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Abstract
We aim to evaluate the basic characteristics of SRS MapCHECK (SRSMC)
for CyberKnife (CK) and establish a dose verification system using SRSMC for
the tumor-tracking irradiation for CK. The field size and angular dependence of
SRSMC were evaluated for basic characterization. The output factors (OPFs)
and absolute doses measured by SRSMC were compared with those measured
using microDiamond and microchamber detectors and those calculated by the
treatment planning system (TPS). The angular dependence was evaluated by
comparing the SRSMC with a microchamber. The tumor-tracking dose verifica-
tion system consists of SRSMC and a moving platform. The doses measured
using SRSMC were compared with the doses measured using a microchamber
and radiochromic film. The OPFs and absolute doses of SRSMC were within
±3.0% error for almost all field sizes, and the angular dependence was within
±2.0% for all incidence angles. The absolute dose errors between SRSMC and
TPS tended to increase when the field size was smaller than 10 mm. The abso-
lute doses of the tumor-tracking irradiation measured using SRSMC and those
measured using a microchamber agreed within 1.0%, and the gamma pass
rates of SRSMC in comparison with those of the radiochromic film were greater
than 95%. The basic characteristics of SRSMC for CK presented acceptable
results for clinical use. The results of the tumor-tracking dose verification sys-
tem realized using SRSMC were equivalent to those of conventional methods,
and this system is expected to contribute toward improving the efficiency of
quality control in many facilities.

KEYWORDS
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1 INTRODUCTION

Stereotactic body radiotherapy (SBRT) is a widely used
treatment option for lung or liver cancer patients, and
highly effective local tumor control rates with minimal

This is an open access article under the terms of the Creative Commons Attribution License,which permits use,distribution and reproduction in any medium,provided
the original work is properly cited.
© 2022 The Authors.Journal of Applied Clinical Medical Physics published by Wiley Periodicals,LLC on behalf of The American Association of Physicists in Medicine.

side effects have been reported.1–5 Recent advances in
radiation therapy treatment systems, such as the devel-
opment of a high-precision linear accelerator (linac) with
the multileaf collimator (MLC), treatment planning sys-
tems (TPSs), computed tomography (CT) scanners for
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treatment planning, and image guidance systems, have
contributed to improved clinical outcomes.6–8 In addition
to these advances,quality assurance and quality control
for clinical equipment have generally been recognized
as essential and standard practices.9

The CyberKnife radiotherapy system (CK; Accuray
Inc., Sunnyvale, CA, USA) is specifically designed for
stereotactic radiation therapy and is composed of a
robotic manipulator, a small linear accelerator, a six-
dimensional robotic couch, and an image-guidance
system. It can irradiate a target from various directions
around a patient while maintaining high-accuracy target
localization through imaging and positional correction
during treatment.10 The synchrony respiratory tracking
system (SRTS) provides dynamic tumor-tracking irra-
diation using implanted fiducial markers with optical
markers placed on the body of a patient. It is used
to treat organs that exhibit respiratory motion, such as
the lungs and liver. Using a tumor-tracking method such
as SRTS, it is possible to reduce the radiation dose to
normal tissues around a target with respiratory motion
compared to other irradiation techniques such as the
free-breathing method.11 Moreover, guidelines for radi-
ation therapy on organs with respiratory motion have
been published,and the importance of patient dose veri-
fication in tumor-tracking irradiation has been described.
Especially,the importance of positional accuracy in dose
distribution verification has been established.12

Recently, the Sun Nuclear Corporation (Melbourne,
FL, USA) released the SRS MapCHECK (SRSMC)
diode array. SRSMC is composed of 0.48 × 0.48 mm2

diode detectors, with a size smaller than the recom-
mended 1.0-mm maximum detector size for use in
patient dose verification systems identified in the guide-
lines for SBRT.13 Moreover, it has a higher resolution than
conventional two-dimensional array detectors.14 There-
fore, it is suitable for small field measurements such
as stereotactic radiosurgery and stereotactic irradia-
tion. Ahmed et al.15 reported the basic characterization
of SRSMC in a general-purpose linac. The field size
dependence showed that the output factor (OPF) dis-
agreement for the scintillator detector was up to 3.2%
in irradiation fields of 10 × 10 to 40 × 40 mm2, and the
angular dependence showed that the response defer-
ence was within 2.0% for ±90◦ gantry angles, except
when a parallel beam was incident on the detector. In
addition, the monitor unit (MU) value linearity and repe-
tition rate dependence agreed within 2.0% with respect
to the ionization chamber. Subsequently, Rose et al.16

reported the results of a multi-institution study on patient
dose verification using SRSMC and showed that the
obtained measurement results were equivalent to those
achieved using film dosimetry.

