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Purpose: The purpose of this study is to adapt an equivalent source model originally developed for
conventional CT Monte Carlo dose quantification to the radiation oncology context and validate its
application for evaluating concomitant dose incurred by a kilovoltage (kV) cone-beam CT (CBCT)
system integrated into a linear accelerator.

Methods: In order to properly characterize beams from the integrated kV CBCT system, the authors
have adapted a previously developed equivalent source model consisting of an equivalent spectrum
module that takes into account intrinsic filtration and an equivalent filter module characterizing the
added bowtie filtration. An equivalent spectrum was generated for an 80, 100, and 125 kVp beam
with beam energy characterized by half-value layer measurements. An equivalent filter description
was generated from bowtie profile measurements for both the full- and half-bowtie. Equivalent source
models for each combination of equivalent spectrum and filter were incorporated into the Monte Carlo
software package MCNPX. Monte Carlo simulations were then validated against in-phantom mea-
surements for both the radiographic and CBCT mode of operation of the kV CBCT system. Radio-
graphic and CBCT imaging dose was measured for a variety of protocols at various locations within
a body (32 cm in diameter) and head (16 cm in diameter) CTDI phantom. The in-phantom radio-
graphic and CBCT dose was simulated at all measurement locations and converted to absolute dose
using normalization factors calculated from air scan measurements and corresponding simulations.
The simulated results were compared with the physical measurements and their discrepancies were
assessed quantitatively.

Results: Strong agreement was observed between in-phantom simulations and measurements. For the
radiographic protocols, simulations uniformly underestimated measurements by 0.54%-5.14% (mean
difference = —3.07%, SD = 1.60%). For the CBCT protocols, simulations uniformly underestimated
measurements by 1.35%-5.31% (mean difference = —3.42%, SD = 1.09%).

Conclusions: This work demonstrates the feasibility of using a measurement-based kV CBCT source
model to facilitate dose calculations with Monte Carlo methods for both the radiographic and CBCT
mode of operation. While this initial work validates simulations against measurements for simple ge-
ometries, future work will involve utilizing the source model to investigate kV CBCT dosimetry with
more complex anthropomorphic phantoms and patient specific models. © 2013 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4823795]
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1. INTRODUCTION

Modern radiotherapy utilizes image guidance intensively.
Radiograph-based techniques [radiographic, fluoroscopic,
cone-beam CT (CBCT)] are popular choices, with the con-
venience of integrated kilovoltage (kV) imaging devices and
interfaces offered with many commercial treatment systems.
While the dose impact of these imaging procedures has of-
ten been regarded as negligible when compared with the in-
tended therapy dose, continuous imaging and a greater atten-
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tion to the dose to areas outside of the target volume have
raised concerns of concomitant imaging dose.'=> This invites
a systematic approach to accurately quantify the dose impact
of imaging in the context of radiotherapy.*>

Monte Carlo techniques are readily employed to accurately
simulate the dose from radiation transport.® The accuracy of
Monte Carlo techniques in the area of CT dosimetry is well
established.””!! More recently, Monte Carlo techniques have
been used to simulate the dose from the kV imagers integrated
into linear accelerators, such as the On-Board Imager (OBI)
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integrated into the Trilogy accelerator (Varian Medical Sys-
tems, Palo Alto, CA).">'> In order to generate an accurate
Monte Carlo simulation of the OBI dose, detailed informa-
tion about the x-ray spectrum, internal filtration, added bowtie
filtration and beam geometry (i.e., focal spot to isocenter dis-
tance, cone angle, and collimation) is needed. While much of
this information can be referenced from OBI documentation,
some of the information, such as energy spectra and bowtie
filter descriptions may be proprietary and therefore only be
obtained from the manufacturer under a nondisclosure agree-
ment. Using manufacturer data to construct a Monte Carlo
model can be a laborious process, with the need to describe
each component of the model in great detail. Additionally,
proprietary data from the vendors provide information about
their “reference” machine that may differ slightly from the
specific system that is to be characterized.

