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Lung tumors move during breathing depending on patient’s breathing conditions, thereby compromising
the accurate deposition of radiation doses. It is thus important to calculate the delivered dose to various
aspects of the moving tumor and the surrounding normal tissues due to change in tumor shape and location
with breathing. In this abstract, we present a computer-based simulation framework that models a
volumetric lung tumor, simulates the tumor motion during radiation therapy, and predicts the amount and
location of radiation doses deposited in the moving lung tumor during the actual delivery of radiation. It
will also provide insights on the variations in the effectiveness of the therapy for changes in the patient’s
breathing conditions. The simulation framework concists of a virtual cuboid of dimension 100X100X100
cubes created with each cube of the dimension 1X1X1 cubic mm. The 3D model (spherical, for validation
purposes) of the tumor is introduced inside the cuboid. For every breathing step, the centroid of the lung
tumor is translated in a randomly selected trajectory. Each 3D vertex inside the moving tumor is traced
within the cuboid using binary level-set searching algorithm. To simulate radiation dose delivered, a
radiation treatment plan of a small lung tumor was developed in a commercial planning system (BrainScan
software, BrainLab). The dose for each radiation field was extracted as a 10cm cube to match the above
described simulation cuboid. During the simulation of lung tumor motion, the dose on the target was
summed to generate real-time dose to the target for each beam independently. The simulation results are
validated by film dosimetry measurements using a physical lung phantom with a moving spherical tumor.



I ntroduction

Thefocusof the current work is for erhancingradiationtherayy for lung tumors. Lung tumorsmoveunpredictablydependng on
patient breathing patterrs, thereby changingtumor locdion tha subsequenly compromisesthe accuratedepositon of radiation
doses.This study involved develging a reakttime simulation method to calculatethe delivereddoseto various agectsof the
movingtumor. Suchreakttime simuations of the actuallocationand shapeof the tumor during the delivery of radiation would
enale theuseof high focusedadiationfieldsthatcoud resultin deaeasedreatmentelatedtoxicitiy. Thesimulation framework
takes into accountthe patient specific lung tumor motion extracted from ComputedTomograply imagesard the radation plan
prescrbed for the patient. The output of the simulation framework would predid the amountand locaion of radiation doses
depositedn both moving lung tumorsard suroundng normal lung tissues during the actualdelivery of radation. It will aso
provideinsights on thevariaionsin the effectivenesof the therajy for changesin the patient’sbreahing conditions.

Background

The goal in radiation therapy is to deliver a high dose to a tuma while sparing nomal tissue.Most dose calculatiors and
evalations of a plannedcouse of treatnent are perfamed on imagesof the patient takenprior to treatment. Theseimagesare
usuallyhigh quality CT scansso thatthe physidan, physicistsand dosmetrists canidentify normalstructurego be spared from
radiation ard the tumor and otherinvolved tissuethat mug be targeted Dose calculationson CT scanscanuse many diff erent
modek. Tradtiondly, dosecalculatimswere performedusingtabulateddaa andwhenmultiple treatmat fields wereused, they
would beaddedto repregnta compositedose. With theadventof CT scars to represenpatientanatomythe ability to accuraely
representthe physics of the radiationbeambecane possible andthe dose calculatons have evolvedto usea convoltion pencil
bean algorithms[1] andMonte-Cailo dosecalculations[2].