By contrast, the characterization of SRSMC for CK
has not yet been reported. Unlike the general-purpose
linac, CK uses many extremely small fields, irradiates
from multiple directions with a robotic manipulator, and

tracks a moving target with SRTS. When considering
the use of SRSMC with CK, it is necessary to evalu-
ate the unique characteristics of this detector, such as
the field size dependence and angular dependence for
CK, in addition to the previous results reported for the
general-purpose linac.

Moreover, the quality control of the tumor-tracking
irradiation for CK is generally performed by combin-
ing a radiochromic film and a moving phantom, as
reported by the American Association of Physicists
in Medicine Task Group 135.17 Akino et al. and Yang
et al. proposed verification methods for tumor-tracking
irradiation for CK without using films. Akino et al.18

proposed a verification system combining a plastic scin-
tillator with a U-shaped plastic frame and evaluated the
motion tracking accuracy of the SRTS.Yang et al.19 pro-
posed a tracking accuracy verification method using a
moving phantom and a two-dimensional detector array
(OCTAVIUS Detector 1500; PTW Freiburg, Germany).
These methods can verify the tracking accuracy,18–20

but it is necessary to perform patient-specific dose ver-
ification such as that for the absolute dose and dose
distribution during tumor-tracking by SRTS. To the best
of our knowledge,geometric and dosimetric verifications
for tumor-tracking irradiation for CK with a 2D (or 3D)
detector have not been reported, except for films.

The purpose of this study is to evaluate the basic
dosimetric characterizations of SRSMC for CK and
to establish a filmless patient-specific dose verification
system using SRSMC for tumor-tracking irradiation by
SRTS in CK. Our proposed system is composed of
SRSMC, the StereoPHAN phantom, and a commercial
moving platform without any additional equipment and
could be realized at any facility having access to this
equipment.

2 MATERIALS AND METHODS

2.1 Details of SRSMC

A total of 1013 diode detectors with an active volume
of 0.007 mm3 (0.48 × 0.48 mm2 cross section) are
arranged in the SRSMC detector plane with an area
of 77 × 77 mm2. The distance between the diode cen-
ters is 2.47 mm. The SRSMC body is composed of
poly(methyl methacrylate) (PMMA), and a circuit board
is installed on the caudal side. SRSMC is designed for
use with the StereoPHAN phantom (Sun Nuclear Corp.,
Melbourne, FL, USA) with 22-mm-thick PMMA spacers
placed at the top and bottom of the SRSMC. The mea-
sured data are analyzed using the SNC Patient software
(Ver. 8.3; Sun Nuclear Corp., Melbourne, FL, USA), and
four correction factors (i.e., the field size, angle, tem-
perature, and repetition rate) can be applied selectively
during measurements. In this study,measurements were
performed with all corrections applied. In addition, by
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F IGURE 1 Schematic of the StereoPHAN phantom with SRS MapCHECK (SRSMC), the ionization chamber insert, and the film insert: (a
and b) measurement geometries for the field size and angle dependence evaluations and (a–c) measurement geometries for the dose
verification of the tumor-tracking irradiation system. The detector surface of the SRSMC inserted in the StereoPHAN agreed with the detector’s
active volume centers of the PTW microDiamond detector, Exradin A16 microchamber, and EBT-XD film plane

including an ionization chamber or film inserts (Sun
Nuclear Corp., Melbourne, FL, USA) with appropriate
spacers into the StereoPHAN phantom, measurements
can be performed at the same measurement point or
plane as in SRSMC.The fiducial markers in SRSMC,film
insert, or universal spacer insert are used for phantom
positioning. A schematic of the StereoPHAN phantom
with the detectors is shown in Figure 1.