Motivated by a novel measurement-based method devel-
oped for conventional CT dose calculation and simulation,'®
this project aims to simplify the OBI Monte Carlo model de-
velopment process and incorporate into the model machine-
specific characteristics by adapting an equivalent source
model to the radiotherapy integrated imaging context. The
equivalent source model is made up of an equivalent spec-
trum module and equivalent filter module. The goal of the
equivalent spectrum module is to generate an Xx-ray spec-
trum, for each beam energy of interest, that is characterized
by “equivalent” properties of the original spectrum, which in
this case would be the half-value layer (HVL) value obtained
experimentally.!” The goal of the equivalent filter module is
to generate a description of the full- and half-bowtie filter
that attenuates the equivalent spectrum in the same manner
that the actual bowtie filter attenuates the actual spectrum by
measuring the variation of bowtie filtration across the x-ray
beam. This equivalent source can then be deployed in Monte
Carlo simulation tools to estimate radiation doses from OBI
imaging.

We will present the development of the OBI equivalent
source model and apply it for a variety of beam energies and
bowtie filter configurations. To assess the accuracy of the pro-
posed approach, validation studies, based on physical mea-
surements, are performed for a range of beam energies with
both full- and half-bowtie filters using both the radiographic
and CBCT mode of operation.

2. MATERIALS AND METHODS
2.A. Varian OBI system

The OBI kV imaging system integrated into the Varian No-
valis Tx radiosurgery platform (Varian Medical Systems, Palo
Alto, CA) was used to produce the kV beams characterized in
this investigation. Beam energies from this device range from
40 to 150 kVp. The focal-spot-to-machine-isocenter distance
is 100 cm at which the maximum field size is 50 x 50 cm.
The beam is collimated by two sets of adjustable lead blades,
known as the X-Y blades. The OBI system supports both full-
fan and half-fan modes. The former is normally employed for
objects with diameters less than 24 cm (i.e., head) while the
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FIG. 1. Full- and half-fan geometry with the appropriate bowtie filters.

latter is traditionally used when objects exceed 24 cm in di-
ameter (i.e., pelvis). In the half-fan mode, the flat panel detec-
tor is shifted laterally so that an increased field-of-view can
be obtained. After the x-ray window, additional filtration in
the form of a bowtie filter is used to improve image quality
and reduce skin dose. Two bowtie filter options, full-bowtie
and half-bowtie, are used with the full- and half-fan modes,
respectively. The bowties are shaped in the direction paral-
lel to the anode-cathode direction of the x-ray tube and uni-
form in thickness in the other direction. Each bowtie has a
central thickness of 1.5 cm of aluminum.'? Figure 1 shows a
schematic of the full- and half-fan geometry with the appro-
priate bowtie filters. The OBI has three modes of kV imaging:
radiographic, CBCT, and fluoroscopic. This investigation is
focused on the radiographic and CBCT imaging capabilities
of the OBI. Radiographic images can be acquired with the im-
ager in the anterior-posterior (AP) or lateral position with re-
spect to the patient (positioned head first, supine). CBCT im-
ages can be acquired as either a full- or partial-scan. When the
full-fan mode is utilized, a 204° partial-scan (approximately
180° plus the fan angle) is acquired.'* When objects exceed
the 24 cm limit for use of the full-fan mode, the half-fan mode
is employed, and a full-scan of 364° (360° + 4° overscan) is
acquired.

2.B. Equivalent source model measurement scheme
2.B.1. Equivalent spectrum module measurements

HVL measurements were made for all beam energies of
interest in this investigation. The gantry was rotated such that
the therapy head was at the 3 o’clock position and the kV
source was at the 12 o’clock position. All added bowtie fil-
ters were removed, and a 0.6 cm? thimble ionization cham-
ber (Model 10X5-0.6, Radcal Corporation, Monrovia, CA)
was attached to the treatment table such that the active por-
tion of the chamber was extended beyond the edge of the ta-
ble at the machine isocenter. The thimble ionization chamber
was calibrated against a secondary diagnostic energy standard
traceable to a primary standard. Table I shows the techni-
cal settings used to make the HVL measurements. The X-Y
blades were set to 5 cm x 5 cm for a narrow beam measure-
ment. An initial exposure was made at isocenter using the
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TABLE I. Technical settings for HVL and bowtie profile measurements.

