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The electron Monte Carlo (eMC) dose calculation algorithm of the Eclipse
treatment planning system is based heavily upon Monte Carlo simulation of the
linac head and modeling of the linac beam characteristics with minimal
measurement of beam data. Commissioning of the eMC algorithm on multiple
identical linacs provided a unique opportunity to systematically evaluate the
algorithm with actual measurements of clinically relevant beam and dose
parameters. In this study, measured and eM C cal culated dose distributions were
compared both along and perpendicular to electron beam direction for electron
energy/applicator/depth combination using measurement data from four Varian
CLINAC 21EX linear accelerators (Varian Medical Systems, Palo Alto, CA).
Cutout factors for sizes down to 3 x 3 cm were also compared. Comparisons
between the measurement and the eMC calculated values show that the Ry,
Rgor Rgpr @d R,y values mostly agree within 3 mm. Measure and calculated
bremsstrahlung dose Dx correlates well statistically although eMC calculated
D, valuesare consistently smaller than the measured, with maximum discrepancy
of 1% for the 20 MeV electron beams. Surface dose agrees mostly within 2%.
Field width and penumbra agree mostly within 3 mm. Calculation grid size is
found to have a significant effect on the dose calculation. A grid size of 5 mm
can produce erroneous dose distributions. Using agrid size of 2.5 mm and a 3%
accuracy specified for the eM C to stop cal culation iteration, the absol ute output
agrees with measurements within 3% for field sizes of 5 x 5 cm or larger. For
cutout of 3 x 3 cm, however, the output disagreement can reach 8%. Our results
indicate that the eM C algorithm in Eclipse provides acceptable agreement with
measurement data for most clinical situations. Calculation grid size of 2.5 mm
or smaller is recommended.
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I. INTRODUCTION

Theeectron Monte Carlo (eM C) agorithm of the Eclipse treatment planning system (Varian Medi-
cal Systems, PaloAlto, CA) useselectron energy dependent dose kernel libraries, of macroscopic
spheresof variousradii and materials, that are pre-cal cul ated with the EGS4 Monte Carlo code.()
The advantage of this macro-Monte Carlo approach is short treatment planning time with dose
calculation accuracy similar to that of bonafide M onte Carlo program. Explicit knowledge of beam
forming partsinsdeaVarian CLINAC 21EX linear accelerator isused in pre-cal culating these dose
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kernels. Therefore, minimal amount of measured beam dataisrequired for the commissioning of the
eM C treatment planning system. Therequired input beam dataincludethe profilesinair at 95 cm
for each energy, the rel ative depth-dose curve in water and absol ute dose at a specified point for
each energy/applicator combination. Profilesat different depthsin water for each electron energy/
applicator combination are not used as input. The algorithm usesinitial phase space model @ to
derivetheinitial beam phase space based on the PDDs, assuming alinac head design of astandard
Varian Clinac 21EX linear accelerator.

Agreement between cal cul ation and measurement can be affected by many factors. Previoudly
published studies provided substantial information on factorsrelated to eM C cal cul ation settings,
such as accuracy, cal culation grids and smoothing methods using measurement datafrom one or
two machines.(® However, because of the stochastic nature of Monte Carlo calculation and
inevitable variations in measurements, comparisons based upon datafrom a group of machines
providemorereliableresults. Further more, systematic information on how other clinically rel evant
factors (such as electron energies, cone sizes, and depth) affect the agreement, is lacking. We
have recently commissioned the eM C algorithm for four Varian Clinac 21EX linear accelerators
at asingle clinic location, which provide a unique opportunity to systematically compare eMC
calculation and actual measurements. In addition to profiles at various depths, electron cutout
factors for cutouts down to the size of 3 x 3 cm were measured. The output verification is
especially important due to the stochastic nature of the Monte Carlo method which gives the
output with a specified statistical uncertainty.

We present a systemic comparison between eM C cal cul ations and extensive measurementson
four Varian Clinac 21EX accelerators. Recommendations on how to use the treatment planning
systemsaregiven.

[l. MATERIALS AND METHODS

Thefour commissioned linear accel erators share the same Varian Clinac 21EX model number. Their
photon beams are matched in PDD and beam profiles. The electron beams are not matched.

