
Thee minimum dose to the CTV is 87.5 % and 88.5 % for the parallel and 
perpendicularr case, respectively. The volume of the CTV receiving a dose less than 
955 % of the prescribed dose is 15.0 % and 14.3 %, respectively. For both the 
parallell and perpendicular case, the minimum dose to the CTV and the volume of 
thee CTV receiving a dose less than 95 %, are comparable to the case of only 5 mm 
systematicc set-up error and no breathing motion (Figure 6c). This finding suggests 
thatt the systematic set-up error is the main cause of the low dose in the CTV. 

TableTable 2: EUD and TCPpoP-values for the dose-area histogram of the central plane of 
thethe CTV for an increasing amplitude of respiration-induced tumour motion, an 
increasingincreasing standard deviation in random set-up errors and an increasing systematic 
set-upset-up error. For homogeneous irradiation of the CTV to 70 Gy, the EUD and TCPpoP 

areare 70 Gy and 50 %, respectively. 

Amplitudee of 

breathingg motion 

(mm) ) 

0 0 

5 5 

10 0 

15 5 

--
--
--
--
--

--

Random m 

set-upp error 

(11 SD, mm) 

0 0 

--
--
--
5 5 

10 0 

15 5 

--
--

--

Systematic c 

set-upp error 

(mm) ) 

0 0 

--
--
--
--
--
--
5 5 

10 0 

15 5 

EUD D 

(Gy) ) 

68.9 9 

68.8 8 

68.5 5 

67.7 7 

68.7 7 

67.4 4 

64.9 9 

68.2 2 

66.1 1 

51.1 1 

TCPpop p 

(%) ) 
47.3 3 

47.0 0 

46.3 3 

44.3 3 

46.8 8 

43.5 5 

36.9 9 

45.5 5 

40.1 1 

6.0 0 
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Inn Table 2, EUD and TCPpop-values are listed for the DAH of the CTV for an 
increasee in each of the three motion parameters separately. In case of increasing 
respiration-inducedd tumour motion, both the EUD and TCPpop show little decrease, 
evenn for an amplitude of 15 mm. For an increase in the standard deviation of 
randomm set-up errors, the decrease in both EUD and TCPpop is larger. The data 
regardingg a standard deviation of 15 mm has been gathered using film 
measurementss over an interval of -2a to +2a. For all other random errors the 
intervall was from approximately -3a to +3a. An increase in the systematic set-up 
errorr has the most pronounced effect on both the EUD and TCPpoP. The EUD 
decreasess with 0.7, 2.8 and 17.8 Gy for a systematic set-up error of 5 mm, 10 mm 
orr 15 mm, respectively, as compared to static case. The corresponding reductions 
inn TCPp0p

 a r e 1 -8. 7 - 2 a n d 4 1 -3 % ' respectively. 

TableTable 3: EUD and TCPpop-values for the dose-area histogram of the central plane of 
thethe CTV, for different combinations of respiration-induced tumour motion and set-up 
errors.errors. For homogeneous irradiation of the CTV to 70 Gy the EUD and TCPpoP are 70 
GyGy and 50 %, respectively. 

Amplitudee of 

breathingg motion 

(mm) ) 

5 5 

5 5 

5 5 

5 5 

5 5 
--
--
--
--
. . 

5 5 

5 5 

5 5 

5 5 

5 5 

Random m 

set-upp error 

(11 SD, mm) 

--
--
--
--
--

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

Systematic c 

set-upp error 

(mm) ) 

0 0 

2.5 5 

5 5 

7.5 5 

10 0 

0 0 

2.5 5 

5 5 

7.5 5 

10 0 

0 0 

2.5 5 

5 5 

7.5 5 

10 0 

EUD D 

(Gv) ) 

