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Objective: To quantify and correct megavoltage (MV)
scattered X-rays (MV-scatter) on animage acquired using
a linac-mounted kilovoltage (kV) imaging subsystem.
Methods and materials: A linac-mounted flat-panel
detector (FPD) was used to acquire an image containing
MV-scatter by activating the FPD only during MV beam
irradiation. 6-, 10-, and 15MV with a flattening-filter
(FF; 6X-FF, 10X-FF, 15X-FF), and 6- and 10MV without
an FF (6X-FFF, 10X-FFF) were used. The maps were
acquired by changing one of the irradiation parameters
while the others remained fixed. The mean pixel values
of the MV-scatter were normalized to the 6X-FF refer-
ence condition (MV-scatter value). An MV-scatter data-
base was constructed using these values. An MV-scatter
correction experiment with one full arc image acquisi-
tion and two square field sizes (FSs) was conducted.
Measurement- and estimation-based corrections were
performed using the database. The image contrast was
calculated at each angle.

INTRODUCTION

Image-guided radiotherapy (IGRT) systems have been
employed extensively over the past two decades."” Kilo-
voltage (kV) and megavoltage (MV) X-rays are used as
radiation-based techniques for IGRT, whereas magnetic
resonance imaging, ultrasound, optical imaging, and surface
imaging are used as non-radiation-based techniques. These
methods may be used either alone or in combination.

A modern medical linear accelerator (linac) may have one
or two kV imaging subsystems that arelocated perpendic-
ular to or at £135° interval with respect to the therapeutic
MYV beam. Independent kV imaging subsystems with two
or four kV sources and detectors have also been used.

Results: The MV-scatter increased with a larger FS and
dose rate. The MV-scatter value factor varied substan-
tially depending on the FPD position or collimator rota-
tion. The median relative error ranges of the contrast
for the image without, and with the measurement- and
estimation-based correction were -10.9 to -2.9, and -1.5
to 4.8 and -7.4 to 2.6, respectively, for an FS of 10.0 x
10.0cm?

Conclusions: The MV-scatter was strongly dependent
on the FS, dose rate, and FPD position. The MV-scatter
correction improved the image contrast.

Advances in knowledge: The MV-scatters on the True-
Beam linac kV imaging subsystem were quantified with
various MV beam parameters, and strongly depended on
the fieldsize, dose rate, and flat panel detector position.
The MV-scatter correction using the constructed data-
base improved the image quality.

kV imaging subsystems are used for tumor localization
before therapeutic MV beam irradiation. In recent years,
concurrent kV imaging using linac-mounted kV imaging
subsystems has garnered attention for use in real-time
three-dimensional (3D) IGRT during MV beam irradi-
ation. Such systems include real-time tumor-tracking
radiotherapy (RTRT),>* dynamic tumor tracking with a
gimbaled head on Vero4DRT (Mitsubishi Heavy Industries,
Ltd., Hiroshima, Japan, and BrainLAB AG, Feldkirchen,
Germany),” kilovoltage intrafractional monitoring (KIM),’
combined MV and kV imaging,’ combined optical and
sparse monoscopic imaging with kV X-rays,” and in-treat-
ment cone-beam computed tomography (CBCT) imaging.”
A prerequisite for all of these techniques is concurrent kV
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imaging during MV beam irradiation, whereby the scattered
X-rays of the MV beam from scatterers (MV-scatters) are inci-
dent on the kV detectors. MV-scatter may degrade the image
contrast or visibility of not only concurrent kV images, but also
CBCT images, without depending on the kV imaging param-
eters. For example, the MV-scatter on a concurrent kV image
reduces the accuracy of the marker or target detection (Supple-
mentary Material 1). Therefore, all of the above-mentioned
real-time 3D IGRT techniques would require an MV-scatter
correction method.

The MV-scatter maps acquired for various MV beam parame-
ters should be investigated to establish an extensive MV-scatter
correction method for concurrent kV projections, as these
projections are necessary for both concurrent CBCT imaging and
real-time 3D IGRT techniques using linac-mounted kV imaging
subsystems. However, few such studies have been conducted to
date. Iramina ef al investigated the characteristics of MV-scatter
on Vero4DRT with two orthogonal kV imaging subsystems.'’
Although Luo et al reported a lower image contrast with a larger
field size (FS), MV energy, and dose rate, as well as a closer flat-
panel detector (FPD) position, the variations in each parameter
tested in the study were limited and the dependencies were not
determined."’ Wallace et al investigated the effect of MV-scatter
to optimize the parameters for their KIM method, but no infor-
mation on the MV-scatter map itself was made available.'”

