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Abstract : : 

Purpose:Purpose: With the mean lung dose (MLD) as an estimator for the normal tissue 
complicationn probability (NTCP) of the lung, we assessed whether the probability of 
tumorr control of lung tumors might be increased by dose escalation in combination 
withh a reduction of field sizes, thus increasing target dose inhomogeneity while 
maintainingg a constant MLD. 

MethodsMethods and materials: An 8 MV AP-PA irradiation of a lung tumor, located in a 
cylindricallyy symmetric lung-equivalent phantom, was modeled using numerical 
simulation.. Movement of the clinical target volume (CTV) due to patient breathing 
andd setup errors was simulated. The probability of tumor control, expressed as the 
equivalentt uniform dose (EUD) of the CTV, was assessed as a function of field size, 
underr the constraint of a constant MLD. The approach was tested for a treatment 
off a non-small cell lung cancer (NSCLC) patient using the beam directions of the 
clinicallyy applied treatment plan. 

Results:Results: In the phantom simulation it was shown that by choosing field sizes that 
ensuredd a minimum dose of 95 % in the CTV ('conventional' plan) taking into 
accountt setup errors and tumor motion, an EUD of the CTV of 43.8 Gy can be 
obtainedd for a prescribed dose of 44.2 Gy. By reducing the field size and thus 
shiftingg the 95 % isodose surface inwards, the EUD increases to a maximum of 68.3 
Gyy with a minimum dose in the CTV of 55.2 Gy. This increase in EUD is caused by 
thee fact that field size reduction enables escalation of the prescribed dose while 
maintainingg a constant MLD. Further reduction of the field size results in decrease 
off the EUD because the minimum dose in the CTV becomes so low that it has a 
predominantt effect on the EUD, despite further escalation of the prescribed dose. 
Forr the NSCLC-patient, the EUD could be increased from an initial 62.2 Gy for the 
conventionall plan, to 83.2 Gy at maximum. In this maximum, the prescribed dose 
iss 88.1 Gy, and the minimum dose in the CTV is 67.4 Gy. In this case, the 95 % 
isodosee surface is conformed closely to the 'static' CTV during treatment planning. 

Conclusions:Conclusions: Iso-NTCP escalation of the probability of tumor control is possible 
forr lung tumors by reducing field sizes and allowing a larger dose inhomogeneity in 
thee CTV. Optimum field sizes can be derived, having the highest EUD and highest 
minimumm dose in the CTV under condition of a constant NTCP of the lungs. We 
concludee that the concept of homogeneous dose in the target volume is not the best 
approachh to reach the highest probability of tumor control for lung tumors. 
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1.. Introductio n 

Currentt clinical practice, following the recommendations of ICRU Report 50 [1], 
iss to conform the 95 % isodose level to a planning target volume (PTV), while at the 
samee time limiting the maximum dose in the PTV to 107 % of the dose prescribed 
too the ICRU reference point. The PTV is a geometrical structure, constructed from 
thee gross tumor volume (GTV). The first step is to expand the GTV into a clinical 
targett volume (CTV) to account for the spread of sub-clinical disease. A further 
marginn is then applied to the CTV to account for tumor movement, patient setup 
errorss and other 'geometrical' errors, yielding the PTV. Conforming the 95 % 
isodosee level to the PTV should lead to an adequate dose distribution in the CTV 
takingg into account the effects of setup errors and patient breathing on the dose to 
thee CTV. 

Forr lung tumors, the intrinsic broadening of the beam penumbra in low-density 
lungg tissue with respect to unit-density tissue [2-6] necessitates the use of relatively 
largee field sizes, leading to a high mean lung dose (MLD) and a high chance of 
normall tissue complications (NTCP) [7]. At the same time, current dose levels result 
inn a poor clinical outcome [8-10]. 