68.8 8 

68.5 5 

67.9 9 

66.9 9 

64.7 7 

68.9 9 

68.6 6 

68.0 0 

67.0 0 

65.1 1 

68.8 8 

68.5 5 

67.9 9 

66.7 7 

64.0 0 

TCPpop p 

(%) ) 
47.0 0 

46.3 3 

44.8 8 

42.2 2 

36.4 4 

47.3 3 

46.5 5 

45.0 0 

42.4 4 

37.5 5 

47.0 0 

46.3 3 

44.8 8 

41.7 7 

34.5 5 

Inn Table 3, EUD and TCPpoP-values are given for the DAH of the CTV for 
differentt scenario's incorporating an increasing systematic set-up error together 
withh a fixed combination of breathing amplitude and random set-up errors. It is 
shownn that a 5 mm amplitude of breathing motion has a slightly larger effect on the 
tumourr control than random set-up errors with 3 mm standard deviation. In 
combinationn with Table 2 it can be seen that the influence of patient breathing and 
randomm set-up errors on the cumulative dose to the CTV increases with an increase 
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inn systematic set-up error. For example, combining 5 mm of breathing motion with 
aa systematic set-up error of 10 mm decreases the TCPpoP with 3.7 % from 40.1 % 
too 36.4 %, while combining the same breathing motion with a systematic set-up 
errorr of 5 mm the decreases the TCPpoP with only 0.7 %. 

Withh the field sizes used and the clinically relevant combination of motion 
parameters,, the minimum dose in the CTV is 82 % of the prescribed dose of 70 Gy 
(57.33 Gy). The EUD, however, is 66.7 Gy, a reduction of 3.3 Gy in comparison with 
homogeneouss irradiation of the CTV to 70 Gy. This reduction in EUD corresponds 
withh a reduction in TCPpop of 8.3 %. In comparison with the static case, the 
reductionn in EUD and TCPpop i s smaller, 2.2 Gy and 5.6 %, respectively. The 
systematicc set-up error is mostly responsible for this reduction. Without the 
systematicc set-up error, the EUD and TCPpop a r e 6 8 - 8 Gy a n d 4 7 -  % . respectively, 
whichh is only slightly lower than for the static case. 

Inn Table 4, EUD and TCPpop-values are given for the DAH of the CTV for an 
increasingg amplitude of respiration-induced tumour motion combined with the 
clinicallyy relevant systematic set-up errors. It is shown that only large amplitudes of 
breathingg motion contribute to a decrease in tumour control probability. 

TableTable 4: EUD and TCPpop-values for the dose-area histogram of the central plane of 
thethe CTV, for the clinically relevant set-up errors and an increasing amplitude of 
respiration-inducedrespiration-induced tumour motion. For homogeneous irradiation of the CTV to 70 Gy, 
thethe EUD and TCPpop are 70 GY and 50 %> respectively. 

Amplitudee of 

breathingg motion 

(mm) ) 

0 0 

2.5 5 

5 5 

7.5 5 

10 0 

Random m 

set-upp error 

(11 SD, mm) 

3 3 

3 3 

3 3 

3 3 

3 3 

Systematic c 

set-upp error 

(mm) ) 

7.5 5 

7.5 5 

7.5 5 

7.5 5 

7.5 5 

EUD D 

(Gy) ) 

67.0 0 

66.9 9 

66.7 7 

66.1 1 

65.1 1 

TCPpop p 

(%) ) 
42.4 4 

42.3 3 

41.6 6 

40.1 1 

37.5 5 

4.. Discussio n 

Thee influence of tumour motion on the cumulative dose to a lung tumour has 
beenn assessed by means of film measurements on an inhomogeneous phantom. 
Thee effects of systematic set-up errors, random set-up errors and respiration-
inducedd tumour motion on tumour control were investigated, both separately and 
combined,, for an 8 MV AP-PA irradiation with current clinically used field margins. 
Forr relevant tumour motion parameters, as gathered at The Netherlands Cancer 
Institute,, there is a large inhomogeneity in the dose delivered to the CTV leading to 
aa reduction in the EUD of the CTV. However, one should keep in mind that in our 
modell we simulated a worst case scenario resulting in a maximum estimate of the 
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decreasee in tumour control probability for irradiations using field sizes that are 
clinicallyy applied in our institution, i.e. using a margin of 16 mm between CTV and 
fieldd edge. 

