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This study assessed the potential of using megavoltage CT (MVCT) imagestaken
with high density skin collimation in place for electron beam treatment planning.
MV CT images were taken using the TomoTherapy Hi-Art system (TomoT herapy
Inc., Madison, WI), and the CT numbers were converted to density by calibrating
the Hi-Art system using an electron density phantom. Doses were computed using
MV CT imagesand kV CT images and compared by cal cul ating dose differencesin
the uniform dose region ( > 90%, excluding buildup region) and calculating dis-
tance-to-agreement (DTA) in high dose-gradient regions (penumbraand distal falloff,
90%-10%). For 9and 16 MeV e ectron beamsof 10 x 10 cm cal culated on ahomoge-
neous CIRS Plastic Water (Computerized Imaging Research Systems|inc., Norfolk,
VA) phantom without skin collimation, the maximum dose differences were 2.3%
and the maximum DTAswere 2.0 mm for both beams. The same phantom wasthen
MV CT scanned ninetimeswith square skin collimators of Cerrobend onitssurface
- field sizesof 3x 3,6 x 6, and 10 x 10 cm and thicknesses of 6, 8, and 10 mm. Using
the Philips Pinnacle? treatment planning system (Philips Medical Systems, N.A.,
Bothwell, WA), atreatment plan was created for combinations of el ectron energies
of 6,9, 12, and 16 MeV and each field size. The sametreatment planswere calcul ated
using kV CT images of the phantom with regions-of-interest (ROIl) manually drawn
to duplicate the sizes, shapes, and density of the skin collimators. With few excep-
tions, the maximum dose differences exceeded £5% and the DTAs exceeded 2 mm.
We determined that the dose differenceswere dueto small distortionsintheMVCT
images created by the high density material and manifested as errors in the phan-
tom CT numbers and in the shape of the skin collimator edges. These results
suggest that MV CT images without skin collimation have potential for usein pa-
tient electron beam treatment planning. However, the small distortion in images
with skin collimation makesthem unsuitablefor clinical use.
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.  INTRODUCTION

High energy electronsare astandard radiation therapy for superficial tumorsin the head and neck.
Those most often treated with electrons and using skin collimation include basal cell and squa-
mouscell carcinomas of the eyelids, lip, tip of nose and ear.® Skin (surface) collimation provides
optimal sparing of critical structures adjacent to the target by minimizing dose due to scattered
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electrons. Skin collimation is particularly useful in conjunction with off-surface bolus (scatter
plate) to restore the sharp beam penumbra after the beam has been scattered and the energy
degraded by the scatter plate.(?

The size and positioning of skin collimation within the beam are essential for accurate patient
trestment.® Theinner edge of the skin collimation must be sufficiently insidethe penumbracast by
the geometric (light) field edge defined by the el ectron applicator insert to ensure uniform doseto
theplanning target volume (PTV). Itsouter edge must extend well outside the geometric field edge
to minimize scatter electron dose outsidethe treatment area. The thickness of the skin collimation
must exceed the minimum thickness needed to stop the el ectrons, but should not be so thick asto
cause discomfort to the patient or produce excessive scatter from the aperture edges.

Treatment planning using skin collimation would benefit from toolsthat could automatically
design skin collimators and off-surface bolus. However, current commercial treatment planning
systemsused in our clinic, including the Pinnacl€® 7.4f (PhilipsMedical Systems, N.A., Bothwell,
WA) used in this study, lack these features. In light of these deficiencies, the method used in our
clinicfor treatment planning with skin collimation isto manually draw the collimation onto each of
the transverse CT images as an anatomic structure (cf., Fig. 1). A density of Pb (11.3 g/cmq) or
Cerrobend (9.4 g/cm?) isthen assigned to the structure. One surface of the skin collimator can be
contoured by following the outline of the patient surface, whichisclearly seen onthe CT image
(Fig. 1). The other surface is constructed by ensuring the thickness is sufficient to stop the
electronsin thebeam. Most importantly, the beam-defining edges of the collimator must be correct
on every slice, matching the patient setup. In general, the process of drawing the skin collimation
inthe treatment planning system is approximate, tedious, and inefficient.

A better method for incorporating skin collimation into treatment planning that would be more
accurate and efficient would be to CT scan the patient with the constructed skin collimation in
place so that it appearsin the images. However, the high attenuation of kilovoltage photons by
high-Z material sisnot adequately model ed by conventional CT image reconstruction algorithms,
resulting in extreme distortions and streak artifacts.) Dose cal cul ationswould therefore beinac-
curateif doneusing kV CT images acquired with skin collimationin place.

