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Designin g g 
IMRTT fo r lung cancer 

Martt  i jn fEnge I sman 



Stellinge n n 
behorend ee bi j het proefschrift : 

"Designin gg IMRT fo r lung cancer" 

1.. Eenvoudig e inhomogeniteitscorrecti e algoritme s zij n 
ontoereiken dd voor het ontwerpe n van  conform e en 
intensiteitsgemoduleerd ee bestralingsplanne n voor patiënte n 
mett  longkanker . 

(bit(bit proefschrift, Hfdst. 2) 

2.. Control e van de ademhalin g van de patiën t tijden s de 
bestralin gg staa t slecht s een gering e reducti e in marges en 
veldgrootte ss toe . 

0it0it proefschrift, Hfdst. 3) 

3.. Toename in de kans op tumorcontrol e bi j een gelijkblijvend e 
kanss op radiatiepneumoniti s kan bi j longkankerpatiënte n 
eenvoudi gg bewerkstellig d worde n zonde r IMRT door het 
toestaa nn  van  inhomogen e dosisverdelinge n in het doelvolum e 
enn het optimalisere n van  veldgroottes . 

(bit(bit proefschrift, Hfdst. 4) 

4.. Het nut van  opscherpe n van de bundelpenumbr a in lage 
dichtheid ss longweefse l hang t ster k af van het wel of nie t 
toestaa nn  van  dosisinhomogenitei t in het doelvolume . 

(bit(bit proefschrift, Hfdst. 5) 

5.. Voora l longkankerpatiënte n met grot e ongeperfundeerd e 
gebiede nn in de longe n hebben baat bi j perfusie-gestuurd e 
optimalisati ee van  bestralingsplannen . 

(bit(bit proefschrift, Hfdst. 6) 



6.. Het maximalisere n van de kans op tumorcontrol e bi j 
longkankerpatiënte nn vereis t het gebrui k wan  IAART, het 
toestaa nn van een inhomogen e dosisverdelin g in het 
doelvolume ,, computergestuurd e optimalisati e wan 
bestraiingsplanne nn en planevaluati e doo r midde l wan 
simulati ee van alle onzekerheden . 

(Öit(Öit proefschrift, Hfdst 7) 

7.. Gezien  de opmar s van de compute r zou een typecursu s al in 
hett  basisonderwij s verplich t moete n worde n gesteld . Een 
cursu ss RSI-preventi e echte r evenzeer . 

8.. Natuurlij k moet het theorie-exame n voor het autorijbewij s 
haalbaa rr  zijn , maar het toestaa n van vijf , mogelij k grove , 
foute nn komt de verkeersveilighei d niet ten goede . 

9.. I woul d rathe r die fo r an idea tha t wil l live than live fo r an 
ideaa tha t wil l die. 

SteveSteve Biko, anti-apartheidsactivist 

10.. Op zich is het gebrui k van 'op zich ' vaak overbodig . 

11.. Velen verwarre n het kennen van j e grenze n met het nie t 
meerr  overschrijde n ervan . 

12.. Het is goedkope r om een weddenscha p om een goede fles 
wij nn te verlieze n dan om een fles goede wijn . 

M.M. Engelsman, 17 januari 2002 
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ChapterChapter 1 

11 Dose escalatio n of lun g cance r treatmen t 

Non-smalll cell lung cancer (NSCLC) is a common tumour with a poor prognosis 
becausee a large proportion of the patients is inoperable at the time of diagnosis. 
Approximatelyy 40 % of the patients presenting with NSCLC is inoperable because 
off distant metastases, another 40 % because of the spread of the regional disease 
forr which radiation therapy is the principal mode of treatment. Radiation treatment 
planss of patients treated for NSCLC have a poor outcome with median survival 
timess of the patients of 8 to 10 months, 2-year survival of about 10 to 20 %, and 5-
yearr survival of only 3 to 7 % [55,56,62]. Patterns of failure analysis indicates that 
bothh persistent or recurrent intra-thoracic disease and distant metastases contribute 
too this poor outcome. In a study by Arriagada et at [2] in which tumour control was 
evaluatedd based on routine bronchoscopy during follow up, local disease 
eradicationn was achieved in only 17 % of patients examined one year after 
irradiation.. Better control of the loco-regional disease seems important for several 
reasons.. Firstly, loco-regional disease is often the direct cause of death due to 
mechanicall effects within the lung and mediastinum. Secondly, locally persistent or 
recurrentt thoracic disease can serve as a focus for metastatic dissemination. 
Thirdly,, if more effective systemic therapy becomes available that might function in 
ann adjuvant manner, thoracic disease eradication becomes a necessity. 

Fromm RTOG 73-01 (randomisation to a split course of 40 Gy, or a continuous 
fractionationn schedule of 40-60 Gy), it was concluded that a higher dose of radiation 
yieldedd a greater proportion of complete responses, resulting in higher intra-
thoracicc tumour control [55,56]. Increased survival was noted in patients with 
completee tumour responses. Relapses in the thorax resulted in a death rate similar 
too the death rate of patients who developed distant metastases. In RTOG 83-11 
(hyperfractionationn to 60-79.2 Gy), patients were randomised to a minimal total 
dosee varying between 60 and 79 Gy. Fractions of 1.2 Gy were administered twice 
daily.. Favourable patients showed an improved survival following 70 Gy compared 
withh lower doses [12]. However, no improvement was seen with doses above 70 Gy. 
AA possible explanation might have been the treatment delays that were more 
commonn in the higher dose groups, and on reanalysis it was shown that treatment 
delayss were associated with decreased survival [13]. In RTOG 88-08 standard 
radiotherapyy (60 Gy) was compared with the same treatment combined with 
inductionn chemotherapy and hyper-fractionated radiotherapy to a higher dose (70 
Gy).. Survival was improved at 3 years for the high dose group [61]. 

Fromm the results of these RTOG trials Byhardt [10] concluded that the evidence 
iss fairly good that total doses higher than the standard 60 Gy are associated with 
improvedd local tumour control. For that reason a new Phase l/lI RTOG trial, i.e. 
RTOGG 93-11, was started which will evaluate the use of 3D conformal treatment 
techniques.. Preliminary results of prospective trials using high-dose 3D conformal 
radiotherapyy of NSCLC are promising but the incidence of pneumonitis demands 
carefull selection of patients and irradiation techniques for future dose escalation 
[1,28,31,68].. Other recent clinical trials for patients with NSCLC have also 
demonstratedd that treatment intensification of radiotherapy leads to a better survival 
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inn this patient group and therefore provides extra evidence that dose escalation may 
leadd to a better local control and survival. This is for example shown in the EORTC 
triall where the addition of daily Cisplatin leads to improved local control and 
survival,, but no reduction of the rate of distant metastases was observed [62]. 
Similarly,, the CHART trial revealed improved survival by reducing the overall 
treatmentt time of the irradiation period from 6 weeks to 12 days [60] once again 
showingg a beneficial impact of intensification of the irradiation of the loco-regional 
tumour.. Martel et al. suggest that for NSCLC-patients, the dose to achieve 
significantt probability of tumour control (> 50 %) may be on the order of 84 Gy for 
locall progression-free survival of more than 30 months [48]. Hayman etal. [30] have 
shownn that dose escalation in the lung can be safely applied using three-
dimensionall conformal treatment planning and segregating patients by the volume 
off normal tissue irradiated. 

AtAt The Netherlands Cancer Institute (NKI/AvL), a phase l/lI dose escalation 
studyy is ongoing for non-small cell lung cancer patients. Patients have histologically 
provenn NSCLC with stages III A or 1MB (N3 excluded). Treatment plans are applied 
thatt conform the planned 95 % isodose level to the planning target volume (PTV), 
whichh is a 15 mm 3-D expansion of the gross tumour volume (GTV) as delineated 
onn a CT-scan. The risk of radiation pneumonitis is assessed before treatment by 
calculatingg the mean normalised total dose (NTDmean) of the lungs from the 
individuall 3-D treatment plan. Four separate patient groups are formed each with 
ann increasing risk of radiation pneumonitis. For each group, the prescribed dose is 
escalatedd in steps of 6.75 Gy (3 fractions of 2.25 Gy). However, the initial dose level 
iss different for each group and depends on the estimated relative risk of developing 
radiationn pneumonitis. The overall treatment time may not exceed 6 weeks. 

22 Clinica l factor s impedin g dos e escalatio n 

Thee dose in normal tissues like the oesophagus, spinal cord, heart and lungs, is 
aa complicating factor in radiation treatment of lung cancer. This means that any 
approachh of dose escalation is limited by toxicity of these organs at risk (OAR). 

Tolerancee data of the oesophagus are scarce. Burman et at. [9] and Emami et 
al.al. [24] reported in humans a TD50 (end-point: clinical stricture or perforation) of 68 
Gyy and 70 Gy respectively, with a small volume effect. In studies on lung cancer, 
clinicall stricture or perforation was not observed in the consecutive RTOG trials [10] 
norr in the studies using high-dose conformal radiotherapy [28,31,68]. The Burman 
etet al. and Emami et al. TD50 data might therefore be overestimating the radiation 
sensitivityy of the non-diseased oesophagus. Although late oesophageal toxicity is 
commonn following high-dose conformal radiotherapy, it is rarely severe [44]. 

Mostt of the reported cases on myelopathy are due to the large dose per fraction 
whichh was commonly used during the 1970s [63]. The effect of fractionation is large 
inn the sense that the tolerance rapidly decreases with fraction sizes above 2 Gy. It 
iss believed that the dose leading to a 50 % probability of complications, TD50, is 
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betweenn 70 and 80 Gy [24], for 2 Gy or 2.2 Gy fractions [64] with myelopathy as the 
endpoint.. No volume effect has been detected for the spinal cord [45,63]. A dose of 
500 Gy is generally believed to give a complication rate less than 1 % [45,50,74]. 

Basedd on clinical data, Emami etal. [24] cite a TD50 of 50 Gy for the whole heart 
(end-pointt pericarditis). However, patients with irresectable disease have a poor 
prognosiss with a 5-year survival of not more than 5 % [22]. 

Thee most important dose limiting organ for treatment of lung cancer, however, is 
thee lung itself. Based on clinical data, Emami et al. [24] cite a TD50 (end-point 
radiationn pneumonitis) of 24.5 Gy for the whole lung and a large volume effect 
(Burmann et al. [9]). These figures are based on data in which the effect of tissue 
inhomogeneitiess on the dose calculation is not taken into account. A number of 
authorss compared observed incidence of pulmonary complications with calculated 
NTCPs.. For mantle field irradiation a good correlation was found between 
calculatedd NTCPs and observed incidence of pneumonitis (Martel et al. [49]). For 
lungg cancer patients the correlation is weak [27,49]. In this case, the data suggest 
thatt the parameters used in the model of Burman et al. should be modified to get a 
betterr fit. Oetzel et al. [53] found, however, a good correlation between the 
estimationn and incidence of radiation pneumonitis for lung cancer irradiation. 
Severall groups used SPECT to determine a local dose-effect relation for reduction 
off perfusion in the lung [4,5,15,46,65,71,72]. Boersma et al. [5] calculated an 
"Overalll Response Parameter" (ORP), which is the mean reduction in perfusion 
overr the total lung. They observed a strong correlation between the ORP and the 
reductionn in overall lung function parameters (e.g., vital capacity). They also 
observedd a correlation between the ORP and the incidence of radiation pneumonitis 
inn these patients. However, the limited number of patients and the low incidence of 
pneumonitiss did not allow a reliable comparison with existing models for the normal 
tissuee complication probability (NTCP) [14]. The tolerance of the lung strongly 
dependss on the irradiated volume [24]. Both the volume of lung tissue receiving a 
dosee of more than 20 Gy (V20) [27], and the mean lung dose (MLD) [40] can be 
usedd as an estimator for the NTCP of the lungs. 

Inn the previously mentioned phase l/lI dose escalation study, an absolute dose 
constraintt of 50 Gy is set for the spinal cord. For the oesophagus an effective 
volumee constraint is set [39], with a value of 30 % at 80 Gy. For the heart three 
pointss in the cumulative dose volume histogram are defined: The cumulative DVH 
shouldd be below the following points; 100 volume % of the heart at a dose level of 
400 Gy, 66 % at 50 Gy and 33 % at 66 Gy. The mean lung dose is used as an 
estimatorr for the NTCP of the lungs and should be minimised during treatment 
planning. . 

33 Technica l difficultie s in irradiatin g lun g tumour s 

Beforee going into the technical difficulties, current clinical practice in the 
irradiationn of lung cancer with curative intent has to be elucidated. The goal of 
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treatmentt planning, according to the recommendations of the ICRU [34,35], is to 
conformm the 95 % isodose level to the planning target volume (PTV) while limiting 
thee maximum dose to 107 %, i.e., a homogeneous dose distribution in the PTV is 
pursued.. The PTV is a geometrical concept. It is constructed from the gross tumour 
volumee (GTV) as delineated by a radiation oncologist on a CT-scan in combination 
withh other diagnostic information. First, the GTV is expanded in 3-D to account for 
thee spread of subclinical disease, yielding the clinical target volume (CTV). The 
CTVV should encompass all clonogenic cells of the primary tumour, involved lymph 
nodess and metastases. The necessary margin may be up to 8 mm for lung tumours 
[26].. The CTV is expanded in 3-D into a PTV to account for target delineation errors 
andd tumour movement, e.g., due to set-up errors and patient breathing. Generally 
thee PTV is defined in such a way that the CTV is fully located inside this PTV for 
(almost)) the entire course of a radiation treatment, thus ensuring that all parts of the 
CTV,, and therefore all clonogenic tumour cells, receive at least 95 % of the dose 
prescribedd to the PTV. 

3.13.1 Broadening  of  the beam fringe 

Thee irradiation of lung tumours is more complicated compared with treatment of 
tumourss at other sites. The attenuation of high energy photons per unit length is 
lowerr in low-density tissue compared with unit-density tissue. Furthermore, the 
increasee in the range of secondary electrons in low-density lung tissue (density
0.255 g/cm3) with respect to soft-tissue results in a broadening of the beam 
penumbraa [23,33,51,66]. In Figure 1, dose profiles of a 10x10 cm2 8 MV photon field 
measuredd at a depth of 10 cm are plotted for both a phantom consisting entirely of 
waterr (density of 1.0 g/cm3) and for a phantom consisting of cork (0.25 g/cm3) with 
aa 2 cm build-up layer of water equivalent material. 
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FigureFigure 1: Dose profiles in water (1 g/cm3) and lung (0.25 g/cm3) density. 
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Itt is clear that both the penumbra width (distance between 20 % and 80 % of the 
centrall axis dose value) and beam fringe width (distance between 50 % and 90 % 
off the central axis dose value) increase in low-density tissue like the lung with 
respectt to soft tissue. Also the distance between the 50 % isodose level, which 
correspondss with the field edge, and the 95 % isodose level, increases. This means 
thatt a larger margin between the field edge and the edge of the PTV is necessary 
inn order to conform the 95 % isodose level to this PTV. The difference between both 
profiless as shown in Figure 1, increases with nominal beam energy. The inward shift 
off the 95 % isodose level may be as large as 15 mm for an 18 MV beam. 

Mostt of the 'older1 commercially available treatment planning systems (TPSs) 
applyy dose calculation algorithms that do not accurately take into account the 
effectss of low-density tissue on the dose distribution in the patient. If the increased 
rangee of secondary electrons and the decrease in photon attenuation is not 
adequatelyy taken into account, this may lead to an incorrect calculation of monitor 
unitss as well as an incorrect choice of field sizes and field shapes. This may result 
inn a too low dose to (outer parts of) the target volume. Moreover, older TPSs often 
assumee electron equilibrium at the centre of the target volume where monitor units 
(Mils)) are calculated. For small field sizes (< 5 cm 0), however, the increased 
rangee of the electrons can lead to a lack of electron equilibrium on the central beam 
axis,, which may introduce an additional error in the ML) calculation. The use of 
simplee dose calculation algorithms will also lead to an inaccurate calculation of the 
dosee in healthy lung. Accurate calculation of this dose is important because the lung 
iss often the dose limiting organ during treatment of lung cancer. 

3.23.2 Patient  breathing 
Irradiationn of lung cancer is at present mostly done with the patient breathing 

freely.. As a consequence, the target volume and surrounding tissue are moving with 
thee breathing cycle. This movement must be taken into account in the treatment 
planningg process. Two aspects are of importance: 1) use of a representative CT-
scann for treatment planning; 2) incorporation of target movement in the design of 
beamm portals. Baiter et at. [3] showed that a CT-scan, made with the patient 
breathingg freely, may introduce a significant uncertainty in size and position of 
organss at risk, especially near the diaphragm. For lung cancer, a significant 
reductionn in calculated NTCP of the lung was seen when comparing treatment 
planss based on CT data made during maximum exhalation and plans based on CT 
dataa gathered during maximum inhalation. Ross et al. [59], using ultra fast CT, 
observedd tumour movement as a consequence of both cardiac and respiratory 
activity.. Tumours moved an average 6.1 mm laterally and 2.7 mm antero-
posteriorly.. Lateral movement was greatest for tumours located adjacent to the 
heartt or aorta and cranial-caudal movement was greatest for tumours near the 
diaphragm.. Minimal movement was observed in lesions in the upper lobe and those 
attachedd to the chest wall. In an in-house study tumour motion during one treatment 
wass studied for ten patients using a fast portal imaging device [internal 
communication].. The results are shown in Table 1. 
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TableTable 1: Tumour motion during irradiation in iung cancer patients (maximum 
displacementdisplacement in mm) 

Upperr lobe 

Middlee and 

lowerr lobe 

Cranial-caudal l 

(mm) ) 

2-6 6 

5-8 8 

Lateral l 

(mm) ) 

1-5 5 

3-9 9 

Anterior-posterior r 

(mm) ) 

1-3 3 

2-3 3 

Thee consequence of respiration is that a larger margin around the CTV has to 
bee used than to account for beam fringe and set-up errors alone. Consequently, a 
largerr volume of lung and other organs at risk will be irradiated during irradiation of 
middlee and lower lobe tumours compared with tumours in the upper lobe. 

3.33.3 Set-up  errors 

Besidess patient breathing, random and systematic (set-up) errors also 
necessitatee the use of a (increased) margin between CTV and PTV. At The 
Netherlandss Cancer Institute portal imaging is performed routinely using an 
electronicc portal imaging device (EPID). Valuable insight into the magnitude of set-
upp errors, both random and systematic, has thus been obtained (Table 2). A set-up 
correctionn protocol is used in order to minimize systematic set-up errors. Such a 
reductionn in set-up errors allows a smaller margin between CTV and PTV. 

TableTable 2: Standard deviations for the systematic and random set-up errors fora group 
ofof 38 lung cancer patients for which a set-up correction protocol is applied. Also given 
areare the data with the corrections removed. 

Systematicc error 

Randomm error 

Systematicc error 

Randomm error 

Left-right t 

1.5 5 

3.0 0 

Left-right t 

3.0 0 

2.4 4 

Correctionss included 

Cranial-caudall Ventral-dorsal 

1.88 1.3 

3.44 2.2 

Correctionss removed 

Cranial-caudall Ventral-dorsal 

4.99 2.5 

2.88 1.9 

3.43.4 Location  of  the tumour 

Besidess the aforementioned technical difficulties in irradiating lung tumours, a 
furtherr characteristic that makes irradiation of lung cancer more complicated 
comparedd with other cancer sites, is that the target region is surrounded for a large 
partt by an organ at risk, i.e., the lung. Therefore, only a moderate reduction of the 
dosee in this OAR is possible by a smart choice of directions of beam incidence, e.g. 
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byy using non-coplanar beams. Any reduction in lung dose should therefore be 
obtainedd by reducing field sizes, whether or not in combination with beam intensity 
modulation. . 

44 Curren t statu s of treatmen t plannin g of lun g cance r 

4.14.1 Conformal  treatment  plans 

Thee most simple way of treating lung cancer is the use of non-conformal beam 
set-ups.. Nowadays this is often used for treatments with a palliative intent. Field 
shapess and monitor units are determined without using a sophisticated treatment 
planningg system. In this thesis, however, we will not discuss this type of irradiation 
andd we will limit ourselves to the irradiation of lung tumours with a curative intent. 

Employingg conformal beams, either by using customized blocks or a multileaf 
collimatorr (MLC), the 95 % isodose surface can be tailored close to the planning 
targett volume. The accompanying NTCP of the lung is, however, large because of 
thee broad beam fringe in low-density lung tissue. The aim of improved treatment 
planningg of lung cancer is therefore to reduce the volume of irradiated healthy lung 
tissue,, while keeping the coverage of the target volume, i.e. the PTV, optimal. 
Armstrongg et al. [1] compared conventional with conformal treatment planning and 
foundd that 3-D conformal treatment planning leads to better target coverage and to 
aa substantial reduction in NTCP of the lung, oesophagus and spinal cord. Graham 
etet al. [27] compared several types of conformal plans, having an increasing level of 
complexity,, and found that escalation of tumour dose without increasing the NTCP 
off normal tissue is only possible when complex plans, using a non-coplanar beam 
set-up,, are used. Marks et al. [46,47] used pre-treatment SPECT perfusion scans 
too locate areas of inhibited lung function due to the presence of the tumour. Based 
onn these data, beam portals are designed to minimize irradiation of functioning lung 
tissue. . 

4.24.2 Intensity  modulation  for  further  improvement 

Variationn of the photon fluence over the area of each treatment field can lead to 
aa considerable improvement towards the desired dose distribution, i.e. a high dose 
inn the target region and a low dose in organs at risk [e.g. 7,20,21,52,66]. Beam 
modifierss have been applied for this purpose for a long time, but, apart from 
standardd wedges, the routine use of tissue compensators or transmission blocks in 
thee clinic has remained limited. The main reason for this limited clinical 
implementationn was the considerable effort required for the reliable design, 
productionn and quality control of these mechanical devices as well as the time 
necessaryy at the treatment machine for their daily insertion. Movement of the leaves 
off an MLC during radiation is, att least in principle, a more feasible approach for the 
routinee clinical application of beam intensity modulation [6,36,42,77]. An alternative 
methodd is tomotherapy, where an intensity profile is generated by positioning vanes 
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inn a long thin slit oriented transaxial to the patient, in combination with couch 
translationn [43]. 

Twoo different approaches for the clinical use of intensity modulated radiotherapy 
(IMRT)) have been described and implemented: dynamic versus segmented IMRT. 
Dynamicc IMRT-treatments can approximate almost any dose distribution by 
mathematicall transformation of the required intensity profiles into a prescription for 
thee movement of the leaves [e.g. 11,70,73]. In segmented IMRT, also called 'step-
and-shoot',, the requested intensity profile is approximated by a limited number of 
fixedd beam segments. As an example of segmented IMRT, De Neve and colleagues 
havee shown that an IMRT-technique with a limited number of beam portals and 
segmentss (< 20) is sufficient to obtain an improved dose distribution for most head-
and-neckk treatments [17]. The approach of segmented IMRT has the advantage of 
beingg simpler, both in the treatment planning stage and during dose verification, 
becausee the treatment plan can be considered to exist of a manageable number of 
conventionall treatment 'fields'. It can therefore be considered as a 'natural' 
extensionn of existing treatment techniques. This approach is, however, not yet 
routinelyy used to irradiate lung cancer patients. 

AA number of treatment planning studies have shown that a large gain in the 
irradiationn of several cancer sites is possible by means of intensity modulated 
radiotherapyy [32,57,58,69,76]. The gain is either expressed as an improvement in 
dosee distribution over the target volume or in a reduced probability of complications 
off organs at risk. IMRT is already routinely used for irradiating patients with cancer 
att several sites, such as the breast, the prostate and the head-and-neck region 
[8,16,25,42].. For lung tumours however, only a limited number of studies are 
availablee showing the benefit of IMRT. This despite the fact that the broad beam 
fringee in low-density lung tissue makes lung cancer such an excellent tumour site 
forr the use of intensity modulation. The beam fringe can be substantially sharpened 
usingg relatively simple intensity modulation, allowing a large reduction in field sizes 
andd sparing of organs at risk. A factor that may play a role is that dose calculations 
performedd by commercial treatment planning systems for lung cancer treatments 
weree not very accurate until a few years back. Present-day convolution algorithms 
andd Monte Carlo methods allow accurate calculation of dose distributions in 
inhomogeneouss surroundings. Use of either approach in an (automatic) 
optimisationn routine for IMRT, however, still requires prohibitively long calculation 
times. . 

Deryckee and colleagues showed, by means of a planning study, that IMRT is 
advantageouss for the irradiation of lung cancer [18,19]. Their class solutions are, 
however,, not yet used clinically. One of the reasons might be the limitations of the 
dosee calculation algorithm. Brugmans et al. [7] showed by means of a dosimetric 
studyy that a relatively simple approach of IMRT, i.e. use of only a single segment 
nearr the beam edge, is beneficial for the optimisation of the dose distribution during 
lungg cancer treatments. The extra segment near the beam edge leads to a steeper 
dosee gradient, which allows shrinking of field sizes while maintaining dose 
homogeneityy in the target structure (i.e. the PTV). The reduction in field sizes leads 
too sparing of lung tissue and therefore allows dose escalation. Dirkx et al. [20,21] 
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havee implemented the approach of extra segments near the beam edge into clinical 
practicee for their coplanar treatment technique. For practical reasons they only 
applyy extra segments at the cranial and caudal beam edge of one beam, but this 
additionall dose already allows a considerable reduction in field sizes and dose in 
thee lungs while dose homogeneity in the target volume (PTV) is maintained. 

55 Reductio n of margi n betwee n CTV and PTV 

Thee use of IMRT to sharpen the beam fringe and to conform the high dose 
regionn more closely to the PTV is not the only method to improve the irradiation of 
lungg tumours. Reduction of field sizes and therewith sparing of the lungs and other 
organss at risk can also be achieved if the margin from CTV to PTV can be reduced. 

Itt is suggested that if the breathing motion of the CTV is effectively eliminated by 
respiration-gatedd radiotherapy, this margin can be reduced thus enabling the 
deliveryy of a higher dose in the CTV without increasing deleterious complications. 
Twoo approaches for respiration-gated radiotherapy have been proposed: using 
breath-holdd during inhalation or gating the accelerator at the optimal point in a 
respirationn cycle where tumour movement is minimal [29,37,38,54,67,75]. 