2.2 Field size dependence of SRSMC
for CK

The field size dependence of SRSMC for CK was eval-
uated using two factors: (1) the OPF for basic physical
characterization and (2) the absolute dose. Prior to the
experiments, the uniformity of the SRSMC detectors
was calibrated according to the method specified by
the manufacturer (Sun Nuclear Corp., Melbourne, FL,
USA).21 After calibration, CK was arranged at a source
axis distance (SAD) of 800 mm to irradiate a beam
perpendicular to the detector plane (Figure 1a). The
irradiation fields were formed using fixed circular colli-
mators, and the field diameters were changed from 5 to
60 mm in 12 steps.The parameters for the beam irradia-
tion were an MU of 200,a dose rate of 1000 MU/min,and
a 6-MV flattening filter free beam.The OPFs were calcu-
lated by normalizing the response of the diode detector
located at the center of the SRSMC detection area in
each field of the fixed circular collimator with a response
at a diameter of 60 mm. The OPFs of the SRSMC were
compared with those measured using a microDiamond
detector (model 60019; PTW Freiburg, Germany). The
measurement geometry of the microDiamond detector

is shown in Figure 1b. The OPFs of the microDiamond
detector were estimated using either the raw data or by
applying the field output correction factors provided in
International Atomic Energy Agency (IAEA) Technical
Report Series No. 483 (TRS-483).22

Subsequently, absolute dose evaluation was per-
formed by comparing the doses measured by SRSMC
and the Exradin A16 microchamber (Standard Imaging.,
Madison, WI, USA), as well as that calculated using the
Precision TPS (Ver. 2.0.1.1; Accuracy Inc., Sunnyvale,
CA, USA). The field output correction factors in IAEA
TRS-483 were applied to the dose measured using the
Exradin A16 microchamber as well as the OPF evalua-
tion. TRS-483 does not recommend a detector-specific
output correction factor greater than ±5.0%; therefore,
a field output correction factor of 5-mm field size for the
Exradin A16 microchamber was not applied in this study.
The details of each absolute dose calculation are shown
below. According to the method recommended by the
manufacturer (Sun Nuclear Corp., Melbourne, FL, USA),
the absolute dose of SRSMC was calibrated using the
following procedure. Prior to the calibration, SRSMC
and StereoPHAN were imaged using a Somatom Con-
fidence RT Pro CT scanner (Siemens Healthineers.,
Forchheim, Germany). The scanning parameters were
a tube voltage of 120 kV, field of view of 500 mm,
and slice thickness of 1.0 mm. The CT images were
then imported into the TPS, and the CT number in the
StereoPHAN region was overwritten using the follow-
ing procedure. First, the CT number corresponding to
the mass density of 1.2 g/cm3 recommended by the
manufacturer (Sun Nuclear Corp., Melbourne, FL, USA)
was estimated using the CT number to mass density
conversion curve at our institute. The relative electron
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density corresponding to the CT number was then calcu-
lated using the relative density conversion curve. Finally,
the StereoPHAN region was overwritten with a relative
electron density of 1.15. The treatment plan for a sin-
gle beam with a 54.6 × 54.6 mm2 field using the MLC
was created utilizing the TPS. The irradiation MU was
100 MU,and the SAD was 800 mm.The selectable dose
calculation algorithms when using MLC are finite-size
pencil beam (FSPB), where FSPB is with lateral scal-
ing correction (FSPB+), and Monte Carlo (MC).7 When
MC is selected for dose calculation, the CT numbers are
inevitability assigned to three materials, that is,air (mass
density:<0.1 g/cm3), soft-tissue (0.1–1.125 g/cm3), and
bone (>1.125 g/cm3), to define the mean free path
length of a photon.23 Therefore, the MC implemented
in Precision TPS cannot calculate the dose on the over-
written CT number. To reduce complexity, FSPB+ was
selected for dose calculations. The dose calculations
were performed using FSPB+,and the dose of the diode
detector located at the center of the SRSMC detec-
tion area was calculated. The dose calculations were
performed at a high resolution with a calculation voxel
size of 0.98 × 0.98 × 1.00 mm3. Absolute dose cali-
bration for SRSMC was performed by registering the
calculated dose of the diode detector located at the cen-
ter of the SRSMC detection area using the SNC Patient
software.

The absolute dose of the Exradin A16 microchamber
cannot be directly derived because the fluence scaling
and depth scaling corrections are not adaptable24 owing
to the round outward form of the StereoPHAN phan-
tom. In this study, the absolute doses for the Exradin
A16 microchamber with a fixed circular collimator size
m (mm) were calculated using the following equation:

DA16,m = MA16,m
(
DTPS,60∕MA16,60

)
, (1)

where MA16, 60 and MA16, m are the fully corrected elec-
trometer readings in coulombs (C) measured with a fixed
circular collimator of 60 mm and m, respectively.DTPS, 60
is the dose calculated using the TPS under the same
geometry and irradiated parameters. The dose calcu-
lation algorithms implemented in the TPS that can be
selected when using a fixed circular collimator are ray
tracing and MC. We selected ray tracing for the same
reason described earlier.