It hasbeen observed that high-density materials (e.g., d uminum, titanium, and copper) produce
dramatically lessdistortionin MV CT imagesthan inkV CT images.(>6) Megavoltage photons are
less attenuated by high-Z material's, so that more photons penetrate the skin collimation and are
registered by the CT detectors. Thisproduces more accurate reconstruction results with conven-
tional algorithms, giving moreaccurate CT numbersand less streaking artifacts. The TomoTherapy
Hi-Art system (TomoTherapy Inc., Madison, WI) has an onboard MV CT scanner (3.5 MV) for
image guided radiation therapy (IGRT).() Fig. 2illustratesthereductionin artifactsinimaging of a

skin
collimation

Fic. 1. CT image of a patient treated using electrons with skin collimation and scatter plate. The skin collimation
and scatter plate were added in the treatment planning system using manual contouring tools.
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Cerrobend collimator on a CIRS Plastic Water (Computerized Imaging Research Systems|nc.,
Norfolk, VA) phantomwithMV CT (Fig. 2c) ascomparedto kV CT (Fig. 2d). For comparison, al four
imagesin Fig. 2 show theentire phantom at approximately the same magnification and position and
are displayed with the samewindow/level settings.

We hypothesized that MV CT imagestaken with skin collimation in place are sufficiently accu-
ratefor usein electron beam treatment planning. Wetested thishypothesisusing asimplerectilinear
phantom, an anthropomorphic phantom, and simple skin collimation. The utility of dose calcul a-
tiononthe MV CT imageswas assessed by comparison to doses calculated onkV CT imagesusing
the same pencil-beam dose a gorithm.

Fic. 2. Examples of MVCT and kVCT images of a homogeneous rectilinear phantom scanned without Cerrobend
skin collimation @) MVCT and b) kVCT; and with a 3 x 3 cm skin collimator ¢) MVCT and d) kVCT. The kVCT
image scanned without skin collimation includes a manually-drawn 3 x 3 cm skin collimator.

[l. METHODS

Electron beam dose cal cul ations using asingle el ectron beam were generated using MV CT images
and compared to the same cal culations using kV CT images. Comparison cal cul ations were per-
formed using ahomogeneous rectilinear phantom composed of CIRS Plastic Water and aCIRS
model 605 radiosurgery head phantom. Initial tests used imageswithout skin collimation to deter-
minetheinherent consistency of electron beam dose calculationson MV CT images. Skin collimation
was then introduced to determine the consistency of dose cal culationsfor thistreatment situation.
All treatment planswere computed using version 7.4f of the Pinnacl €3 treatment planning system
(TPS). Megavoltage CT imagesweretaken onaTomoTherapy Hi-Art systemwith adlice spacing
of 2.0 - 4.0 mm and atransaxial resolution of 0.75 mm. Kilovoltage CT imagesweretaken ona
General Electric Lightspeed RT scanner (Genera Electric, Milwaukee, W) with slice spacing of
2.5mmand transaxia resolution of 0.7 - 0.78 mm, depending on thefield-of -view. All electron beams
weremodeled for aVarianlinac.

A. Determination of density, linear collision stopping power ratio, and linear
angular scattering power ratio

In order to convert MV CT numbersto densities, calibrationswere performed using a CIRS model
062 electron density phantom. This phantom iscomposed of an outer ‘torso’ and aninner ‘ head’
section and has a series of inserts of known physical densities. For each calibration, the ‘torso’
phantom was scanned two consecutivetimesusing adicethicknessof 2.0 mm onthe TomoTherapy
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Hi-Art system. The resulting images were transferred to the Pinnacle® TPS. A circular region-of-
interest (ROI) was created within theimage of each insert. The ROl wasat least 5 mm in diameter
and no bigger than 15 mmin diameter in order to samplealarge number of pixelsat the center of an
insert and to avoid CT number variationsat itsedges. For each ROI, themean CT numbersfromthe
two scanswere averaged. Theresulting datawere used to create aCT number-to-density correla-
tiontable. To remove possibleeffects of daily fluctuationsin CT numbers on experimental results,
aMVCT calibration was performed on each of thefour experiment days.