Required beam datafor the eM C algorithm were collected for each of the machines. Profiles
inair were obtained for each electron energy at 95 cm. A large water tank, 48 x 48 x 41 cm, with
a 3D scanning mechanism (Blue Phantom: Scanditronix-Wellhofer, Bartlett, TN) was used to
acquire relative depth-dose curve in water at SSD=100 cm and absolute dose depth of 100%
dose. Both thereference and field detectorswere diodes. The distance of 0.05 cm from the active
layer to the casing surface of the scanning diode wastaken into account. From PDDs, thefollowing
parameters were derived: R, (depth of 100% dose), Ry, (depth at which dose is 90% of the
maximum dose), Ry, D, (bremsstrahlung tail) and surface doses. Profiles were scanned at the
depths of R, Ry, and R, in water for each beam energy and applicator combination. The
scanning system was set to acquire data points every 0.5 mm. OmniPro Accept (Version 6.1,
Scanditronix-Wellhofer, Bartlett, TN) was used to acquire and export the data. Square Cerrobend
electron cutouts were made for each applicator down to the size of 3 x 3 cm. For consistency, all
cutout factorswere measured with the same mini ioni zati on chamber CCO1 (cavity volume0.01 cm?,
radius 1.0 mm, Wellhofer-Scanditronix, Bartlett, TN) placed at R, ,, of each energy/cone. Data
were collected by different groups of physicists using the same measurement devices.

Measured beam data acquired from phantom scan were exported from OmniPro in ASCI|
format. Each measurement setup was then cal culated in Eclipse eM C and the PDD and profiles
were exported from Eclipsein the DICOM format and converted to ASCI I format for comparison.
Linear interpolation of the eMC dose distribution was used when necessary to match the
measurement locations.
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Dosedistributionsfor each energy/cone combination were cal cul ated with a gorithms commis-
sioned for each machine. Theaccuracy was set at 2%. The software allowsthe planner to define
either statistical accuracy or numbersof particlesto transport. According to the manufacturer, the
accuracy refersto the mean statistical error in dosefor all voxelsreceiving more than 50% of the
maximum dose value located within the region of interest.() When the stated mean statistical
accuracy isachieved, theagorithmwill stop simulation. Medium level 3-D Gaussian method was
used for smoothing after cal culation. Cal culation grid size of 2.5 mm was used throughout except
for afield of 3x 3 cm, where 1 mm was used and will be discussed inthe grid sizeinvestigation.
Selection of these parameters was based upon computational time and published studies.39 Each
electron cutout configuration was calculated in Eclipse and the cutout factorswere derived from
the calculations. A total dose of 10,000 cGy was prescribed and normalizedtoR, . Sincedifferent
conventionsare being used for some of the beam parameters, the definitions, as used in this study,
arelistedinAppendix A for clarity.

The combination of energy/cone size/depth/cutout sizein measurement and eM C calculation
generated asubstantial amount of data. In order to analyzethe data systematically and consistently,
astatistical software package SAS(SAS, Cary, NC) was utilized. Analysisof variance (ANOVA)
and linear regression were used to study the influence of factors (e.g., machines, energies, cone
sizes) on the discrepanci es between measurements and eM C cal culation results. Significant level
wasset at 0.05.

[1l. RESULTS AND DISCUSSION

A. Central-axis depth dose curve

1. Depth in water

Table1 comparesthedepth Ry, Rg, Ry, and R, inwater of measured and eM C calculated PDD at
90%, 80%, 50% and 10% of maximum dose, averaged over four tested machines. R,,, wasnot
compared becausethe PDD curvearound R, isfairly flat thereforeasmall amount of noisein PDD
measurement can cause abig error inidentifying the exact location of the PDD maximum. Small
differences in each machine's energy, scatter foils or scanning system setup can affect these
parameters.(® Nonethel ess, ANOVA analysisindicated that machinewas not astatistically signifi-
cant factor (p < 0.05) affecting the difference between the measured and eM C cal cul ated results.
Further analysesshownin Figs. 1a—1crevealed afew interesting findings. Fig. 1aillustratesthe
range of disagreement in measured depths among the machines. For cones smaller than 20 x 20
cm, the difference was mostly smaller than 2 mm. These differenceswere comparable with those
intheliterature. 89 A maximum of 4 mm difference was observed for the 25 x 25 cm cone at 10%
dosefor 16 MeV and 20 MeV. Disagreement among eM C cal culated depthsisshownin Fig. 1b.
Variations of depth in water at 10% dose among machines were rarely reported in literature
because this range is contaminated with bremsstrahlung photons and beyond the range of
clinical interest. Nevertheless we report our result here for interested readers. Our result indi-
catesthat even though R, Ry, and R, agreed reasonably well among machines, larger variations
at R,,arepossible, likely dueto slight variationsin energy spectrum. Contrary to measurement,
the largest differences in eM C calculated depths occurred at smallest cone (6 x 6 cm) with a
magnitude of 5-7 mm at lower energy of 6 MeV and 9 MeV (Fig.1b). Because our machineswere
individually measured and commissioned using each machine's own measurement data, the
differences we observed could be acombination of variationsin inherent beam spectrum, mea-
surement uncertainty and statistical uncertainty of the algorithm.