4.1.4.1. Effect  of  set-up  error  and patient  breathing  on the 3-D dose 
distribution distribution 

AA drop in EUD and TCPpop is observed as a function of the increase in set-up 
errorss or respiration-induced tumour motion, with a systematic set-up error having 
thee most pronounced effect (Table 2). If a systematic set-up error occurs, a fixed 
partt of the tumour is permanently located in a region with lower dose values. During 
patientt breathing, the part of the tumour moving towards the field edge and hence 
receivingg a lower dose in one half of the breathing cycle, will move towards the 
centrall beam axis in the other half of the breathing cycle, subsequently receiving a 
higherr dose. This at least partially compensates for the earlier too low dose. The 
consequencee of CTV movement to regions outside the 95 % isodose level is also 
smalll because of the broad beam penumbra in the low density material. The same 
mechanismm explains the relatively small influence of random set-up errors on the 
cumulativee dose distribution. Stroom et al. [24] and van Herk etal. [25] showed that, 
forr a tumour in homogeneous surroundings, the influence of systematic set-up 
errorss on the required treatment margin is much larger than for random (day-to-day) 
errors.. Although respiration-induced tumour motion is not a random event, 
movementt around a systematic offset has a similar blurring effect on the cumulative 
dosee distribution as random set-up errors. 

Furthermore,, the presence of the tumour itself reduces the effect of motion on 
thee cumulative dose distribution, by leading to an increased dose inside the GTV 
whenn moving towards the field edge. This is due to the favourable effect of the unit-
densityy tissue of the GTV (Figure 4). However, the effect of this change in dose 
distributionn is small. For a systematic set-up error of 10 mm, the EUD reduces only 
fromm 66.1 to 65.8 Gy when assuming a dose distribution that is invariant to tumour 
movement. . 

4.2.4.2. Clinical  consequences 

Withh respect to homogeneous irradiation of the CTV to 70 Gy, the EUD and 
TCPpopp a r e reduced with 3.3 Gy and 8.3 %, respectively, for the clinically relevant 
combinationn of motion parameters. This reduction in TCPpop and EUD is not an 
averagee for a group of lung patients, but representative for a single patient. Ninety 
percentt of the lung cancer patients will have a smaller reduction in TCPpop and EUD 
becausee they have a smaller systematic set-up error. The reduction in EUD and 
TCPpopp c a n D e compensated by increasing field margins, resulting in a more 
homogeneouss dose distribution, delivered to the CTV. Larger field sizes, however, 
leadd to an increase in dose to normal tissues and therefore to an increased risk of 
complicationss which may worsen the clinical outcome of the irradiation. Considering 
thee assumptions we made (section 2.7), the reduction in TCPpoP and EUD of the 
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CTVV will be considerably smaller for the multiple beam treatment plans that are 
usedd for conformal therapy of NSCLC patients at our institution. Although the use 
off a margin of about 16 mm between CTV and field edge results in both the PTV 
andd CTV receiving a dose of less than 95 % of the prescribed dose, the resulting 
smalll drop in tumour control probability is acceptable for a group of NSCLC 
patients. . 

Sincee the systematic set-up error has the most pronounced effect on the 
reductionn in EUD and TCPpopi it is recommended to concentrate efforts on keeping 
thiss error as small as possible. We already use a set-up correction protocol to 
reducee systematic patient misalignment in the treatment room. Another component 
off the systematic set-up error that can be reduced, is the use of a non-
representativee CT-scan for treatment planning. At our institution, research is 
performedd by acquiring CT-scans under different breath-hold conditions using 
activee breathing control [27]. With these scans we will assess in what phase of the 
breathingg cycle a representative CT-scan can be made. With the use of a 
representativee CT-scan and accurate target delineation the representative 
systematicc set-up error can be reduced. A reduction from 7.5 to 5 mm already leads 
too an improved cumulative dose in the CTV resulting in a gain in both EUD (1.2 Gy) 
andd TCPpop (3.1 %), see Table 3. 