To the best of the authors' knowledge, no study has yet investi-
gated the dependencies of the parameters on the MV-scatter for a
linac with one kV imaging subsystem in detail, including the use
of flattening-filter-free (FFF) beams. The purpose of the present
study was to quantify the basic physical characteristics of the
MV-scatter itself by acquiring an MV-scatter map using a True-
Beam STx linac (Varian Medical Systems, Palo Alto, CA) with
various parameters and to construct an MV-scatter database for

MV-scatter correction. Different FSs, phantom sizes and densi-
ties, dose rates, gantry and collimator angles, and FPD positions
from the isocenter were evaluated. Moreover, MV-scatter maps
were acquired using not only flattening-filter (FF) but also FFF
beams, as the latter can achieve a high dose rate. An MV-scatter
correction experiment was also performed, in which an MV-s-
catter map was subtracted from a kV image acquired during MV
beam irradiation by using a phantom including a pseudotumor
ball.

METHODS AND MATERIALS

MV-scatter map acquisition procedure

The MV-scatter map acquisitions were performed on Developer
Mode. A phantom was irradiated with an MV beam. During
the MV beam irradiation, the FPD was activated without kV
X-ray irradiation to acquire the MV-scatter image using the kV
imaging subsystem, conducted with the “DynamicGain-DF”
option. A total of 10 images were acquired at nearly 10 MU and
without image correction, and the acquisition time of each image
was fixed. The first (dark-field) image was acquired with neither
MV nor kV irradiation, and thus, displayed the background
signal. The dark-field image was subtracted from images 2 to
10. Thereafter, the subtracted images were averaged, yielding the
MV-scatter map.

Parameter variation

In this study, 6, 10, and 15MV FF beams (6X-FE, 10X-FE, and
15X-FF, respectively) and 6 and 10 MV FFF beams (6X-FFF and
10X-FFF, respectively) were used. The reference condition was
an FS of 10.0 x 10.0cm? a dose rate of 400 MU/min, gantry
and collimator angles of 0°, and an FPD position of 70 cm from
the isocenter. The reference scatterer was the water-equivalent
cuboid phantom (Taisei Medical, Inc., Osaka, Japan; physical
density:~1g/cm?; 30.0 x 30.0 x 26.0 cm’; “Cuboid phantom”) set

Table 1. Reference condition for the MV-scatter map, variable parameters, and scatterers used in this study

Parameter Description Scatterer
Reference condition for MV-scatter map Field size: 10.0 x 10.0 cm?, dose rate: 400 MU/ Cuboid
acquisition min, gantry and collimator angles: 0°, flat-panel

detector (FPD) position from isocenter: 70 cm
Field size [cmz] 2.5x%2.5,5.0x5.0,7.5 % 7.5,10.0 x 10.0, 12.5 x Cuboid and Lung

12.5,15.0 x 15.0, 17.5 x 17.5, 20.0 x 20.0, 22.5 x

22.5,25.0 x 25.0, 27.5 x 27.5, 30.0 x 30.0

Dose rate [MU/min] 6, 10, and 15MV beam with flattening-filter Cuboid

(FF): 20, 60, 100, 200, 300, 400, 500, 600; 6 MV

beam without FF: 400, 600, 800, 1,000, 1,200,
1,400; 10 MV beam without FF: 400, 800, 1,200,
1,600, 2,000, 2,400

Gantry angle [°] 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, Cuboid and Cylindrical

180, 195, 210, 225, 240, 255, 270, 285, 300, 315,

330, 345

Collimator angl(—‘:'d [°] 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, Cuboid

175, 185, 195, 210, 225, 240, 255, 270, 285, 300,

315, 330, 345

FPD position from the isocenter [cm] 40, 50, 60, 70, 80 Cuboid

MV, megavoltage.