HVL Bowtie profile

measurements measurements
X-ray voltage (kVp) 80, 100, 125 125
X-ray current (mA) 200 250
X-ray milliseconds (ms) 500 2500
Exposure (mAs) 100 625
Blade X1 (cm) 2.5 25.0
Blade X2 (cm) 2.5 25.0
Blade Y1 (cm) 2.5 25.0
Blade Y2 (cm) 2.5 25.0

radiographic mode of operation of the OBI. Subsequent ex-
posures were made at isocenter using incremental thicknesses
of high-purity (99.9%) aluminum (Al) placed 50 cm from the
ionization chamber until the resultant exposure was less than
one-half the initial exposure.

2.B.2. Equivalent Bowtie filter module measurements

Bowtie profile measurements were made for both the full-
and half-bowtie filter. The gantry was rotated such that the
therapy head was at the 6 o’clock position and the kV source
was at the 3 o’clock position. The bowtie filter to be profiled
was attached to the x-ray window, and the 0.6 cm® thimble
ionization chamber used in the HVL measurements was at-
tached to the treatment table, with the table outside the direct
x-ray beam path, and placed at the machine isocenter. The full
profile (across the entire field of view) was obtained. Table I
shows the technical settings used to make the bowtie profile
measurements. Because there exists only one full-bowtie and
one half-bowtie for the current OBI device, a single descrip-
tion of each bowtie was generated by making profile mea-
surements only for the highest beam energy in this study
(125 kVp). The X-Y blades were set to the maximum field
size of 50 x 50 cm to profile the entire field under influence
of the bowtie filters. An initial exposure was made at isocen-
ter, and subsequent exposures were made by moving the treat-
ment table in 5 mm increments in the +z-direction to obtain
the entire profile of exposure attenuations from the bowtie fil-
ter as a function of the ray angle. Figure 2 shows the experi-
mental setup for the bowtie profile measurements.

2.C. Equivalent source model computational methods
2.C.1. Equivalent spectrum module computation

The equivalent source model is made up of two compo-
nents, the first of which is the equivalent spectrum module.
The goal of the equivalent spectrum module is to generate an
x-ray photon spectrum with a calculated beam behavior that
best matches key characteristics of the OBI system; specif-
ically, the equivalent spectrum is chosen based on match-
ing the HVL value measured experimentally, and in doing so
takes into account the spectrum off the anode and any inher-
ent filtration of the system (including the housing). Consistent
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FIG. 2. Experimental setup for the bowtie profile measurements.

with (1)—(3) in Fig. 3, the following steps are necessary to ex-
ecute this module:

(1) An initial tungsten (W) spectrum is transmitted
through a thin, uniform layer of arbitrarily defined
intrinsic filtration material. Assuming exponential
attenuation, the number of remaining x-rays at each
energy is calculated to produce a candidate spectrum.
The initial W spectrum is obtained using a computa-
tional tool by Siewerdsen et al. called SPEKTR that
utilizes Boone and Seibert’s tungsten anode spectral
model using interpolating polynomials (TASMIP) to
obtain spectra with an energy resolution of 1.0 keV
for a specified kVp.'5 1

(2) Using the candidate spectrum, kerma in air is calcu-
lated. kerma in air is calculated by summing the prod-
uct of the energy fluence and the mass energy-transfer
coefficient of air (u./p).r over all energies present
in the candidate spectrum. For energies in the diag-
nostic range (20-150 keV) and for low-Z absorbers
such as air, the amount of radiative losses is relatively
small, so the mass energy-transfer coefficient is ap-
proximately equal to the mass energy-absorption coef-
ficient (y/0)air = (Wen! P)air- Therefore, because they
can be easily referenced from numerous sources, mass
energy-absorption coefficients are used in the calcula-
tion of kerma in air. The mass energy-absorption coef-
ficients used in this investigation are referenced from
Hubbell and Seltzer.>°

(3) The spectrum and subsequent kerma in air resulting
from transmitting the candidate spectrum through a
thin, uniform thickness of Al is calculated. This step
is repeated while incrementally increasing the thick-
ness of Al until the kerma in air is one-half the initial
kerma in air calculated in step (2). Because kerma in
air is directly proportional to exposure, this thickness
of Al represents the calculated HVL of the candidate
spectrum.

