
actaphysicaslovacavol. 53 No. 3, 259– 265 June2003

ELECTRON BEAM DOSECALCULA TION: HYBRID PENCIL BEAM MODEL
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The hybrid electronpencil beammodel(HPBM) canusuallybe appliedto middle or large
�elds andgetgoodresults,whereasit is sometimesnotsosuccessfulto applyHPBM to small
�elds. In thisnotewe reportsomeresultsobtainedby usinganextendedhybridelectronpen-
cil beammodel for small �elds. Consideringthe conditionof small �elds, we rede�ne the
central-axisdepthdosefor mono-energetic electronsin small �elds andcalculatethe �tted
spectrumof incidentelectronbeamfor thesesmall �elds. Throughtheseimprovements,we
canmake theextendedhybrid electronpencilbeammodelapplicableto small �elds andob-
tain goodresults.And at thesametime, theextendedHPBM retainsthecalculationaccuracy
andef�ciency for middleandlarge�elds.

PACS: 87.53.Fs,87.58.SP

1 Intr oduction

Theelectronpencilbeammodel(EPBM) hasbeenprovedto bea veryusefulmethodfor calcu-
latingelectrondosein radiotherapy [1-4]. Althoughsomenew algorithms,suchasMacroMonte
Carlo(MMC), Voxel MonteCarlo(VMC), andPhaseSpaceEvolution(PSE)method,havebeen
recentlydevelopedandhave obtainedgoodresults[5-7], EPBM is still beingappliedto clinical
applications,its algorithmbeingunderconstantimprovementandits computingaccuracy being
increasedgreatly. The pencil beamrede�nition algorithmfor electrondosedistribution devel-
opedby ShiuandHogstromis a goodexampleof suchefforts andimprovements[8]. Actually,
asEPBM is simpleandapplicable,andin mostcasesits accuracy is acceptableaswell, how to
further improve its accuracy is still of signi�cance. HPBM is alsoa kind of improvedEPBM.
By keepingthe main ideaof EPBM andincorporatingwith moretheoreticalresultsof the bi-
partitionmodelof electrontransport,HPBM reduceslargely measurementdatausedto EPBM
andimprovesbothaccuracy andef�ciency of EPBM [9]. HPBM hasbeenappliedin radiation
therapy. It canpredictdosedistributionswith highercalculationspeedeven in thepresenceof
inhomogeneityandunderirregulargeometryconditions.In mostcases,its calculationaccuracy
is acceptablefor radiationtherapy [10]. However, we foundthatlargeerrorsin calculatingdose
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Fig. 1. Schematicdiagramof small �eld for hybrid
electronpencil-beammodel

Fig. 2. The �tted spectrumfor 6 MeV energy elec-
tron beamwith 20 mm x 20 mm �eld sizeand1000
mm SSD.For theestimateof theaccuracy of the�t-
tedspectrum,seethetext.

Fig. 3. Percentagedepthdosecomparison,the irra-
diationconditionis sameasFig. 2.

Fig. 4. Dosepro�le at 8 mm depth,the irradiation
conditionis sameasFig.2.

distributionmayoccurwhenHPBM is appliedto small�elds. Recently, we improvedthismodel
andobtainedgoodcalculationaccuracy in small �elds. Someresultscalculatedby using the
extendedHPBM arepresentedin thepaper.

2 Impr ovementsin hybrid pencil beammodel

In HPBM, we assumedthat the PercentageDepth Dose(PDD) distribution of a �nite broad
electronbeamapproximatelyequalsthe depthdosedistribution of an in�nite broadbeamin a
considerablelargeregion in irradiatedmedium.Of course,thisassumptionis trueonly whenthe
�eld sizeis largerthanthetransversediffusiondistanceof anelectronpencilbeam.Obviously,
suchprerequisiteno longerstandsfor the caseof small �elds, especiallyat large penetration
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depthswhereelectronshave undergonegreatnumberof interactionswith mediumandalready
had large angularspreadand transversediffusion distance. This is illustrated in Fig.1. We
supposethemaximumtransversedistanceof anin�nite narrow electronpencil-beamis ��� , then

�

��� shouldbe the critical �eld sizefor our usingabove assumption.Whenthe �eld size(we
denoteas

���

) is smallerthan
�

� � , therewill benosuchregionwherethedepthdosedistribution
of thesmall �eld equalsto thedepthdosedistribution of an in�nite broadbeam.If we de�ned