Differences between measured and eM C calculated Ry, Ry, Rs, and R, averaged over ma-
chines, were calculated and shown in Fig. 1c. Larger discrepancies between the measurement and
eMC calculated result occurred & R, . Overall, the discrepancieswere mostly within 3 mm. Electron
beam energy appeared to affect the discrepancies, too. At lower energy levels (6 and 9 MeV), the
eMC calculated Ry, Ry, Ry, and R, weredlightly larger than measurement, indicating that eM C
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TasLE 1. Measured and eM C cal culated depths (mm) averaged over four Varian Clinac 21EX
6MeV 9MeV 12 MeV 16 MeV 20MeV
Cone Depth Measured eMC  Measured eMC  Measured eMC  Measured eMC Measured eMC
AO6 RI10 29.3 26.2 43.7 43.3 60.5 60.8 80.4 80.3 1025 1015
AO6 R50 24.0 21.6 36.3 355 50.5 50.5 66.1 66.1 812 811
AO6 R80 20.2 19.6 31.0 30.7 43.2 43.2 55.1 55.4 64.1 64.0
AO06 R90 185 18.2 285 28.1 39.5 39.7 49.2 49.7 545 544
A10 RI10 29.3 314 43.7 45.2 60.6 61.0 80.6 80.5 1035 1015
A10 R50 24.0 24.8 36.3 36.6 50.5 50.4 66.7 66.4 83.7 82.7
A10 R80 20.3 20.6 31.0 31.0 43.3 429 56.6 56.0 68.5 67.6
A10 R90 184 18.6 28.4 28.4 39.7 39.5 51.2 50.2 59.0 58.3
Al15 RI10 29.3 314 43.7 45.0 60.6 60.9 80.7 80.6 1040 1018
Al15 R50 24.0 24.8 36.3 36.7 50.6 50.3 66.8 66.3 84.1 82.8
Al15 R80 20.2 20.6 31.0 311 434 427 56.8 56.2 69.3 67.7
A15 R0 184 18.7 285 28.6 39.7 39.1 515 50.5 60.1 58.4
A20 RI10 29.4 314 43.9 45.0 60.9 61.4 81.0 80.7 1045 102.3
A20 R50 24.1 24.8 36.5 36.8 50.7 50.9 67.0 66.6 84.3 834
A20 R80 20.3 20.6 311 313 435 43.3 56.9 56.7 69.4 68.6
A20 R90 185 18.7 285 28.6 39.9 39.6 515 509 60.4 59.4
A25 RI10 29.5 315 44.0 45.4 61.3 61.6 815 80.8 1053 1025
A25 R50 24.2 24.8 36.6 36.9 50.9 50.9 67.3 66.8 84.7 83.9
A25 R80 20.4 20.7 313 314 437 43.3 57.2 56.7 69.9 69.2
A25 R0 18.6 18.7 28.7 28.8 40.0 39.5 51.7 509 61.0 61.0
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Fic 1. Comparison of measured and eM C-cal culated depthsin water. (&) Discrepancy of measured depth, (b) Discrepancy of
eMC calculated depth, (c) Difference between eM C and measured depth
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calculated PDDs shifted to the right of the measured PDD. Measurement and eM C cal culation
agreed reasonably well at 12 MeV and 16 MeV. Asbeam energy went upto 20 MeV, eM C calcula
tion became dightly smaller than measurement indicating theeM C cal culated PDDs shifted tothe
left of the measured PDD. Astheend user of the software, it isdifficult to know the reasonfor the
above observation without knowing the details of parameters and procedures of the algorithm.
Nonethel ess we thought the observation was interesting enough to be reported here.