Steps (1)—(3) are repeated while incrementally increasing
the thickness and type of the intrinsic filtration material until
the difference between the measured and calculated HVL is
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FI1G. 3. Diagram of method for generating an equivalent source model using the equivalent spectrum module (Steps 1-3) and the equivalent filter module

(Steps 4-6).

minimized. Because this method assumes the exact material
composition and design of the filtration scheme is unknown,
filtration materials commonly found in x-ray housing con-
struction, including aluminum, graphite, lead, and titanium,
were examined as candidates for the equivalent filter material
in step (1). The candidate spectrum with the calculated HVL
that best matches the measured value (lowest percent differ-
ence between the calculated HVL of the candidate spectrum
and the measured HVL) is considered the equivalent spec-
trum. By generating equivalent spectra instead of simply us-
ing the basic spectra from SPEKTR, we are able to model the
inherent filtration within the x-ray tube housing and include it
within the model.

2.C.2. Equivalent Bowtie filter module computation

The second component of the equivalent source model is
the equivalent bowtie filter module. The goal of the equivalent
filter module is to generate a description of the attenuation
profile of the full- and half-bowtie filter such that the equiva-
lent filter attenuates the equivalent spectrum in the same man-
ner that the actual bowtie filter attenuates the x-ray source
spectrum. Consistent with (4)—(6) in Fig. 3, the following
steps are necessary to execute this module:

(4) Based on the data acquired form the bowtie filter pro-
file measurements, the ratio of the exposure obtained
at each angle, 6;, to the exposure obtained along the
central ray of the bowtie filter is calculated.

(5) The equivalent spectrum resulting from the equivalent
spectrum module is transmitted through a thickness of
bowtie filter material deemed to be the center of the
equivalent bowtie filter, and the resultant kerma in air
is calculated. The equivalent bowtie filter is arbitrarily
assumed to be composed of Al with a central ray thick-
ness of 1.5 cm. The central ray thickness assumption

Medical Physics, Vol. 40, No. 11, November 2013

is based upon information available in the literature.'?
While Al may not be the actual material of the actual
bowtie filter, this assumption will be shown to be rea-
sonably robust for this approach.

(6) The equivalent spectrum is transmitted through a
thickness of Al, and the subsequent kerma in air is
calculated. This step is repeated while incrementally
increasing the thickness of Al until the difference be-
tween the ratio obtained in step (4) and the ratio of the
kerma in air through the thickness of Al to the kerma
in air from step (5) is minimized. The thickness of Al
that minimizes this difference is considered the equiv-
alent path for ;.

Steps (4)—(6) are repeated for each angle measured as
part of the bowtie filter profile measurement. Combining the
equivalent Al path lengths as a function of measured angle
produced an equivalent filter description.

2.D. Monte Carlo simulations

The computational results of the equivalent spectrum and
bowtie filter modules were incorporated into the Monte Carlo
software package MCNPX (Monte Carlo N-Particle eXtended
version 2.7.a).2! Modification was made to the standard MC-
NPX source code in order to appropriately model the possible
X-ray source position, energy, initial trajectory, and attenua-
tion due to the bowtie filter for a variety of OBI radiographic
and CBCT protocols.