�
	���
��

asthe depthdoseat centralaxis of the small �eld and
����
��

asdepthdosedistribution
of an in�nite broadelectronbeam,thedeviation

����
�������	���
������

for this caseis true. This
resultindicatesthat thedepthdosedistribution of an in�nite broadelectronbeamis larger than
thedosedistribution at central-axisof thesmall �eld becausein the latter casea portionof the
doseat central-axiscontributed from transversediffusion electronshasbeenmoved out. To
applyHPBM to small�elds, westill usetheformulae[9] to describethespatialdosedistribution
resultingfrom an electronpencil-beamwith mono-energetic � anduniform �uence of a small
�eld
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Where,
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is the doseat point
��#%$G&H$)
��

for an electronpencil beamwith incident
energy � underthesmall �eld case.
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representsthedepthdosedistribution of broad
beamwith incidentenergy � . 6I7�9
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is the error function.
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is a characteristictransverse
parameterde�ned in HPBM [9]
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Here,
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arede�ned asin previouspaper[2, 9]. Generally, anincidentelectron
beamconsistsof electronswith differentenergy componentswhoseprobability is S

�

�

�

. If we
know the energy componentsS

�

�

�

, the spatialdosedistribution can be obtained. Thus, the
eq.(1)canberewrittenas
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with �NT and �

/`_ba

representingnominalenergyandthemaximumprobabilityenergycomponent
of incidentelectronbeamrespectively.
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Here,
>

J
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describesthe in�uence of penumbraon thedosepro�le at thesurface(z=0). The
secondpartof eq.(4),
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, givesthetransversediffusioncontributedby initial angularspread
of electronbeam[1].

>
?

��
"$

�

�

describesthe transversediffusion of electronbeamgiven by
HPBM[9]. Now wecanexplaineq.(3) from anotherpointof view. At �rst, weusesymbolf
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insteadof S

�

�

�

. f

�

�

�

is not realenergy componentsotherthana �tted energy spectrumof the
incidentelectronbeamandit canbeobtainedby solvinganinverseproblem.For a givensmall
�eld, we actuallycan�nd out sucha �tted initial energy spectrumf

�

�

�

of incidentelectron
beamby letting the calculateddepthdoseat the centralaxis exactly be equalto the measured
dose.Thus,wehave

� �! ���g$)�g$'
��h* U

WHY%ZG[

M

f

�

�

�!�
.\/
��
1$

�

�

687�9

J

�

�

]

> ^

?

�

�

�

�

�

� (5)

In fact,eq.(5)is the �rst kind of Fredholmintegral equationandit is, in general,ill posed.As
mentionedabove,
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is thedepthdosedistributionof abroadelectronbeamwith energy
� , it canbecalculatedby bipartition model. For a small �eld, we de�ne an equivalentenergy
depositionkernelas
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Then,weget
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Thus,thesolutionof electrondosedistribution in a small �eld is convertedto �nding the �tted
initial energy spectrumof electronbeams.This problemhasbeendiscussedin detail in thepre-
viouspaper[11]. Usingthesamemethod,i.e. regularizationmethod,wecanobtain f

�

�

�

. Once
the f

�

�

�

is determined,the dosedistribution of small �eld canbe correspondinglycalculated
througheq.(3) by substitutingf

�

�

�

for S

�

�

�

only.

3 Results

Applying theextendedHPBM mentionedabove,wehavecalculatedtheenergydepositionin wa-
ter phantomwith 20 mm x 20 mm �eld sizeandwith 1000mm sourcesurfacedistance(SSD).
Theenergy of electronbeamsis chosenas6 MeV and10MeV. Furthermore,wemadeacompar-
isonof thesecalculationresultswith experimentalmeasurementdatain waterphantom.These
measurementsarecompletedby ZengGein TuebingenUniversityhospital[12,13]. Theerrorof
measurementdatais 0.5%for �elds smallerthan100mm x 100mm. If the �eld sizeis larger
than100 mm x 100 mm and the energy is lower than8 MeV, the errorsnearthe �eld edges
canbeup to 1%. Therelevantdatafor 6 MeV energy electronbeamsareshown from Fig.2 to
Fig.6. Fig.2showsthecalculated�tted energy spectrumof electronbeamswith 6 MeV nominal
energy. Fig.3 shows a comparisonof thePDD databetweenextendedHPBM, original HPBM
andthat taken from experimentalmeasurement.Fig.4,5,6show a comparisonof dosepro�les,
which areat 8 mm, 12 mm, and20 mm depthrespectively, givenby extendedHPBM, original
HPBM andexperimentalmeasurements.The other � ve �gures, from Fig.7 to Fig.11, show a
similar comparisonbetweenthe improved,original HPBM andexperimentalmeasurementsfor
thecaseof 10 MeV energy electronbeamswith 20 mm x 20 mm �eld size. For electronbeam
with both 6 MeV energy and10 MeV energy, the accuracy of �tted energy spectrumare less
than1%. From thesecomparisons,it is clearthat: 1) The original HPBM is not very suitable
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Fig. 5. Dosepro�le at 12 mm depth,the irradiation
conditionis sameasFig.2.