Anotherr approach to account for respiration-induced tumour motion is by 
modifyingg the intensity profiles of incident beams. An increase in the intensity of a 
beamm towards the border of the CTV, combined with a smaller than conventional 
marginn width which incorporates the whole movement of the CTV, can be beneficial. 
Lindd et al. [41] have shown that overcompensation of the dose near the field edge 
cann be used to counter the effects of random errors. Such an approach might, 
however,, also be useful to minimize the effects of respiration-induced tumour 
motion. . 

Furthermore,, as mentioned previously, a set-up correction protocol can be used 
too minimize systematic set-up errors and allow a reduction in margin between CTV 
andd PTV. 

66 Purpos e of the stud y 

Onlyy a few groups have investigated the possible benefit of IMRT for the 
treatmentt of lung cancer. Even less groups are actually using IMRT-techniques for 
lungg cancer treatment in routine clinical practice. Nevertheless the lung is an 
excellentt tumour site for the use of intensity modulation because of the broad beam 
fringee in low-density tissue that can be easily compensated, thus allowing dose 
escalation.. An important reason for this lack of effort may be that accurate dose-
calculationn algorithms that require clinically acceptable calculation times have only 
recentlyy become available. 
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Inn the on-going phase l/l I dose escalation study, the mean lung dose, which is 
usedd as an estimator for the probability of radiation pneumonitis, is a limiting 
parameterr for the prescribed dose. Treatment plans are applied that conform the 
plannedd 95 % isodose level to the PTV, which is a 15 mm 3-D expansion of the 
GTV.. Current protocol guidelines require that dose homogeneity in the PTV should 
bee maintained for conformal treatment plans. As a consequence, escalation of the 
prescribedd dose will be limited because at higher dose levels an unacceptable high 
probabilityy of lung complications will occur, thus limiting the probability of tumour 
control.. A research project has therefore been started in our institution to investigate 
whetherr the use of IMRT might be beneficial to increase the probability of tumour 
controll while limiting the complication probability of the lungs and other organs at 
risk. . 

Whenn we started with this project, two factors had to be taken into account. First, 
thee current clinically applied treatment plans of the dose escalation study are 
designedd using a simple inhomogeneity correction algorithm that does not 
accuratelyy take into account the effects of low-density lung tissue on the dose 
distribution.. Knowledge of the accuracy of this algorithm and its effect on clinically 
appliedd treatment plans is essential when designing conformal treatment plans and 
evenn more so when applying intensity modulation. Second, data were available at 
forr systematic set-up errors, random set-up errors and respiration-induced tumour 
motionn for NSCLC-patients. Each of these tumour motion parameters has a 
differentt effect on the dose distribution over the clinical target volume and on the 
designn of the optimum intensity modulated treatment plan. Therefore, the purpose 
off our study is to pave the way from 'classical' conformal radiotherapy on a static 
volumee (PTV) to intensity modulated radiotherapy of a moving CTV to allow further 
dosee escalation of NSCLC-patient treatments, taking into account tumour motion 
parameters. . 

77 Outlin e of thi s thesi s 

First,, the accuracy of our current clinically applied dose-calculation algorithm 
wass determined using film and ionisation chamber measurements in a specially 
developedd phantom simulating a tumour located centrally in a lung (Chapter 2). 
Usingg the same phantom and a choice of field sizes based on the same algorithm, 
ann upper limit was determined for the effects of tumour motion parameters on the 
probabilityy of tumour control by means of a worst case scenario (Chapter 3). 
Furthermore,, this study provided information on the relation between the planned 
dosee distribution and the actually delivered dose distribution for our current clinically 
usedd treatment plans. 

Withh the mean lung dose as an estimator for the NTCP of the lung, we assessed 
whetherr the probability of tumour control of lung tumours might be increased by 
dosee escalation in combination with a reduction of field sizes and accepting an 
increasedd target dose inhomogeneity while maintaining a constant MLD (Chapter 
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4).. The feasibility of such an approach of dose escalation under constraint of a 
constantt MLD was first tested using a numerical simulation and later employed on 
aa NSCLC-patient. Furthermore the achievable gain in probability of lung tumour 
controll using intensity modulation under the same constraint was investigated 
(Chapterr 5). In addition, the benefit of incorporating SPECT lung perfusion data in 
thee treatment planning process has been determined (Chapter 6). 

Inn Chapter 7 we will discuss the results obtained in our study, the prospects of 
applyingg IMRT for lung cancer treatments and ideas for some future investigations. 
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Abstrac t t 

BackgroundBackground and Purpose: Conformal radiotherapy requires accurate dose 
calculationn at the dose specification point, at other points in the planning target 
volumee (PTV) and in organs at risk. To assess the limitations of treatment planning 
off lung tumours, errors in dose values, calculated by some simple tissue 
inhomogeneityy correction algorithms available in a number of currently applied 
treatmentt planning systems, have been quantified. 

MaterialMaterial and methods: Single MLC-shaped photon beams of 6, 8, 15 and 18 MV 
nominall energy were used to irradiate a 50 mm diameter spherical solid tumour, 
simulatedd by polystyrene, which was located centrally inside lung tissue, simulated 
byy cork. The planned dose distribution was made conformal to the PTV, which was 
aa 15 mm 3-D expansion of the tumour. Values of both the absolute dose at the ICRU 
referencee point and relative dose distributions inside the PTV and in the lung were 
calculatedd using three inhomogeneity correction algorithms. The algorithms 
investigatedd in this study are the pencil beam algorithm with 1-D corrections, the 
modifiedd Batho algorithm and the equivalent path length algorithm. The calculated 
dataa were compared with measurements for a simple beam set-up using 
radiographicc film and ionisation chambers. 

Results:Results: For this specific configuration, deviations up to 3.5 % between 
calculatedd and measured values of the dose at the ICRU reference point were 
found.. Discrepancies between measured and calculated beam fringe values 
(distancee between the 50 % and 90 % isodose lines) up to 14 mm have been 
observed.. The differences in beam fringe and penumbra width (20 % - 80 %) 
increasee with increasing beam energy. Our results demonstrate that an 
underdosagee of the PTV up to 20 % may occur if calculated dose values are used 
forr treatment planning. The three algorithms predict a considerable higher dose in 
thee lung, both along the central beam axis and in the lateral direction, compared 
withh the actual delivered dose values. 

Conclusions:Conclusions: The dose at the ICRU reference point of such a tumour in lung 
geometryy is calculated with acceptable accuracy. Differences between calculated 
andd measured dose distributions are primarily due to changes in electron transport 
inn lung, which are not adequately taken into account by the simple tissue 
inhomogeneityy correction algorithms investigated in this study. Particularly for high 
photonn beam energies, clinically unacceptable errors will be introduced in the 
choicee of field sizes employed for conformal treatments, leading to underdosage of 
thee PTV. In addition, the dose to the lung will be wrongly predicted which may 
influencee the choice of the prescribed dose level in dose escalation studies. 
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1.. Introductio n 

Treatmentt planning systems (TPSs) provide an inhomogeneity correction 
algorithmm to convert dose calculations in a homogeneous water-like patient to the 
situationn with inhomogeneities. Although the influence of inhomogeneities on the 
primaryy photon fluence is generally well predicted, the influence of inhomogeneities 
onn the dose delivered by scattered radiation is often approximated in a crude way. 
Mostt inhomogeneity correction algorithms are semi-empirical and accurate for only 
aa limited set of simplified geometries [9]. As a result, large dosimetric errors may 
occurr in clinically relevant situations [5,8,12,18,24,25]. 

Montee Carlo methods model all interaction processes and will therefore 
accuratelyy predict dose distributions in complex geometries. At present, however, 
Montee Carlo methods require long calculation times which may inhibit their use for 
routinee clinical purposes. Current generation convolution based algorithms have an 
increasedd accuracy by modelling the energy deposition of scattered radiation into a 
kernel,, which is convolved with the energy released by primary photon interactions. 
Itt can be expected that treatment planning systems having such a convolution 
basedd algorithm may also adequately predict the dose for the situation with 
inhomogeneities. . 

Thee aim of this work is, however, to provide insight into the difference between 
thee actual and calculated dose distributions for some widely used simple 
inhomogeneityy correction algorithms implemented in a number of treatment 
planningg systems. Although these algorithms do not represent the 'state of the art', 
thesee planning systems are available in many institutions and they will remain in 
clinicall use for some more years because of practical considerations. 

Especiallyy for conformal irradiation techniques within the thoracic region, 
knowledgee of the accuracy of the applied algorithm is relevant. A clinically 
significantt degradation of the beam profile may occur due to the increased range of 
secondaryy electrons [5,12,25] apparent, for example, in a broadening of the beam 
penumbra.. Since a difference between the planned and actually delivered dose 
distributionn may result in an underdosage of the target volume, knowledge of the 
limitedd accuracy of a dose calculation algorithm is a prerequisite in order to safely 
definee margins. 

Ann important aspect of inhomogeneity correction algorithms is the correct dose 
calculationn along the central beam axis. Many authors have reported about the 
accuracyy of central axis inhomogeneity correction factors (defined as the ratio of 
dosee values for the inhomogeneous and homogeneous situation for the same 
irradiationn conditions) for a variety of geometries [e.g. 6,16,18]. However, only a 
limitedd amount of information is available on the accuracy of the dose calculation 
forr a tumour inside the lung and the dose calculation in the lateral direction for such 
ann inhomogeneous situation. 

Millerr et al. [14] determined experimentally the margins between field edge and 
targett volume as a function of beam energy. A rectangularly shaped tumour in 
inhomogeneouss surroundings was modelled, representing the gross tumour volume 
(GTV).. The planning target volume (PTV) was defined as a 1 cm expansion of the 
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GTV.. It was shown that a 2 cm margin between field edge and GTV was necessary 
too achieve that the minimum dose in the PTV was higher than 95 % of the central 
tumourr dose for either a 6 MV or a 10 MV beam. For an 18 MV beam this margin 
wass 2.5 cm. An experimental study by our group showed similar results [2]. With a 
marginn of 2 cm (8 MV) and 2.5 cm (18 MV) between the GTV and field edge, the 
955 % isodose level was located about 8 mm outside the GTV edge. 

Bothh studies yielded experimentally determined margins. Treatments plans in 
clinicall practice, however, are based on and evaluated with 3-D TPSs that may not 
displayy the correct relative dose distribution, leading to a misprediciton of margins 
betweenn the target volume and the field edge. In contrast with the studies described 
abovee [2,14], in our study a more realistic spherically shaped tumour is used. In 
addition,, also the accuracy of the calculation of the absolute dose value at the ICRU 
referencee point, i.e. the monitor unit calculation, has been assessed for a clinically 
relevantt geometry. In this paper we will restrict ourselves to medium-sized fields, as 
oftenn applied in conformal radiotherapy of lung tumours. 

TableTable 1: Characteristics of the inhomogeneity correction algorithms and photon beams, applied 
inin this study. 

Treatmentt planning 

system m 

Cadd Plan 

Versionn 3.1.1 

U-Mplan n 

Versionn 339 

Helaxx TMS 

Versionn 4.0B 

Inhomogeneity y 

correctionn algorithm 

Modifiedd Batho 

Equivalentt path length 

Pencill beam with 1-D 

corrections s 

Typee of 

accelerator r 

Variann Clinac 2300 C/D 

Elektaa SL20 

ElektaSLMS S 

Nominal l 

energyy (MV) 

6 6 

15 5 

8 8 

18 8 

6 6 

15 5 

Quality y 

index x 

0.670 0 

0.761 1 

0.711 1 

0.773 3 

0.679 9 

0.761 1 

2.. Material s and method s 

Inn this study, dose calculations applying three relatively simple inhomogeneity 
correctionn algorithms as incorporated in different TPSs, are compared with 
measurementss in a heterogeneous phantom simulating a spherically shaped 
tumourr located centrally in a lung. These TPSs are Helax TMS1 version 4.0B [1], 
locatedd at the Groningen University Hospital in Groningen, CadPlan2 version 3.1.1 
[21]] at the University Hospital Vrije Universiteit in Amsterdam and U-MPIan3 version 
3399 [7] at The Netherlands Cancer Institute / Antoni van Leeuwenhoek Hospital in 
Amsterdam.. Locally available treatment machines with an MLC and corresponding 
treatmentt planning data were used (Table 1). This approach was chosen instead of 

11 MDS Nordion, Canada 
22 Varian Oncology Systems, USA 
33 University of Michigan, USA 
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implementingg the same beam data in each planning system, to reduce the workload 
inn the participating centres. Also the results from this study will be of direct 
importancee for the clinical applications of the TPSs and their inhomogeneity 
correctionn algorithms in the participating centres. 

2.1.2.1. The phantom 

AA special phantom (Figure 1a) was designed for this study. It consists of 
polystyrenee and cork layers of 1 and 2 cm thickness and has a 50 mm diameter 
polystyrenee insertion at the centre of the cork volume simulating a tumour in lung 
tissue.. At the beam entrance side, a 2 cm layer of polystyrene is added to simulate 
thee anterior thoracic wall and to provide (partial) build-up. The polystyrene and cork 
layerss were assumed to have a relative electron density of 1.01 and 0.25, 
respectively.. The geometry characteristics and bulk density of the phantom were 
insertedd manually into the three treatment planning systems, either by digitising or 
byy entering coordinates, in order to achieve an accurate reconstruction of the 
experimentall geometry. 

2.2.2.2. Treatment  planning 

Withh the sphere as a model for the GTV, the PTV was constructed by adding a 
uniformm 15 mm margin (Figure 1a). The isocentre was located at the centre of the 
GTVV (point B in Figure 1b), at 100 mm depth in the phantom. In the treatment 
planningg process, a beam shape was designed in such a way that the PTV was 
encompassedd as closely as possible by the 95 % isodose line in the central plane, 
definedd as the plane through the isocentre and perpendicular to the collimator 
rotationn axis. Because radiographic films can only be used in a limited dose range, 
aa dose of 50 cGy was prescribed to the ICRU reference point, located at the beam 
isocentre. . 

2.3.2.3. inhomogeneity  correction  algorithms 

Thee three inhomogeneity correction algorithms tested in this study are the 
equivalentt path length method (EPL) [3], the modified Batho method (MB) [19,22] 
andd the one-dimensional convolution correction algorithm as implemented in the 
Helaxx TMS pencil beam based treatment planning system [11], which will be 
referredd to as pencil beam with 1-D corrections (PB+1D). The latter inhomogeneity 
correctionn algorithm is similar to the equivalent path length algorithm with the 
exceptionn that a separate 1-D convolution correction factor is calculated for 
scatteredd photons and secondary particles released in subsequent interactions, as 
elucidatedd by Ahnesjö etal. [1]. In Table 1, the inhomogeneity correction algorithms 
andd their corresponding TPS are shown. CadPlan is equipped with three different 
inhomogeneityy correction models: the ETAR, the power law Batho and the modified 
Bathoo algorithm. Since the results for these three algorithms were almost similar, 
onlyy the results for the modified Batho algorithm are compared quantitatively with 
thosee for the EPL and PB+1D algorithm. 
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FigureFigure 1: (a) Schematic illustration of the lung phantom consisting of polystyrene (grey) and cork 
(white)(white) slabs. Shown is a transverse cut through the isocentre and parallel to the direction of 
beambeam incidence. The phantom has a 50 mm diameter polystyrene solid sphere inserted at the 
centre.centre. Outer dimensions of the phantom are 400 mm x 400 mm x 200 mm. The dashed circle 
indicatesindicates the PTV, which is a 15 mm 3-D expansion of the polystyrene sphere. Indicated by 
arrowsarrows is the field margin (the margin between field edge and PTV). (b) Measurement positions 
inin the phantom. Planes of film measurement and their depth in the phantom are indicated by 
dasheddashed horizontal lines. Positions of ionisation chamber measurements are indicated by crosses 
(A,(A, B and C). 
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Eachh TPS is not only equipped with a different inhomogeneity correction 
algorithm,, but also with a different beam model to calculate the dose distribution 
withoutt inhomogeneity correction. To minimise the effect of these different beam 
models,, dose distributions have also been measured and calculated in a 
homogeneouss (polystyrene) phantom for the same field set-up as used for 
irradiationn of the inhomogeneous phantom. The results for the inhomogeneous 
phantomm are expressed relative to the results in the homogeneous case, i.e. the 
errorr for the homogeneous situation was eliminated. 

2.4.2.4. Dose measurements 

Film44 measurements were performed at different depths in the phantom in 
planess perpendicular to the central beam axis, either through the 'tumour' or entirely 
throughh 'lung', as indicated by the dashed horizontal lines in Figure 1b. Films were 
irradiatedd one at a time. Film measurements were repeated three times in each 
planee and the resulting dose distributions per plane were averaged. For each of the 
sixx beam set-ups tested (i.e. 3 algorithms and 2 photon beams), a new batch of 
filmss was used. For each batch a sensitometric calibration curve was determined by 
perpendicularr irradiation of films to 5 different dose levels at a depth of 10 cm in a 
homogeneouss polystyrene phantom at SSD = 90 cm with a field size of 10 x 10 cm2 

att the isocentre. The determination of the sensitometric curve was carried out 
duringg the same session as the lung phantom measurements. The sensitometric 
curvee was normalised to the reference output of the accelerator, which allows an 
instantt correction of film measurements for any deviation of the accelerator output 
fromm this reference output. In most cases, the dose prescription of 50 cGy to the 
ICRUU reference point leads to a number of monitor units, calculated by the TPS, 
whichh is not necessarily an integer. When converting film measurements to 
absolutee dose, outcomes were corrected for the use of integer monitor units during 
irradiation.. Films were processed5 and read with a laser digitiser6 with a resolution 
off (0.656 mm)2. An unexposed film from the same batch was developed and 
digitisedd for background subtraction. 

lonisationn chamber measurements were performed at three positions along the 
collimatorr rotation axis, indicated by the crosses in Figure 1b. At positions A and C, 
ann NE25717 ionisation chamber was used, which has a sensitive volume of 0.6 cm3. 
Thee ionisation chamber was calibrated using a 10 x 10 cm2 field at a depth of 10 
cmm in a unit density phantom at SSD - 90 cm. Readings in the inhomogeneous 
phantomm were converted to dose using the reference reading, thus eliminating any 
differencee in accelerator output from the reference output. In addition a beam 
energyy dependent correction factor was applied for the measurements performed 
inn cork. This factor has been determined by taking the differences in stopping power 
ratioss and mass energy-absorption coefficients between cork and polystyrene into 

44 Kodak X-OMAT-V 2 
55 Kodak X-OMAT 3000RA 
66 Konica KFDR-S 
77 Nuclear Enterprises, Berkshire, England 
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accountt [15]. The cork data have been taken as an average of values determined 
forr other lung-equivalent materials having a known composition, given in ICRU 
Reportt 44 [10]. The value of this correction factor varied between 0.994 for the 6 
MVV beam and 0.999 for the 15 MV beam. At position B, the centre of the tumour, 
thee dose was measured with a PTW8 N233642 ionisation chamber, having a 
sensitivee volume of 0.125 cm3, calibrated under the same reference conditions as 
thee NE2571 ionisation chamber. 

Thee following dosimetric parameters were evaluated from the 2-dimensional 
dosee distributions, both for the inhomogeneous and homogeneous phantom. In 
eachh plane of measurement, the central axis dose value and the average distance 
too the central beam axis of the 20 %, 50 %, 80 % and 90 % isodose lines (relative 
too the dose on the central beam axis in that plane) were determined both from the 
filmss and the TPS data. The distance between the 20 % and 80 % isodose lines 
yieldss the beam penumbra as a function of depth in the phantom, while the distance 
betweenn the 50 % and 90 % isodose lines defines the beam fringe [5]. For each 
beamm set-up, we assessed the change in beam penumbra and beam fringe 
betweenn the inhomogeneous and the homogeneous phantom. 

3.. Result s 

Thee field shape, derived for an 8 MV beam using the U-MPIan TPS with the EPL-
algorithm,, is shown in Figure 2. Due to the planning constraint of tailoring the 
plannedd 95 % isodose line conformal to the PTV in the central plane, field sizes 
weree different for each beam energy and algorithm, although all fields were kept 
approximatelyy circular in shape. 

Gun n 

j - ^ 'PTVN 1 " ! ! 
JJ / \ l 

// \ 
AA u. *| B 

\\ 80 mm i 

Target t 

FigureFigure 2: The beam set-up for the 8 MV beam as planned with the equivalent path 
lengthlength algorithm incorporated in the U-MPIan TPS. In this beam's eye view, the thin 
lineline gives the leaf positions while the thick solid line represents the position of the 
backupbackup collimators. Field dimensions are 92 mm and 94 mm in gun-target and A-B 
direction,direction, respectively. 

88 Physikalisch-Technische Werkstatten, Freiburg, Germany 
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Inn Table 2, the square root of the beam area (not the equivalent square) in cm, 
inn the central plane through the tumour is given for each (MLC-shaped) field. Table 
22 also shows the measured and calculated penumbra width and beam fringe in 
casecase of beam set-up on a homogeneous polystyrene phantom at a depth of 10 cm 
andd SSD - 90 cm. 

TableTable 2: Irradiation conditions and measured and calculated values in a 
homogeneoushomogeneous phantom of the beam penumbra (distance between 20 % and 80 % 
isodoseisodose lines) and the beam fringe (distance between 50 % and 90 % isodose lines) 
forfor the field shape as used for the irradiation of the inhomogeneous phantom. A depth 
ofof 10 cm in polystyrene at SSD = 90 cm is used. 

TPSS Nominal Square root Penumbra Penumbra Beam fringe Beam fringe 

energyy of physical width width (mm) (mm) 

(MV)) beam area in (mm) (mm) Measured Calculated 

thee central Measured Calculated 

planee (cm) 

CadPlan n 

Cadplan n 

U-Mplan n 

U-Mplan n 

Helaxx TMS 

Helaxx TMS 

6 6 

15 5 

8 8 

18 8 

6 6 

15 5 

9.1 1 

9.1 1 

8.2 2 

8.9 9 

7.9 9 

8.0 0 

4.5 5 

5.6 6 

5.9 9 

6.4 4 

5.6 6 

5.9 9 

7.8 8 

8.3 3 

11.6 6 

12.2 2 

4.2 2 

5.3 3 

4.4 4 

5.0 0 

5.3 3 

6.1 1 

5.4 4 

5.8 8 

7.6 6 

7.1 1 

7.9 9 

8.8 8 

3.4 4 

4.8 8 

Fromm these results it can be seen that the beam fit in the Helax TMS shows good 
agreementt between measured and calculated penumbra and beam fringe for a 
homogeneouss phantom. The beam fit in CadPlan slightly overestimates the 
penumbraa and beam fringe. In U-MPIan, on the other hand, the penumbra width is 
overestimatedd considerably. Although the error in the fit for square-shaped MLC 
fieldss is small, the position of the 20 % isodose level is mispredicted for the 
circularly-shapedd MLC fields used in our study. 

Inn Figures 3a to 3f, both measured and calculated dose profiles are presented. 
Dosee profiles are shown in the gun-target direction through the central beam axis, 
att three different depths in the inhomogeneous phantom. Also shown are dose 
valuess measured with ionisation chambers along the central beam axis. Errors in 
bothh absolute dose (output along the central beam axis), and relative dose 
(differencee in shape between calculated and measured profiles), are clearly 
noticeable.. These errors are described in the following sections. 
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FigureFigure 3: Dose profiles in gun-target direction at three different depths in the 
inhomogeneousinhomogeneous phantom for the (a) 6 MV and (b) 15 MV beam as planned with the 
MB-algorithm,MB-algorithm, (c) 8 MV and (d) 18 MV beam as planned with the EPL-algorithm and 
(e)6MVand(f)(e)6MVand(f) 15 MV beam as planned with the PB+1 D-algorithm. Solid and dashed 
lineslines are calculated and measured profiles, respectively. Crosses indicate the 
absoluteabsolute dose along the collimator rotation axis as measured with an ionisation 
chamber.chamber. The dashed vertical lines in the central planes indicate the GTV boundaries. 

3.1.3.1. Absolute  dose 

Thee agreement between the dose measured with film or ionisation chamber was 
withinn 2 % (Table 3). Therefore, dose distributions as measured with film were not 
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onlyy used to compare relative dose distributions with calculated data, but also for 
comparisonn of absolute dose values. 

TableTable 3: Average difference in absolute dose values, measured with film or an 
ionisationionisation chamber, as a function of depth in the phantom along the collimator rotation 
axis.axis. Values are averaged for three algorithms and two beam energies. The overall 
valuesvalues are averaged for the three positions of ionisation chamber measurement. A 
positivepositive value means that a larger dose value is measured with the ionisation 
chamberchamber than with film. 

Depthh in phantom (mm) 

50 0 

100 0 

150 0 

Overall l 

Averagee difference (%) 

-0.40 0 

0.93 3 

0.35 5 

0.35 5 

Standardd deviation (%) 

0.80 0 

0.68 8 

0.74 4 

0.74 4 

Thee ratio between the calculated dose value (Dcaic) and the measured dose 

valuee (Dmeas) at the ICRU reference point and at other points along the central beam 

axis,, are shown in Figure 4. 