Electron beam doses were cal cul ated on Pinnacl €3, which uses a pencil-beam dose al gorithm
that isbased on the 3D implementation by Starkschall et al. (® of the Hogstrom algorithm.® The
calculation uses ratios of linear collision stopping power and linear angular scattering power
relativeto those of water for each CT voxel. In Pinnacle3, the stopping and scattering power ratios
are determined for each voxel from alook-up tablethat correlatesthemto the physical density of
that voxel (Table 1). Because Pinnacle® version 7.4f limitsdensity val uesin thistableto amaximum
of 3g/cm?, densities greater than thisvalue may be entered into thetable, but aretreated asif they
were 3 g/cmd. Clearly, thisisnot large enoughto correctly simulate Cerrobend. Therefore, adensity
of 2.9 g/lcmPwas entered into the table along with stopping and scattering power ratios suitablefor
Cerrobend. Table 1 is based on the one for human tissues originally developed by Hogstrom et
al.® except for thelast entry.

Although phantom materials may accurately duplicate the densities of water and tissues, they
do not usually replicate the chemical composition, and small chemical changes can have signifi-
cant effectson el ectron transport and even on the attenuation of low-energy photons. CIRSPlastic
Water was used for therectilinear homogeneous phantom experiments. Itsdensity, reported by the
manufacturer to be 1.03 g/cm3, was confirmed by independent measurement. ASsuming acomposi-
tion equivalent to polystyrene, its mass stopping power was estimated to be 1.971 MeV gt cm?for
10MeV €eectrons, which gavealinear stopping power relativeto that for water of 1.002. Thislinear
stopping power ratio correspondsto aphysical density of 0.981 g/cm? in the Pinnacl e conversion
table(Table 1). Themeasured MV CT number for CIRS Plastic Water was 1032, which correlatesto
adensity of 1.02 g/cm? based on the calibration with the el ectron density phantom. Therefore, in
the CT number-to-density conversiontable, densitiesfor tissuesfrom adiposeto liver were scaled
by afactor of 0.964 (0.981/1.02). Thischange produced the correct correl ation between CT number
and stopping and scattering power ratios. Similar correctionswere made for the CIRS anthropo-
morphic radiosurgery phantom and for thekV CT conversion tables.

In the present study it was not our objective to evaluate the degree of accuracy of the pencil
beam algorithmin Pinnacle3. Rather, it wasto assesswhether the use of MV CT scan datawith skin
collimation on the phantom (proposed future clinical application) produced the same dose
distribution as did the kVCT scan data with the skin collimation added as a structure (current

TaeLe 1. Lookup table used by Pinnacle® to determined electron beam transport parameters from physical density.

Physical density (g/cm?) Collision stopping power ratio Angular scattering power ratio
0.000 0.001 0.001
0.291 0.311 0.292
0.927 0.933 0.729
1.000 1.027 0.912
1.047 1.051 1.040
1.100 1.098 1.135
1.427 1.422 1.863
1.940 1.940 3.026
2.900 11.300 11.900
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clinical practice). Nonetheless, to perform this evaluation, it was necessary to ensure that under
normal circumstances (with no skin collimation) that the dose distributions calcul ated using the
MV CT and kV CT datafor the Plastic Water, agreed.

B. Rectilinear homogeneous phantom, no skin collimation

Two dabsof 30 x 30x 5 cm CIRS Plastic Water were stacked to produce aflat surface, water-like
phantom. MV CT imagesweretaken at adlicethickness of 4.0 mm. Kilovoltage CT imageswere
taken at 2.5 mm glice thickness. Central transverse dlices through the images sets are shown in
Figs. 2aand 2b, respectively. For each image set, doseswere calculated for 9 MeV and 16 MeV
electron beamsnormal to the surface at asource-surface distance (SSD) of 100cm. The10x 10cm
applicator was used with no additional blocking, and the prescription dosewas 100 cGy at adepth
of D, onthecentral axis. Doseswere compared only in the transverse plane through the central
axisof thebeam.

Beam SSDs and dose distributions for the two image sets were registered using the posterior
edge of the phantom, where any image distortions due to surface collimation would be minimal.
First, the couch wasremoved from each image set by contouring aregion-of-interest (ROI) aligned
to the surface of the couch and setting itsdensity to 0.0 g/cm3. Then, aposterior beam was created
withan SSD of 100 cm. A point-of-interest (POI) was set at the beam i socenter, and its coordinates
relativeto theimage set were determined. Finally, identical dose grids on thetwo image setswere
aligned using the POIs. The Pinnacle® default threshold value of 0.60 g/cm® was used for the
posterior surface definition.