2Due to mechanical limitations, the movement range of the collimator angle ranged from 185°/195° to 195°/185° counterclockwise/clockwise.
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Figure 1. Images of phantoms used in this study: (left)
3D-printed thoracic phantom (Lung phantom), (middle)
water-equivalent cuboid phantom (Cuboid phantom), and
(right) water-equivalent cylindrical phantom (Cylindrical
phantom). The length of the rulers in the middle of the top
row is 30cm. 3D, three-dimensional.
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Figure 3. (a) Dark-field image, (b) second image, (c)
subtracted image, and (d) averaged image (MV-scatter
map) under reference condition of 6 MV photon beam with
flattening-filter (6X-FF). The window levels and widths for the
pixel value were 1500 and 3000 for (a, b), and 350 and 700
for (c, d), respectively. (e) The pixel value profiles are indi-
cated in the white dashed rectangles in (a-c). The MV-scatter
maps of the reference condition acquired by 6X-FF, 10X-FF,
15X-FF, 6 MV photon beam without flattening-filter (6 X-FFF),
and 10X-FFF are presented in the center. The window level
and width for the pixel value were 350 and 700, respectively.
FFF, flattening-filter-free; MV, megavoltage.
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Figure 2. Schematic of MV-scatter correction procedures. MV,
megavoltage.
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up at a source-to-surface distance (SSD) of 90cm and a source-
to-axis distance of 100cm. The parameter dependencies were
demonstrated by varying one parameter at a time while main-
taining the others fixed. The following parameters were tested:
ES, dose rate, gantry and collimator angles, and FPD position
from the isocenter (Table 1). The 3D-printed anthropomorphic
thoracic phantom (Yasojima Proceed, Co., Ltd., Hyogo, Japan; 0,
~ 1, and ~2 g/cm” for lung, soft tissue, and bone regions, respec-
tively; “Lung phantom”) and the water-equivalent cylindrical
phantom (Taisei Medical, Inc., Osaka, Japan;~1g/cm?; 20.0¢ x
30.0 cm®;“Cylindrical phantom”) were used for further consid-
erations of the FS and gantry angle dependencies, respectively
(Figure 1). These phantoms were set up at an SSD of 90 cm. After
demonstrating all parameter variations through measurements,
an MV-scatter database was constructed using the results of
6X-FF.

MV-scatter correction experiment

Phantom setup and experimental procedure

A QUASAR phantom (Modus Medical Device, Inc., London,
Canada) was used for the MV-scatter correction experiment.
A wooden rod (0.4 g/cm3) with a 30 mm-diameter spherical
pseudo-tumor ball (target ball, 1.05g/cm?) located at the center
of the rod was surrounded by a uniform acrylic phantom. The
target ball center was positioned to coincide with the isocenter
and the longitudinal axis of the rod was parallel to the superior-
inferior direction.

Developer Mode was used. In the experiment, three image
types were obtained: (#1) kV images without MV beam irradia-
tion for reference (kV only images), (#2) concurrent kV images
during MV beam irradiation (MV+kV images), and (#3) images
containing MV-scatter only. The kV imaging parameters for each
image were 125kV, 60 mA, and 20 ms. The “DynamicGainFluoro”
mode was used and the frame rate was 7 fps. The #3 images could
be acquired using the same procedure as that of the #2 images.
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Figure 4. Transverse pixel value profiles of MV-scatter maps
acquired with MV FS of (a) 5.0 x 5.0, (¢) 10.0 x 10.0, and (e)
30.0 x 30.0cm?. Longitudinal pixel value profiles of MV-s-
catter maps acquired with MV FS of (b) 5.0 x 5.0, (d) 10.0 x
10.0, and (f) 30.0 x 30.0cm?. FS, field size; MV, megavoltage.
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However, the kV collimators were closed during the concurrent
imaging so that the FPD collected MV-scatters only. The MV
beam parameters were as follows: the MV beam energies were
6X-FE 10X-FF, 15X-FF, 6X-FFF, and 10X-FFF (dose rate: 400
MU/min) andthe FSs were 5.0 x 5.0and 10.0 x 10.0 cm*for each
energy. The collimator angle was 0° and the FPD position was
70 cm. The gantry was fullyrotated during the image acquisitions
and the total number of images obtained was 420.Furthermore,
the #3 images of the QUASAR and Cuboid phantom under the
reference condition (FS: 10.0 x 10.0 cm?, dose rate: 400 MU/min,
gantry and collimator angles: 0°, and FPD position: 70 cm from
the isocenter) with 6X-FF were acquired.