MB B 
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FigureFigure 4: Ratio of calculated and measured dose per monitor unit along the collimator 
rotationrotation axis as a function of depth in the phantom. The dashed vertical lines indicate 
thethe GTV boundaries. 
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Thee EPL and MB-algorithm show a systematic overestimation of the dose per 
monitorr unit for both beam energies at all positions. For the EPL algorithm the 
overestimationn varies from about 3.5 % at the ICRU reference point, up to 10 % at 
centrall axis positions in the lung and for the MB-algorithm from 3 % up to 5 %, 
respectively.. The PB+1D-algorithm correctly predicts, within 1 %, the dose per 
monitorr unit at the ICRU reference point for the beam energies studied. At other 
positions,, however, deviations between calculated and measured dose values up to 
6.55 % inside the lung are also found for this algorithm, depending on the beam 
energy.. Figure 3 shows that also in the lateral direction inside the lung the absolute 
dosee values predicted by the three algorithms are considerably higher than the 
valuess measured with film. 
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FigureFigure 5: Change in beam penumbra when irradiating the inhomogeneous phantom 
insteadinstead of a homogeneous phantom as a function of depth in the phantom. The 
penumbrapenumbra is defined as the mean distance between the 20 % and 80 % isodose line 
(in(in % of the central axis dose value) in a plane at a specific depth in the phantom. The 
dasheddashed vertical lines indicate the GTV boundaries along the central beam axis. 
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3.2.3.2. Penumbra  and beam fringe 

Inn Figure 5 the change in calculated and measured penumbra is shown as a 
functionn of depth in the phantom. The values represent the penumbra width in the 
inhomogeneouss phantom minus the penumbra width in the homogeneous 
phantom.. In Figure 6 similar results are shown for the change in calculated and 
measuredd beam fringe. All algorithms result in a systematic underestimation of the 
increasee in both the penumbra and beam fringe, regardless of the beam energy. For 
thee low energy beams (< 8 MV), differences between measured and calculated 
valuess are up to 4.3 mm (penumbra) and 6.3 mm (beam fringe) for the modified 
Bathoo algorithm, 7.1 and 9.1 mm (EPL), and 3.2 and 5.1 mm (PB+1D), respectively. 
Forr the high energy beams (> 15 MV), the differences between measured and 
calculatedd penumbra increase and beam fringe increase are up to 8.5 and 10.0 mm 
(MB),, 10.6 and 13.7 mm (EPL), and 9.1 and 13.8 mm (PB+1D). 
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FigureFigure 6: Change in beam fringe when irradiating the inhomogeneous phantom 
insteadinstead of a homogeneous phantom as a function of depth in the phantom. The beam 
fringefringe is defined as the mean distance between the 50 % and 90 % isodose line (in 
%% of the central axis dose value) in a plane at a specific depth in the phantom. The 
dasheddashed vertical lines indicate the GTV boundaries along the central beam axis. 
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Thee calculated data for the penumbra and beam fringe are almost constant as a 
functionn of depth in the phantom, while the measured data show a maximum at a 
specificc depth. This maximum is located at greater depth for the high energy beams 
withh respect to the low energy beams. It is also noteworthy that non of the 
algorithmss predicts an increase in beam penumbra width and beam fringe, 
regardlesss of beam energy. 

3.3.3.3. Consequences  for  margins  and field  size 

Inn Table 4, the measured dose at the PTV edge is given for the central plane, 
expressedd both as a percentage of the dose on the central axis (third column), thus 
eliminatingg any error in the monitor unit calculation, and as a percentage of the 
prescribedd dose (fifth column). At this position, the planned dose is 95 % of the 
prescribedd dose. Deviations of the values in the fifth column of Table 4 from this (95 
%)) dose level are a result of both errors in the monitor unit calculation and an 
incorrectt prediction of the dose relative to the dose at the ICRU reference point. 

Forr the MB-algorithm the overestimation of the dose at the position of the 
calculatedd 95 % isodose level is 1.1 % and 8.5 % for a 6 MV and 15 MV beam, 
respectively.. For the EPL-algorithm, these values are 13.1 % and 14.9 % for an 8 
MVV and 18 MV beam, respectively, while for the PB+1 D-algorithm these errors are 
12.77 % and 21.2 % for a 6 MV and 15 MV beam, respectively. 

TableTable 4: Dose values measured with film at the PTV edge in the plane through the 
centrecentre of the polystyrene sphere. The difference between the third and the fifth 
columncolumn is due to the error in the monitor unit calculation. 

Algorithm m 

MB B 

MB B 

EPL L 

EPL L 

PB+1D D 

PB+1D D 

Nominal l 

energy y 

(MV) ) 

6 6 

15 5 

8 8 

18 8 

6 6 

15 5 

Dosee relative to the 

dose e onn the central 

axiss (%) 

97.0 0 

88.7 7 

84.7 7 

82.5 5 

81.8 8 

73.8 8 

Errorr in the 

monitorr unit 

calculationn (%) 

3.2 2 

2.5 5 

3.3 3 

2.9 9 

-0.6 6 

0.0 0 

Dosee relative to 

thee prescribed 

dose(%) ) 

93.9 9 

86.5 5 

81.9 9 

80.1 1 

82.3 3 

73.8 8 

4.. Discussio n 

Thee accuracy of three simple inhomogeneity correction algorithms available in 
threee clinically applied treatment planning systems, has been investigated for one 
specificc situation, i.e. a single conformal beam set-up for an inhomogeneous 
phantomm simulating a tumour in lung. Locally available linac beams were selected, 
whichh yielded as an additional advantage that a range of photon beam energies 
couldd be studied, though not necessarily clinically applied for lung treatments. An 
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underestimationn of the margin between PTV and beam edge near the lateral 
interfaceinterface of tumour and lung was found for the three inhomogeneity correction 
algorithms.. In the following paragraphs we will discuss the accuracy of each 
algorithmm in predicting absolute dose values along the central beam axis and 
relativee dose distributions in planes perpendicular to the beam axis at different 
depthss in the phantom. Finally, the possible clinical consequences of treatment 
planningg based on either of the three algorithms are discussed. 

4.1.4.1. Absolute  dose 

Thee accuracy of the algorithms is limited by the assumption of electron and 
photonn equilibrium. Location of the ICRU reference point at the centre of the unit 
densityy GTV provides almost complete electron and photon equilibrium, hence the 
relativelyy small error observed at this position. The slight overestimation of the dose 
att this point by the EPL-algorithm is in agreement with the data provided by other 
investigators,, e.g. el-Khatib etal. [6] and van Kleffens and Mijnheer [20]. The rather 
largee difference between measured and calculated dose per monitor unit for the 
EPL-algorithmm at positions in the lung behind the tumour (Figure 4b) can partly be 
explainedd by the fact that this algorithm does not distinguish between primary dose 
andd scattered dose. It ray traces to the point of calculation and corrects the total 
dosee for effective tissue equivalent path length along the ray. To investigate the 
behaviourr of the EPL algorithm further, we performed additional ionisation chamber 
measurementss at greater depths along the central beam axis with an increased 
amountt of cork behind the tumour. These measurements indicated that the 
differencee between calculated and measured absolute dose along the central beam 
axis,, levels off at about 10 % for both the 8 MV and 18 MV beam. 

Mostt studies of the Batho algorithm [e.g. 6,17,20] show an underestimation of 
calculatedd tissue inhomogeneity correction factors along the central beam axis for 
highh energy photon beams in less than unit-density material. These observations 
aree different from the results described in our study, where an overestimation of 
aboutt 3 % was observed (Figure 4a), and from the results presented by Declich et 
al.al. [4], who showed an overestimation of about 1 %. This difference can partly be 
explainedd by the use of the generalised Batho algorithm in the older studies. That 
algorithmm uses the TAR (tissue-air ratio) curve and the TAR value at dose maximum 
inn the build-up region for calculating inhomogeneity correction factors. The modified 
Bathoo algorithm as implemented in the CadPlan TPS, however, uses only the 
descendingg part of the TAR curve. Inhomogeneity correction factors calculated with 
thee modified Batho algorithm will therefore be higher. The use of the ETAR 
algorithmm instead of the modified Batho algorithm reduced the overestimation at the 
ICRUU reference point to 0.7 % instead of 3.2 % for the 6 MV beam. For the 15 MV 
beamm there was no difference between using either algorithm. 

Thee inhomogeneity correction algorithm as incorporated in the Helax TMS 
treatmentt planning system is similar to the equivalent path length algorithm with the 
exceptionn that a separate 1-D convolution correction factor is calculated for 
scatteredd photons and secondary particles released in subsequent interactions. 
Thiss scatter correction factor applies for an infinite-slab approximation. In the centre 
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off the tumour, the geometry for scattered photons is apparently close to this 
approximation.. Furthermore, transient electronic equilibrium exists for the photon 
energiess applied. These circumstances explain the high accuracy with which the 
dosee is calculated with the PB+1D algorithm at the ICRU reference point. 

Figuree 3 shows that the absolute dose in the lung predicted by the three 
algorithmss is considerably higher for all beam energies. This is an important finding 
becausee optimisation of treatment planning of conformal radiotherapy of lung 
tumourss will be based on the dose to the lung. If treatment planning systems make 
errorss in the prediction of the dose to the lung, this may lead to an incorrect choice 
off treatment technique or dose level during dose escalation studies. 

4.2.4.2. Penumbra  and beam fringe 

Severall studies [e.g. 5,12,23] have demonstrated an increase in both beam 
penumbraa and beam fringe for fields through material of lung density with respect 
too unit-density material. This increase is larger for higher photon beam energies. 
Thee experimental part of our study confirms such an increase although the absolute 
valuess of penumbra and beam fringe may differ somewhat from those reported by 
otherr groups because of differences in phantom geometry. 

Onee of the main findings of this study is the quantification of the difference 
betweenn the actual penumbra broadening and that calculated by these simple 
inhomogeneityy correction algorithms. Our results, presented in Figures 5 and 6, 
showw that these algorithms predict almost no penumbra broadening while also no 
increasee with photon beam energy can be observed. 

Mispredictionn of the values for penumbra and beam fringe for the homogeneous 
situationn will also lead to errors in these values when irradiating the inhomogeneous 
phantom.. This especially holds for the results obtained with the EPL-algorithm and 
too a lesser extent for the MB-algorithm (Table 2). By assessing the change in 
penumbraa width and beam fringe, the additional error introduced by the 
inhomogeneityy correction algorithm has been quantified. 

Thee fact that the measured data in Figures 5 and 6 have a maximum as a 
functionn of depth in the phantom and that the calculated data do not, is because in 
eachh plane the dose is normalised to the value on the collimator rotation axis. For 
thee homogeneous phantom, both the measured and calculated penumbra width 
andd beam fringe gradually increase with depth. The variations in penumbra width 
andd beam fringe increment as a function of depth in the phantom will therefore be 
ann effect of the use of the inhomogeneous phantom. 

Forr the inhomogeneous phantom, large variations occur in the measured 
penumbraa and beam fringe with depth as indicated in Figure 7a. Here, measured 
dosee profiles that are normalised to the dose value on the collimator rotation axis, 
aree shown for the 8 MV beam at different depths in the inhomogeneous phantom. 
Thee width of the profiles was scaled along the horizontal axis, in order to have the 
samee width at the 50 % level. Figure 7a shows that at 80 and 100 mm depth in the 
phantom,, the measured beam fringe has its maximum value. If the profiles are also 
scaledd along the vertical axis they almost overlap up to the 90 % level (Figure 7b), 
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indicatingg that the variations in Figures 5 and 6 are due to the normalisation 
procedure,, inherent to the penumbra and beam fringe definitions. 
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FigureFigure 7: Dose profiles for the 8 MV beam for different depths in the phantom. The 
dimensiondimension of the profiles was scaled in the horizontal direction in order to have the 
samesame width at the 50 % level for all profiles, (a) and (b) are measured profiles, (c) and 
(d)(d) are profiles calculated with the U-MPIan treatment planning system. 

Similarr data regarding calculated dose profiles is plotted in Figures 7c and d. 
Again,, it is possible to overlap the penumbra regions of the dose profiles at different 
depthss by renormalization. However, the effect of normalisation on the position of 
thee calculated 90 % isodose line is much smaller when compared to the measured 
900 % isodose line because the inhomogeneity correction algorithms predict almost 
noo penumbra broadening. Therefore, there is only a minor change in calculated 
penumbraa and beam fringe as a function of depth in the inhomogeneous phantom. 
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Sincee the choice of normalisation has such a large effect on the values of 
penumbraa and beam fringe, it might be argued that the use of these parameters is 
questionable.. However, this normalisation procedure is useful in case the ICRU 
referencee point is located at the normalisation point, i.e. on the collimator rotation 
axis,, in that plane. 

Wee also compared our measurements of the penumbra and beam fringe with 
calculationss performed with the ETAR algorithm. The results were similar to those 
obtainedd with the modified Batho algorithm, i.e. also the ETAR algorithm does not 
predictt penumbra broadening in inhomogeneous media. 

4.3.4.3. 95 % isodose  level  and consequences  for  patient  treatment  planning 

Becausee the three inhomogeneity correction algorithms do not take into account 
electronn transport in detail, changes in the beam profile due to the lack of electron 
equilibriumm are incorrectly predicted. Underestimation of the beam fringe will lead to 
aa choice of a too small field size and subsequent underdosage of the PTV since the 
500 % isodose level, generally located near the steepest dose gradient, is well 
predicted.. For the phantom geometry and treatment planning constraint described 
inn this study, only the modified Batho algorithm for the low energy beam (6 MV) 
resultss in a correct field margin (Table 4). This is, however, partly caused by the fact 
thatt the 95 % isodose level of the 6 MV beam fit is already located a few mm 
inwardss with respect to the actual position in the homogeneous phantom. This 
resultss in a larger field margin for the inhomogeneous situation than would have 
beenn predicted with a perfect beam fit. For the other algorithms and beam energies 
thee underdosage of the PTV with respect to the planned 95 %, may be up to 13 % 
forr the low energy beams and up to 21 % for the high-energy beams (see Table 4, 
fifthh column). Knowledge of the error in the monitor unit calculation and subsequent 
correctionn of the number of monitor units, will reduce this underdosage slightly 
(Tablee 4, third column). 

Severall studies [e.g. 5,8,14] suggested that the use of low energy beams like 6 
MVV and 10 MV is preferred in irradiating lung tumours because higher energy 
beamss would need larger field margins in order to achieve target dose 
homogeneity.. According to White etal. [23] high energy beams (> 15 MV) may be 
usedd in thick patients in order to decrease the entrance dose. These authors 
studiedd the irradiation with parallel opposed beams of a cork and polystyrene 
phantomm and performed film measurements at the polystyrene-cork interface. 
However,, the reduced entrance dose has to be balanced against the increased field 
margins,, which result in a possible increase in mean lung dose and therefore an 
increasedd complication probability [13]. 

Wee would like to stress that even when using low energy beams for irradiating 
lungg tumours, the underestimation of field margins may result in a very large 
differencee between planned and actual delivered dose distribution. The difference 
betweenn planned and actual position of the 95 % isodose level will be smaller in a 
treatmentt plan if multiple (non-opposing) beams are used, because the contribution 
off a specific beam penumbra to the dose at a certain point is decreased. However, 
whenn only co-axial beams are used, the underdosage of the PTV to dose levels as 
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shownn in Table 4, will occur in the cranial-caudal direction. For an AP-PA irradiation 
technique,, this underdosage will occur in any direction perpendicular to the central 
beamm axes. 

Althoughh the algorithms tested in this study do not represent the current 'state of 
thee art', they are still widely used in many radiotherapy institutions. A similar test will 
havee to be performed for the new generation of convolution based algorithms, 
keepingg in mind that not only the accuracy of an algorithm itself will introduce errors, 
butt also the implementation of that algorithm into a TPS and its customisation, i.e. 
thee modelling of the beam parameters. 

Furthermoree it should be noted that underdosage of the PTV does not 
necessarilyy lead to underdosage of the GTV and CTV. Both are moving with respect 
too the beam portals, thus influencing the dose distribution [2] and the cumulative 
dosee to the tumour. Taking these effects into account is, however, beyond the scope 
off the present study and is part of future investigations. 

5.. Conclusio n 

Fromm this study we conclude that monitor unit calculations with simple 
inhomogeneityy correction algorithms in lung cancer treatments have acceptable 
accuracyy for positions where electron equilibrium exists, e.g. at the centre of a 
tumourr inside the lung. However, these algorithms do not yet take into account the 
laterall electron transport accurately enough. This limitation leads to an incorrect 
choicee of margin between target volume and beam edge, resulting in an 
underdosagee of the PTV, particularly for high energy photon beams. Also the dose 
inn the lung will be wrongly predicted thus hampering dose optimisation based on 
dosee levels in organs at risk. 
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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 

47 7 



ChapterChapter 3 

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. 
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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. 
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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 

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 
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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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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 
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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. 
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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 

80 0 



Iso-NTCPIso-NTCP lung dose-escalation 

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. 

r r 

_ _ 
_ _ 

Systematic c 

ll f 
11 ƒ 

// / 
jj jj 

errorr in the caudal c 

^^ ^ 

.. 1 . I i I . 

irection n 

\.. \ 

- 6 - 4 - 2 0 2 4 4 
Distanc ee (fro m CTV center , cm ) 

Systematicc error in the cranial direction 

. . 
--

--
'' . 

f'. f'. 

11 1 f f 
II II 

)) j 

y-~~  v > 
\ \ 

. 1 . 1 , 1 . . 

\ \ \ \ 
\ \ 
v\ \ sL L 

- 6 - 4 - 2 0 2 4 6 6 
Distanc ee (fro m CTV center , cm ) 

Systematicc error in the lateral direction 

--

1 1 

'*/ '*/ 
jtjt f 

11 11 ii 1 

1 1 

^^  o 

11 . 1 . 1 . 1 . 1 

\ \ \ 
\ \ \ 
\ \ \ 

I . I . . 

80 0 

—— 60 >, , 
O O 

mm
QQ 20 

- 8 - 6 - 4 - 22 0 2 4 6 8 
Distanc ee (fro m CTV center , cm) 

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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Abstract : : 

Purpose:Purpose: Because of the broad beam fringe (50% - 90 %) of high-energy photon 
beamss in low-density tissue, the use of intensity modulation to sharpen the beam 
fringee may be especially beneficial when irradiating lung tumors. We used a 
numericall simulation of geometrical errors to assess the gain in probability of tumor 
controll by using intensity modulation to sharpen the beam fringe. This gain has 
beenn assessed under constraint of a constant complication probability of the lungs, 
bothh with and without allowing dose inhomogeneity in the target volume. 

MethodsMethods and materials: Irradiation of a 50 mm diameter lung tumor located 
centrallyy in a lung-equivalent phantom was modeled. Treatment plans were 
designed,, varying in number and direction of beams, with and without the use of 
intensityy modulation to sharpen the beam fringe. Field size and prescribed dose 
weree varied under the constraint of a constant mean lung dose (MLD), an indicator 
forr the normal tissue complication probability of the lungs. Using numerical 
simulation,, the effect of setup errors and patient breathing was investigated. 
Treatmentt plans were evaluated by means of the equivalent uniform dose (EUD) of 
thee moving clinical target volume (CTV). 

Results:Results: When the minimum dose in the CTV is limited to 95 % of the prescribed 
dose,, the maximum EUD of the CTV using non-intensity modulated beams is 71 Gy 
forr a MLD of 20 Gy. Using a two-segment step-and-shoot technique or a technique 
withh an infinitely sharp beam fringe increases the maximum EUD to 87 and 104 Gy, 
respectively.. Allowing dose inhomogeneity in the CTV by systematically reducing 
fieldd sizes, the EUD can be further increased to 115 (non-intensity modulated), 113 
(two-segment)) and 125 Gy (infinitely sharp beam fringe), respectively. These results 
weree obtained for non-coplanar treatment plans. 

Conclusions:Conclusions: When dose homogeneity in the CTV is pursued, use of intensity 
modulationn for sharpening the beam fringe allows a large increase in prescribed 
dosee and therefore in the probability of tumor control. Without the dose 
homogeneityy constraint the ratio between the probability of tumor control and NTCP 
off the lungs, can be further increased but the benefit of sharpening the beam fringe 
decreases. . 
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1.. Introductio n 

Currentlyy applied dose levels in radiotherapy of non-small cell lung cancer 
(NSCLC)) result in a poor clinical outcome (1-3). An increase in prescribed dose 
whilee maintaining dose homogeneity over the target volume is expected to improve 
tumorr control. A strategy of dose-escalation is, however, limited by toxicity of organs 
att risk like the heart, spinal cord, esophagus and lungs. The dose in most of these 
normall tissues can be limited using 3-D treatment planning and choosing angles of 
beamm incidence avoiding these organs at risk. The lungs, however, are an organ at 
riskk that surrounds the target. To reduce the normal tissue complication probability 
(NTCP)) of the lungs, for which the mean lung dose (MLD) is an estimate (4), a 
strategyy of reduction of field sizes needs to be pursued. Intensity modulated 
radiotherapyy (IMRT) may provide the means for such a field size reduction. 

MohanMohan et al. (5) showed that, for a prostate treatment, a sharp increase in 
fluencee near the field edge allows the reduction of margins between target volume 
andd field edge while improving target dose homogeneity and reducing the dose in 
organss at risk. This method of intensity modulation could be especially useful for 
fieldd size reduction in lung cancer treatments because of the broad beam fringe 
(distancee between 50 % and 90 % isodose level) in low-density lung tissue (6-11). 
Withoutt the use of intensity modulation, this broad beam fringe necessitates the use 
off large margins between the target volume and the beam edge, leading to a high 
dosee in organs at risk thus limiting dose-escalation. 

Lindd et al. (12) described a method of incorporating random uncertainties in 
patientt alignment into the desired shape of the dose distribution in the target 
volume.. This method resulted in beams that were either not intensity modulated but 
considerablyy widened, or slightly widened and overcompensated near the beam 
edges.. The latter method is advantageous for lung cancer treatments, since it not 
onlyy corrects for patient mis-alignment but also for patient breathing during 
irradiation.. Furthermore, overcompensation at the beam edges leads to a 
sharpenedd beam fringe. 

Somee groups have reported on the reduction of lung dose using step-and-shoot 
IMRTT techniques using either a treatment planning (13,14) or an experimental 
approachh (15,16). In these studies, however, the aim was coverage of the planning 
targett volume (PTV) with a selected isodose level (i.e. 95%) in order to ensure a 
homogeneouss dose in the CTV. In a previous study we described the feasibility of 
escalatingg the probability of control of lung tumors by allowing a larger target dose 
inhomogeneityy (17). In that study we modeled a non-intensity modulated AP-PA 
irradiationn of a lung tumor. Tumor movement, characterized by set-up errors and 
patientt breathing was taken into account through numerical simulation. We showed 
thatt by reducing field sizes, the prescribed dose could be increased under 
constraintt of a constant mean lung dose (MLD), leading to an increase in the 
probabilityy of tumor control despite the increase in target dose inhomogeneity. This 
approachh of field size reduction in combination with escalation of the prescribed 
dosee was also shown to be effective for a multiple beam, non-intensity modulated, 
co-axiall irradiation of a non-small cell lung cancer patient. 
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Thee simulation in this previous study represented a worst case scenario 
becausee tumor movement was assumed to be in a direction perpendicular to the 
centrall beam axis, i.e. in the direction of the penumbra region of both beams in the 
treatmentt plan. In a multiple beam (non-coplanar) treatment plan, this is hardly ever 
thee case. In the present study we will simulate irradiation of a lung tumor for multiple 
non-coplanarr beams with and without intensity modulation. The aim of this work is 
too show the maximum gain in the probability of tumor control achievable by using 
intensityy modulation to sharpen the beam fringe and to counter the effects of tumor 
motion,, instead of using non-intensity modulated fields for the irradiation of lung 
tumors.. Geometrical errors were taken into account by numerical simulation using 
aa distribution of random and systematic errors. The prescribed dose was varied as 
aa function of field size with a constant NTCP of the lungs as a boundary parameter. 

FigureFigure 1: Cross-section of the inhomogeneous phantom in a schematic way 
simulatingsimulating a spherical tumor in lung for a six field co-axial irradiation. The thick dashed 
lineline indicates the extension of the lung volume, which is constant for all treatment 
plans.plans. The central gray area indicates the GTV. Also indicated is the expansion of the 
GTVGTV into a CTV. 
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2.. Method s and material s 

2.12.1.. The phantom 

Inn Figure 1 a cross-section of the virtual phantom is shown. The phantom 
consistss of a spherical tumor located centrally in a spherical lung volume with a 
diameterr of 190 mm which is indicated by the thick dashed line. The gray areas 
indicatee tissue with unit density, the central white area indicates lung tissue. For 
eachh change in the number and direction of beams in a treatment plan the outer 
contourr of the phantom is reshaped in such a way that any beam is incident on a 
perpendicularr surface while the lung volume is identical for all treatment plans. This 
mayy seem somewhat artificial. The emphasis of this study is, however, on the 
improvementt in dose to the tumor when using intensity modulation to sharpen the 
beamm fringe. The phantom geometry as shown in Figure 1 is for a six field coplanar 
irradiation.. The gross tumor volume (GTV), indicated by the solid circle at the center 
off the phantom, has a diameter of 50 mm. The GTV is expanded with 5 mm into a 
clinicall target volume (CTV), according to clinical practice at The Netherlands 
Cancerr Institute. The relative clonogenic cell density was assumed to be unity 
insidee the GTV, and a factor of 10 lower in the region from GTV-edge to CTV-edge. 
Wee are not using the PTV-concept and therefore did not delineate a PTV, but 
insteadd evaluate the dose to the moving CTV, as explained in our previous study 
(17). . 

2.2.2.2. Treatment  plan  design 

Dosee distributions in the phantom were econstructed for a large variety of 
treatmentt techniques. The plans differed in the number of beams, field sizes, and 
thee use of intensity modulation or not. For each treatment plan the isocenter and 
ICRUU reference point were located at the geometrical center of the phantom. The 
treatmentt plans can be summarized as follows: 

Irradiationn techniques: Either the use of non-intensity modulated fields (indicated as 
thee OPEN-technique), use of non-intensity modulated fields 
inn combination with a single segment in order to sharpen the 
beamm fringe and increase the dose near the beam edge 
(indicatedd as the SEGMENT-technique) or the use of a 
hypotheticall beam profile with an infinitely sharp beam 
fringee (indicated as the SHARP-technique). 

Numberr of beams: 2, 3, 4 or 6 uniformly angled coplanar beams, or a 4-field 
non-coplanarr 'box' technique (Couch at , gantry at 140
andd ; couch at , gantry at 40  and . All fields in 
aa single treatment plan have the same size and shape. 