Att The Netherlands Cancer Institute (NKI), a phase l/lI dose escalation study for 
non-smalll cell lung cancer (NSCLC) patients is performed. Treatment plans are 
appliedd that conform the planned 95 % isodose level to the PTV, which is a 15 mm 
3-DD expansion of the GTV. The margin from GTV to CTV is 5 mm. The prescribed 
dosee is escalated in steps of 6.75 Gy (3 fractions of 2.25 Gy). By maintaining dose 
homogeneityy in the PTV, escalation of the prescribed dose will be limited to a 
certainn dose level due to an unacceptable high chance of lung complications, even 
whenn closely conforming the high dose region to the PTV. Thus, for lung tumor 
treatments,, the lung dose will be a limiting factor in escalating the prescribed dose 
andd hence in the achievable probability of tumor control. It seems therefore 
worthwhilee to investigate whether the probability of tumor control might be 
increasedd by escalating the dose while allowing a larger dose inhomogeneity in the 
targett volume than recommended by the ICRU. A straightforward approach will be 
too reduce field sizes under the condition of a constant MLD, thus decreasing the 
marginn between the CTV as delineated on the CT-scan and the planned 95 % 
isodosee level while maintaining a constant level of NTCP of the lung. Although this 
approachh leads to an increase in target dose inhomogeneity, it also allows 
substantiall escalation of the prescribed dose. We investigated whether the 
probabilityy of tumor control, expressed as the equivalent uniform dose (EUD) [11], 
couldd be increased in this way, i.e. whether escalation of the probability of tumor 
controll with an iso-NTCP boundary condition is possible. 
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2.. Method s and Material s 

Firstt of all we performed a numerical simulation using a simplified 'patient' 
geometryy and beam setup to test the practicability of the approach of field size 
reduction.. Since this simulation was used as a 'proof of principle', a number of 
simplificationss were applied. After this phantom simulation we tested whether field 
sizee reduction under constraint of a constant NTCP of the lung, i.e. a constant MLD, 
leadss to an increase in the probability of tumor control for the treatment of a 
NSCLC-patient.. For this clinical case we used a 3-D treatment planning system 
becausee it was too complicated to accurately simulate a multiple beam irradiation 
off a lung cancer patient taking into account the effects of, for example, changes in 
tissuee density. 

Inn this study we use two CTV definitions. The 'static' CTV, CTVS, is the 3-D 
expansionn of the GTV as delineated on the CT-scan and used for treatment 
planning.. For evaluation of a treatment plan we determine the dose volume 
histogramm (DVH) of the clinical target volume taking into account the effects of set-
upp errors and patient breathing on the cumulative dose to this volume. In this case 
wee use the term 'CTV'. 

Inn clinical practice, a treatment plan is judged by evaluating the dose volume 
histogramm (DVH) of the PTV. Although adequate coverage of the PTV should imply 
adequatee coverage of the CTV, this does not mean that the dose distribution in the 
PTVV when designing a treatment plan is representative for the dose in the moving 
CTV.. Therefore, in our approach we use the DVH of the CTV for evaluation of a 
treatmentt plan, taking into account tumor motion due to setup errors and patient 
breathing. . 

2.1.2.1. Numerical  simulation  with  an inhomogeneous  phantom 

Inn this theoretical part of the study, an 8 MV AP-PA irradiation of a tumor located 
centrallyy in a lung was simulated. The phantom (Figure 1) is cylindrically symmetric 
withh respect to the central beam axes. The GTV, indicated by the solid box at the 
centerr of the phantom, has a height and diameter of 50 mm. The volume of both the 
GTVV (about 100 cm3) and the lung (about 3000 cm3) are typical values for NSCLC-
patients.. The GTV was expanded with 5 mm into the CTVS. The ICRU reference 
pointt was located at the center of the CTVS. For simplicity we assumed non-
divergentt beams. For the AP-PA beam setup used, the dose gradient in the 
directionn parallel to the central beam axes is small. This gradient, as well as build-
upp and build-down effects at the tumor-lung interface, were neglected in our 
simulationss and may therefore lead to some uncertainty in the calculations. 
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FigureFigure 1: Cross-section of the cylindrical phantom simulating an AP-PA beam setup 
forafora field size of 110 mm in diameter. The gray areas indicate unit density tissue, the 
centralcentral white area indicates lung tissue with a density of 0.25 g/cm3. The cross at the 
centercenter indicates the ICRU reference point, while the dotted box indicates the edge of 
thethe CTV*. 