Comparisons of cal culated dosesin the homogeneous phantom for field sizessmaller than 10 x
10 cm and without skin collimation were unnecessary. Because the two dose distributions had
such excellent agreement, not only along central axis (region of lateral side scatter equilibrium), but
alsointhepenumbral region (region of lateral side scatter disequilibrium), therewasno reason to
expect any lessagreement for smaller fields (e.g., 3 x 3cm) wherethe central-axisregion can have
disequilibrium, aswell asthe penumbra

C. Anthropomorphic head phantom, no skin collimation

A dose comparison was done using the CIRS model 605 radiosurgery head phantom. MV CT and
kV CT imagesweretaken with adicethicknessof 2.5 mm. Thestandard settingsfor MV CT imaging
were 2.0, 4.0, and 6.0 mm. However, it is possibleto change system parametersin order to obtain
other dlice thicknesses, and thiswas donein order to have the MV CT dlice thickness match the
kVCT dlicethickness. Because of surface contour changesin the superior-inferior (Sl) direction,
wedid not want dose comparisonsto be complicated by different volume averaging of imagepixels
with different S| dimensions.

Two simple single-beam treatment planswere created, one using 9 MeV eectronsand the other
using 16 MeV dectrons. The beamswere unblocked witha10x 10 cmfield sizeat 100cm SSD and
aprescription of 100 cGy given dose (centra axisdose maximum inwater for the same conditions)
delivered at agantry angle of 125°. Thelocation of the central axisand the oblique gantry angle
were chosen so that the beams traversed both bone and air heterogeneitiesin aregion that had
anatomy conduciveto accurate registration of theimage sets. The MV CT-kV CT registration was
donemanually using thetools availablein Pinnacle®. Doseswere compared in thetransverse plane
containing theisocenter of the beam.

D. Rectilinear homogeneous phantom, skin collimation

Therectilinear homogeneous slab phantom of CIRS Plastic Water wasMV CT scanned ninetimes
with different Cerrobend skin collimators on its surface using adlicethicknessof 4 mm. Thenine
skincollimatorshad field sizesof 3x 3, 6 x 6, and 10 x 10 cm and thicknesses of 6, 8, and 10 mm,
whichinclinical practiceaccommodate beam energiesof 6 MeV to 16 MeV. In order to smulatethis
treatment with kV CT images, the phantom was a so scanned on the Lightspeed RT unit without
skin collimation, and then collimators were drawn onto the images using the contouring toolsin
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Pinnacle®. Figs. 2b and 2c show thetransverse central plane of thekV CT imagewith the3x 3cm,
6 mmthick skin collimator drawn ontoit and the same planeimaged with MV CT with the collimator
in place, respectively. Because the kV CT image was taken without skin collimation, it was an
accurate representation of the phantom and mimics currently accepted clinical practice.

Twelvetreatment planswere generated. Each plan consisted of asingle anterior beam delivering
aprescribed doseof 100 cGy toadepthof D, onthecentral axisof an unblocked field 10x 10cm
with the sel ected energy (100 M U). For each skin collimator, planswere computed for energiesof
6,9, 12, and 16 MeV using Cerrobend thicknessesof 6, 6, 8, and 10 mm, respectively. The10x 10cm
applicator was used for the 3 3and 6 x 6 cm skin collimators. The 15 x 15 cm applicator wasused
for the 10x 10 cm skin collimator.

It was expected that skin collimation would produce somesmall distortionsinthe MV CT im-
ages. Thesedistortionswould be manifest aserrorsin the CT numbers and would, consequently,
produce differencesin cal culated dosesrel ativeto doses cal culated using kV CT images. I n order
to better understand how these distortions might influence dose calculation, density was mea-
sured asafunction of depth a ong the central axis of thetreatment beams. Theeffect of theinherent
noisein theimageswasreduced by averaging CT numberswithin small ROIscreated onthekV CT
and MV CT image sets. The ROIswere cuboidswith transversedimensionsof 1.0x 0.4cmand S|
thicknessequal to the CT dlicethickness. A total of 20 ROI s, extending to adepth of 8.0 cmwere
created. The mean density was computed in each ROI and assigned to the depth at the center of the
ROI. Mean density asafunction of depth was compared for each of the collimated MV CT images
to the corresponding valuesin the kV CT images. The differences represented a measure of the
distortioninthe CT valuesof the MV CT images. Electron beam doses along the central axiswere
plotted asafunction of radiological depth to removetheeffect of density distortion. Radiological
depth as a function of physical depth was computed by integrating the mean density from the
surface to the physical depth.

E. Evaluation of MVCT doses

All analyseswere performed and reported using absol ute doses. Agreement between each MV CT
dose calculation and the corresponding kV CT dose cal culation was assessed by comparing the
respective dose distributions in the central axis transverse planes. In the presence of skin
collimation, becausethe MV CT scanner resol ution in the direction of couch motion differsfrom
that of the kV CT scanner, dose agreement in asagittal plane should be worse than that reported
inthisstudy for thetransverse plane. Furthermore, because clinical skin collimatorsareirregu-
larly shaped, these effects should al so adversely affect dose comparisonsin transverse planes.
Resultswill show that dose comparisonsfor rectilinear skin collimationintransverse planesare
not clinically acceptable. Therefore, these more advanced dose comparisonswere not performed
in the current study.