2. Dose due to Bremsstrahlung

Linear regression analysisindicated that eM C calculated D, s correlated well with measured D, s
(R-square = 0.95, p < 0.01). However, compared to measurement, eMC calculated D, s were
consistently smaller than measured D, sexcept for afew outliers. Fig. 2 summarizesthe measured
and eMC calculated D, averaged over four machines. In both measurement and calculation, D,
increased with energy and cone size, reaching 5-6% at 20 MeV. The discrepancy between
measurement and cal culation became more apparent for larger cone sizes at higher energies,
reaching about 1%.

3. Surfacedose

Surface dose for both measurement and eM C calculation was determined at 0.5 mm depth on
central-axis PDD curves. Asshown in Fig. 3aand Fig. 3b, surface dose increases with electron
beam energy, averaging around 75% at 6 MeV and around 90% at 20 MeV. Variations among
themachinesweresmall for both measurements (Fig. 3a) and eM C calculation (Fig. 3b). Discrepan-
cies between measurement and eM C were mostly within 2% with slightly larger value (yet still
within 3%) for 6 x 6 cm cone (Fig. 3c).

B. Dosedistributions

1. Field width

Table2 listsmeasured and eM C cal culated field width of crossplane profilesacquired at R, ,, Ry,
and R, averaged over the machines. Similar results were obtained between crossplane and
inplane from eM C cal culation, wetherefore only present resultsfrom crossplane for presenta-
tion clarity. Because difference between measured and eM C cal cul ated fiel d width can be affected
by measurement differencesor statistical variations of eM C calculation, wefurther analyzed these
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Fic 2. Measured and eMC-calculated Bremsstrahlung tails.
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Fic 3. Measured and eMC-calculated surface doses for four Varian 21EX linear accelerators. (a) Measured surface
doses, (b) eMC-calculated surface doses, (c) Differences between measured and eMC-calculated surface doses

factors, asshownin Figs. 4a- 4c. Fig. 4ashowsthe measured differencesamong the four machines.
When energy increased, the disagreement range (maxi mum of measurement —minimum of measure-
ment) among themachinesincreased aswdll, reachingamaximumof 2.6 mmat 20 MeV. Similar pattern
wasseenfor eM C cal culated field width, withacomparable maximumat 20 MeV (Fig. 4b). However,
when comparing each machine’ smeasured field width withits corresponding eM C cal culated field
width, one can observethat the measured field width was systematicaly smaller than eM C calculated
field widthin most cases. Higher energies (16 MeV and 20 MeV) appeared to havelarger discrepan-
ciesthan lower energies (6 MeV, 9 MeV and 12 MeV) as shown in Fig. 4c. Overall, however, the
discrepancy between eM C cal culated and measured field width wereall within 3mm. For lower and
mediumenergies(6-16 MeV) and small conesizes(< 20x 20 cm) which aremost frequently encountered
inclinic, theagreementswere mostly within 1 mm.

2. Penumbra

Table 3listsmeasured and eM C cal culated penumbraof crossplane profilesacquired at R, ., Ry,
and Ry, averaged over the machines. Compared to field width, the uncertaintiesin both measure-
ment and eM C cal culation were much larger, asshown in Fig. 5aand Fig. 5b. Here the machines
demonstrated their “individuality”, with penumbrafrom one machine consistently smaller thanthe
others. Nonetheless, the difference between measured and its corresponding eM C cal culated
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TasLE 2. Measured and eMC calculated field width (mm) of crossplane profiles acquired at d, .., Ry, and Rg,,
averaged over four Varian Clinac 21EX
6 MeV 9 MeV 12 MeV 16 MeV 20 MeV
Cone Depth Measured eMC Measured eMC  Measured eMC Measured eMC  Measured eMC
6.0 R50 60.6 61.2 61.5 62.3 62.6 63.6 64.4 66.2 67.1 69.6
10.0 R50 101.7 102.2 103.4 103.8 104.7 105.2 106.7 107.7 108.7 110.5
15.0 R50 152.2 153.1 154.7 155.3 156.3 157.5 159.0 161.1 161.4 163.9
20.0 R50 203.5 204.3 206.5 206.4 209.6 209.5 213.3 213.6 215.9 2185
25.0 R50 254.4 255.3 257.7 257.8 261.6 261.4 266.4 265.9 269.8 271.5
6.0 R90 60.8 61.5 61.7 62.5 62.6 63.5 64.2 65.6 65.4 67.0
10.0 R90 102.1 102.5 103.7 104.1 105.1 105.7 106.9 107.4 108.0 109.4
15.0 R90 152.6 153.5 155.0 155.5 156.5 158.1 159.0 160.9 160.6 163.3
20.0 R90 204.1 204.8 206.8 207.3 209.8 210.5 213.0 214.0 214.8 216.8
25.0 R90 255.2 256.1 258.2 258.9 261.7 262.3 266.0 266.3 268.3 270.3
6.0 dmax 60.9 61.4 61.6 62.3 62.2 63.1 62.2 63.2 61.5 62.6
10.0 dmax 102.1 102.4 103.2 103.7 104.1 104.7 104.2 105.0 102.9 103.9
15.0 dmax 152.8 153.5 154.5 155.4 155.4 157.0 155.7 157.3 154.0 155.4
20.0 dmax 204.1 204.6 206.2 206.9 208.0 209.2 208.2 209.4 205.6 206.7
25.0 dmax 255.2 255.8 257.3 258.4 259.7 260.6 260.1 260.9 256.9 258.0
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penumbrawas much smaller (Fig. 5c), aresult of individual commissioning of each machine's
agorithm using its own electron beam data. At clinically more relevant depth (Ry, and R, ), the
difference between measured and eM C cal cul ated penumbrawaswithin 3 mm.