Fieldd sizes: Varying between 60 and 110 mm in diameter, with a step 
sizee of 2 mm. 
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Althoughh it is impossible to actually create a dose profile with an infinitely sharp 
beamm fringe (i.e. a beam fringe width of 0 mm) in a patient or a phantom, use of this 
profilee will provide insight into the maximum gain achievable by sharpening the 
beamm fringe. For both the SEGMENT and the SHARP-technique, the dose near the 
fieldd edge was raised to a level higher than the prescribed dose to compensate for 
thee effects of random set-up errors and patient breathing on the dose in the CTV. 
Thiss is a combination of the two approaches of intensity modulation as suggested 
byy Mohan et al. (5) (sharpening of the beam penumbra) and Lind et al. (12) 
(increasee of dose near the field border). In our work this combination is not only 
evaluatedd for respiration-induced tumor motion and random errors, but also for a 
probabilityy distribution of systematic errors. 
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FigureFigure 2: Dose profiles for: a) a non-intensity modulated field; b) a non-intensity 
modulatedmodulated field with increased dose at the beam edge; c) a hypothetical intensity 
modulatedmodulated field with an infinitely sharp beam fringe. The dose profiles are through the 
beambeam isocenter and have been normalized at the center of the beam. The dashed line 
inin each graph represents the dose profile when blurred for both random setup errors 
(1(1 SD = 3 mm) and patient breathing (breathing amplitude; 10 mm peak-to-peak). 
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Thee four field non-coplanar technique is a compromise. Although using six fields 
aa true box technique with a box-shaped high dose region can be devised, such a 
beamm set-up will not be feasible when irradiating a patient. The four field non-
coplanarr technique, in which the beam axes form two x-shaped figures that are 
rotatedd 90 degrees with respect to each other, can be reproduced on a patient. 

Forr the construction of the dose in the phantom for the OPEN-technique, we 
usedd a dose profile as measured with radiographic film for a 10x10 cm2 8 MV beam 
att a depth of 10 cm in cork with a 2 cm build-up layer of polystyrene (the solid line 
inn Figure 2a). The 3-D dose distribution in the phantom for a single beam is 
assumedd to be circularly symmetric with respect to the central beam axis. The field 
sizee is characterized by the position of the 50 % isodose level. Simulation of other 
fieldd sizes could be performed by shifting the 50 % isodose level with respect to the 
centrall beam axis. The dose profile for the SEGMENT-technique (solid line in 
Figuree 2b) is the addition of the profile used for the OPEN-technique and a profile 
off a 10x1 cm2 8 MV beam measured under the same conditions. The weight and 
positionn of the segment have been optimized to result in the sharpest beam fringe 
afterr blurring for random errors and patient breathing, while limiting the maximum 
dosee of the summed profile to 107 % of the central axis dose value in order to 
preventt hot spots and high dose regions. In this optimum, the center of the segment 
wass located 6 mm inwards with respect to the field edge of the conformal beam 
whilee the absolute dose at the segment center was 20 % of the dose on the central 
beamm axis of the conformal field. Using segments with widths different from 1 cm 
didd not result in a sharper beam fringe after blurring. For construction of the dose in 
thee phantom using the SHARP-technique, we used a hypothetical dose profile as 
shownn in Figure 2c (the solid line). The relative dose is again 100 % at the field 
centerr with an increase in dose near the field border, which is again limited to 107 
%.. The width of 1 cm of the area of increased dose was chosen to be the same as 
thee optimal width of the SEGMENT-technique. 

Somee assumptions were made in creating the dose distribution for either 
irradiationn technique. A constant dose gradient in the direction parallel to the central 
beamm axis was assumed. For a phantom with a density of 0.25 g/cm3 with a 2 cm 
build-upp layer (density 1 g/cm3) and a 10x10 cm2 8 MV beam at an SSD of 88.5 cm, 
thee dose gradient at the isocenter is about 2.8 % per cm. For simplicity we assumed 
non-divergentt beams. In our simulations we neglected build-up and build-down 
effectss at the interface of tumor and lung and assumed the dose gradient in the 
tumorr to be equal to the dose gradient in the lung. This will lead to a small 
inaccuracyy in our calculations. Although presence of the unit density GTV in low-
densityy lung will influence the dose distribution in the CTV, this effect is small. In a 
previouss study we showed that, for a systematic set-up error of 10 mm, the 
inaccuracyy in the calculated EUD of the CTV is less than 0.5 % when assuming that 
thee dose distribution is invariant to tumor movement (18). 
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2.3.2.3. NTCP of  the lungs 

Thee mean lung dose (MLD) can be used as an indicator for the probability of 
radiationn pneumonitis (4). We used this MLD as a boundary parameter for dose-
escalationn when reducing field sizes. The relative MLD (rMLD, relative to the 
prescribedd dose in the ICRU reference point) for a specific field size and irradiation 
techniquee (either OPEN, SEGMENT or SHARP) was calculated over the lung 
volume,, excluding the GTV. With the rMLD, the prescribed dose for a specific field 
sizee was chosen to result in a MLD of 20 Gy. This value results in a predicted NTCP 
off about 10 % (4). Beyond this value the dose-effect relation rises rapidly. Because 
off the symmetry of the phantom, the rMLD is independent of the number of beams 
usedd and is only dependend on field size. Thus, increasing the number of beams 
doess not influence the prescribed dose, but it may lead to a more homogeneous 
dosee in the target volume. 

Onee might expect that the assumption of a constant dose gradient in the 
directionn parallel to the central beam axis, i.e. no increased attenuation in the GTV 
duee to its higher density, will influence the MLD. To test to what extent this is the 
case,, the phantom geometry was reproduced in the Pinnacle TPS1 and the rMLD 
wass calculated for different field sizes with a tumor density of either 0.25 or 1.0 
g/cm3.. The difference was within a few percent for the smallest field sizes and 
rapidlyy decreasing with increasing field sizes. 
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FigureFigure 3: Respiration-induced tumor displacement in the cranial-caudal direction as a 
functionfunction of time during the breathing cycle (20). 

2.4.2.4. Breathing  motion  and setup  errors 

Clinicallyy relevant values for the tumor motion parameters were extracted from 
dataa gathered at our institution. The random set-up errors are: 3.0, 3.4 and 2.2 mm 
(1SD)) in the left-right, cranial-caudal and ventral-dorsal direction, respectively (17). 
Forr the systematic component these values are: 1.5, 1.8 and 1.3 mm (1 SD), 
respectivelyy after application of our correction protocol (19). By adding an assumed 
11 ADAC Laboratories, version 5.2g 
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2.55 mm standard deviation in systematic errors due to other sources (i.e. GTV 
delineationn and tumor motion during CT-scanning), these values become: 2.9, 3.1 
andd 2.8 mm, respectively. 

Furthermore,, we assumed tumor motion due to patient breathing with a peak-to-
peakk movement of 10 mm to be in the cranial-caudal direction only, i.e. in the 
directionn perpendicular to the central beam axes in the co-axial treatment plans. 
Thiss amplitude of breathing motion is typical for middle lobe tumors, as found at The 
Netherlandss Cancer Institute. The displacement of the tumor during a breathing 
cyclee is asymmetric as a function of time (20) and was simulated by 

^ f l , * ( 00 = cos6(0-0.31 (1) 

withh t time and dbreath(t) the displacement in cm from the mean tumor position at 
timee t (Figure 3). The offset ensures that the mean tumor position is zero. 

2.5.2.5. The concept  of  equivalent  uniform  dose  (EUD) 

Forr evaluation of a treatment plan we used the minimum dose in the CTV as well 
ass the EUD-concept according to the formula provided by Niemierko (21): 

*V tej j Xv,P,-(5F2)
D<" V V /5>p<} } 

Summationn is performed over all voxels i in the CTV, with Vj the volume of voxel 
ii receiving a dose of Dj and pi the clonogenic cell density. The reference fraction 
dose,, Dref, is 2 Gy and SF2, the surviving fraction of clonogenic at this reference 
dose,, is set to 0.5. 

Thee EUD is defined in such a way that homogeneous irradiation of a target 
volumee with this EUD results in the same clonogenic cell kill as irradiation of the 
targett volume with the inhomogeneous dose distribution represented by the DVH. 
Thee EUD model is closely related to the TCP model developed by Webb and 
Nahumm (22). The TCP of a DVH is the same as the TCP of the EUD of that DVH. 

Whenn comparing two different DVHs, the corresponding TCP-values will give an 
estimatee of the difference in tumor control probability, provided one knows the initial 
numberr of clonogenic cells and the linear term in the linear-quadratic model of cell 
survival,, a (23). The difference in EUD between the two different DVHs is 
approximatelyy the escalation in prescription dose necessary, in order to increase 
thee clonogenic cell kill of the plan with the lowest TCP to the clonogenic cell kill of 
thee plan with the highest TCP. Thus, an increase in EUD represents an increase in 
clonogenicc cell kill and thus an increase in the probability of tumor control. 
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2.6.2.6. The simulation 

Eachh treatment plan (differing in either treatment technique, number of beams, 
fieldd size and corresponding prescribed dose) was assessed with respect to the 
probabilityy of tumor control using in-house software developed by the group of van 
Herkk and colleagues (24). With this software, numerical simulation of random errors 
andd patient breathing is used to blur the dose distribution. After blurring the dose 
distribution,, systematic errors are simulated by taking 5000 random samples from 
thee distribution of systematic errors as determined for a previously treated patient 
population.. For each systematic displacement of the tumor with respect to the 
blurredd dose-distribution, we determined the dose to 104 points, randomly 
positionedd inside the CTV. This data was used to determine the minimum dose in 
thee CTV and the EUD of the CTV. 

Itt is important to notice that for our simulation the probability for an EUD to occur 
iss equal to the probability of the corresponding systematic setup error, which is 
knownn from the distribution of systematic setup errors of the patient population. In 
otherr words, the probability distribution of EUDs is found from the probability 
distributionn of geometric errors. Using the 5000 EUD values that are calculated for 
aa treatment plan, it was possible to create an EUD-population histogram. This 
histogramm expresses the probability that a particular patient will receive a certain 
EUDD for the designed treatment plan, given the distribution of systematic set-up 
errors.. Population histograms for the minimum dose in the CTV were determined in 
aa similar fashion. 

3.. Result s 

3.1.3.1. Dose biurring 
Inn Figure 2a, dose profiles are shown for a single non-intensity modulated field 

inn the cranial-caudal direction, either unblurred (static tumor) or blurred as a 
functionn of random set-up errors and patient breathing. In Figures 2b and c, similar 
dosee profiles as presented in Figure 2a are shown for the SEGMENT- and SHARP-
technique,, respectively. Although we assumed an infinitely sharp dose gradient at 
thee beam edge for the SHARP-technique, both random set-up errors and patient 
breathingg cause blurring of the 3-D dose distribution in the patient. This leads to a 
lesss steep dose gradient as 'experienced' by the tumor. It is clearly seen that the 
differencee between the blurred and unblurred profile is greater for the SEGMENT-
techniquee and the SHARP-technique when compared with the OPEN-technique, 
especiallyy when looking at the position of the 95 % isodose level with respect to the 
fieldd edge (50 % isodose level). The effect of blurring is small for the OPEN-
techniquee because the dose gradient is already shallow without the occurrence of 
patientt breathing and setup errors due to the presence of low-density material. 
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3.2.3.2. Escalation  of  the prescribed  dose 

Iff the field diameter is decreased, the prescribed dose can be escalated while 
maintainingg a constant mean lung dose. Because the fields are circular and 
becausee the GTV is excluded from the computation of the rMLD, a reduction in field 
diameterr leads to a reduction in rMLD which is more than proportional to the 
reductionn in field diameter. Therefore, for fields of 60 mm diameter, the prescribed 
dosee can be more than 200 Gy for the SHARP-technique, compared with a dose of 
aboutt 80 Gy for fields of 92 mm in diameter (Figure 4). For the SEGMENT-
technique,, addition of the segment to the non-intensity modulated field does not 
changee the location of the 50 % isodose level but increases the dose near the edge 
off the field. This means that addition of the segment leads to an increase in rMLD 
forr a certain field size when compared with the OPEN-technique. Hence the lower 
prescribedd dose as a function of field size. 
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FigureFigure 4: Prescribed dose as a function of field size under constraint of a constant 
meanmean lung dose when using non-intensity modulated fields (solid line), non-intensity 
modulatedmodulated fields in combination with a single segment near the edge of the non-
intensityintensity modulated field (dotted line) or when using of a hypothetical beam profile 
withwith an infinitely sharp beam fringe (dashed line). 

3.3.3.3. EUD and minimum  tumor  dose  as a function  of  field  size 

Ass an example, dose-population histograms are shown for three different 
treatmentt plans using the OPEN-technique and a field size of 70 mm diameter in 
Figuress 5a and b. For this field size, the prescribed dose is about 145 Gy. The 
shapee of the EUD-population histogram (Figure 5a) depends on the number and 
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directionn of the beams in a treatment plan. In Figure 5b, dose population histograms 
off the minimum dose in the CTV are shown for the same treatment plans. Similar 
too the situation for the EUD, the probability of a certain minimum dose depends on 
thee number and direction of beams in the treatment plan. Because of the small field 
sizee of 70 mm diameter, the minimum dose in the CTV, which has a diameter of 60 
mm,, can drop to very low values. This reduction mainly depends on the magnitude 
andd direction of the systematic error. In a similar way, dose population histograms 
aree constructed for other techniques and field sizes. 
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setups.setups. Histograms are for a field size of 70 mm diameter, which corresponds with a 
prescribedprescribed dose of 145 Gy. The horizontal lines indicate the 90 % probability level. 
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Fromm the dose-population histograms we extracted the EUD- and 'minimum 
dose'-valuee with a 90 % probability. In Figure 6 these values are shown as a 
functionn of field size for the OPEN-technique and the SHARP-technique for some 
treatmentt plans that have been simulated. 
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FigureFigure 6: Prescribed dose, EUD of the CTV and minimum dose in the CTV as a 
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modulatedmodulated fields) and SHARP-technique (infinitely sharp beam fringe). Plotted values 
areare for a probability level of 90 %, taking into account respiration-induced tumor 
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Thee two upper frames show the result for irradiation with two parallel opposing 
beams.. For both techniques the prescribed dose, EUD of the CTV and minimum 
dosee in the CTV at 90 % confidence are shown. Although the prescribed dose 
increasess continuously with decreasing field size (Figure 4), both the EUD and the 
minimumm dose at 90 % probability have a maximum value. The maximum 
achievablee EUD is larger for the SHARP-technique when compared with the OPEN-
technique.. Furthermore, the EUD decreases more rapidly for the SHARP-technique 
iff too small field sizes are chosen, i.e. field sizes smaller than the optimum field size. 
Thee shape of the EUD-curve is closely related to the minimum dose in the CTV, as 
cann be deduced from the resemblance in shape between the EUD-curve and the 
minimumm dose-curve for small field sizes. The other frames in Figure 6 show similar 
graphss for other field setups. The curves for the 3 and 6 fields co-axial treatment 
planss are almost identical to the curves for the 4 fields co-axial treatment plans and 
aree therefore not shown in Figure 6. The curves for the SEGMENT-technique are 
alsoo not shown in Figure 6, but the most important results are given in Table 1. 

TableTable 1: Maximum EUD of the CTV for three irradiation techniques (OPEN, 
SEGMENTSEGMENT and SHARP) with and without the dose homogeneity constraint that 90 % 
ofof the patients receives a minimum dose in the CTV of 95 % of the prescribed dose. 
TheThe maximum values are achieved by choosing optimum field sizes under constraint 
ofof a constant mean lung dose of 20 Gy. 

## beams 

(direction) ) 

22 (co-planar) 

33 (co-planar) 

44 (co-planar) 

66 (co-planar) 

44 (box) 

OPEN N 

no o 

constraint t 

(Gy) ) 

95 5 

100 100 

100 0 

100 0 

115 5 

SEGMENT T 

no o 

constraint t 

(Gy) ) 

97 7 

102 2 

102 2 

102 2 

113 3 

SHARP P 

no o 

constraint t 

(Gy) ) 

110 0 

115 5 

114 4 

115 5 

125 5 

OPEN N 

9 5 % % 

minimum m 

dose e 

(Gy) ) 

60 0 

62 2 

61 1 

62 2 

71 1 

SEGMENT T 

9 5 % % 

minimum m 

dose e 

(Gy) ) 

79 9 

82 2 

82 2 

82 2 

87 7 

SHARP P 

9 5 % % 

minimum m 

dose e 

(Gy) ) 

94 4 

97 7 

97 7 

96 6 

104 4 

3.4.3.4. The benefit  of  beam fringe  sharpening 

Thee benefit of sharpening the beam fringe depends on the constraints that are 
usedd in the design of a treatment plan. In Table 1, the maximum achievable EUD is 
listedd for all treatment techniques both without constraints on the dose homogeneity 
inn the CTV and with the constraint that 90 % of the patients receives at least 95 % 
off the prescribed dose while limiting the maximum dose to 107 %. In Table 2, the 
fieldd sizes are given that correspond with the maximum EUD-values as shown in 
Tablee 1. The values for the EUD without the dose-homogeneity constraint are the 
maximumm values of the EUD as a function of field size, i.e. the maximum of the EUD 
curvess such as shown in Figure 6 (EUDmax). With the dose homogeneity constraint, 
thee EUD values were determined from the same graphs. 

98 8 



GainGain of beam fringe sharpening in treating lung cancer 

TableTable 2: Optimum field diameters with respect to a maximum EUD of the CTV, for 
threethree irradiation techniques (OPEN, SEGMENT and SHARP) with and without the 
dosedose homogeneity constraint that 90 % of the patients receives a minimum dose in 
thethe CTV of 95 % of the prescribed dose. The values shown are rounded to the nearest 
eveneven number. 

## beams 

(direction) ) 

22 (co-planar) 

33 (co-planar) 

44 (co-planar) 

66 (co-planar) 

44 (box) 

OPEN N 

no o 

constraint t 

(Gv) ) 

82 2 

74 4 

76 6 

78 8 

68 8 

SEGMENT T 

no o 

constraint t 

(Gv) ) 

78 8 

78 8 

76 6 

76 6 

70 0 

SHARP P 

no o 

constraint t 

(Gv) ) 

78 8 

76 6 

76 6 

76 6 

74 4 

OPEN N 

9 5 % % 

minimum m 

dose e 

(Gv) ) 

104 4 

104 4 

104 4 

104 4 

96 6 

SEGMENT T 

95% % 

minimum m 

dose e 

(Gv) ) 

88 8 

88 8 

88 8 

88 8 

84 4 

SHARP P 

9 5 % % 

minimum m 

dose e 

(Gy) ) 

84 4 

84 4 

84 4 

84 4 

80 0 

Ass can be seen in Table 1, the use of the SHARP-technique leads to the highest 
EUDmaxx for each combination of beams in the treatment plan. Use of the SHARP-
techniquee also results in the maximum EUD values if the dose homogeneity 
constraintss of the CTV are applied. The difference between using the SEGMENT-
andd OPEN-technique is on average 19 Gy and 1 Gy with and without the 
homogeneityy constraint, respectively. Between the SHARP- and OPEN-technique 
thee differences are 34 Gy and 14 Gy, respectively. For the treatment plans that 
resultt in the highest EUDmax, i.e., the 4 field box technique, the difference is only 10 
Gy.. With the homogeneity constraint, the SEGMENT-technique results in EUD-
valuess that are considerable higher than when using the OPEN-technique, but also 
considerablyy lower than when using the SHARP-technique, having an infinitely 
steepp beam fringe. Without the dose homogeneity constraint, however, the 
SEGMENT-techniquee results in more or less similar EUD-values as the OPEN-
technique.. The SHARP-technique still leads to a much higher maximum in the EUD. 

4.. Discussio n 

Thee possibility of dose escalation using intensity modulation to sharpen the 
beamm fringe and to compensate for random errors and respiration-induced tumor 
motionn has been assessed for irradiation of lung tumors by means of a numerical 
simulationn using an inhomogeneous phantom. The simulation was performed using 
aa basic tumor geometry and some simplifications regarding the dose calculation 
weree applied. In our simulation a constant mean lung dose, a parameter indicating 
thee probability of radiation pneumonitis (4), was used as a boundary condition for 
escalationn of the prescribed dose while systematically reducing field sizes. This 
reductionn in field sizes leads to an increase in dose inhomogeneity in the target 
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volume.. However, although the minimum relative dose (relative to the prescribed 
dose)) decreases, the minimum absolute dose increases because of the large 
increasee in prescribed dose, as indicated in a previous study (17). 

4.1.4.1. The simulation 

Blurringg the dose distribution for random errors and patient breathing was 
performedd by means of convolution, i.e. we assumed that the number of treatment 
fractionss was infinite. Some authors, e.g. Craig et al. (25), argue that the limited 
numberr of fractions that is delivered to a patient in clinical practice may have 
consequencess for the probability of tumor control. Others, e.g. McCarter era/. (26), 
demonstratee that a convolution-based method to take random variations into 
accountt is a valid approach as long as more than 15 fractions are given. This 
constraintt is easily met for curative irradiation of NSCLC patients. It is, however, not 
validd when very large dose gradients are present. For our SHARP-technique the 
dosee gradient is infinite and blurring for different sets of an equal number of random 
errorss leads to different dose distributions. To investigate the effect of a limited 
numberr of fractions, we repeatedly blurred the dose profile of the SHARP-technique 
withh 40 random setup errors. This results in a variation in blurred profiles as shown 
inn Figure 7. We assumed that the differences between the 5 profiles shown are 
smalll enough to be able to use convolution for our study. This may lead to a small 
errorr in the data presented in this study. 

Forr evaluation of our treatment plans we use the EUD model which has not yet 
beenn validated. In our study, however, the minimum absolute dose in the CTV 
increasess also with decreasing field size. For the plan with the highest EUD, the 
minimumm dose in the CTV is even larger than the maximum dose of the treatment 
plann in which dose inhomogeneity in the CTV is limited to -5 %. For such a situation, 
aa tumor control probability model is not needed to appreciate which plan will result 
inn the highest probability of controlling the tumor. In our simulation, the surviving 
fractionn 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 surviving fraction. 
Furthermore,, there is no definite clinical knowledge about the clonogenic cell 
densityy in the rim of the CTV. Our assumption that this clonogenic cell density is ten 
timess lower than in the GTV may be either an overestimate or an underestimate. 
Wee repeated the simulation for different values of the surviving fraction (over a 
rangee of 0.3 to 0.7) and for different values of the clonogenic cell densities in the 
rimm of the CTV (over a range of 1 to 0.001 times the cell density in the GTV). The 
EUD-curvess retained a maximum but the value and position of this maximum could 
change. . 

Somee authors use the lung volume receiving a dose of more than 20 Gy as a 
parameterr in estimating the complication probability of the lung (27). Repeating our 
simulationss with this parameter as a boundary constraint instead of the MLD, has 
shownn that in this case the prescribed dose can also be escalated when reducing 
fieldd sizes. Although the prescribed dose for each field size will differ from the 
valuess shown in Figure 4, the global shape of the EUD-curves remains the same, 
i.e.. they all have a maximum. 
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Inn our previous study (17) we argued that the AP-PA irradiation used was a worst 
casecase scenario because tumor movement was assumed to be perpendicular to the 
centrall beam axis of both beams in the treatment plan. The data in Table 1 supports 
thiss assumption. 

4.2.4.2. The benefit  of  beam fringe  sharpening  for  lung  tumor  irradiation 

PreviousPrevious studies, e.g. (13-16), have already demonstrated the feasibility of using 
intensityy modulation for sparing organs at risk and thus allowing dose-escalation in 
thee treatment of lung tumors. These approaches were focused on achieving a 
homogeneouss dose distribution in the PTV (and therefore in the CTV). In 
accordancee with these studies, our approach also shows a large gain in the 
probabilityy of tumor control when using intensity modulation, if one aims at dose 
homogeneity.. When the dose homogeneity constraint is abandoned, tumor control 
cann be increased further, but the difference between the use of intensity modulation 
too sharpen the beam fringe and the use of classical non-intensity modulated fields, 
decreasess (Table 1). With the dose homogeneity constraint, the difference between 
thee three techniques (OPEN, SEGMENT and SHARP) is due to the fact that 
sharpeningg of the beam fringe allows reduced field sizes while maintaining target 
dosee homogeneity. For the four field non-coplanar technique, the optimum field 
sizess for the OPEN-, SEGMENT- and SHARP-technique are 96, 84 and 80 mm 
diameter,, respectively (Table 2). The reduced field sizes allow a large increase in 
prescribedd dose, resulting in an increased probability of tumor control. Without the 
dosee homogeneity constraint, the difference in optimum field sizes, and therefore 
thee difference in prescribed dose, reduces. Now, optimum field sizes are 68, 70 and 
744 mm diameter for the OPEN-, SEGMENT- and SHARP-technique, respectively. 
Withoutt the dose homogeneity constraint, sharpening of the beam fringe leads to a 
gainn in EUD because the minimum dose in the CTV is raised, i.e. there is less target 
dosee inhomogeneity. The extra segment near the beam edge for the SEGMENT-
techniquee also leads to an increase in relative minimum dose in the CTV with 
respectt to the OPEN-technique. This extra segment, however, also leads to an 
increasee in dose in the lungs which necessitates a reduction in prescribed dose 
counteringg the effect of the increase in relative minimum dose. 

Thee benefit of using additional beam segments to increase the dose at the beam 
edgess is almost negligible when allowing dose inhomogeneity in the CTV. This 
benefitt may, however, increase for the co-axial treatment plans if these segments 
aree only applied to the cranial and caudal edges of the beams (16). Such an 
approach,, i.e. no segments in the lateral direction, allows an increase in prescribed 
dosee that may outweigh the increase in target dose inhomogeneity. 

Itt is remarkable to notice that the maximum EUD for coplanar treatment plans, 
usingg either the OPEN-, SEGMENT- or the SHARP-technique, is similar when 
usingg 3, 4 or 6 beams. Apparently, for our symmetrical phantom, the dose 
distributionn that can be created using three equi-angled fields, can hardly be 
'improved'' when using more beams. For the more complex density distribution in a 
NSCLCC patient, this need not be the case. 
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Allowingg non-coptanar beam incidences may lead to an increase in the 
probabilityy of tumor control (Table 1) with respect to the use of multiple coplanar 
fields,, as is also indicated in other studies, for instance by Graham et at. (28). For 
thee coplanar treatment plans, the minimum dose drops because of a reduction in 
minimumm dose in the CTV due to too small field sizes in the cranial-caudal direction, 
i.e.. the region where all beam penumbras overlap. Using non-coplanar beam 
incidences,, there is no region for which all beam penumbras overlap. This leads to 
ann elevated minimum dose in the CTV over an increased range of field diameters 
(Figuree 6) when compared with the coplanar treatment plans. The use of non-
coplanarr treatment planning furthermore allows more sparing of other organs at risk 
likee the heart, esophagus and spinal cord. Non-coplanar treatment planning may, 
however,, also introduce an extra uncertainty because of inaccuracies in patient 
positionn due to rotation of the couch. These extra uncertainties in patient set-up may 
compromisee the benefit of non-coplanar treatment planning. However, using the 
methodss described in this paper, the effect of these extra uncertainties can be 
investigatedd if enough data become available. 