For the dose comparisons in the transverse planes, both with and without the square skin
collimation, the 2D dose matriceswere exported from Pinnacle® into SigmaPlot and MATLAB (The
MathWorksInc., Natick, MA) for analysis. Agreement between each MV CT dose calculation and
the corresponding kV CT dose cal cul ation was assessed by comparing the respective dose distri-
butionsin the central axistransverse planes. Isodose curves and central axis depth-dose curves
were superimposed for visual comparison and quantitative analysis. Inthe uniform dose region,
dosedifferences (D, 1 - D, 1) Were computed and expressed as percent differencesfromthe
kVCT image doses. The uniform dose region was defined as the area with doses > 90% of the
prescription dose, the areatypically containing the PTV and exclusive of the surface build-up
region and penumbral regions. In the high dose-gradient regions, distance-to-agreement (DTA)
was computed and evaluated. The high dose-gradient regions were defined as the penumbraand
distal falloff areaswith dosesbetween 10% and 90% of the prescription dose. DTA wasdefined as
the minimum distancefrom adosepointintheMV CT imageto apoint inthekV CT imagewiththe
same dose.(1%-12) Each point in the MCV T dose matrix was tested against a square region in the
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kVCT imageof size 1.7 x 1.7 cm centered on the location of thetest point. InthekV CT dose test
region, the distanceswere computed from the center to theinterpolated | ocations of thetest dose
inal therowsand columns. The minimum distancewastaken asthe DTA.

1. RESULTS

A. MVCT number to density conversion

Four MV CT number-to-density conversion tables (each an average of two scans) were measured
over aperiod of about 6 months. Each tablewas used to cal cul ate dosesfor theimages acquired on
that day. The measured tables show good consistency over the 6 month period that the datawere
acquired (Table 2). Thelargest standard deviation was 8 CT numbers, which represents an uncer-
tainty of lessthan 0.01 g/cm?3in physical density.

B. Rectilinear homogeneous phantom, no skin collimation

Superimposed isodose plots computed for the rectilinear homogeneous phantom without skin
collimationareshowninFig. 3for 10 x 10 cmfieldsof energy 9 and 16 MeV. They demonstrated
clinically acceptable agreement between MV CT and kV CT- based Pinnacle® dose cal cul ations. For
the 9 MeV beam thedose differencesin the uniform doseregionranged from-2.3%t0 1.7%, and for
the 16 MeV beam the differencesranged from -2.3%to 1.2%. Thelargest dose differenceswere
found at the edges of the high dose region. The maximum DTAsin the high dose-gradient regions
were2.0 mmfor theboth beams.

C. Anthropomorphic head phantom, no skin collimation

The superimposed i sodose plots computed for the anthropomorphi ¢ head phantom, showninFig. 4
for the9 and 16 MeV beams, demonstrated clinically acceptable agreement between MV CT and
kV CT- based Pinnacle? dose cal cul ations. For the 9 MeV beam the dose differencesin theuniform
doseregion ranged from-1.3%t0 2.8%, and for the 16 MeV beam thedifferencesranged from-4.5%
t0 2.2%. The maximum DTAsin the high dose-gradient regionswere 2.0 mm for both beams.

D. Rectilinear homogeneous phantom, skin collimation

In Figs. 5-7, theisodose plots of the dose distributions computed for the MV CT images of the
rectilinear homogeneous phantom with skin collimation are compared to theisodose plots of the
dosedistributions computed for the kV CT imageswith drawn skin collimation. Theisodose plots
aretaken through the central axistransverse planesof the6 MeV and 16 MeV beams, and Figs. 5-
7 correspond to skin collimation of 3x 3, 6x 6, and 10 x 10 cm, respectively. The maximum dose
differences in the uniform high-dose region and the maximum DTAsin the high dose-gradient

TaBLE 2. MVCT number-to-density data acquired over a 6-month period for CIRS model 062 electron density
phantom.