First, the photon’s initial energy is randomly selected from
an energy cumulative distribution function created for the
equivalent spectrum of interest. Next, the initial position of
the photon is selected at a focal-spot-to-machine-isocenter
distance of 100 cm. For simulations of the radiographic mode
of operation, the initial position is fixed, but for simula-
tions of the CBCT mode of operation, the initial position is
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randomly selected from all possible positions for the full- and
partial-scan scenarios. An acceptable fan angle and longitu-
dinal beam width (i.e., cone angle) value is then randomly
sampled. The direction of the photon is specified by the com-
ponents of a unit vector in a direction randomly selected from
the set of all possible trajectories for a given start position,
fan angle, and longitudinal beam width. Finally, attenuation
due to the bowtie filter is modeled by adjusting the statis-
tical weighting factor of each photon. The path length of a
photon through the bowtie for a given trajectory is linearly
interpolated from the bowtie filter description (equivalent Al
path length as a function of trajectory angle) generated from
the bowtie profile module. Using this path length and the lin-
ear attenuation coefficients for Al, the resulting exponential
attenuation factor is calculated. Multiplying this exponential
attenuation factor by an initial particle weight of 1 yields the
new weighting factor for that photon in MCNPX.

Within all the simulations, the detailed photon transport
mode with a low-energy cutoff of 1 keV was used. The de-
tailed physics treatment includes coherent scattering and ac-
counts for fluorescent photons after photoelectric absorption.
Form factors and Compton profiles are used to account for
electron binding effects, and analog capture is always used.
The incoherent, coherent, and photoelectric cross section data
are based on ENDF/B-IV.?? Simulation physics options are
set so that the photon transport mode does not explicitly cre-
ate photoelectrons but instead assumes all secondary electrons
deposit their energy at the photon interaction site, which is
reasonable given the incident photon energy distribution. This
assumption satisfies charged particle equilibrium and allows
absorbed dose to be approximated as collision kerma, which
was calculated in each volume of interest by tallying the pho-
ton energy fluence and multiplying by the material-specific
and energy-dependent mass energy-absorption coefficient.

2.E. Validation measurements and simulations
2.E.1. Radiographic imaging

Radiographic imaging dose was measured for both a pelvis
and head AP protocol. Table II shows the technical settings
used to make the radiographic imaging dose measurements.
For each radiographic imaging protocol, the x-ray exposure
was set to 200 mAs in order to achieve sufficient charge col-
lection within the ionization chamber used to make dose mea-
surements. The desired exposure was achieved by scaling the
clinical x-ray exposure time (ms) for each protocol. The pelvis
AP protocol utilizes the half-fan mode and a half-bowtie filter
while the head AP protocol utilizes the full-fan mode and a
full-bowtie filter.

For the pelvis AP protocol, measurements were made with
a body (32 cm diameter) CTDI phantom. For the head AP
protocol, measurements were made with head (16 cm di-
ameter) CTDI phantom. Each of these homogeneous, poly-
methyl methacrylate (PMMA) cylindrical phantoms is 15 cm
in length and contains one central and four peripheral cylin-
drical holes the length of the phantom that can be probed
by an ionization chamber. The central reference point of the
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TABLE II. Technical settings for radiographic and CBCT imaging dose mea-
surements. For the Pelvis AP and Head AP radiographic imaging proto-
cols, the x-ray exposure was scaled for measurement by scaling the clinical
x-ray exposure time. The clinical exposures and exposure times are given in
brackets [].

Pelvis Head Pelvis Standard-dose

AP AP CBCT  head CBCT
X-ray voltage (kVp) 80 100 125 100
X-ray current (mA) 200 200 80 20
X-ray milliseconds (ms) 1000 [50] 1000 [40] 13 20
Gantry rotation range (deg)  Fixed Fixed 364 204
Number of projections 1 1 655 360
X-ray exposure (mAs) 200 [10] 200 [8] 681 144
Fan type Half Full Half Full
Bowtie filter Half Full Half Full
Blade X1 (cm) 6.8 13.6 6.8 13.6
Blade X2 (cm) 235 13.6 23.5 13.6
Blade Y1 (cm) 10.3 9.2 10.3 9.2
Blade Y2 (cm) 10.3 9.2 10.3 9.2

phantom was aligned at machine isocenter, and point dose
measurements were made by changing the ionization cham-
ber position among the midpoint of the cylindrical holes un-
der repetitive scans. All measured exposures in milliroent-
gen (mR) were converted to dose to air in mGy using 1 mR
= 0.00876 mGy. Figure 4 shows a cross-sectional schematic
of both the body and head CTDI phantoms with each mea-
surement location labeled numerically. The CTDI phantoms,
treatment table, and ionization chamber (chamber walls, ac-
tive volume of air, electrode, etc.) were explicitly mod-
eled using standard geometry and material descriptions in
MCNPX, and in-phantom dose was then simulated at all
measurement locations by tallying within a 0.6 cm® vol-
ume of air modeled to represent the active portion of the
chamber.