Finally, SRSMC or the Exradin A16 microchamber
inserted into the StereoPHAN phantom were irradiated
under the same conditions used for the OPF evaluation,
and the measured doses were compared with the doses
calculated using the TPS. The OPF and absolute dose
measurements were performed five times. These calcu-
lations were performed using the ray tracing algorithm
under the condition that the StereoPHAN region was
overwritten with a relative electron density of 1.15.

2.3 Angular dependence of SRSMC for
CK

We used 113 single-beam irradiation treatment plans
from 113 nodes in the CK body path on the CT images
of the StereoPHAN phantom with SRSMC using a fixed
circular collimator with a diameter of 30 mm in the
TPS. These plans were calculated using the ray tracing
algorithm; the calculation parameters were the same as
those in the experiment described in Section 2.2, and
the irradiation MU was 200 MU. The created treatment
plans were used to irradiate SRSMC and measure the
absolute dose of the central diode detector. After this
process, the treatment plans were created based on the
CT images of the StereoPHAN phantom with a cham-
ber insert for the Exradin A16 microchamber, and dose
measurements were performed to determine the angu-
lar dependence at each node position by comparing the
measured doses of SRSMC and those of the Exradin
A16 microchamber.

2.4 Overview of the high-resolution 2D
detector-based dose verification system
for tumor-tracking irradiation

Figure 2 shows the proposed tumor-tracking dose
verification system using SRSMC. The tumor-tracking
system is composed of SRSMC,the StereoPHAN phan-
tom, and a moving platform (Model 008PL; CIRS Inc.,
Norfolk, VA, USA). The maximum load indicated by the
manufacturer of the moving platform is 32 kg, and the
weights of SRSMC and StereoPHAN are within this
specification. The moving platform has a motion accu-
racy of ±0.1 mm,25 and the base plate can be moved
linearly up to a distance of 50 mm in the superior–
inferior (S–I) direction using dedicated software. Optical
markers were placed on a vertically moving platform to
simulate the abdominal wall movements of patients.

2.5 Treatment plans for the verification
of the tumor-tracking irradiation

The treatment plans for the verification of the tumor-
tracking irradiation system were prepared using the
same method reported by Kawata et al.7 A moving tho-
rax phantom (Model 008A; CIRS Inc., Norfolk, VA, USA)
and a water-equivalent mock tumor with a diameter of
20 mm were used as a dummy patient. Table 1 shows
the moving conditions of the phantom during CT imag-
ing. The following waveform model was used for the
wave function8,26:

A (t) = A0 −
{

1 − 2cos6 (𝜋t∕T − ∅)
}
× A∕2, (2)
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F IGURE 2 Overview of the high-resolution 2D detector-based dose verification system for tumor-tracking irradiation

TABLE 1 Summary of the phantom motion conditions

Respiratory motion condition

Plan Waveform
Respiratory
cycle (s)

Amplitude
(mm)

Movement
direction

P0 Static

P1 (cos)6 2 13 S–I

P2 (cos)6 4 25 S–I

P3 (cos)6 8 40 S–I

where A(t) is the amplitude at time t, A0 is the refer-
ence position, and ∅ is the initial phase. The phantom
under static condition was defined as P0, and the three
respiratory motion conditions were defined as P1, P2,
and P3. The scanning parameters were the same as
those described in Section 2.2. The gross tumor vol-
ume was specified, and an isotropic margin of 5 mm
was defined as the planning target volume (PTV). The
treatment plan was created based on the specifications
of the Japan Clinical Oncology Group 1408.27 Frac-
tional doses of 13.5 Gy were prescribed to the 80%
isodose line, with the dose covering 95% of the PTV.
All treatment plans were created using MLC, and dose
calculations were performed using the MC algorithm.
A relative statistical uncertainty of 1.0% in the maxi-
mum dose point for the dose summed from all beams
was set for the MC dose calculation, and the results
were smoothed with a normalized Gaussian broaden-
ing width of 0.6. These created plans were converted
to verification plans for the StereoPHAN phantom with
SRSMC, the Exradin A16 microchamber, or the film. For
tracking, fiducial tracking was selected for the phantom
under static conditions, and SRTS was selected for the
phantom under respiratory motion conditions. FSPB+

and MC were selected as the dose calculation algo-
rithms. The calculation parameters of FSPB+ and MC
were the same as those mentioned in Section 2.2 and
described earlier. The phantoms were overwritten with
a relative electron density of 1.15 when using FSPB+,
and the manufacturer’s recommended mass density of
1.2 g/cm3 was used for MC.