3. Agreement of relative dose

We compared agreement of rel ative dosewithin 80% of field width. Differences between measured
and eM C calculated rel ative dosein crossplane were used. Both measured and calculated dose are
relative dose normalized to maximum dose at central axis. Measured profileswere smoothed, cen-
tralized, and made symmetric before exporting from OmniPro Accept, thereforethe mean difference
estimatesthe separation between the measured and cal culated profiles. AsshownintheFig. 6, the
differenceswere mostly smaller than 2% at 6, 9, 12 and 16 MeV. A maximum of 3% occurred at 20
MeV a R, These agreementsdemonstrate that the eM C cal cul ated profilesfollow the measured
profilesvery well given the dose accuracy of 2% set for theeM C calculations.

4.  Symmetry

Symmetry for eM C calculated profilesat different depthsfor different energy/cone combinationsis
plottedinFig. 7. Larger valueswerefound for profilesat R.,. Symmetry for profilesat Ry, and R,
werewithin 2.5%in general. Therange of disagreement we observed hereisreasonable, because
the accuracy defined by the manufacturer refersto themean statistical error in dosefor all voxels
receiving more than 50% of the maximum dose value |l ocated within the region of interest. With
preset accuracy of 2%, outliersgreater than 2% are expected, becausethe symmetry hereisdefined
asthemaximum differencein rel ative dose between points on equal distancefrom the central axis
within the central 80% of thefield width.

C. Output factors (OF)

Table4 liststhe measured and eM C cal culated OFs averaged over four machines. Measured OFs
and eM C calculated OFsagreed well for cutoutsgreater than 3 x 3cm (Fig. 8c). Theagreement is
within 3% for cutoutsgreater than 5x 5 cm, 5% for cutoutssmaller than 5x 5 cm but equal or larger
than 4 x 4 cm. For cutout of 3x 3 cm, however, the agreement was significantly poorer, reaching as
much as 8%. We performed ANOVA analysis, which indicated that there were no statistically

TasLe 3. Measured and eMC calculated penumbra (mm) of crossplane profiles acquired at d ., Rgy and Ry,
averaged over four Varian Clinac 21EX

6 MeV 9 MeV 12 MeV 16 MeV 20 MeV
Cone Depth Measured eMC Measured eMC  Measured eMC  Measured eMC Measured eMC
6.0 R50 25,6 26.0 31.9 334 39.6 41.1 47.9 47.3 54.6 51.5
10.0 R50 259 27.1 32.3 32.7 41.0 41.6 50.8 49.9 60.6 57.1
15.0 R50 26.2 26.7 31.6 33.5 40.7 41.6 50.4 50.6 61.4 59.1
20.0 R50 26.3 27.3 32.2 34.1 40.0 42.5 49.7 50.8 61.7 57.3
25.0 RS0 26.5 27.8 33.7 34.6 41.3 42.8 50.3 52.4 62.2 57.3
6.0 R90 25.4 25.3 30.6 30.7 36.7 38.3 41.3 42.4 42.0 41.9
10.0 R90 259 258 30.7 31.0 37.9 38.5 44.0 45.3 46.6 459
15.0 R90 26.4 253 30.6 31.3 38.1 38.4 44.1 44.9 46.9 46.1
20.0 R90 26.1 254 30.8 31.9 37.0 39.1 43.3 44.7 46.8  46.7
25.0 R90 26.1 25.7 32.2 31.8 38.0 39.0 43.3 46.0 47.1 46.3