O= N0

vo| 0w

3
(@)

FIG. 4. Cross-sectional schematic of head (top) and body (bottom) CTDI
phantom. Measurement locations used in this investigation are labeled
numerical.
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2.E.2. CBCT imaging

CBCT imaging dose was measured for both a pelvis and
standard-dose head CBCT protocol, with the technical set-
tings reported in Table II. According to default clinical set-
tings, images were acquired using the half-fan mode, a half-
bowtie filter and a full-scan for the pelvis CBCT protocol
and the full-fan mode, a full-bowtie and a partial-scan for
the head CBCT protocol. For the partial-scan, images are ac-
quired through 204°. For the full-scan, images are acquired
through 364°. The 4° overscan exists on the patient’s left lat-
eral. Figure 5 shows a diagram of the partial- and full-scan
used in this investigation.

Measurements were made using the body CTDI phan-
tom and the head CTDI phantom for pelvis and head CBCT
protocols, respectively. Specific measurement and simulation
steps are the same as the radiographic case described in
Sec. 2.E.1.

2.F. Comparison of measurements and simulations

Normalization factors are required to convert simulated
dose values (mGy per particle) to absolute dose normalized
on a tube current time product basis (mGy per mAs) so
that direct comparisons can be made between measured and
simulated doses. In order to do this, air scan measurements

Tube
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. Tube
292 " stop
{ \
:' A%
H H
' H
H !
\ J/
l‘ "
b’ ’
) ’
A ) ’
. ,
®, ’
-, ’,
\‘~ “,
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e ~
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<]
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~, -
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FI1G. 5. Diagram of partial- and full-scan. A circle is used to designate the
tube start angle and a triangle is used to designate the tube stop angle. For the
partial-scan (top), the imager is rotated counter-clockwise through 204° with
a starting and stopping angle of 292° and 88°, respectively. For the full-scan
(bottom), the imager is rotated counter-clockwise through 364° with the 4°
overscan from 92° to 88°.
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(mGy per mAs) and corresponding simulations (mGy per par-
ticle) are performed for all protocols outlined in Table II.
Again, measured exposures in mR were converted to dose
to air in mGy using | mR = 0.00876 mGy. For air scan
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FI1G. 6. Probability density functions of the initial W spectrum and the
equivalent spectrum for the 80 kVp (top), 100 kVp (middle), and 125 kVp
(bottom) scenarios.
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measurements, the thimble ionization chamber is attached to
the treatment table such that the active portion of the cham-
ber is extended beyond the edge of the table at the ma-
chine isocenter and therefore essentially “free-in-air.” A cor-
responding simulation using the ionization chamber model
at isocenter is then performed in MCNPX. By dividing the
air scan measurement by the air scan simulation, a normal-
ization factor (particle per mAs) is uniquely determined for
each protocol, similar to that described by DeMarco et al.”
In-phantom simulations results can then be multiplied by the
appropriate normalization factor to yield simulated dose in
units of mGy per mAs. Although normalization factors can
be calculated using measurements and simulations within
some phantom, the advantage of air scan normalization fac-
tors is that the chamber position is reproducible in a lo-
cally homogeneous dose region void of any nearby atten-
uating mediums such as the treatment table.”* Once sim-
ulated dose values are properly normalized, percent differ-
ences between measurements within the CTDI phantoms and
analogous simulations are calculated to access the accuracy

of the Monte Carlo model to reproduce in-phantom dose
distributions.
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F1G. 8. Equivalent full- and half-bowtie filter generated as part of the equiv-
alent filter module.