Material Physical density (g/cm?) CT number Mean(+ SD)
Day 1 Day 2 Day 3 Day 4

ar 0.001 1 4 4 1 3+17

lung (inhale) 0.195 224 232 232 232 230 + 4.0
lung (exhale) 0.495 496 508 504 507 504 + 5.4
adipose 0.967 970 974 974 977 974 + 2.9
breast 0.991 1004 1011 1008 1013 1009 + 3.9
water 1.000 1028 1020 1017 1019 1021 + 4.8
muscle 1.062 1052 1064 1061 1065 1061 + 5.9
liver 1.071 1062 1077 1076 1080 1074 = 8.0
trabecular bone 1.161 1137 1148 1146 1151 1146 + 6.0
dense bone 1.609 1500 1508 1506 1507 1505 + 3.6
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Fic. 3. Isodose curves computed with MVCT and kVCT images for &) 9 MeV and b) 16 MeV beams of 10 x 10 cm
size at 100 cm SSD. Isodose values are cGy. The maximum dose differences were 2.3%, and the maximum DTAs
were 2.0 mm for both beams.

3 3
100
4 9 4
90
80
st %o 5
60
6 so 6
40
30
E 7 a0 7
10
A 8
= 9
&
=BT 10
1 1
12 12
131 9 MeV 270 18 16 MeV
€ —kv c —kv
Mo 1 2 3 4 5 6 73 o 0 0 1 3 3 4 5 6 7
(a) Off-axis distance (cm) (b) Off-axis distance (cm)

Fic. 4. lIsodose curves for @) 9 MeV and b) 16 MeV beams computed for the anthropomorphic head phantom. In
¢) an MVCT image of the phantom through the central axis of the left anterior oblique beam is shown. Isodose
values are cGy. The maximum dose differences were 2.8% and 4.5%, respectively. The maximum DTAs were
2.0 mm for both beams.
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regionsfor the central axisplanesfor dl energies(6, 9, 12, and 16 MeV) andfield sizes(3x 3,6 x 6,
and 10 x 10 cm) studied are shown in Table 3. For the MV CT dose cal culations, only the higher
energy beams (12 and 16 MeV) with largefield size (10 x 10 cm) were closeto matching the kVCT
dosecaculationstowithin5%and2mmDTA, eg.5.2%and 21 mmDTA & 16 MeV. Theworst case
overall wasthe3 x 3cmfield at 12 MeV, wherethe MV CT calculation differed from thekVCT
caculationby 12.2% and 7.3mm DTA.

Central axisdepth-dose comparisonsof MV CT with kV CT-cal culated dosesfor the four beam
energies(6, 9, 12, and 16 MeV) and three skin collimators (3 x 3, 6 x 6, and 10 x 10 cm) are shown
in Fig. 8. Ingeneral, in the dose falloff region (90%-10%) the central axis dosesfor the MVCT
images significantly underestimate that for thekV CT imagesfor the 3x 3cmfield size, dightly
underestimateit for the 6 x 6 cmfield size, and dightly overestimateit for the 10 x 10cmfield size,
as defined by the skin collimation. The central axis depth doses show remarkably good agree-
ment for the 6 x 6 cmfield at low energies (6 MeV and 9 MeV) and for the 10 x 10 cmfield at high
energies (12MeV and 16 MeV). Also, central axisdepth-dose comparisonsof theMVCT andkVCT
calculations show that the MV CT central axisdose maximum overestimatesthekV CT central axis
dose maximum and underestimatesthe dosein thefalloff region. Thisis particularly significant and
clinically unacceptablefor the3x 3cmfield.

To better understand the observed depth-dose differences, we studied MV CT number versus
depth. InFig. 9, the mean phantom density along the central axisinthe MV CT imagesisshown as
afunction of depth for the different field sizes (defined by the skin collimator) and different skin
collimator thicknesses. For comparison, the mean density along the central axis asafunction of
depthisshown for the kV CT image without skin collimation. The density along the central axis
versus depth for the MV CT image without skin collimation is not shown. The graph of MVCT
densities on the central axiswith no skin collimation lies virtually on top of the corresponding
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Fic. 5. Isodose plots of the dose distributions from a) 6 MeV and b) 16 MeV electrons in the rectilinear homoge-
neous phantom calculated using MV CT images with 3 x 3 ¢cm skin collimation, compared to doses calculated using
kVCT images with drawn collimation. Isodose values are cGy. The red areas are the regions of uniform dose that
have absolute dose differences greater than 5%, and the blue areas are the regions of high dose-gradient that have
DTA values greater than 2 mm.

