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Purpose: Synchrony is a motion management system available on the Radixact linear accelerator
that utilizes kilovoltage (kV) radiographs to track target motion and synchronize the delivery of radia-
tion with the motion. Proper management of this imaging dose requires accurate quantification. The
purpose of this work was to use Monte Carlo (MC) simulations to quantify organ-specific patient
doses from these images for various patient anatomies.
Methods: Point doses in water were measured per TG-61 for three beam qualities commonly used
on the Radixact. The point doses were used to benchmark a model of the imaging system built using
the Monte Carlo N-Particle (MCNP) transport code. Patient computed tomography (CT) datasets
were obtained for 5 patients and 100 planar images were simulated for each patient. Patient dose was
calculated using energy deposition mesh tallies.
Results: The MCNP model was able to accurately reproduce the measured point doses, with a med-
ian dose difference of less than 1%. The median dose (D50%) to soft tissue from 100 radiographs
among the 5 patient cases ranged from 2.0 to 4.6 mGy. The max dose (D1%) to soft tissue ranged
from 6.2 to 31.0 mGy and the max dose to bony structures ranged from 20.2 to 71.7 mGy. These
doses can be scaled to estimate total patient dose throughout many fractions.
Conclusions: Patient dose is largely dependent on imaging protocol, patient size, and treatment
parameters such as fractionation and gantry period. Organ doses from 100 radiographs (an approxi-
mate number for one fraction) on the Radixact are slightly less than the doses from Tomo MVCT
setup images. Careful selection of clinical protocols and planning parameters can be used to mini-
mize risk from these images. © 2020 The Authors. Medical Physics published by Wiley Periodicals
LLC on behalf of American Association of Physicists in Medicine. [https://doi.org/10.1002/mp.14461]
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1. INTRODUCTION

Active intrafraction motion management during radiotherapy
often relies on kilovoltage (kV) imaging, magnetic resonance
imaging (MRI), or radiofrequency tracking to determine the
location of the target in real time.1 Kilovoltage image tracking
techniques deposit dose to the patient in addition to the dose
from the therapy itself. The American Association of Physi-
cists in Medicine (AAPM) Task Group 180 (TG-180)
reported on management of imaging doses in radiation ther-
apy, and recommends that imaging dose be considered in the
treatment planning process if the dose will likely exceed 5%
of the therapeutic dose.2 Appropriate management of this
imaging dose requires accurate quantification.

The Radixact linear accelerator (Accuray, Inc., Sunnyvale,
CA) contains an optional motion management system called
Synchrony®, which uses kV imaging during treatment to
monitor the location of the target and synchronize the deliv-
ery of radiation with the motion of the target. A description
of target tracking and motion of the jaws and multileaf colli-
mator (MLC) during treatment has been provided in the
works of Schnarr et al. and Chen et al.3,4 Radiographs are
acquired at two to six imaging angles every gantry rotation
and are chosen by the operator. Synchrony can be used to
manage both respiratory and nonrespiratory, or quasi-static

motion,3 both of which require the use of kV radiographs dur-
ing treatment.

Due to the recent release of Radixact Synchrony, there is
limited literature on doses from kV radiographs acquired dur-
ing these treatments. Accuray provides skin exposures at
isocenter, which must be corrected for varying patient size
and position and do not reflect dose at depth. Chen et al.
measured the weighted computed tomography dose index
(CTDIw) for 100 radiographs of the large thorax protocol on
Radixact to be 8.4 mGy.4 This value provides a magnitude of
expected doses to water, but it does not consider patient anat-
omy, imaging protocol, or dose to materials other than water
such as bone. The purpose of this work is to use measure-
ments and simulations to quantify volumetric, organ-specific
patient doses for various disease sites that may commonly be
treated using Radixact Synchrony.