Thee 3-D dose distribution in the phantom is circularly symmetric with respect to 
thee central beam axes. For the dose profile perpendicular to the central axes we 
usedd a measured profile of a 10 cm x 10 cm 8 MV beam in cork (0.25 g/cm3) at a 
depthh of 10 cm (the unblurred profile in Figure 2). Other field sizes, over a range of 
600 to 110 mm, were simulated by shifting the 50 % isodose level with respect to the 
centrall beam axes. 

Thee relative MLD (rMLD), defined as the mean dose over the total lung 
(excludingg the GTV) relative to the prescribed dose, was calculated. Using this 
rMLD,, the prescribed dose for a specific field size was chosen in such a way that 
thee resulting absolute MLD was 20 Gy. This dose level was chosen because above 
thiss threshold value a large increase in radiation pneumonitis is observed [7]. 
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FigureFigure 2: Measured dose profile of a 10 cm x 10 cm 8 MV beam in material of lung 
densitydensity with (dashed line) and without (solid line) blurring due to random setup errors 
andand patient breathing. 

2.2.2.2. Tumor  motion 

Preliminaryy results from a portal imaging study of a group of lung cancer patients 
treatedd in our institution, showed a standard deviation of random setup errors of 3.0, 
3.44 and 2.2 mm (1SD) in the left-right, cranial-caudal and ventral-dorsal direction, 
respectively.. Furthermore, a respiration-induced tumor motion of 10 mm (peak-to-
peak)) was assessed. We simulated tumor motion as a function of the patient 
breathingg cycle according to breathing data by Lujan era/. [12] (Figure 3). 

0.00 0.5 1.0 1.5 
Fractionn of breathing cycle 

FigureFigure 3: Respiration-induced motion of the CTV with a peak-to-peak displacement of 
1010 mm. The average displacement is 0 mm. 

Usingg the data from the same portal imaging study as described above, a 
clinicallyy relevant systematic error of 7.5 mm was inferred, which includes setup 
errorss and target delineation errors. Furthermore, the choice of 7.5 mm implies that 

72 2 



Iso-NTCPIso-NTCP lung dose-escalation 

onlyy 10 % of this group of patients will have a larger systematic error [13]. We 
blurredd the dose distribution for all random errors and patient breathing and took a 
singlee systematic error of 7.5 mm into account. Therefore, there is a 90 % 
probabilityy that the resulting dose distribution in the CTV will be equal to or better 
thann the single DVH of the CTV that is determined. 

Inn our study the systematic error was simulated by displacement of the dose 
distributionn with respect to the CTVS with 7.5 mm in the lateral direction, 
perpendicularr to the central beam axes. This leads to the largest reduction in dose 
inn the CTV. As discussed elsewhere [e.g. 14-16], random setup errors lead to a 
blurringg of the dose distribution. For reasons of simplicity, we assumed for the 
simulationn a standard deviation of random setup errors of 3 mm in all directions. 
Patientt breathing also leads to blurring of the dose distribution. The 1-D dose profile 
afterr blurring (convolution) is shown in Figure 2. The DVH of the CTV was 
determinedd by dividing the CTV into small voxels and calculating the dose to each 
voxel. . 

2.3.2.3. Patient  treatment  plans 

Ourr working hypothesis that field size reduction allows escalation of the 
probabilityy of tumor control, was also tested for a treatment of a NSCLC-patient. 
Thee transversal plane in which the isocenter was located is shown in Figure 4. 

\\ / 

FigureFigure 4: Transversal CT-slice of a NSCLC-patient. Highlighted are the GTV (solid 
whitewhite area), a 5 mm 3-D expansion of the GTV into the CTVS (solid white line) and the 
fivefive directions of beam incidence. 
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Inn contrast to the numerical simulation of the phantom, simply decreasing the 
fieldd size of all fields with the same amount would result in non-ideal dose 
distributions,, due to the complex geometry of the tumor surroundings. We therefore 
adaptedd the field sizes, field shapes and relative field weight of the five beams such 
thatt the 95 % isodose surface encompassed the CTVS plus a certain margin. This 
marginn was reduced in discrete steps, thus creating four different treatment plans; 