6.0 dmax 217 214 23.7 23.8 24.8 25.7 18.7 19.1 12.0 129
10.0 dmax 22.1 216 24.0 24.0 25.7 26.3 20.6 21.3 12.3 133
15.0 dmax 225 213 23.8 24.2 26.0 26.6 20.5 22.1 12.1 140
20.0 dmax 222 216 24.0 24.6 25.1 26.6 20.0 22.3 11.9 143
25.0 dmax 22.0 217 24.5 24.3 25.7 27.1 20.1 22.3 11.8 137
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significant differencesamong the four machines (P < 0.05). Energy level and conesizedid not affect
agreement either. Fig. 8aplots measured OFs among different machines. Up to 7.5% difference
among machines was observed for 3x 3 cm cutouts. Similar variations were observed for eMC
cal culated OFsamong the machines (Fig. 8b). Thisindicatesthat large disagreement between OFs
for 3x 3 cm cutout can be contributed from both measurement and eM C uncertainties.

D. Grid size

I nvestigation was conducted to study theimpact of eM C calculation grid size on dosedistribution
calculationfor al5x 15cmconeat 12 MeV (Fig. 9a). Four dose calculation grid sizes, 1.0 mm,
1.5 mm, 2.0 mm. 2.5 mm, and 5.0 mm, were employed. Grid size of 5 mm gave a dose about
10% lower than actual measurement. Grid size of 2 mm provided significant improvement, with
aneM C result being 3% lower than actual measurement. Changing grid sizefrom2mmto 1.5mm
did not provide significant gain for this parameter until the grid size of 1 mm, yet it substantially
increased computationa time (Fig. 9b) onatypica computer of 2.66 GHz CPU (Xeon) and 3.3 GB
RAM. Computational timewasalso energy dependent, for 15 x 15 cm conewith 2% accuracy and
grid size 2.5 mm, 6 MeV required 2 minutes whereas 16 MeV required 8 minutes.

We observed ahot spot and asplitin al machineswhen using calculation grid size of 5mmfor
conesizegreater than 15 cm and electron beam energy greater than 16 MeV (Fig. 10). The hot spot
and split disappeared when grid sizewasreduced to 2.5 mmwith other parametersunchanged. This
observation warrantsfurther investigation and acaution using acalculation grid size of 5mm for
final clinical calculation.

45 - *
L]
4-
351 o
3 . ] : - 1
* o -
= a & i %
EE,S' . : : o +
-
g 21y 2 % 4 3 o & & ] o
jgd 8 3 v s b T
o CEL Y
19 a 120y
05 e
]
3‘3’8‘3‘3‘3 5§|8|8 é‘3|$‘é 8’3
= - b= R~ =
ADB A1D 85 220 825

Cone and Depth

Fic 7. Symmetry of eMC-calculated profiles

Journal of Applied Clinical Medical Physics, Vol. 9, No. 3, Summer 2008



11

Evaluation of eMC for electron beams

Hu et al.:

11

WO GT X GT =9Z1S8U0030UB R 10y

6000 6¢6'0 <¢000 T¥6'0 €000 8760 TOO0 6160 9000 TS6'0 S000 €560 9000 2960 Y000 €960 G000 TTOT £Z000 000'T GZ XGC
9000 T¥6'0 TOO0 L¥60 9000 §S6'0 <2000 €560 9000 6560 S000 SS6°0 €000 0.6'0 ¥00'0 9960 ¢00'0 ¢TO0'T 8000 TOOT 0Z X0¢
€000 €56'0 <¢000 9560 2000 0960 <2000 2960 G000 6960 9000 T96°0 G000 ¥.6'0 Y000 TL6'0 €000 TIOT £Z000 900'T ST XST
9000 9560 <¢00'0 8960 €000 ¥96'0 <2000 0.6°0 ¢00'0 /960 S000 6960 L0000 €60 ¥000 £/60 8000 8T0'T ¥000 TTIOT 0T XOT
000 996'0 €000 1960 G000 996'0 ST0'0 0960 8000 €960 000 8960 €000 T86'0 000 0860 T000 6I0°T £000 9T0T LX)
G000 ¥96'0 €000 8960 G000 €560 8100 .60 G000 T¥6'0 6000 6V6°0 G000 8960 6000 9960 9000 ¥20'T 6000 800°T G Xg
6000 ¥96'0 <2000 1560 /20’0 688'0 Sc0'0 6060 7000 ¢€8'0 €E00 ¢/80 000 G980 8200 S68°0 /000 V60 LOO'0 0560 €XE GV
€000 8/6'0 €000 960 /000 €86'0 <000 ¢86°0 €000 T86'0 S000 1860 G000 9860 ¢00'0 8860 TOO'0 Z00T 9000 800T  0OCX0C
2000 ¢86'0 ¢000 5860 7000 8860 ¥00'0 8860 ¢00'0 S§86'0 S000 8860 7000 €66'0 TO0'0 T66°0 ¢00'0 L00'T 9000 TTIOT ST XGT
€000 866'0 TOO0 1660 /000 21660 €000 1660 €000 S66'0 S000 ¥66°0 €000 ¢66'0 €000 8660 G000 ZTOT G000 9TOT  OT XOT
7000 8860 €000 6660 ¢00'0 ¢66'0 S000 S66°0 8000 686'0 9000 6860 /000 ¥66'0 9000 000°T 000 TIOT 2000 6T0°T LXL
¢000 000T <000 <2660 6000 T86'0 €000 ¢86°0 9000 9960 S000 S6°0 /000 ¥86'0 SO0'0 0660 9000 ¢¢0T TTO0 STOT GXg
6000 ¢660 €000 L/60 ¥€0'0 9T6'0 €200 G260 ¢00'0 8¥80 SE00 .80 ¢000 ¥/80 9200 T680 7000 L¥6'0 €200 LEGO €XE 0ev
0000 000'T 0000 000°T 0000 000O'T 0000 000°T 0000 000T 0000 000T 0000 00O'T 0000 00OT 000'0 0OO'T 0000 00O'T ST XGT
G000 800T <000 L0O'T €000 ¢00T TOO0 Z0OT £00'0 000'T TOO'0 900°T TO0'0 000T 2000 900°T €000 9660 9000 ¢00'T 124"
¢00'0 800T TOO0 TIOT G000 000T TOO0 OTOT /000 Z00T TOOO 600°T TT00 ¢66'0 TOO0 800°T ¢00'0 ¥66'0 Z000 ¥O0T  OT XOT
7000 ¥I0T TOO0 ZTIOT 7000 966'0 000 TIOT 7000 TOO'T 2000 OTOT G000 900T 2000 €T0°T 8000 ¥O0'T 6000 OTO'T LXL
€000 800T <¢000 LTOT 8000 0660 S00'0 SOO'T /000 /960 2000 9660 G000 ¥66'0 9000 OTOT #7000 000'T 6000 TIOT GXg§
G000 ¥66'0 S000 1660 Y200 T¢6'0 8200 9560 7000 €98°'0 ¥€0'0 0060 G000 8880 9¥0'0 6680 €000 6¢6'0 LO0O'0 ¢i6'0 €Xg GIv
8000 €20T €000 9¢0°T /000 €T0T S000 ZTIOT 7000 €T0T ¥000 OTO'T G000 900T €000 SO0°T 9000 800'T £L000 4660  OT XOT
€000 Z¢OT <2000 620°T 8000 9TOT w000 STO'T 7000 OTO'T €000 €T0T /000 Z00'T 9000 900°T 000 600T £000 SOO'T LXL
9000 €E0T €000 SE0'T ¢T100 966'0 0100 Z00T G000 ¢86'0 OT00 ¢66°0 G000 666'0 8000 1660 G000 600°T 8000 €00'T GXg
G000 TTOT 6T00 ¢00°T 9200 060 9€00 €60 G000 998'0 0E00 S06°0 8000 /880 TEO'0 T26'0 /00'0 6¢6'0 SOO0 ¢¥6'0 €XE 0TV
€000 6¢0T €000 920°T G000 6660 6000 000T 8000 986'0 ¢000 6860 8000 886'0 €000 /860 800'0 8960 OTO'0 0460 9X9
G000 S¢0T <2000 OE0T €000 Te6'0 9000 SO0°T ¢000 /.60 S000 9860 6000 6/6'0 SO00 /860 Y100 996'0 0TO'0 €60 GXg
/000 00T €000 620°T 8000 €60 0T00 ¥660 TI00 €e6'0 ¢T00 S96°0 €000 ¥S6'0 0TO0 ¢/6'0 7100 8560 6000 TZ6°0 17297
¢I00 ¢T0T 0100 SI0T 9€00 €E6'0 TC00 €960 /000 9980 T€0'0 9060 000 9/8'0 TEOO ¥16°0 0700 2680 LO0'0 6260 €XE OV
&G ONWe s painsesiN @G O (5 painsesiN @G ONe (s painsesiN G ONWe (s painsesiN @G OWe (s painsesiy N0 auo)
NOINOC NOINIT NONCT /PN 6 NN