2. MATERIALS AND METHODS

A photograph of the kV imaging system mounted on the
Radixact is shown in Fig. 1. The kV tube is manufactured by
Siemens (Siemens AG, Munich, Germany) and is capable of
tube potentials between 40 and 150 kVp. The kV tube is
mounted 90° from the megavoltage (MV) source and is posi-
tioned such that the anode/cathode axis is parallel to the
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direction of table travel. The beam is statically collimated to
irradiate just inside the detector’s usable pixels, which pro-
jects to approximately 20 × 20 cm2 at isocenter. The beam
qualities investigated in this work were 100, 120, and
140 kVp, which are the beam qualities used in the preset
imaging protocols that come default on the Radixact, shown
in Table I. The imaging protocol is the same for every angle
used in the Synchrony treatment, that is, images at different
angles cannot be set to different parameters.

2.A. Beam data measurements

The recommendations of the AAPM TG-61 were followed
for measurement of kV point doses in water.5 TG-61 specifies
beam quality in terms of half-value layer (HVL), which were
measured for each beam quality in millimeters of aluminum
and millimeters of copper using an A12 ionization chamber
(Standard Imaging, Middleton, WI). The filters were 99.9%
pure and the thicknesses were specified to the nearest
0.001 mm. Narrow-beam geometry was obtained for the
HVL measurements by addition of a lead diaphragm.

Point doses at depth in a water tank were determined using
the TG-61 in-water method, described by Eq. (1).5 The ion
chamber was moved to each position at depth or off-axis with
the water tank software and three measurements were
acquired at each position. During each measurement, the
couch and gantry were static, the kV imager was at zero
degrees (pointing toward the floor), and the MV beam was
off. The measured charge was fully corrected per TG-61
including a shutter correction. Air-kerma calibration coeffi-
cients were obtained for the A12 chamber from the Univer-
sity of Wisconsin Accredited Dosimetry Calibration
Laboratory (ADCL) for medium-filtered beam qualities. The
HVLs of the calibrated beam qualities bracketed the HVLs of
the three Radixact beam qualities of interest and logarithmic

interpolation was used to obtain the air-kerma calibration for
each beam quality. The overall correction factor, PQ,chamb,
and the ratio of mean mass energy-absorption coefficient for
water-to-air were obtained from the tables in TG-61 for the
A12 chamber using the measured HVL of each beam. Field
size correction factors were not used as these corrections are
less than 1% for field sizes larger than the reference field
size.5 Point doses were acquired for one source-to-surface
distance (SSD) for an inline profile, a crossline profile, and a
depth-dose profile.

Dw ¼M �Nk �PQ,chamb � μen
ρ

� �w

air

� �
water

(1)

2.B. Monte carlo modeling

The Monte Carlo N-Particle (MCNP) transport code ver-
sion 6.2 was used for all simulations in this work.6 The simu-
lation geometry is shown in Fig. 2. A point source of
photons was used for the starting particles for all simulations,
which was set at depth in the anode to approximate the heel
effect. The spectrum for each beam quality was obtained
using the MATLAB code Spektr.7 Beam hardening due to
the inherent filtration, the mirror, and the monitor chamber
were accounted for in the spectra of the starting particles
using Spektr.

Energy deposition tallies were used for all tallies in this
work. The tally results were converted to a dose in mGy/mAs
using the following equation,
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where D0
Meas is the measured dose at the reference point in

mGy/mAs, X0
MC is the simulated tally value at the reference

point in MeV/g per source particle, and XMC is the simulated
tally value in the conditions of interest. Doses to water at the
measurement points were calculated for the purpose of
benchmarking the MCNP model.

2.C. Patient dose calculations

Five patient computed tomography (CT) datasets were
acquired to be used for this imaging dose study. The disease

FIG. 1. Photograph of a Radixact at UW-Madison with the cover removed,
showing the kV tube and flat panel kV detector. The MV source-to-axis dis-
tance (SAD) is 85 cm, the kV SAD is 57.5 cm, and the kV source to imager
distance is 113.5 cm. The MV source is hidden in the picture by the couch.
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE I. Default preset imaging protocols available for Synchrony treatments
on Radixact.