Plann CTVS+10; 95 % isodose level conformed to the CTVS plus a 10 mm 3-D expansion 
Plann CTVs+5; 95 % isodose level conformed to the CTVS plus a 5 mm 3-D expansion 
Plann CTVs+0; 95 % isodose level conformed to the CTVS 

Plann CTVs-5; 95 % isodose level conformed to the CTVS plus a 5 mm 3-D contraction 

Forr all plans, the margin between the GTV and the CTVS is 5 mm. Use was 
madee of the ADAC Pinnacle3 treatment planning system (version 5.2g), which uses 
aa convolution-superposition algorithm to calculate the dose distribution. One of the 
planningg constraints was that a maximum of 2 % of the volume of the structure to 
whichh the 95 % isodose level is conformed, may receive a dose between 90 % and 
955 % of the prescribed dose during treatment planning. The prescribed dose for 
eachh treatment plan was chosen to result in a MLD of 20 Gy. 

Ass in the phantom simulation, we determined the DVH of the CTV taking into 
accountt all random errors, patient breathing and a systematic error that is 
representativee for 90 % of the patients. The 3-D dose distribution in the CTV was 
determinedd in three steps. First, the 95 % isodose level was conformed to one of 
thee four expansions of the CTVS using a specific combination of field shapes, field 
sizes,, wedge angles and monitor units for each field. Next, keeping all these 
parameterss constant, the isocenter was shifted by 7.5 mm in order to simulate a 
systematicc error. To limit the amount of calculations, we only simulated a systematic 
errorr in the cranial, the caudal and the lateral direction for each treatment plan. For 
aa tumor located centrally in a lung, the reduction in dose outside the 95 % isodose 
levell will be largest in the cranial and caudal directions due to the overlap of 
penumbraee of all fields in the (co-axial) treatment plan. For the patient used in our 
study,, however, the CTVS is partly embedded in unit-density tissue of the 
mediastinum.. Since the penumbra of a beam in unit-density mediastinum is much 
steeperr than in the low-density lung tissue, it might therefore be a worst case, for 
thiss patient, if the isocenter of the treatment plan is displaced in the lateral direction. 
Thiss explains our third choice for the directions of the systematic error. The reason 
thatt we simulated a systematic set-up error by displacement of the isocenter in the 
TPSS and not by a shift in the dose distribution with respect to the tumor position, as 
wee did for the phantom simulation, is explained in the Appendix. 

Inn the final step of the plan evaluation (i.e., after treatment planning and shifting 
thee isocenter with 7.5 mm) the 3-D dose distribution in the patient and the position 
off the CTVS with respect to this dose distribution were extracted from the treatment 
planningg system into an in-house software package. With this software package, 
thee 3-D dose distribution was blurred for random setup errors and patient breathing, 
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accordingg to the non-isotropic values given in Section 2.2. Patient breathing was 
supposedd to result in tumor motion in the cranial-caudal direction only. The DVH of 
thee CTV was constructed from the dose to 104 points that were randomly distributed 
insidee the CTV. 

2.4.2.4. Plan evaluation 

Forr plan evaluation of both the phantom and patient irradiation we used the 
conceptt of equivalent uniform dose [11]. The EUD is defined in such a way that 
homogeneouss irradiation of a target volume with this EUD results in the same 
clonogenicc cell kill as irradiation of the target volume with the inhomogeneous dose 
distribution,, represented by the DVH. A higher EUD represents an increase in 
clonogenicc cell kill and thus an increase in the probability of tumor control. The EUD 
conceptt is simpler than the TCP model by Webb and Nahum [17] in the sense that 
itt does not require the absolute number of clonogenic cells as input. The EUD 
modell doesn't provide absolute TCP values, but is a relatively easy way to compare 
rivall plans. 

Wee assumed a homogeneous clonogenic cell density in the entire CTV. The 
EUD-formulaa for homogeneous clonogenic cell distributions, as provided by 
Niemierkoo [11], was used; 

A^lnj j 'M 'M 
Heree Vj is the volume of voxel i. The reference dose per fraction, Dref, is 2 Gy and 

SF2,, the surviving fraction at 2 Gy, is set to 0.5, which corresponds with an oc-value 
off 0.35. 