WeWe have shown that the use of very small field sizes leads to a more 
pronouncedd decrease in EUD and minimum dose when using intensity modulation 
too sharpen the beam fringe (Figure 6). This can be explained by the steep dose 
gradientt at the beam edge which leads to a more rapid decrease in the minimum 
dosee in the CTV when the field sizes are too small. As long as the CTV-edge is not 
tooo close to a beam edge, use of intensity modulation to sharpen the beam fringe 
leadss to a high minimum dose in the CTV. However, the minimum dose in the CTV 
willl drop severely when the CTV approaches the beam edge. 

Underestimationn of tumour motion parameters as well as a choice of too small 
fieldd sizes for a known combination of tumor motion parameters leads to a reduction 
inn EUD and minimum dose with respect to the optimum. This reduction is more 
pronouncedd both when intensity modulation is used to sharpen the beam fringe and 
whenn dose inhomogeneity in the target volume is allowed. This indicates that the 
importancee of patient setup verification, e.g. using portal imaging, increases when 
eitherr approach is used to spare the lungs. 

Bothh random set-up errors and patient breathing lead to blurring of the dose 
distribution,, which is more severe with an increasing sharpness of the beam fringe 
priorr to blurring and hardly important for the shallow beam fringe of a high energy 
beamm in low-density lung tissue (compare the difference between the unblurred and 
blurredd profiles in Figure 2). Control of patient breathing during irradiation, e.g. (29-
31),, or a strategy of tumor tracking (32) is therefore not very useful when the tumor 
iss entirely surrounded by tissue of lung-density, except when the amplitude of 
respiration-inducedd tumor motion is much larger than 10 mm (18) or when intensity 
modulationn is used to sharpen the beam fringe. This exception especially holds 
whenn dose homogeneity in the CTV is pursued, since then the effect of the change 
inn the high dose region (i.e. a shift in the 95 % isodose level with respect to the 
beamm edge) as a result of random set-up errors and patient breathing, is very large. 
Lesss blurring of the dose distribution allows a large reduction in field size and 
sparingg of organs at risk, and thus allows a large escalation of the prescribed dose 
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andd an increase in the probability of tumor control. Of course, tumor tracking also 
reducess systematic errors. This is very beneficial since any reduction in systematic 
errorss allows the decrease of field sizes. This decrease in field size is independent 
off the use of intensity modulation or not. 

Inn our simulation we did not take into account other organs at risk (OAR) that 
shouldd be spared and we allowed complete freedom in directions of beam 
incidence.. In a treatment plan of a lung cancer patient, the presence of other organs 
att risk will set limits on the beam directions that can be used in a treatment plan, 
especiallyy if one does not use intensity modulation. Using beam intensity 
modulationn to 'block out' OARs in the beam's eye views will allow more freedom in 
choosingg angles of beam incidence while still being able to spare organs at risk like 
thee spinal cord and heart. Thus, when designing patient treatment plans, the benefit 
off intensity modulation could well be larger than the gain that can be derived from 
thee data shown in Table 1. 

4.3.4.3. Clinical  implications 

Thee results shown in this work are only an estimate of the possible gain in 
radiotherapyy of lung cancer patients since other organs at risk, like the heart and 
thee spinal cord, were not taken into account in our simulation. Also, in lung cancer 
patientss the surroundings of the target volume will not be so homogeneous and 
symmetricall as in our phantom. Consequently it may be that the decrease in relative 
minimumm dose in the CTV is not countered by a more than proportional increase in 
thee prescribed dose when reducing certain field margins, e.g. for field edges that 
runn through the mediastinum. Introduction into clinical practice of treatment 
planningg using the approach of iso-NTCP dose escalation, in combination with 
intensityy modulation to sharpen the beam fringe, will therefore be a trial and error 
processs towards the optimum treatment plan. Simulation of all possible errors and 
uncertaintiess in patient setup and organ tumor motion is necessary to allow a safe 
introduction. . 

Forr all treatment techniques shown in this study, the optimum choice of field 
sizess corresponds with a very high prescribed dose. For the 4-field non-coplanar 
SHARP-techniquee for example, the optimum field sizes are 74 mm in diameter for 
ourr 60 mm diameter CTV, leading to a prescribed dose of 128 Gy while the 
minimumm dose in the CTV at 90 % confidence is only 70 % of this value. We realize 
thatt one will be reluctant to use such high dose levels and large dose 
inhomogeneitiess for irradiation of a patient. Especially since the increased dose 
levelss may lead to complications, for instance blood vessels, that have a low 
occurencee when using conventional dose levels. The results of the simulations in 
thiss study should, however, not be interpreted as absolute data but only as an upper 
limitt of the possible gain in the probability of tumor control when using intensity 
modulationn to sharpen the beam fringe in combination with iso-NTCP reduction of 
fieldd size. The prescribed dose levels and resulting EUD-values in this study are 
typicall for our phantom geometry, i.e. they depend on the tumor size and the 
symmetryy of our phantom. Each patient has a different geometry, density 
distributionn and location of the tumor with respect to the lung. Using intensity 
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modulationn to sharpen the beam fringe for the irradiation of lung cancer patients will 
thereforee not necessarily lead to the same high dose levels as indicated in this 
study.. Our present study also shows the further benefit of allowing target dose 
inhomogeneityy with respect to the probability of tumor control under constraint of a 
constantt mean lung dose, i.e. a constant NTCP of the lungs, something already 
indicatedd in a previous study (17). The fact that an increase in dose inhomogeneity 
leadss to increased tumor control sounds counterintuitive and one may be reluctant 
too let go of the old principle of 'conforming the 95 % isodose level to the PTV while 
limitingg the maximum dose to 107 %'. However, the reduction in the minimum 
relativee dose (relative to the prescribed dose) when reducing field sizes is 
counteredd by a more than proportional increase in the prescribed dose, leading to 
ann increase in minimum absolute dose. 

5.. Conclusion s 

Bothh the use of non-coplanar treatment techniques and of intensity modulation 
too sharpen the beam fringe and compensate for random errors and respiration-
inducedd tumor motion, allow an increase in the probability of tumor control for lung 
tumorss under the constraint of a constant NTCP of the lungs. The advantage of 
usingg intensity modulation for this purpose is large when dose homogeneity in the 
CTVV is pursued but it reduces when dose inhomogeneity in the CTV is allowed. 
Then,, use of a single extra segment near the beam edge to sharpen the beam 
fringee leads to only a marginal gain in tumor control with respect to the use of non-
intensityy modulated beams. This signifies that, if one aimes at maximizing the 
probabilityy of tumour control, the largest benefit of using IMRT in the thoracic region 
iss not because of the possibility to sharpen the beam fringe and spare the lungs, but 
becausee of the possibility to spare OARs other than the lungs. 
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Abstrac t t 

Purpose:Purpose: To study the impact of incorporation of lung perfusion information in the 
optimizationn of radical radiotherapy (RT) treatment plans for patients with medically 
inoperablee Non-Small Cell Lung Cancer (NSCLC). 

MaterialsMaterials and methods: The treatment plans for a virtual phantom and for 5 
NSCLC-patientss with typical defects of pre-RT lung perfusion were optimized to 
minimizee geometrically determined parameters as the mean lung dose (MLD), the 
lungg volume receiving more than 20 Gy (V20), and the functional equivalents of the 
MLDD and V20, using perfusion-weighted dose-volume histograms. For the patients 
thee (perfusion-weighted) optimized plans were compared with the clinically applied 
treatmentt plans. 

Results:Results: The feasibility of perfusion-weighted optimization was demonstrated in 
thee phantom. Using perfusion information resulted in an increase of the weights of 
thosee beams that were directed through the hypo-perfused lung regions both for the 
phantomm and for the studied patients. For patients with one hypo-perfused hemi-
thorax,, the estimated gain in post-RT lung perfusion was 6% of the prescribed dose 
comparedd with the geometrically optimized plan. For patients with smaller perfusion 
defects,, perfusion-weighted optimization resulted in the same plan as the 
geometricallyy optimized plan. 

Conclusion:Conclusion: Perfusion-weighted optimization results in clinically well applicable 
treatmentt plans, which cause less radiation damage to functioning lung for patients 
withh large perfusion defects. 
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1.. Introductio n 

Forr patients with medically inoperable non-small cell lung cancer (NSCLC), local 
controll remains poor after treatment with conventional radiotherapy doses [25] up 
too 74 Gy [21-23]. In the study of Martel et al. [18] based on tumor control probability 
modell calculations, it was found that the dose required to achieve a better (50 %) 
tumorr control at 3 years is probably in the order of 85 Gy. Because the incidence of 
gradee II radiation pneumonitis was found to be relatively low for prescribed standard 
dosess up to 65 Gy [2], dose escalation studies are ongoing in our and other 
institutionss to increase the tumor dose while keeping lung toxicity within certain 
limitss [1,3,8,8,19,24]. In these studies two parameters are used to estimate the 
incidencee of radiation pneumonitis for a patient and to guide optimization of the 
dose-distribution.. The first parameter uses the mean lung dose (MLD) and the 
secondd the relative volume of lung receiving more than 20 Gy (V20) [7]. The 
parameterss to estimate the incidence of radiation pneumonitis from the MLD and 
thee V20 are based on patient data of large (multi-center) studies [7,12]. 

Besidess the development of radiation pneumonitis, reduction in overall 
pulmonaryy function or lung perfusion due to the treatment can be a complication as 
well.. The amount of pulmonary function loss is especially important for patients with 
medicallymedically inoperable non-small-cell lung cancer who often have a reduced lung 
functionn prior to treatment because of chronic obstructive pulmonary disease 
(COPD),, intra-thoracic tumor or because they are heavy smokers. The extent of 
damagee to the lung due to these pre-existent diseases is not always reflected in CT 
images.. Single Photon Emission Computed Tomography (SPECT) lung perfusion 
scanss then provide additional information in three dimensions about local 
functionalityy of lung tissue and might give additional benefit to design the plan that 
minimizess the complication risk for perfusion damage for an individual patient 
[16,17].. The effect of inhomogeneous dose distributions on lung perfusion can be 
predictedd using a dose-effect relation for perfusion damage [26]. Changes in overall 
lungg perfusion are correlated with reduction in pulmonary function tests for patients 
withh breast cancer and malignant lymphoma [27,28]. The group of Marks era/. [15] 
suggestedd that the perfusion weighted dose-volume histogram (where the volume 
receivingg a certain dose is weighted with the average perfusion in that dose-region) 
couldd be a valuable tool in designing the optimal RT plan. 

Inn this paper we investigated whether the additional information of including 
functionall information obtained by SPECT lung perfusion scans in the treatment 
planningg process resulted in better treatment plans for patients with inoperable non-
smalll cell lung cancer. 

2.. Method s and material s 

Perfusion-weightedd optimization was first simulated on a phantom as a proof of 
principlee and then applied to a number of representative lung cancer patients. 
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Too apply perfusion-weighted optimization, the automatic beam weight 
optimizationn method of the University of Michigan was used. With this method, a set 
off randomly distributed points was generated for the PTV, lung (= CT-defined lung 
volumee minus the GTV) and spinal cord. The dose per beam was calculated in each 
point.. To allow perfusion-weighted optimization, the dose in each of the randomly 
distributedd points in the lung was weighted with the normalized pre-treatment 
perfusionn of that point (see Appendix). Fast simulated annealing [14,20] was used 
too optimize the weights of the beams by minimizing user-defined cost functions 
(costlets).. These costlets were composed for each relevant organ (target and 
organss at risk). The costlets can be defined as a function of an evaluator, such as 
aa point in a dose-volume histogram or a dose parameter (e.g. the mean lung dose). 
Thee total cost of a certain dose distribution is then computed by summation of the 
costlets.. The details of the algorithm are published elsewhere [10,11]. The 
constraintss used to optimize the treatment plans for the PTV were: a minimum dose 
off 95 %, a maximum of 107 % and an average of 100 % of the prescribed dose 
(accordingg to the ICRU [9]). When violating the constraints a proportional cost was 
applied.. For the spinal cord the applied dose was not allowed to be higher than 50 
Gy. . 

Forr a phantom and 5 patients, beam weights were optimized by (individually) 
minimizingg 4 different lung parameters besides the constraints for the PTV and the 
spinall cord. These lung parameters were the mean lung dose (MLD), the relative 
volumee of lung receiving more than 20 Gy (V20, a DVH-point), or the mean 
perfusion-weightedd lung dose (MpLD) and the perfusion weighted volume receiving 
moree than 20 Gy (Vp20), using perfusion-weighted dose-volume histograms. The 
MpLDD is a measure for the perfusion damage when the local dose-effect relation for 
perfusionn changes is linear, while the Vp20 is an approach for a step-like local dose-
effectt relation (see Appendix). The optimized beam weights for the different plans 
weree re-entered into the U-MPIan treatment planning system and the full 3-D dose 
distributionn of each optimized plan and the averaged remaining perfusion after 
treatmentt was calculated. For the phantom the dose distributions and the dose-
volumee parameters were compared with the treatment plan with the highest 
conformity. . 

2.1.2.1. Phantom 
AA virtual phantom was constructed in the treatment planning system (U-MPIan, 

Universityy of Michigan treatment planning system version 339, [6]). The phantom 
consistedd of three concentric cylinders: one inner cylinder with a radius of 2.5 cm 
consistingg of unit density material representing a lung tumor, one with a radius of 8 
cm,, density 0.3 g/cm3, representing lung tissue and an outer cylinder with a radius 
off 10 cm of unit density representing the patient's body contour (Figure 1A). 

Sevenn beams (8 MV) at equally spaced angles were set up around the tumor. 
Thee gross tumor volume (GTV) plus 0.5 cm margin yielded the planning target 
volumee (PTV). All the beams could be wedged in two directions. The margin 
betweenn PTV and field edge was adapted in such a way that the 95 % isodose line 
wass fitted as close as possible around the PTV (Figures 1B and 2A). A hypo-
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perfusedd region was constructed representing 29 % of the total lung volume (dark 
greyy area in Figure 1 A). 

FigureFigure 1. A) Cross section of the phantom consisting of three concentric cylinders: 
oneone with a radius of 2.5 cm consisting of unit density material representing the tumor, 
oneone with a radius of 8 cm, density 0.3 g/cm3, representing lung and one with a radius 
ofof 10 cm, unit density representing the patient contour. The PTV is a 0.5 cm 
expansionexpansion of the GTV. The right upper quarter of the lung has no perfusion (function 
== 0, dashed area), while the other part of the lung is functioning 100 %. B) Beam set-
upup consisting of 7 coplanar 8 MV photon beams (all may be wedged) at equally 
spacedspaced angles. 

2.2.2.2. Patients 

Too investigate the value of perfusion-weighted optimization for real treatment 
plans,, we performed a planning study using chamfer matched CT and normalized 
SPECTT lung perfusion scans [26] of patients with non-small cell lung cancer. The 
lungg perfusion patterns of 116 patients could retrospectively be divided into 6 
groupss (See Results section). The subdivision in groups was based on the overall 
appearancee of their perfusion pattern, the localization and size of the perfusion 
defectt and the localization of the perfusion defect relative to the spinal cord. Left 
andd right-mirrored perfusion defects were put in the same group. 

Thee clinically applied treatment plan of a representative patient from each group 
wass compared with perfusion-weighted optimized plans, with and without varying 
thee number of beams and beam incidence directions. The prescription dose was 70 
Gy,, according to the treatment planning protocol that was used at the time these 
patientss were treated. The beams were shaped using a multi-leaf collimator to 
conformm field shape to the PTV in the beam's eye view. The isocenter, chosen near 
thee center of the PTV is the ICRU reference point, which receives the prescribed 
dose.. For the patients the dose constraint for the spinal cord of 50 Gy was included 
inn the optimization procedure. The treatment plans created with (perfusion-
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weighted)) optimization were calculated retrospectively in this study. All patients 
weree treated with conventional plans. 

2.3.2.3. Dose calculation 

CT-basedd dose calculations were performed as described previously [4], using 
aa 3-D treatment planning system (U-MPIan) in which the clinically applied 
Octree/Edgee model with tissue inhomogeneity correction (equivalent path length 
algorithm)) is incorporated. 

2.4.2.4. (Perfusion-weighted)  dose  per  beam 

Forr the phantom and all tested patients, the MLD and MpLD per single beam 
weree calculated. These values represent the geometrical and functional usefulness 
off using that beam for the treatment plan: when the MLD of a beam is low compared 
withh others, this beam irradiates a relatively small lung volume. The values for the 
MLDD per beam are determined by the geometry of the lungs. When the MpLD of a 
beamm is low compared with others, this beam irradiates a relatively small perfused 
lungg volume. The values for the MpLD per beam are determined both by the 
geometryy of the lungs and the perfusion distribution of the particular patient: when 
aa large amount of lung is irradiated by a particular beam, but most of the lung tissue 
inn the beam's-eye-view of that beam is not perfused, the value for the MpLD will be 
low. . 

Thee ratio of the MpLD and the MLD per beam indicates the gain for that beam 
off using perfusion information and is independent of the lung geometry. If the ratio 
iss small, the extra perfusion information is useful, when the ratio is larger, the beam 
irradiatess well-perfused lung and thus is not favorable. When the ratios for all 
beamss are comparable, the perfusion-weighted optimization will not give other 
resultss than non-weighted optimization. When the ratio is small for one or more 
beams,, the perfusion-weighted optimization will prefer the use of these beams to 
createe an optimal plan. However, the use of less favorable beams can sometimes 
bee necessary to create a homogeneous dose distribution in the target. 

AA B C D 
FigureFigure 2. A) Dose distribution of the plan with the highest conformity to the PTV. All 
beamsbeams have the same weight (no wedges); 100, 95, 50 and 29 % (20 Gy) iso-dose 
lineslines are represented (the prescribed dose is 70 Gy). B) Dose distribution optimized 
forfor the MpLD. C) Dose distribution optimized for the V20. D) Dose distribution 
optimizedoptimized for the Vp20. 
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3.. Result s 

Ass a proof of principle the method of (perfusion-weighted) optimization was first 
appliedd to the cylindrical phantom (Figure 1). Optimizing the mean lung dose 
yieldedd a wide range of beam weight combinations with a varying number of beam 
weightss equal to 0, with the same mean lung dose and a similar tumor coverage. 
Onee of the solutions was a plan with all beam weights equal to 1 (Figure 2A). 
Minimizingg the V20 resulted in an approximation of a plan-parallel irradiation. In this 
dose-distributionn the V20 is as small as possible (Figure 2C). The MLD for this plan 
iss about the same as any of the plans optimized on the MLD. Because of the 
symmetryy of the phantom, rotation of the dose distribution resulted in the same V20. 

Whenn perfusion information was considered during optimization, the choice of a 
certainn dose distribution became better determined. The MpLD and the Vp20 were 
minimall in the configurations as shown in Figures 2B and D, respectively. In both 
cases,, the beams with the highest weights were directed through the lung region 
thatt had no perfusion. The opposed beam ensured a better PTV coverage. The 
otherr beams with a smaller contribution to the absolute dose were necessary to 
ensuree a homogeneous PTV dose. For a smaller tumor (2.5 cm diameter), similar 
beamm weights were obtained. 

1 22 3 4 5 6 
FigureFigure 3. Each patient is assigned to a group according to the characteristics of the 
perfusionperfusion pattern. The white ellipses represent the tumor. Group 1: hypo-perfusion at 
thethe site of the tumor (44 %). Group 2: hypo-perfusion adjacent to the tumor (5 %). 
GroupGroup 3: hypo-perfusion ventral of the tumor (13 %). Group 4: hypo-perfusion dorsal 
ofof the tumor (9 %). Group 5: hypo-perfusion of the entire ipsi-lateral lung (16 % of the 
patients).patients). Group 6: miscellaneous (13 %): including patients with bullae and 
emphysema,emphysema, the patterns of hypo-perfusion were inhomogeneous for these patients. 

3.1.3.1. Patients 

Inn the cylindrical phantom no other organs at risk were considered besides lung. 
Too apply the optimization method in more realistic situations, perfusion-weighted 
optimizationn was applied to representative NSCLC-patients with different kinds of 
perfusionn defects. The 116 patients were divided into groups according to Figure 3, 
basedd on the size and appearance of their perfusion pattern (group 1-5) and the 
locationn of their tumor with respect to the spinal cord (group 3 and 4): 

Groupp 1: hypo-perfusion at the site of the tumor (44 % of the patients). 
Groupp 2: hypo-perfusion adjacent to the tumor (5 % of the patients). 
Groupp 3: hypo-perfusion ventral of the tumor (13 % of the patients). 
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Groupp 4: hypo-perfusion dorsal of the tumor (9 % of the patients). 
Groupp 5: hypo-perfusion of the entire ipsi-lateral lung (16 % of the patients). 
Groupp 6: miscellaneous (13 % of the patients): including patients with bullae and 

emphysema.. The patterns of hypo-perfusion were inhomogeneous for 
thesee patients. 

Fromm group 1 to 5, one representative patient who had an average sized tumor 
wass chosen for perfusion-weighted optimization (Figures 4-8). For every 
representativee patient, next to the beams of the clinically used plans (in the C 
panelss of Figures 4-8), 2 to 4 additional beams were set up around the tumor for the 
optimization. . 

FigureFigure 4. A) The beam set-up for a patient of group 1. All six beams could be wedged 
inin two directions. B.) The pre-RT perfusion pattern of this patient, hypo-periusion is 
presentpresent only at the site of the tumor. C) The 3 field clinically applied treatment plan, 
thethe 20, 35, 50, 66.5 (95 %) and 70 Gy (100 %) isodose lines are shown in solid, 
dashed,dashed, solid, dotted, and solid lines, respectively. The PTV and GTV are delineated 
inin solid lines. In all figures the beam numbers of the beams that were used for the 
plansplans are indicated. D) A treatment plan optimized for the MLD. E) Including perfusion 
informationinformation yielded a dose distribution very similar to the plan in Figure 4D, when 
optimizedoptimized for the MpLD. F) Treatment plan optimized for the V20. Including perfusion 
informationinformation did not change the dose distribution. The arrow indicates the lower 
conformityconformity in the V(p)20 optimized plan. 
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FigureFigure 5. A) The beam set-up for a patient of group 2. All six beams could be wedged 
inin two directions. B) The pre-RT perfusion pattern of this patient, hypo-perfusion is 
presentpresent at the site of and adjacent to the tumor. C) The clinically applied treatment 
planplan with five fields. Note the relatively high dose in the contra-lateral lung at the arrow 
thatthat is reduced in the optimized plans. D) A treatment plan optimized for the MLD. 
IncludingIncluding perfusion information did not change the dose distribution. E) A treatment 
planplan optimized for the V20. Including perfusion information did not change the dose 
distribution. distribution. 

FigureFigure 6. A) The beam set-up for a patient of group 3. All beams could be wedged in 
twotwo directions. B) The pre-RT perfusion pattern of this patient, hypo-perfusion is 
presentpresent at the site and ventrally of the tumor. C) The 3-field clinically applied treatment 
plan.plan. D) A treatment plan optimized for the MLD. E) A treatment plan optimized for the 
MpLD.MpLD. F) A treatment plan optimized for the V20. Including perfusion information did 
notnot change the dose distribution. Although the dose distributions are a little different, 
thethe lung volume parameters as the M(p)LD and V(p)20 were not different for all four 
plans. plans. 
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FigureFigure 7. A) The beam set-up for a patient of group 4. All seven beams could be 
wedgedwedged in two directions. B) The pre-RT perfusion pattern of this patient, hypo-
perfusionperfusion is present at the site and dorsal of the tumor. C) The 3-field clinically applied 
treatmenttreatment plan. D) A treatment plan optimized for the MLD. Note the higher conformity 
toto the PTV. E) A treatment plan optimized for the MpLD. The arrow indicates the 
higherhigher dose in the poorly perfused area. F) A treatment plan optimized for the V20. 
TheThe 20 Gy isodose line is similar to that of plan E, however, the 50 % isodose line 
(arrow)(arrow) encompasses a much larger volume. Including perfusion information yielded 
thethe same dose distribution as Plan E. 

FigureFigure 8. A) The beam set-up for a patient of group 5. All 6 beams could be wedged 
inin two directions. B) The pre-RT perfusion distribution of this patient, almost the entire 
rightright lung is hypo-perfused. C) The clinically applied 4-field treatment plan. D) A 
treatmenttreatment plan optimized for the MLD. E) A treatment plan optimized for the MpLD, 
V20V20 or Vp20, these parameters yielded the same dose-distribution. 
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TableTable 1. Dose-volume parameters (in % of the prescribed dose) for the plans 
optimizedoptimized for the different parameters for 5 patients. The parameters that were 
optimizedoptimized are bold. 