Fig. 6. Dosepro�le at 20 mm depth,the irradiation
conditionis sameasFig.2.

Fig. 7. The�tted spectrumfor 10 MeV energy elec-
tron beamwith 20 mm x 20 mm �eld sizeand1000
mm SSD.For theestimateof theaccuracy of the�t-
tedspectrum,seethetext.

Fig. 8. Percentagedepthdosecomparison,the irra-
diationconditionis sameasFig. 7.

to electrondosecalculationfor small �elds, and2) thereis goodagreementbetweenthe dose
distribution calculatedby the improvedHPBM andthatof experimentalmeasurements.These
resultsshow agoodpromiseof applicationof theimprovedhybridpencilbeammodelto clinical
cases.Thoughwe focuson small �eld in this paper, the extendedHPBM canalsobe usedin
middleor large�eld. In thecasefor middleor large�eld, theerrorterm 687�9

�
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. We alsoshow a comparison
betweencalculationresultandmeasurementdataof 8 MeV energy electronbeamfor 200mmx
200mm�eld sizein Fig. 12.



264 GouCJ.et al.

Fig. 9. Dosepro�le at 9 mm depth,the irradiation
conditionis sameasFig.7.

Fig. 10. Dosepro�le at 20mmdepth,theirradiation
conditionis sameasFig.7.

Fig. 11. Dosepro�le at30mm depth,theirradiation
conditionis sameasFig.7.

Fig. 12. Dosepro�le at 20 mm depthfor 8 MeV
energy electronbeamwith 200mm x 200mm �eld
sizeand950mm SSD.

4 Discussion

When HPBM is useddirectly in small �eld case,the calculationPDD is much lessthan the
measurementdata.We will seea relative errorof 12%at the22 mm depthin thecaseof Fig. 3,
and15%at the34mmdepthin thecaseof Fig.8.Thereasonis thatelectronsat largepenetration
depthshave undergonegreatnumberof interactionwith mediumandalreadyhadlargeangular
spreadandtransversediffusion distance.Therefore,we mustcorrectthe measuredPDD data
whenwe unfold thespectrumof incidentelectronbeam.After having donethis, we geta more
accuracy result. We canseea goodagreementbetweenthecalculationPDD andmeasurement
PDD.Therelative errordecreasesandis lessthan2% bothfor the6 MeV energy electronbeam
andthe10MeV energyelectronbeam(seeFig. 3 andFig. 8). However, westill �nd alargeerror
outsidethe�led for the10MeV energy electronbeam(seeFig.9andFig.10).Theseresultsfrom
thefactthatwe didn't take into accountthephotonscontaminationandelectronscontamination
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from thecollimatorin this paper.

Acknowledgement: We gratefully acknowledgethe supportof InternationalAtomic Energy
Agency (IAEA) andNationalNaturalScienceFoundationof China(NNSFC)

References

[1] K. R. Hogstrom,M. D. Mills, P. R. Almond: Phys.Med.Biol. 26 (1981)445

[2] A. Brahme:Investigationsontheapplicationof a microtronaccelerator for radiationtherapy, Thesis
Univ. Stockholm1975

[3] D. Jette,S.Walker: Med.Phys.24 (1997)383

[4] I. Lax: Radiotherapy andOncology10 (1987)307

[5] H. Neuenschwander, E. J.Born:Phys.Med.Biol. 37 (1992)107

[6] I. Kawrakow, M. Fippel,K. Friedrich:Med.Phys.23 (1996)445
[7] J. J. Janssen,D. Riedeman,M. M. Kaczynska,P R M Storchi,H. Huizenga:Phys.Med. Biol. 39

(1994)1351

[8] A. S.Shiu,K. R. Hogstrom:Med.Phys.18 (1991)7

[9] Luo Z., D. Jette,S.Walker:Med.Phys.25 (1998)1954

[10] GouC., Wu Z., D. Jette,Luo Z.: Med.Phys.30 (2003)415

[11] Luo Z., D. Jette:Phys.Med.Biol. 44 (1999)177
[12] G. Zeng,M. Fippel,F. Nuesslin:Z. MedizinishePhysik11 (2001)84

[13] G. Zeng M. Fippel, F. Nuesslin,Z.M. Luo: J. of SichuanUniversity (NaturalScienceEdition) 38
(2001)679