3. RESULTS
3.A. Equivalent source model development

The measured HVLs for the 80, 100, and 125 kVp beams
are 3.50, 4.34, and 5.41 mm Al, respectively. Equivalent spec-
trums were developed using these measured HVLs in accor-
dance with the methodology described in Sec. 2.C.1. Figure 6
shows the probability density functions of the initial W spec-
trum and the estimated equivalent spectrum, characterized by
the calculated HVL, for the 80, 100, and 125 keV scenarios.

Figure 7 shows the normalized bowtie profile measured for
both the full- and half-bowtie. By incorporating these mea-
surements into the equivalent filter module, equivalent bowtie
descriptions were uniquely determined for both the full- and

half-bowtie. Figure 8 shows the outputs from the equivalent
filter module.

3.B. Radiographic imaging validation

Table III shows the measured and simulated in-phantom
dose for the radiographic imaging protocols. For each
simulation, 10 x 10° photons histories were used to achieve

TABLE III. Comparison of measured and simulated radiographic imaging dose. Each location is referenced from the diagram in Fig. 4.

Pelvis AP Head AP
Location Measurement (m Gy/mAs) MCNPX (mGy/mAs) % Diff. Measurement (mGy/mAs) MCNPX (mGy/mAs) % Diff.
1 5.90 x 1079 5.82 x 1079 —1.36 3.69 x 10792 3.67 x 10792 —0.54
2 7.51 x 10792 7.25 x 10792 —3.46 1.09 x 10791 1.04 x 10791 —4.59
3 3.60 x 10704 347 x 107% —3.61 8.99 x 10793 8.90 x 10792 —1.00
4 1.52 x 1079 1.45 x 10703 —4.61 1.53 x 10792 1.48 x 10792 —3.27
5 6.23 x 107% 5.91 x 107% —5.14 2.22 x 10792 2.15 x 10792 -3.15
Average % Diff. (SD) —3.64 (1.45) —2.51(1.69)
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TABLE IV. Comparison of measured and simulated CBCT imaging dose. Each location is referenced from the diagram in Fig. 4.

Standard-dose head CBCT

Pelvis CBCT
Location Measurement (mGy/mAs) MCNPX (mGy/mAs) % Diff. Measurement (mGy/mAs) MCNPX (mGy/mAs) % Diff.
1 2.28 x 10792 2.23 x 10792 —2.19 3.36 x 10792 3.22 x 10792 —4.17
2 3.82 x 10792 3.68 x 10792 —3.66 1.13 x 10792 1.07 x 10792 —5.31
3 3.58 x 10792 3.45 x 10792 —3.63 4.84 x 10792 4.65 x 10792 —3.51
4 3.93 x 10792 3.77 x 10792 —4.07 2.97 x 10792 2.93 x 10792 —1.35
5 3.80 x 10792 3.68 x 10702 —3.16 3.82 x 10792 3.70 x 10792 —3.14
Average % Diff. (SD) —3.34(0.72) —3.50 (1.46)

a statistical uncertainty of less than 1%. Simulations uni-
formly underestimated measurements by 1.36%-5.14% for
the pelvis AP protocol and 0.54%—4.59% for the head AP
protocol. The mean percent difference and standard deviation
(SD) of the difference between the measurements and simu-
lations was —3.64% (SD = 1.45%) for the pelvis AP protocol
and —2.51% (SD = 1.69%) for the head AP protocol.

3.C. CBCT imaging validation

Table IV shows the measured and simulated in-phantom
dose for the CBCT imaging protocols. For each simulation,
10 x 10° photons histories were used to achieve a statistical
uncertainty of less than 1%. Simulations uniformly underes-
timated measurements by 2.19%—4.07% for the pelvis CBCT
protocol and 1.35%-5.31% for the standard-dose head CBCT
protocol. The mean percent difference between the measure-
ments and simulations was —3.34% (SD = 0.72%) for the
pelvis CBCT protocol and —3.50% (SD = 1.46%) for the
standard-dose head CBCT protocol.