Grou pp 1 
MLDD (%) 

MpLDD (%) 
V200 (%) 
Vp20(%) ) 
Grou pp 2 
MLDD (%) 

MpLDD (%) 
V200 (%) 
Vp20(%) ) 
Grou pp 3 
MLDD (%) 

MpLDD (%) 
V200 (%) 
Vp20(%) ) 
Grou pp 4 
MLDD (%) 

MpLDD (%) 
V200 (%) 
Vp20(%) ) 
Grou pp 5 
MLDD (%) 

MpLDD (%) 
V200 (%) 
Vp20(%) ) 

Plan: : 
Clinica l l 

22 2 
21 1 
19 9 
26 6 

21 1 
23.5 5 
21.5 5 
22 2 

11 1 
5.5 5 
9.5 5 
0.5 5 

27 7 
15 5 
33 3 

13.5 5 

28.5 5 
23.5 5 
38.5 5 
28.5 5 

MLD D 

16.5 5 
17 7 
19 9 
21 1 

19.5 5 
19 9 
18 8 

20.5 5 

10.5 5 
5.5 5 
9.5 5 
0.5 5 

25 5 
13.5 5 
30 0 
11 1 

26 6 
19 9 

37.5 5 
20 0 

Optimize dd for : 
MpL D D 

16.5 5 
17 7 
20 0 

20.5 5 

19.5 5 
19 9 
18 8 

20.5 5 

10.5 5 
5.5 5 
9.5 5 
0.5 5 

25.5 5 
13 3 

30.5 5 
10 0 

26 6 
13 3 

21.5 5 
0 0 

V20 0 

19 9 
19 9 

16.5 5 
17.5 5 

20.5 5 
20.5 5 
18 8 

20.5 5 

11 1 
5.5 5 
9.5 5 
0.5 5 

28 8 
15.5 5 
30 0 
10 0 

26 6 
13 3 

21.5 5 
0 0 

Vp20 0 

19 9 
19 9 

16.5 5 
17.5 5 

20.5 5 
20.5 5 
18 8 

20.5 5 

11 1 
5.5 5 
9.5 5 
0.5 5 

28 8 
15.5 5 
30 0 
10 0 

26 6 
13 3 

21.5 5 
0 0 

3.1.1.. Grou p 1 

Forr the patient of group 1 (beam set-up in Figure 4A) with homogenous 
perfusionn throughout the lungs and hypo-perfusion only at the tumor site (Figure 
4B),, all optimized plans improved compared with the clinical plan (Figure 4C) when 
consideringg all dose-volume parameters (Table 1), except for the plan optimized for 
thee MpLD: the V20 was 1 % higher than in the clinical plan. There is, as expected, 
almostt no difference between perfusion-weighted and MLD-optimization (Figures 
4DD and E). Because the hypo-perfused region is located only at the tumor site, and 
thee mean lung dose and the mean perfusion-weighted lung dose are calculated 
basedd on the lung volume minus the gross tumor volume, the MLD and the MpLD 
aree equal. Optimizing the V20 resulted in a different treatment plan that was more 
AP-PAA and less conformal (see the 95 % isodose line at the arrow in Figure 4E) 
thann the plan in Figure 4D. Including perfusion information did not alter the V20 
optimizedd plan. 
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3.1.2.. Grou p 2 

Thee perfusion patterns of patients of group 2 show hypo-perfusion adjacent to 
thee tumor similar to the patient shown in Figure 5. Six beams were set up (Figure 
5A)) around the tumor. The lateral beam directed through the hypo-perfused lung 
adjacentt to the tumor in the clinical plan (Figure 5C, beam 3) exited in the contra-
laterall (well perfused) lung (arrow). The beam incidence direction of this beam that 
seemedd to be smart at first sight, attributed to damage to the healthy contra-lateral 
lung.. All optimized plans improved compared with the clinical plan (Table 1). For the 
optimizationn on the MLD and the MpLD, the beam incidence directions through 
hypo-perfusedd parts of the lungs coincided with the best beam incidence directions 
chosenn as optimal for a low mean lung dose (Figure 5D). For this patient there was 
veryy little difference between the MLD-optimized and perfusion-weighted optimized 
treatmentt plans. Using the V20 as the optimization parameter, a slightly different 
dosee distribution was obtained (Figure 5E). The V20 of this plan was equal to that 
off plan D, however, the values for the MLD and MpLD are a little higher (Table 1). 
Optimizingg on the Vp20 did not alter the dose distribution as obtained by minimizing 
thee V20. 

3.1.3.. Grou p 3 

Thee representative patient of group 3 (Figure 6A) had a hypo-perfused region 
locatedd ventrally of the tumor (Figure 6B). The clinically used treatment plan 
consistedd of three fields (Figure 6C). Optimization on the MLD (Figure 6D) and 
MpLDD (Figure 6E) resulted in two plans, almost identical to the clinically used plan. 
Beamss that were passing through a large volume of lung tissue were turned off in 
thee optimization. The remaining 3 beams were directed through the smallest 
possiblee lung volume to ensure adequate tumor coverage and a minimal MLD and 
V20.. Although using the perfusion information yielded a slightly different dose-
distribution,, the plans were identical with regard to MLD, V20, MpLD, Vp20 (Table 
1)) and tumor coverage. 

3.1.4.. Grou p 4 

Inn Figure 7A seven different beam incidences are shown for a patient with a 
hypo-periusedd posterior part of the lungs (Figure 7B). Compared with the 3 fields of 
thee clinical plan (Figure 7C), the dose distribution optimized for the MLD (Figure 7D) 
iss more conformal. In all optimized plans, the dose-volume parameters improved 
comparedd with the clinical plan (Table 1). When perfusion information is included in 
thee optimization, the high dose area was transferred a little into the hypo-perfused 
regionn (Figure 7E, arrow). Optimizing on the V20 and Vp20 yielded a different dose 
distribution:: note the 50 % isodose line that encompasses a larger area than in the 
otherr dose distributions (Figure 7F, arrow). 
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3.1.5.. Grou p 5 

Forr a patient of group 5 the beam weights of 6 different beams (Figure 8A) were 
optimized.. All the beams could be wedged in both directions. The entire right lung 
off this patient was hypo-perfused (Figure 8B). The left lateral beam that was used 
inn the 4-field clinical plan (Figure 8C) was turned off in the optimization for the MLD, 
resultingg in the dose distribution displayed in Figure 8D. Also for this patient, in all 
optimizedd plans, the dose-volume parameters improved compared with the clinical 
plann (Table 1). When the V20 was minimized, also thee right lateral beam was turned 
off,, resulting in plan E (Figure 7E). The V20 of plan D is 37.5 %, compared with 21.5 
%% in plan E. The relatively higher dose in lung tissue anterior of the tumor in plan E 
mightt intuitively appear unfavorable because it is not conformal to the PTV, but 
thesee high local doses do not contribute to a higher MLD compared with plan D. 
Bothh dose distributions resulted in almost the same MLD (26 % of the prescribed 
dose).. Both plans have a similar tumor coverage. The maximum dose in the spinal 
cordd remained below 50 Gy by using beam 4 in plan E. 

Whenn the 3-D perfusion information of this patient was included (the pre-RT 
SPECTT perfusion pattern is shown in Figure 8B: the entire right lung was hypo-
perfused),, the lateral beams were turned off again because these beams would 
irradiatee too much functional lung. When the remaining constraints for the PTV, 
spinall cord and MLD were met, a plan equal to plan E was obtained. The mean 
perfusion-weightedd lung doses of plans D and E are 19 % and 13 %, respectively. 
Plann E resulted thus in the combination of the lowest MLD, the lowest V20 and the 
lowestt MpLD with adequate tumor coverage and no violation of the spinal cord 
constraintt for this particular patient. 

Thee effect of plans D and E on the post-RT perfusion is visualized in Figure 9, 
basedd on two different dose-effect relations (a linear and a step dose-effect 
relation).. The plan optimized for the MLD (plan D) resulted in a perfusion pattern 
withh gradual perfusion damage (Figure 9A) when the linear dose-effect relation was 
usedd and in sharp edged perfusion damage when a step dose effect relation was 
usedd (Figure 9B). When plan E was applied on the pre-RT perfusion, both dose-
effectt relations did not lead to visible perfusion damage (Figure 9C). 

3.1.6.. Grou p 6 

Becausee the perfusion patterns of these patients were very diverse and 
complex,, it was not possible to select a single representative patient. Due to the 
inhomogeneityy of the perfusion pattern of these patients, it was very difficult to 
selectt the smartest beam incidence direction prior to automatic optimization using 
thee current methods. 
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FigureFigure 9. Predicted perfusion distributions after treatment, based on the dose 
distributionsdistributions of plan D and E for the representative patient of group 5, with different 
dose-effectdose-effect relations. 

3.2.3.2. (Perfusion-weighted)  dose  per  beam 

Forr the phantom and all tested patients, the MLD and MpLD per beam 
(normalizedd on 100 % in the isocenter) were calculated (Figure 10). For the 
phantomm the values for the MLD per beam are equal. The values for the MpLD and 
thee ratio between the MpLD and MLD varied with the amount of non-perfused lung 
inn the beam's-eye-view. For the patient of group 1 the ratio did not vary more than 
100 %. Only beam 6 had a small ratio. However the absolute values for the MLD and 
MpLDD for that beam were larger than for the other beams so that in the optimization 
thiss beam will be omitted. For the patient of group 2 the ratio did not vary much for 
beamss 1,2,3 and 6. Beams 4 and 5 had a high ratio, indicating that, although beam 
44 was placed through the hypo-perfusion adjacent to the tumor, a relatively well 
perfusedd lung region is irradiated in the contra-lateral lung. For the patient of group 
3,, beams 4 and 6 had a low ratio, but also a low value for the MLD and the MpLD 
byy itself, meaning that these beams were both geometrically as functionally 
advantageous.. For the patient of group 4 beam 1, 2 and 5 have a lower ratio than 
thee other beams and also the values for the M(p)LD are lower or comparable to the 
otherr beams. For this patient especially beam 5 was already preferable in the non-
weightedd optimization and became even more preferable when the perfusion 
informationn was included. This beam got a higher weight in the MpLD optimized 
treatmentt plan. 

Althoughh beam 5 for the patient of group 5 had a high MLD compared with the 
otherr beams, in the optimization for the MLD this beam was chosen to ensure a 
homogeneouss irradiation of the PTV. In the perfusion-weighted optimization beam 
55 was omitted and the 3 beams with the lowest MpLD/MLD ratio remained. 
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FigureFigure 10. The relative mean (functional) lung dose per beam and the ratio between 
MpLDMpLD and the MLD per beam for the phantom (A) and the 5 tested patients (B-F). 

Discussion n 

Thee feasibility of using perfusion information for optimization of radiotherapy 
treatmentt plans for patients with Non-Small Cell Lung Cancer (NSCLC) has been 
studiedd in a phantom and for patients with different types of perfusion defects. 
Includingg perfusion information did not yield different treatment plans for patients 
withh small perfusion defects. Only for the patient with one hypo-perfused hemi-
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thorax,, the perfusion-weighted optimization made a difference of 6 % of the 
prescribedd dose on the remaining lung perfusion after treatment. 

Optimizationn on the MLD or the V20 yielded different dose distributions, resulting 
inn a more parallel-opposing treatment plan for the V20 constraint, with a dose 
distributionn that was less conformal to the PTV. 

4.14.1.. Clinical  relevance  and patient  selection 

Whenn the treatment plans for the 5 representative patients were functionally 
optimized,, it appeared that the functional gain for the patient was small in certain 
cases.. Planar V/Q images, made before applying the technique, can help to select 
patientss with one hypo-perfused lung that benefit most from the 3-D perfusion-
weightedd optimization. 

Basedd on the following factors, the usefulness of perfusion-weighted 
optimizationn for an individual patient can be estimated: 

4.1.1.. Geometrica l consideration s 

Laterall beams directed through hypo-perfused lung adjacent to the tumor 
usuallyy exit in contra-lateral (well-perfused) lung. To take maximum advantage of 
thee perfusion-weighted optimization, beams that only pass through ipsi-lateral 
(hypo-perfused)) lung are preferred, for example in an AP-PA setup. However, these 
beamss often deliver their dose to the spinal cord where the maximal prescribed 
dosee is restricted to 50 Gy (2 Gy/fraction). One has also to consider organs at risk 
suchh as the heart and esophagus, which further limit the beam incidence directions 
thatt can be chosen. For central tumors, the beam direction with the shortest path 
throughh lung is preferred in the optimization because these beams will result in the 
lowestt mean lung dose. This is in general coinciding with the region where hypo-
perfusionn is situated, as hypo-perfusion often is located distally from the (central) 
tumorr [16,26]. For more distally located tumors, the region of hypo-perfusion is 
oftenn very small and will not contribute significantly in the optimization. 

4.1.2.. Tumo r size 
Largee tumors require large treatment fields and thus the damage to (perfused) 

lungg tissue will also be large. In these cases perfusion-weighted optimization will be 
importantt in terms of functional outcome for the patient, especially because the pre-
RTT lung function that is reflected in the perfusion is also more likely to be reduced 
forr patients with large tumors. When the tumor is small, both the tumor and the 
irradiationn affect only a small part of the lungs and therefore the improvement that 
cann be gained by perfusion-weighted optimization is of less significance for the 
patient. . 
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4.1.3.. Sophisticate d treatmen t plannin g 

Iff perfusion-weighted optimization can be combined with IMRT plans and non-
coplanarr beam incidence directions, perfusion-weighted optimization might become 
off more importance for the patient because it will be easier to irradiate through 
hypo-perfusedd lung regions which are situated for example in the lung apex or 
caudall of the tumor. For patients from group 6 with inhomogeneous perfused lungs, 
perfusion-weightedd IMRT and inverse planning techniques may become beneficial 
becausee in each beam, segments with a different weight, based on perfusion 
information,, can be determined. 

4.1.4.. Dose calculatio n 

Thee Octree/Edge dose calculation algorithm incorporated in the treatment 
planningg system used in this study does not take lateral scatter adequately into 
accountt and therefore in lung tissue the dose is not calculated correctly. This 
algorithmm underestimates beam penumbra in lung; film measurements show a 
flatteningg of the beam penumbra [5]. This means that in the penumbra region where 
moree than 50 % of the dose is planned, a lower dose is delivered than predicted by 
thee treatment planning system. Because the actual dose is lower in the high dose 
regionss and on the edge of the PTV, larger fields are necessary to ensure adequate 
tumorr coverage. Due to these larger fields the mean functional lung dose will rise 
andd thus the gain of perfusion-weighted optimization may be of more importance for 
thee patient. The effect of the underestimation of the beam penumbra on (perfusion-
weighted)) treatment optimization is the subject of future studies 

4.1.5.. Pre-RT perfusio n and re-perfusio n 

Especiallyy for patients with an impaired lung perfusion prior to treatment it is 
importantt to consider perfusion damage during optimization of the treatment plan. 

Re-perfusion,, which can be caused by tumor-regression, might reduce the 
adversee effect of the irradiation [26]. Re-perfusion occurres even in regions where 
aa high dose was given [26]. In the studied patient group however, the measured re-
perfusionn was not followed by improvement in lung function as measured with 
classicall lung function tests [K. De Jaeger, personal communication]. Therefore re-
perfusionn was not considered in the perfusion-weighted optimization. 

4.2.4.2. MLD vs V20 

Optimizationn of the MLD and V20 will lead to very different dose-distributions in 
somee cases. In the clinic, two 'schools' are present: one uses the V20 parameter [7] 
whilee the other adheres to the MLD for the estimation of the incidence of radiation 
pneumonitiss [12]. The methods differ in the 'inferred' underlying dose-effect relation 
betweenn locally absorbed dose and the development of local lung damage resulting 
inn radiation pneumonitis. In the V20 model a step local dose-effect relation is 
assumedd while the MLD model assumes a linear relation [13]. For the 116 NSCLC-
patientss in this latter study the V20 of their clinically applied treatment plan is plotted 
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ass a function of the MLD in Figure 11 (triangles). In this patient group the V20 is 
highlyy correlated to the MLD (r2 = 0.9). The correlation between the MLD and V20 
makess it difficult to discriminate between the V20 and the MLD as the best predictor 
forr radiation pneumonitis. To be able to discriminate between the two methods, 
patientt data are needed in which there is no correlation between V20 and the MLD. 
Too illustrate this we have added the MLD and V20 values of plan 1 and 3 of the 
phantomm to Figure 11. For these two plans the MLD is equal while the V20 varies 
substantially.. To collect more clinical data for a reliable discrimination between the 
V200 and the MLD method, for example half of the number of patients with the same 
tumorr location should be treated with plans optimized on the MLD and the other half 
withh plans optimized on the V20. The reason why patients in our institution are not 
treatedd with plans optimized on the V20 is that in these plans the volume of the high 
dosee region is not conformal enough to be clinically applicable (for example the 95 
%% isodose line in Figure 8E encompasses a much larger region than the 95 % 
isodosee line in Figure 8D). 
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FigureFigure 11. Scatter-plot of the mean lung dose (MLD) and the volume irradiated with 
moremore than 20 Gy (V20) of the clinical treatment plans of NSCLC-patients. The solid 
trianglestriangles represent patients who developed radiation pneumonitis grade 2 (SWOG) or 
higher.higher. The circles represent the MLD and V20 for two different plans for the phantom. 
ForFor these two plans the MLD is the same while the V20 is different. 

Conclusion n 

Onlyy for patients with a large pre-treatment perfusion defect, perfusion-weighted 
optimizationn resulted in clinically well applicable treatment plans, which would have 
causedd less radiation damage to functioning lung, compared with treatment plans 
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thatt were optimized on the mean lung dose and a homogeneous target dose alone. 
Forr patients with small perfusion defects, perfusion-weighted optimization yielded a 
treatmentt plan equal to the non-perfusion-weighted optimized plan. Because the 
gainn of perfusion-weighted optimization depends on the pre-RT perfusion pattern, 
planarr V/Q scans can be used to select patients that may benefit from 3-D 
perfusion-weightedd optimization. 
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Appendix: : 

Too be able to include functional information in the optimization, two steps have 
too be taken: the first is to define a parameter, which is predictive for the functional 
outcomee of the treatment (using for example a local dose-effect relation for changes 
inn lung perfusion). The second is to find a way to incorporate the functional 
informationn into the optimization module. 

Thee mean lung dose and the mean perfusion-weighted lung dose of a treatment 
plann can be calculated by 

ll  N 

MLDMLD = — yDn 

and d 

MMPPLDLD = ^CnDn 

wheree N is the number of voxels and Dn is the local dose in voxel n. Cn is the 
locall number of perfusion counts before treatment in voxel n, representing local 
functionality,, normalized using: 

c ,, C,J-
11 " 

Yets Yets 
Ntr r 

withh Ctsn the counts in voxel n. In each voxel n we could predict the remaining 
perfusionn at 3 months after treatment by calculating 

p e r ff Predicted = pe r f Pre , £ _ £  ̂ } J 

wheree E(Dn) is a local dose-effect relation for perfusion damage and 

C. C. 
Perf: Perf: 

Prff  _ 

11 NWP 

NN ^ 

iss the local perfusion normalized on the well perfused (WP) lung region that has 
aa perfusion better than 60% of the maximum perfusion in the lungs. The average 
perfusionn homogeneity prior to treatment (PHpre) is the average perfusion 
throughoutt the lungs: 

11 N 
PefPefff '=-jfL p"f?°=PHPr* 
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Thee average perfusion after  treatment is calculated by: 

PHpredictedpostPHpredictedpost = PHpre  $ - E(Dn)} 

Too ensure the maximum possible lung function for a patient after radiotherapy, 
thiss value should be maximized by varying the number of beams, the beam 
incidencee directions and the beam weights. We used two different local dose-effect 
relationss that represent extreme shapes of a dose-effect relation for perfusion 
damage: : 

1. . 

E(DE(Dnn)) = cDD 

,, which is a linear dose-effect relation. With this dose-effect relation the 
remainingg perfusion after treatment can be calculated by: 

PHpredictedpostPHpredictedpost = PHpre J - c • MpLD} 

E(DE(Dnn)) = G(Dn-Dn) = 
OforDn<D^ ^ 

l f o r D ^ D ^ ^ 

,, which is a step dose-effect relation with D^ a threshold dose of, for example, 
200 Gy. For local doses less than the threshold dose there is no perfusion damage 
andd for doses higher than the threshold dose, the local perfusion damage is 100%. 

Thee perfusion-weighted equivalent for a threshold dose (Djh) of 20 Gy is: 

vp20vp20 = ̂ c r e(Dn-DTk) = ^ 

Thee remaining perfusion homogeneity after  treatment can be calculated by: 

PHpredictedpostPHpredictedpost = PHpre {l - c • Vp20} 

Inn the optimization for an individual patient PHpre and c are constant, the MpLD 
orr Vp20 vary, thus if MpLD or Vp20 are minimal, PHpredictedpost is automatically 
maximized. . 
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11 Introduction 

Inn case of lung cancer, dose escalation is necessary since most of the patients 
treatedd with radiotherapy have local recurrence at the site of the primary tumour 
usingg the currently applied clinical dose levels. Intensity modulated radiotherapy 
(IMRT)) is a useful tool to allow dose escalation for treating any tumour site, but 
shouldd be an excellent tool in case of lung cancer because it can be used to 
sharpenn the broad beam fringe in low-density lung tissue. This allows a substantial 
reductionn in field size and sparing of the lung and other organs at risk (OARs). The 
goall of the work described in this thesis is to provide insight in the most important 
topicss to consider when changing from 'classical' conformal radiotherapy of lung 
cancerr on a static volume, i.e. the planning target volume (PTV), to intensity 
modulatedd radiotherapy on the 'moving' clinical target volume (CTV), taking into 
accountt all uncertainties caused by tumour motion and set-up errors. 

22 Tools to enable dose escalation in radiotherapy of lung 
tumours s 

2.12.1 Intensity  modulated  radiotherapy 

Theree are three general methods of applying IMRT that are feasible for 
irradiatingg any tumour site: 

First,, IMRT can be used to increase the freedom of choice of beam angles. In 
conventionall conformal radiotherapy, beam angles are selected such that OARs are 
excludedd from the beam's eye views (BEVs). In IMRT, however, it wil be possible to 
minimizee the dose to OARs that are actually included in the BEV of beams by 
choosingg clever segment shapes. Using a multi-segment technique for a prostate 
treatment,, Damen et al. have shown that the dose in the rectum can be reduced 
whilee this OAR is actually included in the beam's eye view of all beams in a 
treatmentt plan [7], A similar approach may be feasible for sparing the oesophagus, 
heartt and spinal cord in case of a thorax irradiation. Derycke et al. have already 
shownn that such an approach is beneficial for sparing the spinal cord in case of lung 
cancerr irradiation [8]. For irradiation of lung tumours the principal OAR, the healthy 
lungg itself, can never be avoided. However, IMRT offers the possibility to freely 
choosee beam directions that minimize the dose to the lung, while simultaneously 
thee dose to other OARs (spinal cord, heart, oesophagus) is minimized and target 
coveragee is maintained by a clever choice of beam segments. 

Second,, by using IMRT to increase the fluence near the field edges it will be 
possiblee to sharpen the beam fringe, allowing a reduction in field size and dose in 
organss at risk while maintaining target dose homogeneity. Dirkx et al. have shown 
thee benefit of this approach for irradiations in the thoracic region using both a 
treatmentt planning [9] and a dosimetric study [10]. By applying a limited number of 
segmentss in a co-axial treatment plan, the field margins in both the cranial and 

130 0 



GeneralGeneral discussion 

caudall direction could be reduced significantly resulting in a reduced dose in the 
lungss while maintaining dose homogeneity in the target volume. Using IMRT to 
reducee field sizes furthermore increases the benefit of including SPECT lung 
perfusionn data in the treatment planning process. Beam directions can be more 
easilyy chosen to confound as much dose as possible to the non-functional parts of 
thee lung without minimizing the presence of this OAR in the beam's eye views 
(Chapterr 6). For tumours not located in the lung the method of beam fringe 
sharpeningg is only beneficial if the tumour is located very close to an organ at risk, 
e.g.. the rectum in case of prostate cancer, because of the already sharp beam 
fringee in unit-density tissue. 

Third,, by increasing the fluence at the edge of the field further, the dose at the 
borderr of the target volume can be raised to a level higher than the dose on the 
centrall beam axis, in order to compensate for random set-up errors [25]. In case of 
lungg cancer, the same method can also be used to compensate for respiration-
inducedd tumour motion. The overcompensation of the dose at the border of the high 
dosee region ensures that the shift due to blurring of, for example, the 95 % isodose 
levell with respect to the 50 % isodose level (i.e. the field edge) is smaller than 
withoutt overcompensation. This allows the use of smaller field sizes while ensuring 
aa certain minimum dose in the target. The benefits of this approach will not be 
obviouss as long as a static geometrical shape is used for treatment evaluation. In 
'classical'' treatment planning, i.e. by applying the PTV concept, this approach does 
nott allow field size reduction and leads to unnecessary extra dose in the PTV and 
inn organs at risk. One needs to simulate random errors and patient breathing and 
too evaluate the dose in the moving CTV in order to appreciate the benefit of this 
approachh and to safely introduce it in the clinic. The distribution of random set-up 
errorss as acquired from a previously treated patient population should be used 
sincee the random set-up errors for an individual patient can not be known prior to 
treatmentt planning. The extra merit of this approach compared with the sharpening 
off the beam fringe has not yet been proven in practice. It can, however, be useful 
att locations where the CTV is located close to an organ at risk. Then, 
overcompensationn may guarantee a steep dose gradient despite blurring of the 
dosee distribution due to patient breathing and set-up errors, thus ensuring a high 
enoughh dose in the target volume while limiting the dose in the organ at risk. 

Thee second and third application of IMRT are particularly suitable for irradiating 
tumourss in the thoracic region because of the broad beam penumbra in low-density 
lungg tissue and the effect of respiration-induced tumour motion on the dose in the 
CTV.. The optimum treatment plan will, however, be a combination of all three 
methods. . 

2.22.2 Dose homogeneity  in  the CTV: another  parameter  for  treatment 
optimisation optimisation 

Irradiationn of lung tumours is not only different from the treatment of other 
tumourr sites because of the increased beam penumbra in low-density lung tissue. 
Thee situation of an organ at risk (i.e., the lung) surrounding the tumour makes the 
thoraxx also an almost unique site. Any reduction in field size near the tumour-lung 
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interfacee leads to a large decrease in dose in the lung and, due to the broad beam 
fringe,, only to a relatively small decrease in minimum dose in the tumour. In 
optimisingg radiation treatment plans of lung tumours it should therefore be 
consideredd whether or not to allow an inhomogeneous dose distribution in the target 
volume.. We have shown that it is beneficial, with respect to the optimum 
combinationn of TCP of the CTV and normal tissue complication probability (NTCP) 
off the lung, to allow dose inhomogeneity, even without the use of intensity 
modulationn (Chapter 4). Combination of this approach with IMRT, however, allows 
evenn a further increase in the probability of tumour control (Chapter 5). 

Whetherr or not to use the concept of dose escalation in combination with field 
sizee reduction is an important clinical decision. A careful approach is necessary 
becausee decades of clinical experience is based on conforming the 95 % isodose 
levell to the PTV. However, due to the use of inadequate dose calculation and 
inhomogeneityy correction algorithms in designing these treatment plans (Chapter 
2),, patients are in reality already treated with inhomogeneous dose distributions in 
thee CTV (Chapter 3). 