Inn comparison with our AP-PA treatment, a plan for a lung cancer patient based 
onn multiple (non-coplanar [9]) beams with a choice of field sizes based on the same 
dosee calculation algorithm as used for our study, will result in a better tumour 
coverage.. The dose gradient outside the 95 % isodose level will be shallower since 
thee effect of each beam penumbra on the total dose at a certain point is diminished. 
Furthermore,, the use of a non-coplanar beam set-up allows the sparing of organs 
att risk [9]. Future investigations are aimed at determining the correct field margin 
forr a group of lung cancer patients for an irradiation based on multiple beams with 
andd without the use of IMRT. 

Shortt time presence of the CTV outside the 95 % isodose level which results in 
aa too low dose to a part of the CTV can be compensated. Therefore we do not 
recommendd a margin from CTV to PTV in such a way that the CTV is always 
locatedd within the PTV, which was already suggested by Ekberg et al. [6]. Such an 
approachh has also been incorporated in the work of van Herk et al. [25]. 

Additionn of a 5 mm amplitude of respiration-induced tumour motion to any 
combinationn of systematic and random set-up errors has a small additional 
contributionn to the decrease in EUD and TCPpop. Therefore, for the majority of lung 
tumours,, which are located in the upper lobes and showing limited breathing 
motion,, it might not be essential to control tumour motion during irradiation, by 
meanss of gated therapy [13,22] or the use of an ABC-device, as long as current 
marginss (of about 16 mm for 8 MV beams) between the CTV and the beam edge 
aree used. However, when IMRT is used to sharpen the beam penumbra [3,20] or to 
compensatee uncertainties in patient alignment [16], the influence of breathing 
motionn on the dose distribution may increase and control of patient breathing during 
irradiationn may become effective. Control of patient breathing is also useful for very 
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largee breathing motion, e.g. an amplitude of 10 mm (displacement of 20 mm), see 
Tablee 4. 

Wee advocate the shrinking of field sizes by applying beam intensity modulation. 
Thiss leads to a lower dose to the lungs [3,5] and subsequently a decreased 
probabilityy of inducing complications such as radiation pneumonitis [15], while 
maintainingg adequate target coverage. However, this goal should not be pursued 
withoutt monitoring set-up errors and breathing motion during treatment for each 
patientt individually with, for example, the use of an electronic portal imaging device. 
Thesee quality control procedures are necessary when applying IMRT because 
temporaryy movement of the tumour too close to the field edge or even outside the 
fieldd portal might lead to an unacceptable low dose in the CTV. 

5.. Conclusio n 

Forr clinically representative values of motion parameters and currently applied 
fieldd margins of 16 mm between the CTV and field edge (6 mm between PTV and 
fieldd edge), there is an inhomogeneity in dose distribution over the CTV, resulting in 
aa maximum drop in EUD of 3.3 Gy compared to homogeneous irradiation of the 
CTVV to 70 Gy. It should be stressed that this situation represents a 'maximum' 
reductionn because we considered a worst case scenario. In clinical practice, this 
reductionn will be much smaller since multiple non-opposing beams will generally be 
usedd while in addition the clonogenic cell density in the rim of the CTV is likely to 
bee smaller than in the GTV. Furthermore, employing DAHs also leads to an 
overestimatee of the impact of tumour motion on tumour control probability. 

Wee showed that systematic set-up errors have a dominant effect on the 
cumulativee dose delivered to a lung tumour. The effect of random set-up errors and 
respiration-inducedd tumour motion is small. Therefore, the gain of controlling 
breathingg motion during irradiation is small and attention should be focussed on 
minimisingg systematic errors. 
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