While thesedosimetry method are accurde in repreenting the physics of the radiation interactions,there remainsa major
conem thatthe CT imagesthat are usedfor thesecalcuations do not adeqately representthe patientanatomy at the time of
radiationtreatnert. Due to variatiors in the paient positionfrom day to day (setupuncertainties)aswell asinternalchange$rom
dayto day (inter-fractionmotion), and internd changesduring a single radiationtreatment(intrafractian), it is cusbmary to usea
largertargetvolume thanwhatis visualizedon the CT imagesto ensue adegiae covera@ of thetarget.[3] Thisis particuarly a
con@m when high radiation dosesare delivered with the intent of adating tumors,in an environmer that includesradiation
sensitive structuressuchas normal lung tissue,es@hagis and nerve tissueto namea few. In recentstudies 4D CT scars or
multiple CT scansat different dayshavebeenusel to as®ssthe rangeof target motionandto moreadequatey definethe margins
for mation.[4] Once the target motion has beendescriled, a dose model may be able to be combinedwith the probabilty
distribution of the target motion with the fluence pencil beamsfrom the treatmentmachine to calculatedo%.[5-7] Thes®
cdculations,althoughaccuratdor the CT scantheyarecalculatedon, arestill not develgedin reaktime.

To dae, delivery of radiatin therapy hasbeendore without any assesment of the dosimetricaccuagy of the delivered doses at
the time of the actual delivery of radiation.Many assumtions about the integrity of the delivereddosearetypically madeprior
andatfter the radiationdelivery. This would be similar to a surgeon performing a surgerytoday on the basis of manyassumgons
madeaboutthe patient'sanatomydocurnrentedon a CT from days agq in additionto not knowing during the procedureitseff
exactly wherethe knife wentandhow much (i.e. how completely) the tumor was damagedThe proposedechniqueutilizes a
novd combnatian of techiquesusedfor thefirst timein clinical radotheragy. This propsedmettod calculatedelivereddosein
real-time to a model representingumor motion andlung deformation. Becaus this mocel is developedor 3D simuation of the
lung structure andtuma without the needfor CT imagesduring the radation delivery per se,a dosemodelwill be dewloped
basel on pre-calculateddoses.

M aterials and methods

Studieshave beendone at our institution to evaluate optimal lung treatnent planning for highly conformal and high dose
fractionations. We havedevelgpedanin-houwse protacd for stereotactidoody radiotherapyof lung tumorsthat will deliverythe
entire treatmert in a single session As partof the preliminarywork for this protocol, multiple treatmeniplansweredevelopedo
ensurethat confamal beamscould be aimedat the tumor that would provide adequatesparirg of the nomal tissues. In this
planring exercisethe BrainScan™softwarefrom BrainLabwasusedsince this is the clinical systemusedto treatlung patients A



sanple dosedistributionis shown belowwith the small lung tumor receining very high dosesandthe nomal tissuegecaving less
dose Plansweregeneratean tenpatientswho hadundergameradation therapy. In all cagesthetumorwasplamedto receivea
doseof 40 Gy minimumto the edgeof thetargeton a singleCT scanwith no margin For this purposejt was assimedthattarget
motion would be eliminateddueto beamdelivery optionsallowing gating of radation beam. In all cagsthetargetcoveragevas
adgquateard al normaltisstesandorgansat risk werebelow the acceptale levels of apgoximately20% of prescibeddose.

Fig. 1. (a) Dose distribution for a small lung tumor planned to
receive 40 Gy in 1 fraction. (b) Phantom for dose validation.

Verificationsof the treatmentdelivery methodwere testedby using a phartom with ion chambemeasuremestasshownin Fig.

1. The measuenentsat the centerof the targetagreedwith planredresuts within 5% in all cagsandwithin 3% in 80% of the
cases. Thisillustraesthatit is possible to verify the dose model of the treatnert planningsystemwithin approximately3% of

cdculateddose As thelung deformation andtumor motionmocdel is underdevdopment,dosimetriccalculatiors andthe affectsof

target motion on dosehavebeenevaluatediusingfilm dosimetry and phantomwork. This work includes studiesof the clinically

usedgating systemin useat our institution which showsthattuma motion canhavea significant affea of the edgesof a single

bean. As the dosecalcuation model thatis being proposed would use structuresand not CT informationin order to calculate
dose se\eralsimdificationshavebeenmadein theinitial work to extractand calcuate doseto a movingobject