Thee advantage of allowing dose inhomogeneity is that it allows further escalation 
off the probability of tumour control under constraint of a constant probability of 
complicationss of the lung. A disadvantage is, however, that it is more difficult to 
discriminatee between treatment plans. With dose homogeneity, e.g. using the PTV 
concept,, an increase in the prescribed dose will almost certainly result in an 
increasee in the probability of tumour control. Using the PTV concept in which the 
CTVV is supposed to be located within the PTV for most of the treatment time, the 
dose-volumee histogram (DVH) of the static PTV is a close approximation of the 
DVHH of the moving CTV. Allowing dose inhomogeneity, however, one has to use a 
DVHH reduction technique in combination with a radiobiological model such as the 
EUDD [28] or TCP model [41] to asses which treatment plan is best. In the new 
approach,, the cumulative dose distribution in the moving CTV has to be assessed, 
takingg into account set-up errors and patient breathing. In this case a probability 
basedd approach of treatment evaluation is needed, as for instance developed by 
vann Herk et at. [39], which is a further difference with 'classical' conformal 
radiotherapy. . 

AA difficulty with the iso-lung-NTCP approach as used in this work is that it is 
basedd on the mean lung dose (MLD) being a good indicator for the NTCP of the 
lungs.. Although patients were scored for MLDs up to about 30 Gy, the application 
off the MLD has only been tested for prescription dose levels up to 90 Gy [22]. The 
increasee in prescribed dose when dose inhomogeneity in the target is allowed, may 
leadd to 3-D dose distributions in the lung for which the MLD is no longer a 
representativee indicator of the complication probability of the lungs. Regions of high 
dosee may for instance lead to complications with blood vessels. The link between 
MLDD and NTCP of the lungs has only been investigated for radiation pneumonitis 
gradee 2 or higher as an endpoint. For other endpoints, such as necrosis and 
bleeding,, the MLD may not be a representative indicator for the probability of lung 
complications.. The same restriction holds when using the volume receiving a dose 
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off more than 20 Gy (V20) instead of the MLD, as suggested in Chapter 4, as a 
dose-limitingg parameter in the iso-lung-NTCP approach. 

33 Technical aspects of treatment planning and delivery 

3.13.1 Accuracy  of  dose  calculation  in  lung 

Althoughh IMRT is in principle an excellent tool for improving the radiation 
treatmentt of lung cancer, clinical application of IMRT is at present applied in only a 
feww institutions. An important reason for this is that only recently algorithms have 
becomee available that accurately predict the dose distribution in inhomogeneous 
mediaa like the thoracic region. Most simple tissue-inhomogeneity correction 
algorithmss do not adequately take into account the increased range of secondary 
electronss in low-density lung tissue (Chapter 2). Because broadening of the beam 
fringee in low-density lung tissue is not predicted, too small field sizes are used 
leadingg to too low doses in the target volume. Without tissue inhomogeneity 
corrections,, underestimation of the beam fringe in low-density tissue will be at least 
ass large. Therefore, the decision in RTOG 93-11 (dose escalation using conformal 
radiotherapy)) to base dose escalation on dose calculations without inhomogeneity 
correction,, is questionable. Large differences between the calculated and actual 
dosee distribution, of up to 20 % (Chapter 2), will be present because penumbra 
broadeningg is not taken into account in the choice of field sizes. The errors in the 
calculatedd dose distributions will be more or less equal for all participating 
institutions,, but the reported dose distributions in the PTV are not representative for 
thee dose distribution in the tumour. 

Forr the simple inhomogeneity correction algorithms, a large difference between 
predictedd and measured dose distribution is already apparent in case of medium-
sizedd conformal beams with static MLC-shaped fields. For small segments, as will 
bee used in both step-and-shoot and dynamic IMRT, the lack of electron equilibrium 
att the centre of these small fields will provide an even larger problem. Then, the 
errorr in the calculated shape of the dose profile may even be overshadowed by the 
errorr in the monitor unit calculation. Use of a convolution-superposition algorithm as 
incorporatedd in some commercially available treatment planning systems is 
expectedd to lead to a much better prediction of the dose distribution in the thoracic 
region.. It should be noted that Dirkx et al. have designed an IMRT approach for 
sparingg the lungs in irradiation of lung cancer patients [9], although their treatment 
planningg system only has a simple inhomogeneity correction algorithm. Extensive 
dosimetricc verification has allowed them to safely introduce their technique into the 
clinicc [10]. 

AA further problem, as mentioned in Chapter 2, is that the use of a simple 
inhomogeneityy correction algorithm does not only lead to misprediction of the dose 
inn the PTV. It can also lead to an error in the calculated MLD. This has 
consequencess for the choice of prescribed dose values in dose escalation studies. 
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Thee actual mean lung dose might be considerably different from the value 
calculatedd by a TPS having a simple inhomogeneity correction algorithm. This has 
consequencess for the threshold dose at an MLD of 20 Gy, as used in this study. This 
dosee level is based on a study in which a variety of simple inhomogeneity correction 
algorithmss are used to calculate the MLD for a large patient group [22]. Unpublished 
dataa regarding the recalculation of treatment plans of 16 NSCLC-patients with a 
convolution-superpositionn algorithm which was verified to accurately calculate the 
dosee in the thoracic region (K. De Jaeger, M.D. personal communication), showed 
aa much lower MLD compared with calculations applying a simple inhomogeneity 
correctionn algorithm. Preliminary results show that the threshold dose is close to 
16.55 Gy. The fact that the MLD-level of 20 Gy as used in Chapters 4 and 5 is 
probablyy a too high estimate does, however, not change the conclusions drawn in 
thesee chapters. 

3.23.2 Displacement  of  the tumour 

Set-upp errors and tumour motion due to patient respiration have an important 
influencee on the design and evaluation of a treatment plan. When using either the 
'classical'' approach of pursuing a homogeneous dose in a PTV or when allowing 
targett dose inhomogeneity and conforming a certain dose level to a different 
structuree during treatment planning, knowledge of the amplitude of set-up errors 
andd respiration-induced tumour motion is a prerequisite in order to accurately define 
fieldd sizes. Too large field sizes will lead to unnecessary radiation dose in organs at 
riskk while too small field sizes will lead to too low doses in the target volume. 
Especiallyy when using IMRT to sharpen the beam fringe in low-density lung tissue, 
thee minimum dose in the CTV may drop dramatically if the high dose region is 
conformedd too close to the 'static' CTV as delineated on a CT-scan. 

Inn Chapter 3 we have shown that a reduction in systematic errors, random errors 
andd respiration-induced tumour motion will lead to an increase in TCP for a certain 
treatment.. Likewise, reduction of tumour motion will allow the reduction of field sizes 
thuss reducing the dose in OARs while maintaining a certain level of TCP. 
Knowledgee of tumour motion and set-up errors is therefore important but one 
shouldd also aim at minimizing them. Reduction of systematic errors in patient set-
upp and target delineation will lead to the largest gain with respect to TCP and NTCP 
(Chapterr 3), followed by a reduction in random (set-up) errors. This is in accordance 
withh data provided by Stroom et al. [36] and van Herk etal. [40], who 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. Therefore, patient breathing has only a 
smalll effect on the dose in the CTV. 

VanVan Herk et at. [39,40] have argued that error sources that are of influence on 
thee design of a treatment plan can be subdivided in treatment preparation errors (or 
systematicc errors) and treatment delivery errors (or random errors). For each type 
off error there are a lot of sources. In the next section only some specific error 
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sourcess and how to minimize them, will be discussed. Furthermore respiration-
inducedd tumour motion also influences the design and effectiveness of a treatment 
plan.. This motion can, however, be measured for an individual patient and taken 
intoo account prior to irradiation and is therefore not an error. 

3.33.3 Measuring  and reducing  tumour  motion  and uncertainties  in  patient 
set-up set-up 

3.3.11 Patient breathing 

Thee effect of patient breathing on the dose in the CTV for a given treatment plan 
iss small (Chapter 3). Short time presence outside the 95 % isodose level, which 
resultss in a too low dose in a part of the CTV, will be compensated during another 
partt of the same breathing cycle. It is our opinion that control of patient breathing 
duringg irradiation allows only a very small reduction in field sizes, i.e. less than 2 
mmm diameter reduction for treatment plans based on conformal fields. Although 
controll of patient breathing has a limited effect with respect to field size reduction, 
itt can be beneficial with respect to the NTCP of the lungs. If the patient is only 
irradiatedd at full inspiration, the volume of lung within the beam's eye views and the 
dosee in the lungs will be reduced with respect to irradiation during free breathing. If 
aa strategy of selective boosting is applied to deliver an increased dose to a sub-
volumee of the tumour [37], control of patient breathing during irradiation may be 
necessaryy to limit smearing out of the boost dose over the entire tumour. If intensity 
modulationn is used to sharpen the beam penumbra or when the amplitude of 
respiration-inducedd tumour motion is very large ( » 10 mm), control of breathing 
motionn during irradiation may become of importance. Some authors, however, 
arguee that control of breathing motion during irradiation allows a substantial 
reductionn in field sizes. Different approaches have been suggested, e.g., using an 
ABC-devicee [42], voluntary breath-hold [13] or respiration gating [20,21,29]. 
Probablyy the most sophisticated approach is tested and implemented by Shirato et 
ai.ai. [35]. These authors use a 2 mm gold marker implanted in the tumour in 
combinationn with four x-ray tubes for real-time tumour tracking in the treatment 
room.. The linear accelerator is only triggered if the gold marker is located within a 
predefinedd 'volume'. Thus motion of the tumour can be accounted for with the 
patientt breathing freely and smaller field sizes can be applied allowing sparing of 
organss at risk. Movement of the marker within the tumour can, however, be a 
problem. . 

Inn fact, the system automatically corrects for day-to-day variations in tumour 
position.. Even random and systematic set-up errors can be accounted for 
automaticallyy insofar as these errors influence the tumour position with respect to 
thee beam portals. A set-up error in one direction and displacement of the tumour in 
thee opposite direction would not be noticed by the system while it could certainly 
influencee the dose distribution within the patient. 
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3.3.22 Random errors 

Thee main sources of random errors are patient set-up errors in the treatment 
roomm and day-to-day variations in the position of the tumour within the patient. At 
Thee Netherlands Cancer Institute portal imaging is performed routinely. For a group 
off NSCLC-patients the observed standard deviation in random set-up errors are 
3.0,, 3.4 and 2.2 mm (1SD) in the left-right, cranial-caudal and ventral-dorsal 
direction,, respectively. Data about day-to-day tumour movement are not yet 
available.. In general, random errors are difficult to reduce. They are, however, 
ratherr small and have a limited influence on the design of a treatment plan, just as 
patientt breathing. 

200 40 60 

Distancee from central axis (mm) 

00 20 40 60 
Distancee from central axis (mm) 

FigureFigure 1: Dose profiles for a 100 mm diameter 8 MV beam in cork for a) a conformal 
fieldfield and b) a conformal field with overcompensated fluence near the field edge. 

Thee solid line in Figure 1a indicates an unblurred profile for an 8 MV beam as 
measuredd in material of lung-density. The dashed line indicates the same profile 
blurredd for both random errors (3 mm, 1SD) and 5 mm amplitude of respiration-
inducedd tumour motion. Because of the blurring, the 95 % isodose level is displaced 
onlyy 1 mm closer to the central beam axis. This displacement can be compensated 
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byy an increase in field radius of only 1 mm, resulting in a small increase in dose in 
organss at risk. Because of the already shallow penumbra the positive effect of 
reducingg random errors and control of patient breathing during irradiation is small. 
Iff intensity modulation is used to sharpen the beam fringe and to overcompensate 
thee dose near the field edge (Figure 1b) the shift in the 95 % isodose level due to 
blurringg increases to 3 mm and control of patient breathing during irradiation might 
becomee useful. However, more than half of the shift is a result of dose blurring due 
too random errors. 

3.3.33 Systematic set-up errors 

Withh regard to the irradiation of lung tumours as well as with tumours at other 
sites,, set-up errors in the treatment room can be measured using portal images or 
ann electronic portal imaging device (EPID). For minimizing the systematic 
componentt of these set-up errors, an off-line correction protocol using a (shrinking) 
actionn level (3-D vector length < 5 mm) as reported by Bel et al. [3] can be applied. 
Thiss correction protocol is routinely used in The Netherlands Cancer Institute for 
set-upp verification of various tumour sites. In this way, the standard deviation of 
systematicc errors was reduced from 3.0, 4.9 and 2.5 mm in the left-right, cranial-
caudall and ventral-dorsal direction, respectively, to 1.5, 1.8 and 1.3 mm, 
respectivelyy for lung tumour treatments. No patient had a systematic set-up error 
withh a 3-D vector length exceeding 4.5 mm [W. Heemsbergen, personal 
communication].. Although systematic errors were decreased, the use of this 
protocoll has led to a minor increase in the standard deviation of random set-up 
errors.. However, as mentioned before, these errors have a much smaller influence 
onn the dose in the tumour than systematic set-up errors. Image-guided radiotherapy 
[e.g.. 17,35] can also reduce systematic set-up errors. 

3.43.4 Delineation  error 

Anotherr systematic error is introduced by the use of a non-representative CT-
scann for treatment planning. Patients are breathing freely during acquisition of the 
CT-scan.. This leads to distortions in the CT-scan. Furthermore the tumour may be 
displacedd from the average position at the moment of CT-acquisition, because of 
respiration-inducedd tumour motion. As a consequence, there may be a systematic 
shiftt between the position of the CTV with respect to the bony anatomy as 
delineatedd on a particular CT-scan and how it should have been delineated if the 
averagee position on a number of CT-scans was taken. The systematic set-up error 
inn the treatment room is an error in the location of the bony anatomy of a patient 
withh respect to the beam portals. The systematic delineation error is different 
becausee it is an error in the location of the CTV with respect to the bony anatomy. 

Thee methods mentioned above regarding control of patient breathing during 
irradiationn can also be used during CT-scanning, ultimately enabling the acquisition 
off a CT-scan at the average tumour position. One should, however, ensure that the 
averagee lung volume in the breathing cycle is the same during CT-acquisition as 
duringg irradiation of the patient in order not to introduce an additional systematic 
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error.. When using an ABC-device in which the patient breaths through a relatively 
smalll tube, this average lung volume can differ considerably compared with free 
breathing. . 

Nextt to minimizing the systematic error in the position of the CTV, control of 
patientt breathing during CT-acquisition also reduces distortions in the CT-images. 
Thiss may result in a more accurate overall delineation of the target volume, i.e., a 
minimumm error in the shape of the delineated GTV and CTV. When, however, a lung 
tumourr is attached to the chest wall or surrounded by infiltrate or atelectases, it may 
stilll be very difficult to determine the exact shape of the GTV. Use of multi-modality 
imaging,, i.e. combining the information from CT, MRI and PET, may then be helpful, 
nott only in delineation of the primary tumour but also in distinguishing between 
involvedd and uninvolved lymph nodes [e.g. 14,24,33]. Target delineation studies 
cann provide insight in the magnitude of the delineation error [e.g. 6,11,30,32]. For 
lungg cancer patients, however, there is only limited experience with delineation 
variability.. Ketting et al. found significant differences between institutions and 
individuall physicians regarding the delineation of the planning target volumes [18]. 
Theyy argue that this was probably caused by individual and institutional differences 
inn the working definition for the PTV. Senan et ai found, however, that significant 
inter-cliniciann variations persist in contouring target volumes in NSCLC-patients, 
despitee the use of an institutional contouring protocol [34]. 

44 A scenario for clinical implementation of dose escalation 
inn radiotherapy of lung tumours 

4.14.1 Design  of  a treatment  plan 

Iff dose escalation is pursued for the radiation treatment of NSCLC, use of IMRT 
iss advantageous. Especially when target dose homogeneity is pursued, use of 
IMRTT to sharpen the beam fringe will allow a large increase in the probability of 
tumourr control (Chapter 5). Without this dose homogeneity constraint the benefit of 
usingg IMRT is slightly less. If, however, not just the dose in the target region and in 
thee lungs is taken into account but also the dose in other OARs, the benefit of IMRT 
willl increase because more and better directions of beam incidence can be chosen 
whenn designing treatment plans, while still limiting the dose in OARs. In the next 
paragraphs,, three different methods, with increasing complexity, of treatment plan 
designn will be discussed. Although each approach can also be used without IMRT 
thesee types of techniques will not result in an optimum treatment plan. The next 
paragraphss will mainly concern the future of radiotherapy in general but they are 
thereforee also applicable to the specific future of radiotherapy of lung tumours. 

4.1.11 'Classical'approach 

Currentt clinical practice in the irradiation of lung cancer is to pursue a 
homogeneouss dose distribution in the PTV, i.e. the 95 % isodose level is conformed 
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too this PTV. The PTV is a purely geometrical concept that is primarily used as a 
planningg aid. The CTV is expanded in 3-D into a PTV to account for uncertainties 
in,, e.g. target delineation, patient breathing and patient set-up. The PTV is widely 
definedd in such a way that the CTV is located inside this PTV for the entire course 
off a radiation treatment, thus ensuring that the entire CTV receives at least 95 % of 
thee prescribed dose when the 95 % isodose level is conformed to the PTV. The 
prescriptionn dose is representative for the dose in the CTV. The non-isotropic 
magnitudee of systematic errors, random errors and patient breathing, should result 
inn a non-isotropic expansion from CTV to PTV when following the recommendations 
off ICRU Reports 50 and 62 [15,16]. In the on-going phase l/ll dose escalation study, 
however,, the CTV is expanded with a uniform 3-D margin of 10 mm into a PTV for 
mostt of the NSCLC-patients. For some patients, having a large amplitude of 
respiration-inducedd tumour motion, the margin from CTV to PTV may be non-
isotropic.. Since respiration-induced tumour motion has a minor effect on the 
cumulativee dose in the CTV (Chapter 3), only a limited increase in margin from CTV 
too PTV will be necessary in directions of large amplitudes of breathing motion. 

Thee classical approach is currently applied in the on-going dose escalation 
study,, using conformal fields without intensity modulation. For a typical NSCLC-
patientt with a relatively small hilus tumour, the current applied prescription dose 
levell is 81 Gy, corresponding with a MLD of approximately 12.5 Gy. Extrapolation 
too a MLD of 16.5 Gy, i.e. the probable level of mean lung dose at which a sharp 
increasee in lung complications is observed, the highest achievable prescription 
dosee level for this patient will be almost 107 Gy using this classical approach. 
However,, a simple inhomogeneity correction algorithm is currently used for dose 
calculation.. This correction algorithm results in a choice of too small field sizes and 
mispredictionn of the MLD. Although the planned 95 % isodose level is conformed to 
thee PTV, the actual position of the 95 % isodose level is within the PTV. Replanning 
thee treatment of this patient using a convolution-superposition algorithm that does 
predictt broadening of the beam fringe in low-density tissue, shows that the 
maximumm achievable prescription dose level is not 107 Gy but close to 83 Gy for a 
MLDD of 16.5 Gy. The increase in field sizes is necessary to conform the 95 % 
isodosee level to the PTV, leading to increased dose in the lung. It is, however, 
questionablee whether such increased field sizes are necessary because the 
reductionn in the probability of tumour control using current clinically applied field 
sizess is limited (Chapter 3). If intensity modulation is used to sharpen the beam 
fringe,, it is expected that the prescription dose level of 83 Gy can be increased with 
aboutt 30 % while still conforming the 95 % isodose level to the PTV (compare the 
thirdd to last and second to last columns in Table 1 in Chapter 5). 

Inn conclusion: when pursuing the classical approach of conforming the 95 % 
isodosee level to the PTV, the maximum attainable dose level for lung tumours when 
usingg beam fringe sharpening is about 100 Gy for relatively small tumours and will 
bee lower for larger tumours. 
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4.1.22 Minimizing complications 

Thee aim of 'classical' treatment planning is to ensure a minimum dose of 95 % 
withinn the moving CTV. Van Herk et al. [40] have argued that unacceptable field 
marginss are necessary in order to ensure that this constraint is met for all patients 
inn a population. It is a better approach to decide what percentage of the patient 
populationn should be treated correctly, e.g. 90 %. Furthermore, although the 
classicall approach is straightforward, it is not a the optimum approach. The problem 
iss that the PTV is a static geometrical structure while the actual target, i.e. the CTV, 
isis not stationary. As mentioned in a section 3.3.2, the shift in the 95 % isodose level 
(ass 'perceived' by the tumour) due to random errors and patient breathing, depends 
onn the dose gradient outside this isodose level. Therefore, the correct position of 
thee planned (i.e. unblurred) 95 % isodose level depends on the steepness of the 
dosee gradient outside this isodose level. Even when set-up errors and respiration-
inducedd tumour motion are isotropic, the planned 95 % isodose level could be 
locatedd closer to the 'static' CTV in directions where the dose gradient outside this 
isodosee level is relatively shallow. Some groups, e.g. Dirkx et al. [10], used larger 
marginss in the cranial-caudal direction because of the overlap of all beam 
penumbrass in their co-axial (non-intensity modulated) treatment plans. The dose 
gradientt in the cranial and caudal direction was, therefore, relatively steep. 
Similarly,, the planned 95 % isodose level should be located a few mm further 
outwardss at locations where the target volume is embedded in unit-density tissue 
andd is located close to one or more beam edges, resulting in a relatively sharp dose 
gradient.. Treatment plan design for lung cancer irradiations will require anisotropic 
marginss because of the differences in local beam penumbrae [40]. It will therefore 
bee very difficult to devise a general approach for margin recipe-based treatment 
planningg for lung cancer patients. 

Usingg IMRT, the shallow penumbra for a single beam in tissue of lung-density 
cann be sharpened and the desired location of the 95 % isodose level may no longer 
bee dependent on the local tissue density. However, even if it would be possible to 
usee IMRT to ensure an equal beam penumbra for all beam edges regardless the 
locall density, the local dose gradient outside the 95 % isodose level is still not the 
samee in all directions. The local dose gradient will always depend on the directions 
off beam incidence in a treatment plan. Optimum margins between the CTV as 
delineatedd on a CT-scan and the 95 % isodose level depend on the local dose 
gradientt of the entire treatment plan, not just on the dose gradient of a single beam 
penumbraa at that location [5,40]. For this reason, an approach using a margin 
recipee will still not lead to the design of the optimum treatment plan, although it can 
bee a close approximation. 

AA process of designing a treatment plan using (dynamic) IMRT under constraint 
off target dose homogeneity can be (safely) pursued by means of probability-based 
treatmentt planning. Van Herk etal. have described a method in which iso-contours 
aree determined for a specific treatment plan [38]. The necessary inputs are the 
distributionn of set-up errors and patient breathing, the planned 3-D dose distribution 
andd the shape and location of the target region (e.g. the GTV and/or CTV) with 
respectt to this dose distribution. The dose distribution is first convolved with the 
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randomm errors and respiration-induced tumour motion to obtain an estimate of the 
cumulativee dose distribution. Next, the CTV is displaced with respect to its planned 
positionn in all possible directions while computing a parameter of the CTV dose, for 
examplee the minimum dose in the CTV. The result is a function of x, y and z. Iso-
contourss for the minimum CTV dose are shown in a single plane in Figure 2 for a 
prostatee IMRT case. 
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FigureFigure 2: The contour lines (95 %, 90 %, ..) map the effect of systematic translation 
onon the minimum cumulative CTV dose. By combining them with the probability 
distributiondistribution of systematic errors (the grey blob), the probability of an acceptable CTV 
dosedose is computed. 

Thee interaction of the CTV shape with the dose distribution gives the function an 
irregularr shape. In some directions, for instance the +x direction, a systematic error 
leadss to a relatively fast reduction of the dose parameter. Due to the intended 
rectumm sparing, even a small systematic error towards the lower direction (posterior 
forr the patient) leads to a minimum dose in the CTV of less than 95 % of the 
prescribedd dose. The probability that a given dose parameter value is reached is 
computedd by integrating the estimated gaussion error distribution within the iso-
contourss for this value. Treatment plans can be evaluated with this software and 
fieldd sizes can subsequently be changed near a location of a too large or too small 
probabilityy of a cumulative dose in the CTV that is inconsistent with the dose 
prescription.. The software takes the entire 3-D dose distribution and the effects of 
uncertaintiess in position of the tumour on the cumulative dose in the target into 
account.. If, for example, a minimum dose in the CTV of 95 % of the prescribed dose 
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forr 90 % of the patients is the planning constraint, use of the software will show that 
aa smaller margin between the CTV and the planned 95 % isodose level is allowed 
att locations with a shallow gradient in iso-contours (i.e. a shallow dose gradient 
priorr to blurring) compared with locations with a steeper gradient. Probability-based 
treatmentt planning is a flexible approach. If, with respect to tumour control, at some 
locationn too small field sizes are necessary because of the presence of an organ at 
risk,, the software can show if the increase in field size at other locations ensures 
thatt the planning constraint is still met. This may, however, require a very large 
increasee in field sizes and thus in dose in organs at risk. This can be prevented by 
usingg a more flexible treatment planning constraint. Van Herk etal. have suggested 
ann EUD of 98 % of the prescribed dose for 90 % of the patients. Iso-contours for 
thee EUD (or TCP) can be determined just as simple as for the minimum dose. The 
advantagee of an EUD (or a TCP) constraint is that a low dose in a small sub-volume 
cann be compensated by a too high dose in a targe other sub-volume without 
changingg field sizes. In the approach of minimising complications, a slight increase 
inn target dose inhomogeneity can be allowed, thus ensuring that the prescription 
dosee level is representative for the target dose distribution. 

Onee way to implement probability-based treatment planning with iso-contours 
couldd be to expand the CTV by anisotropic margins into a geometrical structure to 
whichh a certain dose level is conformed using IMRT and computerized optimisation 
off beam intensity maps. This geometrical structure is different from a PTV in that it 
willl not be used for reporting dose values but only to define a treatment plan. Iso-
contourss are determined and the CTV can be re-expanded with different margins 
dependingg on the local probability of correct target dosage. A new treatment plan 
willl be automatically optimised conforming the same isodose level to the new 
structure. . 

Dosee escalation will be limited to a certain prescription dose level using the 
classicall treatment planning approach. It is expected that the treatment planning 
approachh described in this section will allow the design of acceptable treatment 
planss to increased prescription dose levels because the dose in organs at risk can 
bee more effectively minimised while ensuring sufficient coverage of the target 
volume. . 