MV-scatter correction and evaluation

To correct the MV-scatters from the MV +kV images Pyv.xv,
corresponding images containing MV-scatter Pyvsmap needed to
be subtracted, and the subtracted images were referred to as the
MV-scatter corrected (MVScorr) images Pumvscorr:

Pymvscorr = PMV+kV - PMVSmap (l)

In this study, two MV-scatter correction methods were used:
measurement-based and estimation-based (Figure 2). In the
measurement-based method, the measured #3 images of each
MYV beam parameter were used as Pyvsmap (PMVSmap,meas)- The
correction procedure was referred to as “Individual: QUASAR”
In the estimation-based method, Pmvsmap were estimated
from one reference image Pger and various correction factors
(kcorrection) Obtained from the MV-scatter database and the irra-
diation parameters:

PMVSmap,est = kCorrection X Pref (2)

kCorrection = kMV energy X kField size X kDose rate

3)

X ko(Gnyy X ko(col) X kdgiso—FPD)

where, kmy energy> Krield size> kDose rates kO(Gnt)x k9(Col)) and kd(isofFDP)
are correction factors for the MV beam energy, MV FS, dose rate,
gantry angle, collimator angle, and FPD position, respectively.
Two images were used for Pges : the MV-scatter only image of the
QUASAR phantom or Cuboid phantom acquired by the reference
condition with 6X-FF (Pgef—quasar O Pref—cuboid> respectively).
The correction procedures were referred to as “Estimation: Ref-
QUASAR” or “Estimation: Ref-Cuboid,” respectively.

To evaluate the correction, two ROIs (70 x 70 pixels) were set
at the center of the target ball (ROl,) and the nearby back-
ground (ROILg) of the kV only, MV+kV, and MVScorr images.
The intensity signals in ROl and ROIpgwere averaged, and
these averaged signals were referred to as M; and M,, respectively.
The image contrast was calculated by the absolute difference
between M; and M, for each image (Supplementary Material 1
Section S4). The relative errors of the MV +kVand MV-scatter
corrected images to the kV only image were calculated angle by
angle. The MV-scatter correction and image contrast calculation
were performed using in-house software developed in MATLAB
2018a (MathWorks, Natick, MA).

RESULTS

MV-scatter maps of reference condition

The dark-field image, second image, subtracted image, and aver-
aged image (i.e the MV-scatter map) obtained under the refer-
ence condition of 6X-FF are presented in Figure 3. The pixel
value distributions for all acquired dark-field images were the
same throughout this study. An ROI for the transverse direction
(profile ROIL,,) of 1024 x 100 pixels was defined and the pixel
value profiles of the dark-field, second, and subtracted images
were subsequently plotted [Figure 3 (e)]. The pixel value profile
in the profile ROl on the MV-scatter map [Figure 3 (d); profile
not shown] was almost the same as that on the subtracted image
[Figure 3 (c)]. The MV-scatter maps of the reference condition
acquired using all MV energies are also shown.

Dependencies of each parameter

The transverse and longitudinal pixel value profiles on the MV-s-
catter maps with 5.0 x 5.0, 10.0 x 10.0, and 30.0 x 30.0 cm?” are
illustrated in Figure 4. The pixel value profiles in both ROIs
decreased with higher MV beam energies. The absolute pixel
value for the FS of 30.0 x 30.0cm?* was 10-fold larger than that
for the FS of 10.0 x 10.0cm?
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Figure 5. FS dependencies for (a) Cuboid and (c) Lung phan-
toms with various MV photon beam energies. Results obtained
with square FSs ranging from 2.5 x 2.5to 15.0 x 15.0cm? for
(b) Cuboid phantom and (d) Lung phantom. The intersections
of the two dashed lines in (a-d) indicate the MV-scatter value
obtained under the reference condition of 6 MV photon beam
with flattening-filter (6X-FF). FS, field size; FF, flattening-filter.
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The mean pixel values of the MV-scatter were obtained by
defining an ROI of 100 x 100 pixels at the center of each MV-s-
catter map. Thereafter, the mean pixel values were normalized
to that of the 6X-FF reference condition (the MV-scatter value).
The FS dependencies of the MV-scatter value of the Cuboid
phantom are shown in Figure 5 (a) and (b). The MV-scatter
value increased with an increasing square FS. Thus, the MV-s-
catter value of 6X-FF was quadrupled when the square FS was
increased from 10.0 x 10.0to 20.0 x 20.0cm?” The MV-scatter
maps of the Lung phantom were also acquired with various
square FSs, as shown in Figure 5(c) and (d). The MV-scatter
map profile shape for the Lung phantom was the same as that
for the Cuboid phantom (Supplementary Material 1 Figure S2).
The increase in the MV-scatter value for the Lung phantom was
similar to that of the Cuboid phantom, but the increase rate was
lower. It was because that the density of the Lung phantom was

Figure 6. Dose rate dependencies for (a) 6, 10, and 15MV
photon beam with flattening-filter (6X-FF, 1T0X-FF, and 15X-
FF) and (b) 6 and 10 MV photon beam without flattening-filter
(6X-FFF and 10X-FFF). The intersections of the two dashed
lines in (a, b) indicate the MV-scatter value obtained under
the reference condition of 6X-FF. FF, flattening-filter; MV,
megavoltage.