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



52 Beardmore et al.: Evaluation of MVCT images with skin collimation 52

<

Depth (cm)

W

~_
jos)
S
c'»""

% 5 4 3 2 10 1 2 3 4 s
Off-axis distance (cm)

Fic. 6. Isodose plots of the dose distributions from &) 6 MeV and b) 16 MeV electrons in the rectilinear homoge-
neous phantom calculated using MV CT images with 6 x 6 cm skin collimation, compared to doses calculated using
kVCT images with drawn collimation. Isodose values are cGy. The red areas are the regions of uniform dose that
have absolute dose differences greater than 5%, and the blue areas are the regions of high dose-gradient that have
DTA values greater than 2 mm.
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Fic. 7. Isodose plots of the dose distributions from &) 6 MeV and b) 16 MeV electrons in the rectilinear homoge-
neous phantom calculated using MVCT images with 10 x 10 cm skin collimation, compared to doses calculated
using kVCT images with drawn collimation. Isodose values are cGy. For the 6 MeV electrons, the red area is the
region of uniform dose that has absolute dose differences greater than 5%, and the blue area is the region of high
dose-gradient that has DTA values greater than 2 mm. For the 16 MeV electrons the regions of dose difference
greater than 5% and DTA greater than 2 mm are not discernable.
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graph of thekVCT densities. Thisisevident from the excellent agreement on the central axis of
MV CT dosesto kV CT doses without the presence of skin collimation (Fig. 3). For the 16 MeV
beam, the distal 10% dosefallsat an interpolated depth of 7.85 cm onthekV CT imageand at an
interpolated depth of 7.91 on the MV CT image. This corresponds to a difference of 0.06 cmin
integrated depth over adistance of 7.85 cm; adifference of 0.8% inthedensity of each pixel inthe
path, corresponding to achangein CT number of 8 unitsout of 1000.

Thelargest effectsare seeninthefirst 4 cmof depth. For the3x 3cmfieldsize, MV CT densities
in this region are much greater than those in the kV CT images, increase with skin collimator
thickness, and reach amaximum increase of about 10% for the 10 mm thickness. For the 6 x 6 cm
fieldsize, MV CT densities change significantly lesswith depth or collimator thicknessand areonly

TasLE 3. Maximum dose errors in the uniform-dose regions and maximum DTAs in high dose-gradient regions for
electron beam calculations in the MVCT images of the homogeneous phantom with skin collimation.

Energy Maximum dose error (%) / Maximum DTA (mm)
3 x 3 cn? 6 x 6 cm? 10 x 10 cm?
6 MeV -6.4% / 3.7 mm -6.4% / 2.4 mm 9.1% / 2.3 mm
9 MeV 6.8% / 3.7 mm -5.3% / 3.0 mm 7.1% / 2.6 mm
12 MeV -12.2% / 7.3 mm -5.3% / 3.4 mm -4.7% | 2.7 mm
16 MeV -7.5% / 6.7 mm 13.2% / 3.2 mm -5.2% / 2.1 mm
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Fic. 8. Comparison of central axis depth doses for dose distributions calculated using MV CT image (dashed lines)
and kVCT images (solid lines) for all beam energies (6, 9, 12, and 16 MeV) and al field sizes defined by skin
collimation; &) 3 x 3 cm, b) 6 x 6 cm, and c¢) 10 x 10 cm. Cerrobend collimator thicknesses were 6 mm (6 and 9
MeV), 8 mm (12 MeV), and 10 mm (16 MeV). All beams were delivered with 100 MU (= 100 cGy given dose).
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dightly greater than those in the kV CT images. For the 10 x 10 cm field size, the mean MVCT
densitiesare up to 3% lower than the kV CT densitiesin thefirst 4 cm of depth and vary littlewith
collimator thickness. The skin collimation produces greater distortionsat shallower depths, not an
unexpected result.

Tomoredirectly examinethe effect of distortion in phantom density valueson calcul ated dose,
doseversusradiological depth along the central axisisplottedin Fig. 10 for each beam energy (6,
9,12, and 16 MeV) and skin collimator (3 x 3, 6 x 6, and 10 x 10 cm) combination. Thereference
kV CT depth-dose curves are also computed using radiological depth inthisfigure. Almost all of
the previously observed dose differences in the central axis depth-dose falloff region for the
intermediate and largefield sizesareeliminated. For thesmall field size, thesmall error (<2mm)in
thedistdl faloff redionisreduced, but not eliminated, and differencesin the peak remain.
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Fic. 9. Phantom density as a function of depth along the beam central axis for the MVCT images with each of the
different skin collimator thicknesses (6, 8, and 10 mm) compared to density of the reference kVCT image for a)
3x 3cm, b) 6 x6cm, and c) 10 x 10 cm field sizes.
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Fic. 10. Dose versus radiological depth along the beam central axis for all energies (6, 9, 12, and 16 MeV) and skin
collimation of @) 3 x 3 cm, b) 6 x 6 cm, and ¢) 10 x 10 cm.