Imaging protocol mAs kVp

XS thorax/pelvis 1 100

S thorax 0.8 120

S pelvis/M thorax 1 120

M pelvis 1.25 120

L thorax 1.6 120

L pelvis 2 120

XL thorax/pelvis 4 140
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sites included in this work were lung (x2) and pancreas,
which are likely candidates for respiratory Synchrony, and
endothelium and prostate, which are likely candidates for
nonrespiratory Synchrony motion management. All doses are
provided for a single fraction and a standard number of radio-
graphs per fraction (100). The imaging protocol for each
patient was chosen based on patient size and disease site. The
planning target volume (PTV) ranged from 2 to 146 cc
among the five patients. Four or five imaging angles per gan-
try rotation were simulated in this work. Soft tissue was
defined as all tissue excluding bone. The skin was defined as
a 5 mm rind around the body. The CT datasets were aligned
such that the target was centrally located in the bore (within
the geometric restrictions of the bore). Couch travel was mod-
eled by simulating the source at multiple superior/inferior
locations for each gantry angle. The extent of superior/infe-
rior point source locations was equal to the couch travel dis-
tance during treatment. The voxel size was 2.5 × 2.5 mm2 or
smaller in the axial plane and 3 mm or smaller in the supe-
rior/inferior direction. The carbon fiber couch of the Radixact
was included in the simulations. Each voxel in the original
CT image was assigned a physical density using a measured
HU-to-density calibration phantom8 and a material such as
air, lung, adipose, muscle, cartilage, and bone based on the
physical density. Equation (2) was used to convert the tally
values into dose for each voxel. The dose calculation grid
overlapped the CT grid.

3. RESULTS

The parameters used to determine point doses in water
using the TG-61 protocol are shown in Table II. The standard

uncertainty (k = 1) of the measured reference doses were
estimated to be 4% based on the uncertainty of the measure-
ments (<0.5%) and the 3.6% uncertainty reported in TG-61
for in-water point doses at the reference depth.5 The standard
uncertainty of nonreference-condition point doses (such as
off-axis or depths not at 2 cm) was estimated to be 5%. The
A12 ion chamber was observed to have a small energy depen-
dence in the range of interest, as the air-kerma coefficients
varied <0.2% between tube potentials of 100 and 140 kVp.

Figure 3 shows a comparison of the measured and simu-
lated point doses for each energy. The median and maximum
global dose difference between the measured and simulated
data were 0.6% and 6.0%, respectively.

Organ dose statistics are shown for each patient in Table
III and example CT datasets and dose distributions for two of
the patient cases are shown in Fig. 4. Doses are for 100 total
images to approximate the number of images that may be
delivered in one fraction. Simulation uncertainty in the
MCNP 3D mesh dose was summarized for each patient case
using the value umed,10%, the median simulation uncertainty
of voxels above 10% of the maximum dose. This value was
10% or less for all cases. The mesh doses are scaled by the
reference dose measurements, whose uncertainty was esti-
mated to be 4%. Therefore, the total uncertainty of voxel dose
calculation in the patient geometries is estimated to have a
median value of less than 11%, which is much less than the
acceptable uncertainty of 20% stated in the TG-180 report.2

4. DISCUSSION

The MCNP model reproduced the measured point-dose
data within a median difference of 0.8%. The asymmetric
profile in the inline direction from the heel effect is repro-
duced (Fig. 3) by simulating the point source at depth in the
anode, which allows for modeling changes in output and
spectrum as a function of superior/inferior position. The
accuracy of the model in reproducing the measured data was
far better than the accuracy tolerance of �20% stated in TG-
180 for imaging dose calculations during radiotherapy.2

The calculated doses to water in this work approximately
agree with the work of Chen et al., who reported that the
CTDIw for 100 radiographs of the large thorax protocol
(120 kVp, 1.6 mAs) was 8.4 mGy.4 The point dose at isocen-
ter for the large lung case using the large thorax imaging proto-
col in this work was 6.8 mGy. However, this work indicates

FIG. 2. Geometry of the MCNP simulations showing the kV tube shell (a),
the tungsten anode (b), the 1 mm aluminum and 0.5 mm copper filters (c),
the static tungsten collimator (d), and the 1.6 mm polycarbonate bore mate-
rial (e). The anode–cathode axis is parallel to the direction of table travel.
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Parameters used for calculation of TG-61 point-doses in-water for
three beam qualities commonly used on the Radixact.