Figure 7. Gantry angle dependencies of (a) Cuboid phantom
and (b) Cylindrical phantom with various MV photon beam
energies. The dashed line indicates the MV-scatter value
obtained under the reference condition of 6 MV photon beam
with flattening-filter (6X-FF). (c) Collimator angle depend-
encies with various MV photon beam energies. The dashed
line indicates the MV-scatter value obtained under the refer-
ence condition of 6X-FF.(d) FPD position dependencies with
various MV photon beam energies. The intersection of the two
dashed lines indicates the MV-scatter value obtained under
the reference condition of 6X-FF. FF, flattening-filter; FPD, flat
panel detector; MV, megavoltage.
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different from that of the Cuboid phantom. In addition, for the
field sizes smaller than certain sizes (such as <20.0 x 20.0 cm?
for 6X and <12.5 x 12.5cm? for 10X on the Cube phantom, and
<22.5 x 22.5cm? for 6X and <15.0 x 15.0cm? for 10X on the
Lung phantom), the MV-scatter value factor for the FF beam
was smaller than that for the FFF beam. For large field sizes, this
trend was inverted due to the convex profile of the FFF beam,
such that the fluence around the field edge was less than that at
the center of the beam axis.

The doserate dependencies of the FF and FFF beams are
presented in Figure 6 (a) and (b), respectively. The MV-scatter
value increased linearly with increasing dose rates. The Pear-
son’s coefficient of determination for each MV beam energy was
almost 1 and the intercept of the fitted linear line was almost 0.

The gantry angle dependencies of the Cuboid and Cylindrical
phantoms are illustrated in Figure 7 (a) and (b), respectively. For
the Cuboid phantom, the MV-scatter value factor varied with the
gantry angle, by a maximum of 1.40 for 6X-FE For the Cylin-
drical phantom, the largest 6X-FF MV-scatter value factor of 1.05
was obtained at gantry angles of 0° and 90°.

The collimator angle dependencies are shown in Figure 7 (c). A
collimator angle of 180° was not possible owing to the mechanical
limits; instead, measurements were conducted at 175° and 195°.
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Table 2. MV-scatter database based on the Cuboid phantom results

MYV energy Field size Dose rate Gantry angle Collimator angle FPD position
[MV] kMV energy [sz] kField size [MU/ kDose rate [0] kS(Gnt) [0] ke(Co]) [Cm] kd(iso-FPD)
min]
6X-FF 1.00 6.25 0.12 DR 0.0025 x 0 1.00 0 1.00 40 2.83
10X-FF 0.65 25.00 0.29 DR 15 0.98 15 1.01 50 1.81
15X-FF 0.55 56.25 0.58 30 0.95 30 1.02 60 1.29
6X-FFF 1.20 100.00 1.00 45 0.96 45 1.04 70 1.00
10X-FFF 0.69 156.25 1.56 60 0.95 60 1.06 80 0.82
225.00 2.27 75 0.90 75 1.06
306.25 3.12 90 0.94 90 1.05
400.00 4.16 105 0.97 105 1.06
506.25 5.31 120 1.00 120 1.06
625.00 6.69 135 1.06 135 1.03
756.25 8.12 150 0.99 150 1.01
900.00 9.52 165 0.93 165 1.01
180 1.01 180 1.02
195 1.09 195 1.01
210 1.21 210 1.01
225 1.31 225 1.03
240 1.28 240 1.03
255 1.25 255 1.03
270 1.31 270 1.04
285 1.36 285 1.04
300 1.40 300 1.04
315 1.36 315 1.03
330 1.21 330 1.01
345 1.05 345 1.00

FPD, flat-panel detector; MV, megavoltage.