4. DISCUSSION AND CONCLUSIONS

Besides alleviating the need to obtain proprietary data
from the manufacturer to construct a Monte Carlo model of
the OBI, this measurement-based approach customizes the
source specifications to match physical measurements made
using the exact machine of interest. Any modifications made
to the OBI device or software after factory assembly may
not resonate in the manufacturer provided beam characteris-
tics or bowtie profile data. The measurement-based approach,
though, will appropriately incorporate any variations into the
model.

Because the bowties filters of the OBI kV imaging system
integrated into the Varian Novalis Tx radiosurgery platform
are shaped in the direction parallel to the anode-cathode di-
rection of the x-ray tube, bowtie profile measurements will be
subject to the anode heel effect. The anode heel effect is en-
hanced in the OBI because of the use of a steeply angled an-

ode as part of a rotating anode tube. It is therefore important
that the full profile of each bowtie be measured in its entirety.
This is especially true for the full-bowtie filter. In the orig-
inal measurement-based method developed for conventional

Medical Physics, Vol. 40, No. 11, November 2013

CT dose calculation and simulation, only half of the bowtie
profile was measured and symmetry was assumed about the
central ray because the anode heel effect did not exist in the
direction of the profile for all the CT scanners investigated.'®
While manufacturer schematics show that the physical full-
bowtie is symmetric about the central ray in the axial plane,
the Fig. 8 demonstrates some asymmetry about the central
ray for the Al equivalent length bowtie filter description. This
is most likely due to the anode heel effect present in the di-
rection of the profile and potentially other machine specific
effects on the x-ray beam intensity such as source misalign-
ment. Asymmetry has also been demonstrated by Ding et al.
in fluence profile simulations using an electrons-on-target
OBI source model constructed from manufacturer’s data
specifications.!?

In order to understand the potential dose differences
that would arise between simulations and measurements if
machine specific effects on the x-ray beam’s intensity
throughout its entirety, such as the anode heel effect, were
not modeled within the Al equivalent length bowtie filter de-
scription, a symmetric full-bowtie profile was constructed and
used within Monte Carlo simulations of the head AP protocol.
Figure 9 shows a full-bowtie profile derived from measuring
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its entirety.
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TABLE V. Comparison of measured and simulated imaging dose for the head
AP protocol using a symmetric full-bowtie profile.

Measurement MCNPX
Location (mGy/mAs) (mGy/mAs) % Diff.
1 3.69 x 10792 3.57 x 10792 —3.25
2 1.09 x 10791 1.02 x 10791 —6.42
3 8.99 x 1003 8.52 x 10793 —523
4 1.53 x 10792 1.46 x 10702 —4.58
5 222 x 10792 1.66 x 10702 —25.23
Average % Diff. (SD) —8.94 (9.18)

half of the bowtie profile and assuming symmetry around the
central axis overlaid on the full-bowtie profile measured in its
entirety. Clearly there is asymmetry about the axis within the
region that would constitute the collimated x-ray beam for the
protocol used (See Table II). Table V shows the differences
between simulations and measurements if the bowtie profile
that assumes symmetry was used within Monte Carlo simula-
tions of the head AP protocol. The difference is most notable
at the lateral in-phantom measurement location on the side
of the bowtie profile that was assumed to be symmetric. Had
machine specific effects on the x-ray beam intensity not been
taken into account within the source models used in this in-
vestigation, it is reasonable to conclude that simulation results
beyond the head AP protocol would not have agreed so nicely
with the measurements because of the asymmetry present in
the machine used in this study.

In this investigation, an equivalent source model, origi-
nally developed for CT dose quantification, has been suc-
cessfully adapted for use in Monte Carlo simulations of dose
from the radiographic and CBCT modes of operation of the
OBI. A careful validation has been performed and the re-
sults demonstrate the accuracy of this measurement-based
approach to reproduce in-phantom measurements for an as-
sortment of technical settings and parameters of the OBI. Pro-
tocols utilizing the full- and half-bowtie, a variety of beam en-
ergies, the full- and half-fan mode and a full- and partial-scan
were all validated using the equivalent source model. Future
work will focus on anthropomorphic and patient-specific dose
assessment.
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