4.1.34.1.3 Maximizing  tumour  control  probability 

Ass mentioned in Chapters 4 and 5, pursuing a homogeneous dose in the CTV 
doess not lead to the maximum probability of tumour control for lung tumours. Under 
constraintt of a constant mean lung dose, the probability of tumour control can be 
substantiallyy escalated by allowing an increased dose inhomogeneity within the 
CTV.. If strict constraints are given by clinicians with respect to the acceptable level 
off complications of the lungs, heart, spinal cord and other organs at risk, it will be 
possiblee to maximize the probability of tumour control under these constraints. It is 
importantt to be aware of possible complications with blood vessels because of the 
highh prescription dose levels that may be used in this approach. The essence of the 
approachh is that treatment planning is not determined by prescribing dose but by 
acceptingg a certain probability of complications. A large target dose inhomogeneity 
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iss allowed and therefore the use of tumour control models like the EUD and TCP 
aree invaluable in evaluating treatment plans. Optimisation when allowing target 
dosee inhomogeneity will, however, be an elaborate trial and error process because 
ann extra variable, i.e. the prescription dose level, can be altered. There are no strict 
guidelines,, like iso-contours, to help in the trial and error process of finding the best 
combinationn of relative target coverage and absolute prescription dose. It is almost 
impossiblee to assess a priori whether, for a specific reduction in field size, the 
reductionn in relative minimum dose will be compensated by an increase in absolute 
prescriptionn dose level. This trial and error process can, however, be automated by, 
forr example, an inverse treatment planning tool [e.g. 1,23,27,31]. An additional 
benefitt of this approach of maximizing the probability of tumour control under 
constraintt of maximum tolerable normal tissue complication probabilities is that it is 
evenn more flexible in allowing a reduced dose in parts of the CTV that are located 
closee to OARs. For some geometries in which the CTV is located close to a specific 
OARR it is simply impossible to achieve sufficient dose coverage of the target without 
inducingg a too high probability of complications using either of the two previously 
mentionedd treatment planning approaches. The best thing to do under these 
circumstancess is to maximise the probability of tumour control within the boundaries 
sett for the normal tissues. The use of dose-population histograms, as described by 
vann Herk et al. [39,40] and in Chapter 5, is very helpful in evaluating treatment 
plans,, especially if dose inhomogeneity in the target volume is allowed. 

Usingg inverse planning for optimisation of treatment plans without a constraint 
onn the minimum dose in the target volume, each treatment plan in the optimisation 
processs has to be assessed with respect to TCP and NTCP. Because the 
prescribedd dose is an optimisation parameter, optimisation needs to be performed 
inn a relative way, i.e. with the dose normalized to 100 % somewhere in the tumour. 
Dosee constraints and dose-volume constraints need to be relative as well. After 
eachh step in the optimisation, the prescribed dose is determined in such a way that 
forr at least one OAR the tolerance criterion is just met. Next, the dose distribution 
iss blurred for random errors breathing motion and the EUD- or TCP-population 
histogramm of the CTV is determined by means of simulation of all uncertainties in 
locationn of the tumour [39]. In the simulation, data for a specific patient regarding 
tumourr motion and set-up uncertainties are used as far as they are known. 
Respiration-inducedd tumour motion can, for example, be measured prior to 
treatmentt planning. For unknown data, e.g. the systematic set-up error, the 
characteristicc distribution of the patient population parameters will have to be used. 
Dependingg on which OAR is limiting the escalation of the prescribed dose, 
optimisationn criteria need to be altered in order to try and improve the treatment 
plan. . 

-- If a serial organ like the spinal cord is the limiting OAR, one might consider a 
differentt choice of beam angles or set a more strict dose limit for this organ in 
orderr to allow an increase in prescribed dose as far as this organ is concerned. 
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-- If an organ with a dose-volume constraint like the oesophagus is the limiting 
OAR,, one might set a more strict dose-volume constraint or re-optimise the plan 
usingg different beam angles. 

-- If the mean lung dose is the limiting OAR, it can be beneficial to reduce the field 
sizess in a direction where a relatively low gradient in the iso-contours exists. 
Althoughh the reduction in relative dose to the tumour will thus be limited there is, 
however,, no guarantee that this reduction will be compensated by the 
complementaryy increase in prescribed dose. 

4.1.44 Summary of treatment planning approaches 

Inn this section the main differences between the different treatment planning 
approachess described in the previous sections are highlighted. 

ClassicalClassical approach: 
AA certain dose level is prescribed by the clinician. In treatment planning, the 95 

%% isodose level is conformed to the PTV, which is a static geometrical structure. 
Thee PTV is also used for treatment plan evaluation. The aim with respect to the 
complicationn probability of organs at risk is to keep it within an acceptable level or 
evenn to try to minimize it for one or more organs at risk (e.g. the lung in the dose 
escalationn study). 

MinimisingMinimising complication probability: 
Thee clinician sets a prescription dose level but there will only be a certain 

probabilityy that the tumour will be adequately covered. During treatment planning a 
certainn dose level is conformed to a static geometrical structure but for treatment 
evaluationn it is realised that the target volume is not stationary. The aim of treatment 
planningg is a sufficient probability of correct target dosage while minimising the 
complicationn probability of organs at risk. The prescription dose level is 
representativee for the dose in the target volume because only limited dose 
inhomogeneityy is allowed in the target volume. 

MaximisingMaximising tumour control probability: 
Thee difference with 'minimising complication probability' is that a certain 

maximumm level of complication probability is prescribed for each organ at risk. The 
aimm of treatment planning is to maximise the probability of tumour control within 
thesee constraints. Since very inhomogeneous dose distributions are allowed and 
sincee the prescription dose level is used as a variable in the optimisation process, 
itt is no longer representative for the dose in the target volume. Tumour control 
modelss like the EUD and TCP are invaluable in evaluating treatment plans in this 
approach. . 
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55 Can we start with IMRT of the lungs ? 

Thee current status of lung cancer treatment as used in the phase l/ll dose 
escalationn study is that no intensity modulation is applied. Prior to introducing (step-
and-shoot)) IMRT into the clinic, several aspects of IMRT still need to be considered. 

DoseDose calculation algorithm: 
Withh current generation convolution algorithms and future generation Monte-

Carloo based algorithms, accurate calculation of the 3-dimensional dose distribution 
inn the thoracic region should be possible. At the moment some simplifications are 
incorporatedd in these algorithms in order to increase the calculation speed at the 
expensee of accuracy. These inaccuracies are, however, limited and will disappear 
withh the future increase in computer power. A similar study as described in Chapter 
22 is currently being performed for the convolution-superposition algorithms as 
incorporatedd in the ADAC Pinnacle3, CMS Focus and Helax TMS treatment 
planningg systems. Preliminary results show very good agreement between 
measuredd and calculated dose distributions, both within the PTV and the lung. 

TargetTarget volume delineation: 
Att The Netherlands Cancer Institute research is being performed in order to 

determinee in what phase of the breathing cycle a representative CT-scan can be 
obtained.. Using an ABC-device, CT-scans are gathered under breath-hold at the 
inhalation,, exhalation and mid-exhalation point in the patient breathing cycle as well 
ass when the patient is breathing freely. This study may lead to improved target 
delineationn and reduction in the systematic delineation error. Also PET-imaging, 
whichh can identify regions of increased tumour activity, is used more and more in 
orderr to facilitate delineation of the target volume and to verify involvement of lymph 
nodes.. A target delineation study has been started to gather insight in the overall 
accuracyy of target delineation in the thoracic region. 

OptimisationOptimisation of a treatment plan: 
Especiallyy when allowing target dose inhomogeneity, optimisation of a treatment 

plann will be an elaborate process. Furthermore, computerised optimisation of 
treatmentt plans requires a score function that can be minimized. Whether to use 
biologicall parameters, physical parameters or a combination of both, still has to be 
investigated.. Some inverse treatment planning systems are currently available that 
automaticallyy optimise fluence maps for multiple beam directions using a user-
definedd cost function. Most of these systems use, however, a very simple dose 
calculationn and inhomogeneity correction algorithm in the optimisation process in 
orderr to save large amounts of time. Therefore these systems are yet not very 
usefull for inverse treatment planning in the thoracic region. 

Forr most currently available computerized optimization algorithms, conversion 
off optimised fluence maps to leaf trajectories or to multiple segments that can be 
deliveredd in a step-and-shoot like way, is the final step in the optimisation process. 
Mostt difficulties concerning this conversion, due to e.g. the limitations in movement 
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off the leaves and back-up jaws and radiation leakage through and between the 
leafss [e.g. 2,12,26] have been solved. However, the conversion will nonetheless 
introducee a difference between the optimised fluence map and the actually 
deliveredd fluence distribution. Therefore, conversion of optimised fluence maps to 
leaff trajectories should be taken into account during the optimization process. Most 
currentlyy available computerized optimization algorithms do not have this capability. 

DeliveryDelivery of a treatment plan: 
Intensityy modulated radiotherapy can be applied using both dynamic IMRT and 

step-and-shoott IMRT. In step-and-shoot IMRT the requested intensity distribution of 
aa beam is approximated by a limited number of fixed beam segments. The 
advantagee is that the treatment plan can be considered to exist of a manageable 
numberr of conventional treatment 'fields'. 

Thee advantage of dynamic IMRT is that it allows relatively fast delivery of highly 
intensity-modulatedd fluence profiles. However, dynamic IMRT requires more quality 
controll than the use of step-and-shoot IMRT. It still has to be proven whether the 
additionall gain in probability of tumour control and reduction in NTCP of organs at 
riskk when using dynamic IMRT is worth the additional resources for verification. 

EvaluationEvaluation of a treatment plan: 
Thee software that can be used to evaluate a treatment plan by means of iso-

contourss and dose-population histograms is still only used as a research tool. In 
orderr to have optimum benefit from intensity modulation in the clinic, such software 
shouldd be available during treatment planning. 

Verification: Verification: 
Inn two other projects that are on-going, i.e. 'Dose verification and dose 

optimisationn using portal imaging' and 'Patient set-up and treatment verification for 
conformall therapy using dynamic beam intensity modulation', studies are underway 
too design procedures for on-line verification of dose delivery using an EPID and for 
qualityy control of intensity modulated radiotherapy with respect to verification of 
dynamicc leaf movement. It is still a question whether, and what kind of, additional 
qualityy control procedures are necessary in case IMRT is used for irradiations in the 
thoracicc region. 

66 Conclusions 

Inn order to maximise the probability of tumour control in the thoracic region, the 
aimm of treatment planning should be changed. Instead of prescribing dose and 
ensuringg a homogeneous dose distribution in a static geometrical structure (i.e. the 
PTV),, one should aim at prescribing an acceptable level of complication probability 
forr each organ at risk and maximising the probability of tumour control of the CTV 
underr these constraints. The increased dose levels may, however, lead to 
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complications,, e.g. with blood vessels, that have a low occurence when using 
conventionall dose levels. In treatment plan design and optimisation, all possible 
uncertaintiess in location of the CTV should be taken into account. Knowledge and 
controll of all errors, e.g. in set-up and delineation, and uncertainties, e.g. in 
parameterss describing organ motion, is a prerequisite to allow the safe introduction 
off optimised treatment plans into clinical practice. An accurate dose computation 
algorithm,, that takes into account the effects of low-density tissue on photon 
attenuationn and secondary electron transport, is indispensable in designing these 
optimisedd treatment plans for conformal radiotherapy of NSCLC and even more so 
iff IMRT is applied. 

Iff the concept of dose homogeneity within the target region (i.e. the CTV) is 
pursued,, use of IMRT to sharpen the beam fringe allows substantial reduction of 
fieldd sizes and dose in organs at risk. This allows escalation of the prescribed dose, 
whichh is needed to improve local control. The benefit of IMRT to sharpen the beam 
fringee is reduced if an increased target dose inhomogeneity is allowed. A simple 
approachh of reducing field sizes under constraint of a constant complication 
probabilityy of the lungs allows a substantial increase in the probability of tumour 
control,, both with and without the use of IMRT to sharpen the beam fringe. Now, use 
off IMRT is beneficial because it allows sparing of organs at risk other than the 
lungs,, for instance by means of a smart choice of beam segments, rather than 
becausee it allows sharpening of the beam fringe. 

Thee effect of respiration-induced tumour motion on the cumulative dose in the 
CTVV is small. Control of patient breathing during irradiation only allows a minor 
reductionn of field sizes at the tumour-lung interface because of the already shallow 
beamm fringe. The need for controlling patient breathing during irradiation increases 
iff IMRT is used to sharpen the beam fringe or for treatment of patients with a very 
largee amplitude of respiration-induced tumour motion ( » 10 mm). Control of patient 
breathingg is much more useful during CT-acquisition. This allows the acquisition of 
aa representative CT-scan with the tumour in the average position, thus reducing the 
systematicc delineation error. Furthermore, distortions in the CT-images are 
reduced. . 

Futuree investigations are aimed at using the results presented in this thesis in 
designingg optimised treatment plans that can be used clinically. As the imaging 
sensitivityy and specificity increase, IMRT may also be used to vary the dose 
distributionn in the target volume(s) depending on, for instance, the relative 
clonogenicc cell density or the level of hypoxia. Furthermore, set-up errors and 
patientt breathing do not only influence the dose delivered to the CTV but also the 
cumulativee dose distribution in organs at risk. This has not been taken into account 
inn this thesis, but will be addressed in future projects. 
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Inn improving radiation treatment of lung cancer, two factors have to be taken into 
account.. First, treatment plans, currently applied in an on-going phase l/ll dose 
escalationn study, are designed using a simple inhomogeneity correction algorithm. 
Thiss algorithm does not accurately take into account the effects of low-density lung 
tissuee on the dose distribution. Knowledge of the accuracy of this algorithm and its 
effectt on clinically applied treatment plans is essential when designing conformal 
radiotherapyy (CRT) treatment plans and even more important when applying 
intensityy modulation. Second, data are available at The Netherlands Cancer 
Institutee for systematic set-up errors, random set-up errors and respiration-induced 
tumourr motion for non-small cell lung cancer patients (NSCLC). Each of these 
parameterss has a different effect on the dose distribution over the clinical target 
volumee (CTV) and on the design of the optimum treatment plan, both with and 
withoutt the use of intensity modulation. 

Currentt applied radiation treatments of patients suffering from NSCLC have a 
poorr outcome with a median survival time of 8 to 10 months. Clinical trials for 
radiationn treatment of patients with NSCLC indicate that treatment intensification by 
dosee escalation leads to improved local control and patient survival (Chapter 1). 
However,, toxicity of organs at risk (OARs), especially the lung, sets a limit to dose 
escalation.. The broad beam fringe (distance between field edge and 90 % isodose 
level)) in low-density lung tissue, combined with the constraint of a homogeneous 
dosee in the target volume, necessitates the use of large field sizes. This results in 
aa high dose in the OARs. Intensity modulated radiation therapy (IMRT) is expected 
too be a tool to perform dose-escalation studies of radiation treatment of patients with 
inoperablee NSCLC. Compensation of the broad beam fringe allows a substantial 
reductionn in field sizes without compromising the dose in the target volume. 
Furthermore,, OARs can be more effectively spared by 'blocking' out these organs. 
Currentt clinically applied simple inhomogeneity correction algorithms are, however, 
unsuitablee for designing intensity-modulated treatment plans in inhomogeneous 
mediaa because broadening of the beam-fringe in low-density lung tissue is not 
predictedd correctly (Chapter 2). For medium-sized fields, the deviations between 
calculatedd and measured dose at the ICRU reference point are small. The 
measuredd dose in other parts of the planning target volume (PTV) can, however, be 
ass much as 20 % lower than the calculated dose values. For small fields, as used 
inn IMRT, these differences can even be larger. Furthermore, calculation of the mean 
lungg dose, an estimator for the probability of radiation pneumonitis, is inaccurate. 
Thiss will influence the choice of prescribed dose levels in dose escalation studies. 

AA positive side-effect of the increased width of the beam fringe in low-density 
tissuee is that the dose in the CTV, taking into account set-up errors and tumour 
motion,, is acceptable despite the choice of field sizes that would be considered too 
smalll even for a static CTV (Chapter 3). Random set-up errors and respiration-
inducedd tumour motion have only a limited influence on the cumulative dose in the 
CTV.. The low dose in parts of the CTV due to short-time presence of the CTV 
outsidee the 95 % isodose level is limited because of the broad beam fringe. This too 
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loww dose is largely compensated during the long period of time that this part of the 
CTVV receives a higher dose. 

Fieldd sizes can be optimised with respect to the probability of tumour control 
underr constraint of a constant probability of lung complications. Allowing an 
increasee in dose inhomogeneity in the target volume, the equivalent uniform dose 
off the CTV can be increased with about 30 %, without the use of IMRT to sharpen 
thee beam fringe (Chapter 4). As an extension of this work, a numerical simulation 
off geometrical errors was performed to assess the gain in probability of tumour 
controll by using intensity modulation to sharpen the beam fringe (Chapter 5). This 
allowss the use of smaller field sizes. The gain is largest if dose homogeneity in the 
CTVV is pursued. If dose homogeneity is compromised, the probability of tumour 
controll can be further increased regardless the use of intensity modulation, but the 
benefitt of sharpening the beam fringe decreases. 

Anotherr method to allow dose escalation without increasing the probability of 
complicationss is to confine as much dose as possible to non-functioning lung. 
Functionall lung information (SPECT perfusion data) can be incorporated into the 
processs of treatment planning and treatment optimisation. This results in treatment 
planss causing less radiation damage to functioning lung for patients with large 
perfusionn defects only (Chapter 6). Planar perfusion scans can be used to select 
patientss that may benefit from 3-D perfusion-weighted optimization. 

Thee work described in this thesis shows that a dose calculation algorithm that 
accuratelyy predicts the dose in inhomogeneous media, is indispensable in 
designingg radiation treatment plans for NSCLC-patients (Chapter 7). 

Forr lung tumours, an increase in the probability of tumor control for a specific 
valuee of the complication probability of the lung can be achieved by allowing an 
increasedd inhomogeneity in dose distributions over the target volume (i.e. the CTV). 
IMRTT provides further means to maximise the probability of tumour control for lung 
tumourss while limiting the dose in organs at risk. The dose in these OARs can also 
bee reduced, and prescribed dose levels increased, by minimizing tumour motion 
andd set-up errors. For most lung tumours, reduction of systematic errors allows a 
muchh larger decrease in field sizes and sparing of OARs than control of breathing 
motionn during irradiation. 

Evaluationn of treatment plans should be based on incorporating all uncertainties 
andd assessing the cumulative dose in the CTV instead of using a static geometrical 
volumee (i.e., the PTV). Especially if dose homogeneity is compromised, knowledge 
andd control of all errors and uncertainties, e.g., organ motion, set-up errors and 
targett delineation errors, is a prerequisite in order to allow the safe introduction of 
optimisedd CRT/IMRT treatment plans into clinical practice. 
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Samenvatting g 

Bijj het verbeteren van de bestraling van longkanker moet rekening worden 
gehoudenn met twee factoren. Ten eerste worden de huidige bestralingsplannen 
ontworpenn met behulp van een eenvoudig inhomogeniteitscorrectie algoritme. Dit 
algoritmee houdt onvoldoende rekening met de effecten van long weefsel, dat een 
lagee dichtheid heeft, op de dosisverdeling in de patiënt. Kennis van de 
nauwkeurigheidd van dit algoritme en de gevolgen voor het bestralingsplan van 
patiënten,, is essentieel voor het ontwerpen van conforme bestralingsplannen (CRT) 
enn nog belangrijker als intensiteitsmodulatie wordt toegepast. Ten tweede zijn er in 
hett Nederlands Kanker Instituut data verzameld met betrekking tot systematische 
enn toevallige instelfouten en de grootte van het effect van ademhaling op de 
tumorbewegingg bij patiënten met een niet-kleincellig longcarcinoom (NSCLC). Elk 
vann deze parameters heeft een verschillend effect op de dosisverdeling in het 
klinischh doelvolume (CTV) en op het ontwerp van het optimale bestralingsplan, 
zowell met als zonder intensiteitsmodulatie. 

Dee huidige bestraling van patiënten met NSCLC leidt tot een slecht resultaat met 
eenn mediane overlevingsduur van 8 tot 10 maanden. Klinische trials laten zien dat 
intensiveringg van de behandeling, door middel van dosisescalatie, tot een 
verhoogdee lokale controle en verlengde overlevingsduur van de patiënt leidt 
(Hoofdstukk 1). Toxiciteit van risico organen (OAR), met in het bijzonder de longen, 
limiteertt echter dosisescalatie met de huidig toegepaste bestralingstechnieken. De 
bredee "bundelschouder" (afstand tussen 50 % en 90 % isodose-niveau) in 
longweefsel,, in combinatie met het streven naar een homogene dosisverdeling in 
hett doelvolume, vereist het gebruik van ruime bestralingsvelden. Dit resulteert in 
eenn hoge dosis in de OAR. Van intensiteitsgemoduleerde radiotherapie (IMRT) 
wordtt verwacht dat het de mogelijkheden tot dosisescalatie bij patiënten met niet-
operabelee NSCLC vergroot. Compensatie van de brede bundelschouder staat een 
substantiëlee reductie van veldgroottes, en dosis in de OAR, toe zonder verandering 
vann de dosis in het klinisch doelvolume. Bovendien kan de dosis in OAR effectiever 
beperktt worden door het 'uitblokken' van deze organen. De huidige klinisch 
toegepastee eenvoudige inhomogeniteitscorrectie algoritmes zijn echter ongeschikt 
voorr het ontwerpen van intensiteitsgemoduleerde bestralingsplannen in 
inhomogenee media omdat het verbreden van de bundelschouder in longweefsel 
niett correct voorspeld wordt (Hoofdstuk 2). Voor velden met een gemiddelde 
groottee is het verschil tussen berekende en gemeten dosis in het ICRU-
referentiepuntt klein. De gemeten dosis in andere delen van het te plannen 
doelvolumee (PTV) kan echter tot 20 % lager zijn dan de berekende dosis. Voor 
kleinee velden, zoals gebruikt bij IMRT, kunnen deze verschillen nog groter zijn. De 
berekeningg van de gemiddelde longdosis, waarmee de kans op radiatiepneumonitis 
ingeschatt kan worden, is ook onnauwkeurig. Dit heeft direct invloed op de keuze 
vann prescriptie-dosis niveau's in dosisescalatie studies. 

Eenn positief effect van de brede bundelschouder in longweefsel is dat de dosis 
inn het CTV, rekening houdend met instelfouten en tumorbeweging, acceptabel is 
ondankss de keuze van veldgroottes die zelfs ais te klein beschouwd worden voor 
eenn statisch CTV (Hoofdstuk 3). Toevallige instelfouten en ademhalingsbeweging 
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vann de tumor hebben slechts een beperkte invloed op de cumulatieve dosis in het 
CTV.. Kortdurende onderdosering van een gedeelte van het CTV doordat het zich 
buitenn het 95 % isodose niveau bevindt, wordt grotendeels gecompenseerd in de 
langeree periode dat dit deel van het CTV een hogere dosis krijgt. 

Alss een toename in dosisinhomogeneiteit in het doelvolume wordt toegestaan 
kunnenn veldgroottes worden geoptimaliseerd met betrekking tot de kans op 
tumorcontrole,, onder voorwaarde van een constante kans op longcomplicaties. De 
equivalentee uniforme dosis (EUD) van het CTV kan met zo'n 30 % worden 
verhoogdd zonder gebruik van IMRT (Hoofdstuk 4). Als een uitbreiding van dit werk 
iss een numerieke simulatie van geometrische fouten uitgevoerd om de toename 
vann de kans op tumorcontrole te schatten bij gebruik van IMRT voor het 
"opscherpenn van de bundelschouders" (Hoofdstuk 5). Dit opscherpen staat het 
gebruikk van kleinere velden toe. De winst is het grootst als dosishomogeniteit in het 
doelvolumee wordt nagestreefd. Zonder de beperking van dosishomogeniteit kan de 
kanss op tumorcontrole verder worden vergroot, maar neemt het nut van het 
opscherpenn van de bundelschouders af. 

Eenn andere methode voor dosisescalatie zonder toename van de kans op 
(long)complicatiess is om zo veel mogelijk bundelrichtingen te kiezen die door niet of 
slechtt functionerend longweefsel gaan. Informatie over het functioneren van de 
longenn (SPECT perfusie data) kan gebruikt worden in het plannen en optimaliseren 
vann bestralingen. Met de huidige technieken resulteert dit echter alleen in betere 
bestralingsplannenn bij patiënten met grote ongeperfundeerde gebieden in de 
longenn (Hoofdstuk 6). Het vooraf maken van planaire perfusiescans kan leiden tot 
selectieselectie van patiënten die voordeel kunnen hebben van 3-D perfusie-gestuurde 
optimalisatie. . 

Inn dit proefschrift is aangetoond dat een dosisberekeningsalgoritme dat 
nauwkeurigg de dosis in inhomogene media voorspelt, onmisbaar is bij het 
ontwerpenn van bestralingsplannen van patiënten met NSCLC (Chapter 7). 

Voorr longtumoren kan, onder voorwaarde van een gelijkblijvende kans op 
longcomplicaties,, de kans op tumorcontrole worden vergroot door het toestaan van 
eenn inhomogene dosisverdeling in het doelvolume (d.w.z. in het CTV). IMRT biedt 
extraa mogelijkheden om de kans op tumorcontrole bij longtumoren te 
maximaliseren,, terwijl de dosis in risico organen beperkt blijft. De dosis in deze 
risicoo organen kan ook worden gereduceerd, en het prescriptiedosis niveau 
verhoogd,, door het minimaliseren van instelfouten en tumorbeweging. Voor de 
meestee longtumoren staat het reduceren van systematische fouten een grotere 
veldverkleiningg toe dan controle van de ademhaling van de patiënt tijdens de 
bestraling. . 

Bijj het evalueren van bestralingsplannen moeten alle onzekerheden in positie 
vann de tumor en patiënt in acht genomen worden en moet de cumulatieve dosis in 
hett CTV worden bepaald in plaats van gebruik te maken van een statisch 
doelvolumee (d.w.z., het PTV). Met name bij een vergrootte dosisinhomogeniteit in 
hett doelvolume is kennis en controle van alle fouten en onzekerheden, bijvoorbeeld 
orgaanbeweging,, instelfouten en intekenfouten, een absolute voorwaarde voor het 
veiligg in de klinische praktijk introduceren van geoptimaliseerde CRT/IMRT 
bestralingsplannen. . 
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