The 6X-FF, 10X-FE 15X-FE, 6X-FFF, and 10X-FFF MV-scatter
value factors obtained at a collimator angle of 90° were approxi-
mately 1.05, 1.10, 1.13, 1.03, and 1.04, respectively, compared to
those obtained at a collimator angle of 0°.

The FPD position dependencies are presented in Figure 7 (d).
The MV-scatter increased with an increasing proximity of the
FPD to the isocenter. The MV-scatter values followed the inverse
square law.

An MV-scatter database was constructed using the measure-
ment results of the parameter variations (Table 2). In this case,
kMV energy Was the MV-scatter value factor under the reference
condition (Figure 5 (a) or (b)), whereas kgield size» kDose rate> Ko(Gnt)
» ko(con, and kygiso—ppp) Were the MV-scatter value factors
of 6X-FF from (Figure 5)(a), (Figure 6) (a) and (Figure 7) (a),
(c), and (d), respectively. In addition, MV-scatter databases for
each MV beam were also constructed (Supplementary Material
1 Table S1-S5). More details were in Supplementary Material 1
Section S5.

MV-scatter correction experiment using phantom
The kV only, MV+kV,and MVScorr images with an FS of 10.0 x
10.0 cm? at gantry angles of 180°are illustrated in Figure 8. From
the qualitative view, the MV-scatter was increased with lower
MYV beam energies. More MV-scatter was incident on the FPD
for 6X-FFF beam compared to 6X-FF supported by Figure 5
(b). Compared to the MV+kV images, the MV-scatter was elim-
inated and the MVScorr images were comparable with the kV
only image.

Boxplots of the relative errors of the image contrasts to the kV
only image for the MV+kVand MVScorr images are presented
in Figure 9. The contrasts of the MV+kV images were system-
atically lower than those of the reference image for all MV
beam energies. The image contrast was lower with larger FSs.
The median relative error ranges ofthe image contrast for the
MV+kVand MVScorr images using “Individual: QUASAR,
“Estimation: Ref-QUASAR,” and “Estimation: Ref-Cuboid” with
FSs of 10.0 x 10.0cm* were —10.9 to —2.9, —1.5 to 4.8, —1.1 to
2.6, and —7.4 to —1.1, respectively. Although the measurement-
based method exhibited the greatest improvement in the image
contrast, the MV-scatters were corrected even with the estimated
Prvsmap. As “Estimation: Ref-Cuboid” used Pres of the Cuboid
phantom, the improvement in image contrast was smaller than
that of “Estimation: Ref-QUASAR. The variations in the relative
error of the image contrast were large for the FFF beams as the
striped band sowing to electric noise were not eliminated by the
MV-scatter correction.'’

DISCUSSION

Our results demonstrated that the MV-scatter was strongly
dependent on the FS, dose rate, and FPD position. In partic-
ular, the MV-scatter value factor increased with decreasing MV
beam energies under the reference condition for the FF beam.
According to the Klein-Nishina formula, which derives the
Compton scattering angles, the proportion of side-scattering
increases with decreasing MV beam energies."” In our study, the
FPD was located perpendicular to the MV beam direction; thus,
the proportion of side-scattered X-rays incident on the FPD
decreased as the MV beam energy increased. The same trend
was observed for the FFF beam. A comparison of the FF and
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Figure 8. kV images acquired during MV beam irradia-
tion (MV+kV) with FS of 10.0 x 10.0cm? where MV-scatter
corrected images (MVScorr) and kV image without MV beam
irradiation are shown. The Individual: QUASAR = MV+kV
images were corrected by the MV-scatter map acquired using
QUASAR at each gantry angle.The Estimation: Ref-QUASAR
= MV-scatter maps were estimated from the database and
MV-scatter image of QUASAR phantom acquired by the refer-
ence condition (FS: 10.0 x 10.0cm?, dose rate: 400 MU/min,
gantry and collimator angles: 0°, and FPD position: 70 cm from
isocenter) with 6 MV photon beam with flattening-filter (6X-
FF). The Estimation: Ref-Cuboid = MV-scatter maps were esti-
mated from the database and MV-scatter image of the Cuboid
phantom acquired by the reference condition of 6X-FF.The
window level and width were 400 and 800, respectively. FF,
flattening-filter; FPD, flat panel detector; MV, megavoltage.