3.. Result s 

3.1.3.1. Phantom  simulation 

Inn Figure 5, the EUD is shown for the AP-PA irradiation of the phantom as a 
functionn of decreasing field size. Also shown in this figure are the prescribed dose 
andd the minimum dose in the CTV. Use of the CTV concept means that the dose 
distributionn is blurred for random errors and patient breathing and that the CTVS is 
shiftedd by 7.5 mm to simulate a systematic error. Field sizes of at least 110 mm 
diameterr are necessary in order to satisfy the recommendations of ICRU Report 50 
(whichh we interpret as a minimum dose in the CTV of 95 % of the prescribed dose 
forr 90 % of the patients). The corresponding margin of 25 mm between the edge of 
thee CTVS and the field edge accounts for the beam penumbra in low-density tissue, 
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aa systematic error of 7.5 mm, patient breathing and random errors. In order to avoid 
thatt the MLD exceeds 20 Gy, the prescribed dose is limited to 44.2 Gy, leading to a 
minimumm dose in the CTV of 42.2 Gy and an EUD of 43.8 Gy. 

100 0 

80 0 

o o 
88 40 
Q Q 

20 0 

600 70 80 90 100 110 

Fieldd diameter (mm) 

FigureFigure 5: Prescribed dose, EUD of the CTV and minimum dose in the CTV as a 
functionfunction of field size for an AP-PA irradiation of a phantom simulating a tumor located 
centrallycentrally in a lung. The mean lung dose is 20 Gy for each field size. The ellipse 
indicatesindicates the field size for which the minimum dose in the CTV is 95 % of the 
prescribedprescribed dose (ICRU Report 50 recommendation). 

Iff the field size decreases, i.e. if the margin between the CTVS and the planned 
955 % isodose level decreases, escalation of the prescribed dose is possible while 
maintainingg a constant MLD. With decreasing field size, dose inhomogeneity over 
thee CTV increases, indicated by an increase in the separation between the curves 
representingg the prescribed dose and the minimum dose in the CTV. Although the 
prescribedd dose is continuously increasing with a reduction in field size, both the 
EUDD and the minimum dose in the CTV show a maximum. The EUD can be 
increasedd with almost 25 Gy to about 68.3 Gy by reducing the field size to 82 mm 
diameter.. In this case, the minimum dose in the CTV is 54.7 Gy, which is only 66 % 
off the prescribed dose of 83.1 Gy. This is, however, considerably larger than the 
highestt dose in the plan for which the minimum dose in the CTV is limited to 95 % 
off the prescribed dose. The optimum margin between the CTVS and the field-edge 
iss 11 mm. Since in low-density lung tissue the distance between the 50 % and the 
955 % isodose level is about 16 mm for an 8 MV beam, this means that the planned 
955 % isodose level is located 5 mm inside the CTVS during treatment planning. 

Thee minimum absolute dose in the CTV can also be escalated when reducing 
fieldd sizes and allowing an increase in target dose inhomogeneity. It has a maximum 
(555 Gy, 74 % of the prescribed dose of 75 Gy) for a field size of 86 mm diameter. 
Thesee results show that the approach of iso-NTCP dose escalation by means of 
fieldd size reduction can be useful for lung cancer patients and are a justification for 
testingg this approach for a NSCLC-patient irradiation. 
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FigureFigure 6: Dose-volume histograms of the CTV for the NSCLC patient for: a) treatment 
planplan CTVs+0 for the three different directions of a systematic error of 7.5 mm; b) the 
fourfour different treatment plans for a systematic error of 7.5 mm in the lateral direction. 
IndicatedIndicated is the prescribed dose for each DVH for the corresponding treatment plan. 
TheThe mean lung dose is 20 Gy for each plan. 

3.2.3.2. Patient  treatment  plans 

Wee designed treatment plans in which the prescribed dose was chosen to result 
inn a MLD of 20 Gy. The DVH of the CTV was constructed taking into account the 
effectt of patient breathing and setup errors. In Figure 6a, DVHs are shown for the 
NSCLC-patientt for treatment plan CTVs+0 for the three different directions of a 
systematicc setup error. In this case, the prescribed dose is 88.1 Gy. All three DVHs 
exhibitt a low-dose tail. Although there is a clear difference in shape between the 
DVHss in the high-dose region, this does not lead to significantly different EUD 
valuess of the CTV (Table 1). 