Tube potential (kVp)
Measured HVL
(mm Cu, mm Al) Nk(Gy/C) D0

Meas(mGy/mAs)

100 0.50, 9.07 4.412E7 0.120 � 0.005

120 0.63, 10.17 4.408E7 0.216 � 0.009

140 0.77, 11.01 4.406E7 0.336 � 0.013

The conditions for the measured reference dose (D0
Meas) were open field

(20 × 20 cm2 at iso), 55 cm source-to-point distance (SPD), and 2 cm depth.
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that doses to soft tissue may be much higher than ~7–8 mGy,
such as a max dose (D1%) of 31.0 mGy for the endothelium
patient imaged with the XL pelvis protocol. In addition, maxi-
mum doses to bony structures ranged from 20.2 to 71.7 mGy.

The data in this work suggest that patient dose is highly
dependent on imaging protocol. The reference point dose was
proportional to kVp3.1 when fit with the data in Table II.
Dose at this point increases by a factor of 1.76 from 100 to
120 kVp and by a factor of 2.84 from 100 to 140 kVp. Patient
dose also scales linearly with mAs, therefore patient dose can
increase by a factor of 5 among the mAs protocol considered
in this work. The values reported in this work can be scaled
using the observed trends (Dose/ kVp3:1 �mAs) to approxi-
mate doses when the clinical imaging protocol differs from
the protocol used in this work.

Imaging protocol in this work was chosen based on the
patient size and disease site alone. The imaging angles were

chosen to be approximately evenly spaced for this study. Dur-
ing a patient treatment, imaging protocol and angles can be
chosen to optimize image quality and ensure visibility of the
target. If angles are chosen such that they are unevenly
spaced, this will result in a change in the hot and cold spots
at the overlap of the beams. However, the user is prevented
from choosing angles that are too close together and doses
near the isocenter will likely not be largely changed since all
imaging angles are centered on isocenter. The effect of vary-
ing imaging angles on patient dose was outside the scope of
this work.

Patient anatomy and geometric setup also has a large effect
on patient dose. The maximum dose (D1%) to soft tissue ran-
ged from 6.2 to 31.0 mGy among the five cases, which is a
difference of a factor of 5. Even when scaled for kVp output
using the fitted power law and to equal mAs, the maximum
dose to soft tissue still varied by more than a factor of 2

FIG. 3. Measured (A12) and simulated (MCNP) point-dose data in water for open-field radiographs (20 × 20 cm2). Error bars indicate standard error (k = 1). The
standard error of all simulated points was less than 0.5%. The heel effect can be observed in the inline direction via the asymmetric profile. The gray lines indicate the
location of the reference point, at 2 cm depth and 55 cm from the source along the central axis. [Color figure can be viewed at wileyonlinelibrary.com]
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among the five cases. The scaled maximum dose to soft tis-
sue was lowest for the largest patients, since the individual
fields are attenuated before overlapping. This can be observed
in Fig. IV which displays dose distributions for a large and a
small patient.

The attenuation of the couch used in this study was explored
by simulating dose to a homogenous water phantom from a
posterior to anterior beam with and without the couch. The
average dose to a 10 × 10 × 0.5 cm3 volume on the surface of
the water closest to the couch decreased by 5% and the dose to
a point at 2 cm depth from the couch decreased by 8% when
the couch was added. Therefore, skin entrance dose is expected
to decrease by ~5% when imaging through the couch.

In addition to patient anatomy and imaging protocol, total
patient dose will be highly dependent on treatment parame-
ters. The number of images throughout a patient’s treatment
is a function of total treatment time and the number of active
gantry rotations, since images are acquired every gantry rota-
tion. Highly modulated treatments are more likely to have a
tight pitch, leading to more gantry rotations per treatment
and thus more total images. Treatments with a large number
of fractions will likely have more total images since images
must be acquired prior to starting the treatment to build the
model of the target motion. In addition, the number of images
per fraction might increase substantially if the treatment is
paused regularly due to inaccurate target motion modeling, as
new images must be acquired to resume the treatment each
time the treatment is paused with the MV beam off.