X3TZ Jeul|D UelreA N0y Ao palieione ‘Si013e) IN0IND PaTe No[ed D AR Pue paInses |l 31av |

Journal of Applied Clinical Medical Physics, Vol. 9, No. 3, Summer 2008



12 Hu et al.: Evaluation of eMC for electron beams 12

% Difference among Measured OF % Difference among eMC Calculated OF

% Difference

Cone and Cutout Size
Cone and Cutout Size

Ratio of MeasuredieMC Calculated OF

Ratio {MeasurediehC)

3 x3
dxd
55
B x5
3 %3
5 x5
7 %7
10 10
3x3
5 x5
7 %7
10 %10
12 %12
16 %15
3 x3
5 x5
7 %7
10 % 10
15 % 15
20 =20
i
Sx5
7 %7
10 % 10
15 % 15
2020
25 25

ADE A A5 Az0 25

Cane and Cutout Size

Fic 8. Measured and eMC-calculated output factors (a) % differences among measured output factors, (b) %
differences among eMC-calculated output factors, (c) Ratio of measured to eMC-calculated output factors.

@

1 -

0.8
0

0gr S

_ =
0%

05

0.34

0%
ns2 N,
08t ; T ' ' ' 1 . — .
0o 10 20 30 40 50 60 00 10 20 an a0 &0 60
Calculation Grid Size {mm) Calculation Grid Size (mm)

—_—
S

codaBHBB8E848
L~

Computational time {min)

eMc DoseiMeasured Dose

Fic 9. Calculation grid size, computational time and agreement, using data from 15 x 15 cm cone, 12 MeV. (a) Grid
size vs. eMC/measurement agreement, (b) Grid size vs. calculation time

Journal of Applied Clinical Medical Physics, Vol. 9, No. 3, Summer 2008



13 Hu et al.: Evaluation of eMC for electron beams 13

Fic 10. Anexampleof hot spotsand slitsobserved at calculation grid size of 5 mm for cone size greater than 15 cm. Hot spot
and slit disappeared when calculation grid size changed to 2.5 mm.

V. CONCLUSIONS

Agreement between any measurement and Monte Carl o cal cul ation can be affected by both uncer-
tainties associated with measurement and the stochastic nature of the Monte Carlo algorithm. In
this paper we reported a systematic study of the differences between the measured datain homo-
geneous phantom and the Eclipse eM C dose cal cul ation result for four Varian Clinac 21EX linear
acceleratorsin our clinic using the same standard measurement instrument, dataacquisition proce-
dure, and beam data fitting procedure. Investigation of the accuracy of eMC agorithm in
heterogeneous phantom is beyond the scope of this paper. Variousfactors, e.g., machine, electron
beam emery, electron cone/cutout size, location of the measurement point, and eMC dose
calculation grid size, were analyzed statistically. Based on our investigation, we conclude that
eM C algorithm in Eclipse provides acceptabl e agreement between cal cul ation and measurement
under most clinical stuationsusing 3%/3mm criteriawheneM C dosecalculation grid sizeis2.5mm
or smaller and el ectron cutout sizeisnot smaller than5x5cm.
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APPENDIX - DEFINITIONS OF SOME OF THE PARAMETERS USED IN THIS
ARTICLE

Field Width: Thewidth onthe profile curve at 50% of the central axisdose.

Penumbra:  Distances between 20% and 80% of central axis dose on one side of the profile,
averaged over theright and left sides.

D,: Dose due to Bremsstrahlung X-ray. The value istaken to be the dose at R, ,+50 mm on the
PDD curve.

D, Surface dose. Defined at 0.5 mm depth on the central axis.

Symmetry: The maximum difference in relative dose between points of equal distance from
central axiswithin the central 80% of the field width. Note that symmetry is sometimes defined
as half of the value as defined in here.

Output Factors (OF): The radiation output (dose per MU for a particular cone and/or cutout at
R, 4o Under the reference open cone) relative to that of the open reference (15 X 15 cm) electron
cone. Note that the definition applies to both the non-reference open cones and the cutouts.
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