Inn Figure 6b, DVHs are shown for the NSCLC-patient for each of the four 
treatmentt plans for a systematic displacement of the isocenter in the lateral 
direction.. If the margin between the CTVS and the planned 95 % isodose level 
decreasess (i.e., if the field sizes are reduced), the prescribed dose can be 
substantiallyy escalated. Dose inhomogeneity in the CTV, however, increases as 
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well,, as is indicated by the appearance of a tail towards low dose values. The 
minimumm relative dose in the CTV drops from 96.7 % of the prescribed dose for plan 
CTVS+100 to 90.9 %, 76.5 % and 49.2 % for plan CTVs+5, CTVs+0 and CTVs-5, 
respectively.. This continuous decrease in minimum relative dose in the CTV does, 
however,, not imply a decrease in the minimum absolute dose in the CTV (Figure 7) 
orr in the EUD (Table 1). Similar to what has been shown in the phantom simulation, 
thee prescribed dose is continuously increasing if the field sizes are reduced, while 
thee EUD and the minimum absolute dose in the CTV have a maximum. 

Forr this particular patient, treatment plan CTVS+10 leads to a dose distribution 
inn the CTV in accordance with the ICRU recommendations. The optimum strategy 
regardingg the EUD and the minimum absolute dose in the CTV, however, will be to 
conformm the planned 95 % isodose level to the CTVS (i.e., treatment plan CTVs+0). 
Inn this case the EUD increases with about 21 Gy to 83.2 Gy compared with a value 
off 62.2 Gy for treatment plan CTVS+10. The minimum absolute dose in the CTV 
increasess from 58.9 Gy to 65.9 Gy. 

Prescribedd Isocenter Minimum Minimum 

dosee displaced dose in CTV dose in CTV EUD 

Plann (Gy) in direction (GyJ (%} (Gy) 

Caudall 58.9 95.9 62.2 

CTVS+100 61.4 Cranial 58.9 95.9 62.2 

Medio-laterall 59,3 96I6 62T 

CTVs+5 5 

CTVS S 

CTVs-5 5 

72.2 2 

88.1 1 

111.0 0 

Caudal l 

Cranial l 

Medio-lateral l 

Caudal l 

Cranial l 

Medio-lateral l 

Caudal l 

Cranial l 

Medio-lateral l 

65.1 1 

65.9 9 

65.6 6 

65.9 9 

69.1 1 

67.4 4 

51.6 6 

57.1 1 

54.6 6 

90.2 2 

91.3 3 

90.9 9 

74.8 8 

78.4 4 

76.5 5 

46.5 5 

51.4 4 

49.2 2 

72.5 5 

72.5 5 

73.3 3 

84.6 6 

84.3 3 

83.2 2 

73.4 4 

76.3 3 

78.0 0 

4.. Discussio n 

WeWe assessed the possibility of increasing the probability of lung tumor control by 
applyingg dose escalation in combination with a reduction of field sizes. Reduction of 
fieldd sizes means that the margin between the CTVS and the planned 95 % isodose 
levell decreases. 

Allowingg a minimum dose in the CTV that is below 95 % of the prescribed dose 
enabless escalation of the prescribed dose and an increase in the probability of 
tumorr control while maintaining a constant level of normal tissue complication 
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probability.. The approach of field size reduction in combination with escalation of 
thee prescribed dose is especially feasible for lung tumors, and can not be 
generalizedd to other tumor types because of the unique situation of the organ at risk 
surroundingg the tumor in most directions. For this geometry, any reduction in field 
sizee leads to a significant decrease in dose to the lung. Furthermore, the broad 
beamm penumbra in low-density lung tissue plays also an important role since it 
ensuress only a relatively small decrease in minimum dose in the CTV (with respect 
too the prescribed dose) when field sizes are reduced. 