Table IV compares the range of imaging doses in this
work to imaging doses from other image-guidance proce-
dures used in radiotherapy from the TG-180 report.2 These
data suggest that dose from 100 radiographs on the Radixact
is expected to be slightly less than that from typical kV-
CBCT scans or a Tomo MVCT setup scan.

Cumulative dose from kV images throughout many Syn-
chrony fractions can be estimated by scaling the per fraction
values provided in this work by the total number of images
acquired throughout treatment. In an initial study with 13
Synchrony treatment plans with various fractionation
schemes, the number of images per fraction ranged from 50
to 206, and the total number of images over all fractions ran-
ged from 310 to 1920, with an average of 810 images.9 When
scaled to 2000 total images, the largest dose to any structure
in Table III would be 1.4 Gy (D1% to the pubic bone for the
endothelium patient). This value is slightly less than 5% of a
typical therapeutic dose of 30, or 1.5 Gy. Therefore, it is
expected that most cases will not exceed 5% of the therapeu-
tic dose from these images alone, as 2000 images is an upper
estimate and most therapeutic doses are greater than 30 Gy.
However, these images will be combined with other routine
imaging techniques and care should be used to reduce imag-
ing dose from these procedures as choice of treatment param-
eters has a large effect on total number of images.

5. CONCLUSIONS

Monte Carlo simulations were used to calculate volumetric
patient dose from 100 images on the Radixact with tube poten-
tials between 100 and 140 kVp. Patient median doses to soft
tissue and bony structures ranged from 2.0 to 4.6 mGy and 4.7
to 25.4 mGy, respectively. These doses are lower than that
from other imaging procedures such as kV-CBCT or Tomo
MVCT scans. Total patient dose will depend on imaging proto-
col, fractionation, and parameters such as number of gantry
rotations, therefore careful planning can reduce imaging doses.
The values in this work can be used by healthcare professionals
to quantify patient imaging dose for typical treatment sites and
manage risk from these procedures.

TABLE III. Simulated patient dose in mGy from 100 radiographs.

Patient
umed,10%T

(%) Diso Volume Dave D50% D10% D1%

Large lung
L thorax

10 6.8 Heart 6.8 6.9 8.5 10.1

Lungs 7.4 7.3 11.4 15.1

Ribs 12.7 8.9 33.4 47.7

Skin 3.8 1.5 11.4 16.3

Soft tissue 4.6 3.5 10.1 15.0

Spinal
cord

6.6 6.4 10.0 32.2

Small lung
XS Thorax

8 4.1 Heart 3.2 3.2 4.4 5.3

Lungs 3.2 3.1 4.8 6.2

Ribs 6.4 4.7 15.0 20.2

Skin 1.7 1.1 4.2 6.6

Soft tissue 2.2 2.0 4.4 6.2

Spinal
cord

1.8 1.6 3.3 6.0

Prostate
M Pelvis

9 6.8 Bladder 7.2 6.9 9.2 10.7

Pubic bone 11.9 12.6 19.1 26.0

Prostate 5.4 5.4 6.1 6.8

Rectum 6.0 6.1 7.3 8.2

Skin 2.9 1.8 6.9 10.2

Soft tissue 3.1 2.6 6.6 9.7

Endothelium
XL Pelvis

9 10.9 Bladder 11.4 11.4 13.5 15.3

Femurs 11.1 6.8 29.9 46.5

Pubic bone 29.8 25.4 52.0 71.7

Rectum 12.8 12.6 16.5 20.5

Skin 6.1 1.8 21.6 35.9

Soft tissue 7.3 4.6 18.4 31.0

Pancreas
L Pelvis

10 6.9 Liver 8.3 8.3 10.6 13.3

Lungs 4.4 3.7 8.4 11.9

Pancreas 10.4 10.5 12.2 13.6

Skin 3.9 1.5 11.7 18.2

Soft tissue 4.5 3.0 10.6 15.5

Spinal
cord

5.9 5.9 9.7 16.7

Doses may be scaled to approximate dose from multiple fractions or varying num-
ber of total images. The imaging protocol used in the simulation is indicated in
italics. The median simulation uncertainty of voxels above 10% of the maximum
dose is denoted umed,10%T.
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