MVScorr
Individual: Estimation: Estimation:
MV+kv QUASAR Ref-QUASAR Ref-Cuboid
e . % ' -
: H
6X-FFF :
? ¥

MV field size: 10.0 X 10.0 cm?

kV only Window level = 400, Window width = 800

FFF beams indicated that the MV-scatter value factor of the latter
was larger under the reference condition. This was because, in
the TrueBeam machine, the effective energy of the FFF beam is
lower (or the X-ray spectra of the FFF beam is softer) than that of
the FF beam, as no beam-hardening effect occurs.'*

As confirmed by the results of the MV-scatter correction exper-
iment, the MV-scatter was corrected, and the image contrast
was improved by both the measurement- and estimation-based
correction methods (Figures 8 and 9). The preferred method
is the measurement-based one, as supported by Boylan et
al.'> However, in clinical practice, the images for a patient are
acquired during the first fraction of each treatment, such that
3D IGRT techniques cannot be applied to the fraction. This is a
particularly critical issue for hypofractionated stereotactic abla-
tive radiotherapy, because the number of treatment fractions
is small. The estimation-based method can be used in clinical
practice. Although Pg.r is necessary for using the method, it can
be acquired immediately prior to the first fraction. Moreover, a
dedicated Monte Carlo (MC) simulation may be an option for

Figure 9. Boxplots of relative errors of image contrasts to
reference image for kV image acquired during MV beam irradi-
ation (MV+kV) and MV-scatter corrected (MVScorr) image for
(a) FF and (b) FF-free (FFF) beams with FS of 5.0 x 5.0cm?,
and for (c) FF and (d) FFF beams with FS of 10.0 x 10.0cm?.
The Individual: QUASAR = MV+kV images were corrected by
the MV-scatter map acquired using QUASAR at each gantry
angle. The Estimation: Ref-QUASAR = MV-scatter maps were
estimated from the database and MV-scatter image of the
QUASAR phantom acquired by the reference condition (FS:
10.0 x 10.0 cm?, dose rate: 400 MU/min, gantry and collimator
angles: 0°, and FPD position: 70 cm from isocenter) with 6 MV
photon beam with flattening-filter (6X-FF). The Estimation:
Ref-Cuboid = MV-scatter maps were estimated from the data-
base and MV-scatter image of the Cuboid phantom acquired
by the reference condition with 6X-FF. FF, flattening-filter;
FPD, flat panel detector; FS, field size; MV, megavoltage.
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estimating the patient-specific Pyvsmap, which can generate the
Pyvsmap by inputting planning CT data and the plan informa-
tion into the MC simulation geometry. The data provided by this
study can be used for validating such MC simulation geometry
in future work.

Concurrent kV images during MV beam irradiation have been
used extensively for real-time 3D IGRT techniques in clinical
practice'®; however, this approach is hindered by the basic and
unavoidable problem of MV-scatter. Moreover, FFF beams have
been widely applied owing to their shorter irradiation time at a
high dose rate. According to our results, the use of an FFF beam
will degrade the accuracy of real-time 3D IGRT techniques. Our
results indicate that the accuracies of real-time 3D IGRT tech-
niques increase when considering MV-scatter.

One limitation of this study is that it only focused on the MV-s-
catter map acquired from a kV imaging subsystem perpen-
dicular to the MV beam. Consequently, similar results may
be acquired on the Elekta linac as the kV imaging subsystem
is perpendicular to the MV beam, but different results may be
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acquired on the RTRT subsystem because their FPD positions
differ. To establish MV-scatter maps for such linacs or subsys-
tems, MV-scatter measurements or MC simulations should be
conducted according to the procedure described in this study. In
addition, intensity-modulated beams were not considered in this
study, which is the other limitation of this study. As supported
by Figure 5, MV-scatters were strongly dependent on the field
size. Therefore, to apply the MV-scatter correction for the beams,
aperture sizes of multileaf collimator on each segment or control
point are necessary. Median relative errors of the contrast for
MV+kV images acquired by the beams can be estimated by
Figure 9.

CONCLUSIONS

To the best of the authors' knowledge, this is the first study to
quantify the various dependencies of MV-scatter in detail,
including those for FF and FFF beams, on a TrueBeam linac. The
MV-scatter was demonstrated to be strongly dependent on the
FS, dose rate,and FPD position, and less dependent on the colli-
mator angle. The MV-scatter correction experiment showed that
the correction improved the image contrast, even when using
the estimation-based correction method. Furthermore, the data
generated in this study can be used for validating MC simula-
tions of concurrent MV and kV beam irradiation geometry for
patient-specific MV-scatter correction.
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