—— — Prescribed dose 
EUD D 
Minimumm dose 
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S!! 8 0 -
0) ) 
</> > 
ii  70 -

600 -
" " 

5 0 -- CT 

II • • i • 
-55 0 5 10 

Marginn between the planned 95 % isodose level 

FigureFigure 7: Prescribed dose, EUD of the CTV and minimum dose in the CTV for the 
NSCLC-patientNSCLC-patient as a function of the margin between the CTVS and the planned 95 % 
isodoseisodose level. The open squares (a), circles (O) and triangles (A) indicate data for a 
systematicsystematic displacement in the caudal, cranial or lateral direction, respectively. 

4.1.4.1. Phantom  simulation 

Forr the evaluation of our treatment plans we used the EUD model which has not 
yett been well validated with radiobiological experiments and clinical tests. In our 
study,, however, also the minimum absolute dose in the CTV increases with 
decreasingdecreasing field size. For the plan with the highest EUD, the minimum dose in the 
CTVV is even larger than the maximum dose of the treatment plan in which dose 
inhomogeneityy in the CTV is limited to -5 %. One does not need a tumor control 
modell to appreciate which of the two plans will result in the highest probability of 
controllingg the tumor. 

Inn our simulation, the surviving fraction at the reference dose of 2 Gy, was set to 
0.5.. Although this value is debatable, the EUD is rather insensitive to changes in the 
survivingg fraction. Repeating the simulation for other values of the surviving fraction 
(overr a range of 0.3 to 0.7) has shown that the EUD-curve presented in Figure 5 
retainss the same global shape but the value and position of the maximum varies 
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slightlyy with the surviving fraction. Furthermore, repeating the simulation with a 
clonogenicc cell density that is not unity throughout the CTV but ten times lower in 
thee rim of the CTV than in the GTV, also showed that there is only a small change 
inn the value and position of the maximum of the EUD-curve. 

Somee authors use the lung volume receiving a dose of more than 20 Gy, V20, 
ass a parameter in estimating the complication probability of the lung [18]. Repeating 
ourr simulations with this parameter as a boundary constraint instead of the MLD, 
hass shown that in this case the prescribed dose can also be escalated when 
reducingg field sizes. Although the prescribed dose for each field size will differ from 
thee values shown in Figure 5, the global shape of the EUD-curve remains the same, 
i.e.. with a maximum. 

Insteadd of increasing the tumor control probability and maintaining a constant 
NTCPP of the lungs, it is likewise possible by means of field size reduction and 
allowingg an increased dose inhomogeneity in the CTV, to maintain a constant level 
off tumor control probability while decreasing the NTCP of the lungs. This may be 
especiallyy beneficial for patients for whom the MLD or V20 is too high when a 
treatmentt plan is composed that ensures a minimum dose of 95 % in the CTV. 

4.2.4.2. NSCLC-patient  treatment  plans 

Upp to now we have only discussed the lung as a dose limiting organ. In the dose 
escalationn study, however, specific constraints are set for other organs at risk as 
well.. An absolute dose constraint of 50 Gy is set for the spinal cord. For the 
esophaguss an effective volume constraint is set [19], with a value of 30 % at 80 Gy. 
Forr the heart three points in the cumulative dose volume histogram are defined: The 
cumulativee DVH should be below the following points; 100 volume % of the heart at 
aa dose level of 40 Gy, 66 % at 50 Gy and 33 % at 66 Gy. All these constraints are 
mett for each of the four treatment plans of the patient discussed in this study except 
forr the constraint of the spinal cord for treatment plan CTVs-5. For this case the 
EUDD and the minimum dose in the CTV are already lower than for the optimal plan. 
Consequently,, this plan would not have been used anyway. For other patients, the 
largee increase in prescribed dose which is possible due to a reduction in field size, 
mightt especially compromise the constraint for the spinal cord. On the other hand, 
thee reduction in field size may offer the extra leeway to avoid the spinal cord. The 
reductionn in field size can also be beneficial for limiting the complication probability 
off the heart and the esophagus since for these organs a dose-volume constraint is 
used. . 