V. DISCUSSION

The results indicate that MV CT scans show promise for patient electron beam dose planning
without skin collimation. For beam energiesof 9 MeV to 16 MeV andfield sizesupto 10x 10 cm,
dosesin the homogeneous phantom were within 3% in the uniform dose region that would cover
thetarget and within 2 mm DTA in the gradient regionsthat might abut critical structures. Inthe
anthropomorphic head phantom, the dose differenceswere small for the 9 MeV beam (lessthan
3%), but dightly larger for the 16 MeV beam (up to 4.5%). For both energies, themaximum DTA was
2 mm. However, for apatient or anthropomorphic phantom, itisnot certainthat kVCT imagesarea
morefaithful representation than MV CT images. Even bones can produce minor streak artifactsin
kVCT images. Therefore, without dosimetric measurements, thetrue accuracy of dosesin hetero-
geneous MV CT images cannot be determined. However, the use of MV CT images with skin
collimation for electron beam dose planning is clearly not supported by our data. There were
significant differencesbetween doses cal culated on MV CT imageswith skin collimation and doses
calculated on kV CT imageswith skin collimation digitally inserted.

Althoughthe MV CT images of the phantom with skin collimation were much better than com-
parablekV CT images(Fig. 1), thereremained somedistortion in theimages. Thisdistortionwasnot
apparent as streaking, but aserrorsin CT values, distortionsin the skin surface, and distortionin
the shape of the surface of the skin collimator. Fig. 11, aclose-up of the phantomwiththe3x 3cm
field size collimator on the surface, illustratesthese phenomena. Thedistortion in the shape of the
inner edge of the skin collimator isevident by comparing itsedge with thered linesthat delineate
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the actual straight edges of the collimator. Theimpact of the distortion in the shape of theinterior
edges of the skin collimator isthat €l ectron pencil beams at the edge can penetrate it and scatter
incorrectly. The apparently rounded edges cause the pencil beam algorithm to increase the scatter
from theinner skin collimator surfacestoward the center of the beam, which increasesthe superfi-
cial dose at the expense of dose at depth. Theresult isthe peaking seen at shallow depths and the
reduced penetration for the small beam (cf. Fig. 10a). The effect islessevident for thelarger field
sizes, butisdtill seenas*hot” spotsinsidethefield edgesat shallow depths. Asseenin Figs. 6 and
7, for thelarger skin collimator fields (6 x 6 and 10 x 10 cm), the collimator edgesarefar enough from
the central axisthat those doses are not affected; however, thereisalobe of increased scatter dose
caused by the false edges.

Artifactsin kV CT imagesfrom high-density objectswere shown by Williamson et al .13 to be
due primarily to mismatches between the simplified model of CT detector responseembodiedinthe
filtered backprojection (FBP) reconstruction algorithm and the physical processes of signal acqui-
sition. They demonstrated that their alternating minimization (AM) iterative algorithm performed
significantly better than FBP or other iterative algorithms. However, they found that significant
streaking artifacts remained even when model mismatch was completely eliminated. Given the
inherent improvement of MV CT imaging over kVCT imaging in the presence of high-density
objects, it seemspossiblethat MV CT imaging combined with AM reconstruction could produce
distortion-freeimagesuseful for electron beam planning with skin collimation.

=
=1
]

Fic. 11. Axial MVCT image showing distorted (rounded) edges of Cerrobend skin collimation (3 x 3cm, 10mm).
The vertical red line segments represent the true locations of the collimator edges.

V. CONCLUSIONS

It was found that using Hi-Art MV CT images of ahomogeneous phantom, doses calcul ated for
electron beamsof 9MeV to 16 MeV and field sizesup to 10 x 10 cm were consistent with doses
calculated using kV CT imagesto within 3% in the uniform dose region that would cover thetarget
and towithin 2 mm DTA inthe gradient regionsthat might abut critical structures. For aheteroge-
neous head phantom, electron beam cal culationswith MV CT imageswere consistent with kVCT
image cal cul ationsto within 3% for a9 MeV beam and within 5% for a16 MeV beam, both with
maximum DTA of 2 mm. Theseresults suggest that MV CT imageswithout skin collimation have
potential for usein patient electron beam treatment planning.

When MV CT images weretaken with skin collimation on the phantom, residual distortionsin
the phantom density and distortionsin theimages of the skin collimation edges produced differ-
ences that were greater than = 5% and DTAs that were greater than + 2 mm compared to kVCT
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imageswith skin collimation digitally inserted. Although Hi-Art MV CT imagestaken with skin
collimation in place have dramatically less distortion than comparable kV CT images, the small
residual distortion makesthem unsuitablefor clinical use.
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