Results

Thesimulationframework concistsof avirtual cubdd of dimension100X100X100cubescreata with eachcubeof thedimension
1X1X1 cubic mm. A 3D sphererepresntingthelung tumor is thenintroducedin the virtual cuboid.The spherewasthen moceled

to mowe in the direction perpendiculato the radiationfields in a similar manrer to patientmotion. For one study, a modeled
tumorof 2.0cmwasdevelogdto move+- 2.0cm. A dosedistribuion planwasdewelopedfor atumar of 1.8 mm (for illustration
purposs this wasdesignedsmallerthanthe targetto illustrateundercoverag andbleedingof dosedueto motion). For mostlung

treaments, beween6 and 9 confamal beans areaimedat the target. For this illustration, 7 equallyspaceccoplanarbeamswere
targetedat slightly irregularlyshapedl.8 cmtarget. Thedosefrom eachbeamwasextractedindepenéntly to represena cube(in

thevirtud cuboid)of dose from eachfield. In addition the doseratesfrom eachbeamwere calculatedso thatthe time estimaed

modelcanaccuratelybe passedhroughthe dosecubeto accumulatedoseto the target. This procesis repeaedfor eachradiation
bean while the spherichtargetis movel in the cubic phartom. The cdlision of the beamwith the moving sphebid is computed

using level-set searcing algorithm. Fig. 2a representsthe dose tha was deposite to the spherewithout the introduction of

motion, and Fig. 2b represets the dosethatwasaccumuatedto the sprereasthe targetwasmoved.This simpleapproachto dose
cdculationsis similar to the early evoluion of dosecalculationsard although simplified in its apprach is thefirsttime thatreak

timedosimetrycalculations havebeenexploredto illustratedosedepositedvhile beingdelivered.



Fig. 2. Dose model for spherical tumor motion (A) and with motion (B).
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Fig. 3. Dose delivery (films) without motion (A) and
with motion (B).
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Fig. 4. Comparison of doses documented by film
dosimetry with (a) tumor motion and (b) without tumor

motion. The center line of the files in both the above
cases are plotted in (c).




To validae thedosethatis calcdatedby this addition technque,film wasplacedinto a phantomthat could movein the sameway
asthemodel. For this pumpose motionwasonly introducedin one dimersionfor simplification,however,all motion is possble in
the model. Fig 3ab represn the grey scaleimagesof the films with no motion (Fig 3a) and with mation (Fig 3b). Fig 4ab
representghe 3D plot of the film deliveredto matchthe simulation above showns a 3D display of the sagittal film thatwasmoved
in the samemanrer asthe simulationabove. This distribution shown on theleft is without any motion introducedarnd the image
on the right is with motion matchingthe motion simuatedin the sphererepreseted above. A comparisorbetveenthe mation
andno mation in planeplotstakenfrom a sagittalfilm areshown below in Fig. 4c. The no motionfilm wastakenin a postion
representingexpirationbreathhold. This explainsthe overlapregion on the motion plot neartheinferior portion of thefilm.

Conclusion

A metlod for simulatingandvisualizing the lung tuma motion ard its dosimetry is desribed. This would allow oncologiststo
have the abiity to visually seeradiation dosesdeposting during the proces of radiation therapy delivery, and appreciate
discre@nciesin actual delivery. Future work would include correlating clinical outcomego dosimetic informatian. Once fully
develged, this could potentially lead to real time therapeitic approachesthat would include adjustmentsof treatment
inaccuracies.Normd tissuetolerancewould potentially be bettersince thereis now the ahility to document, modify and limit
unnecessaryirradiation of nomal tissues.Althoughthe curren paperdescibesa processhatis specificto radiatian therapy,the
real-time simulation technology could be appled to other non-invasve treatmentecmiques(suchas cryotherapyradiofrequercy
ablaion or high intensityultrasaind). Apart from lung cances, this techrique could clearly be appliedto differentanabmic sites,
with the ability to tailor the output to idiosynaades of thes differentanatanic sites.
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