AA systematic displacement of the isocenter in the lateral direction might 
representt a worst case scenario for a patient with a tumor that is embedded in the 
mediastinumm because of the steep penumbra in unit-density tissue. For our 
particularr patient, however, there is no significant difference between either of the 
threee directions of a systematic error (Table 1). This can qualitatively be understood 
becausee the local dose gradient is composed of the contribution of several beams 
andd therefore does not only depend on the local tissue density but also on the beam 
directionss and their relative weights in the treatment plan. This indicates that when 
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reducingg field sizes, it might be beneficial not to conform the 95 % to a uniform 
expansionn of the CTVS but to use non-isotropic margins depending on the local 
dosee gradient. 

Thee approach of field size reduction in combination with a larger target dose 
inhomogeneityy than conventionally allowed is only beneficial if this reduction in field 
sizee leads to a decrease in dose to the lung and therefore allows escalation of the 
prescribedd dose. This will be the case for most fields used in present-day multi-
beamm treatment plans. Some (parts of) fields, however, do not influence the MLD, 
forr instance if beam edges pass entirely through the mediastinum. For these 
situations,, one should consider leaving these sides of the fields unchanged with 
respectt to 'conventional' field sizes. 

Wee have shown that it is possible to apply field size reduction in combination 
withh increasing the prescribed dose to achieve an increase in the probability of 
tumorr control and of the minimum absolute dose in the CTV. A drawback of the 
approachh of field size reduction is that dose inhomogeneity in the CTV increases 
rapidlyy when reducing field sizes. The conventional approach of allowing only a 
smalll dose inhomogeneity (i.e., from -5 % to +7 %) in the CTV has certain 
advantages.. Any increase in local control that is observed during dose escalation is 
directlyy linked with the increase in prescribed dose. Consequently, treatment plans 
andd local control data from different institutions can be pooled to increase the 
statisticall significance of dose escalation data. When using field size reduction and 
therebyy allowing a larger inhomogeneity over the target volume, one either has to 
trustt the EUD model (or any other tumor control probability model) or use another 
parameterr in order to compare treatment plans within one institution or between 
differentt institutions. 

Thee aim of future work is to extent the current simulation regarding field size 
reductionn to treatment plans consisting of multiple, non-coplanar, beams, with and 
withoutt the use of IMRT Such a study should ultimately guide us into an optimized 
choicee of field sizes and beam intensity profiles when using intensity modulation for 
thee irradiation of NSCLC-patients. 

5.. Conclusion s 

Withh the mean lung dose as an estimatr for the NTCP of the lung and keeping 
thiss MLD constant, the prescribed dose can be increased by means of field size 
reduction.. Optimum combinations of the prescribed dose and field size exist for the 
treatmentt of lung tumors for which the EUD of the CTV and the minimum absolute 
dosee in the CTV have a maximum. For these optimum combinations, the minimum 
dosee in the CTV is far less than 95 % of the prescribed dose. The results indicate 
that,, for lung tumors, the concept of homogeneous dose in the target volume might 
nott the best approach for obtaining the highest probability of tumor control for a 
specificc value of the NTCP of the lung. 
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Appendi x x 

SimulationSimulation  of  systematic  errors 

AA systematic error leads to a shift of the 3-D dose distribution with respect to the 
CTVV as well as to a change in this 3-D dose distribution due to changes in patient 
geometryy and the source-to-skin (SSD) distance of each part of the beam. In Figure 
88 dose profiles through the center of the CTV are shown for the three different 
directionss of the systematic error. Compared to the effect of the shift of the 
isocenter,, the effect of the change in the 3-D dose distribution is small. However, we 
didd take the latter effect into account in our calculations for the systematic error. For 
thee random errors, the effect of the change in the 3-D dose distribution will even be 
smallerr because the increase (or decrease) in dose during one fraction might be 
compensatedd by a decrease (or increase) in another fraction. Therefore, we 
assumedd the 3-D dose distribution to be invariant under random errors which may 
leadd to a small error in our calculations. 
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FigureFigure 8: Dose profiles for the NSCLC-patient through the center of the CTV for three 
differentdifferent directions of the systematic error. The solid lines are dose profiles in case of 
nono systematic error. The dashed lines are dose profiles for a systematic error of 7.5 
mmmm in case the dose distribution would be invariant to a shift of the isocenter. The 
dotteddotted lines are the dose profiles for the same systematic shift taking into account the 
changechange of patient geometry and SSD on the dose distribution in the patient. 
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