2.6 Data acquisition and analysis

The SRSMC and StereoPHAN were irradiated accord-
ing to the created verification plans. The markers
inserted in SRSMC were used for image matching
during positioning. The results of the SRSMC measure-
ments were compared with the doses calculated by
the TPS using the SNC Patient software. The SRSMC
measurement results were also compared with those
measured using conventional verification methods such
as an ionization chamber or a film.

Considering the conventional verification methods,the
ionization chamber or film insert in the StereoPHAN
phantom was placed on the moving platform as in
SRSMC (Figure 1b,c). An Exradin A16 microchamber
was used as the ionization chamber, and the formal-
ism of the absorbed dose estimations was the same as
that described in Section 2.2. Film measurements were
conducted using a GAFchromic EBT-XD film (Ashland
ISP Advanced Materials, NJ, USA). Prior to the mea-
surements, a dose calibration curve was created in the
range of 0–30 Gy. Film pieces of 60 × 60 mm2 were
placed in the center of the Solid Water HE slab phan-
tom (Sun Nuclear Corp., Melbourne, FL, USA) at a SAD
of 800 mm and a depth of 100 mm and irradiated using a
60-mm fixed circular collimator. After 24 h, the irradiated
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films were scanned using the EPSON EXPRESSION
10000XL scanner (Epson Corp.,Nagano,Japan) to gen-
erate 48-bit color images with a resolution of 75 dots per
inch. A dose calibration curve was created from the irra-
diated films in the SNC Patient software (Ver. 6.2.3; Sun
Nuclear Corp., Melbourne, FL, USA). The films for track-
ing irradiation were cut into 75 × 75 mm2 pieces and
inserted into the film insert of the StereoPHAN phantom
for irradiation.Film scanning was performed in the same
manner as for the preparation of the dose calibration
curve.

The dose distributions measured by SRSMC were
compared with those calculated using the TPS and
those measured using a film with the SNC Patient
software. Furthermore, position matching for the dose
distribution analyses was performed using two methods:
absolute position matching by marker alignment and rel-
ative position matching, which maximizes the pass rate
for gamma analysis. The global gamma analysis was
performed at a threshold of 10%, with dose difference
and distance to agreement criteria of 3%/1 mm.

3 RESULTS

3.1 Field size dependence

Figure 3 shows a comparison of the OPFs measured by
SRSMC, the microDiamond detector, and the microDia-
mond detector with the applied field output correction
factors of TRS-483. The largest OPF error between
SRSMC and microDiamond was −1.2% and decreased
to 0.4% when TRS-483 corrections were applied. The
OPF error between SRSMC and microDiamond were
larger than 1.0% for the field sizes of 7.5–12.5 mm, but
it was within 1.0% after the TRS-483 corrections,except
for the field sizes of 5–7.5 mm.

Figure 4 shows the results of the comparison of
the doses measured by SRSMC, the Exradin A16
microchamber, the Exradin A16 microchamber with the
applied field output correction factors of TRS-483, and
the dose calculated by TPS.The dose errors of SRSMC
compared to those of the Exradin A16 microchamber
and TPS tended to increase in an irradiation field smaller

F IGURE 3 Comparison of the output factors (OPFs) measured by SRS MapCHECK (SRSMC), the microDiamond detector, and the
microDiamond detector after the field output correction factors of TRS-483 were applied. The upper graph shows the OPF measurement
results, and the lower graph shows the percentage errors between the OPF measured by SRSMC and those measured by the microDiamond
detector and the microDiamond detector after TRS-483 corrections. Each measured value had an extremely small error range; thus we omitted
error bars from the plots
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KAWABATA ET AL. 7 of 13

F IGURE 4 Comparison of the absolute dose measured by SRS MapCHECK (SRSMC), the Exradin A16 microchamber, the Exradin A16
microchamber with the applied field output correction factors of TRS-483, and the dose calculated by treatment planning system (TPS). The
bottom graph shows the measured dose error of the SRSMC relative to the measured doses of the Exradin A16 microchamber, Exradin A16
microchamber after TRS-483 corrections, and calculated dose. Error bars are omitted because the error range is small

than 15 mm. The maximum dose error was −11.0% in a
5-mm field for the Exradin A16 microchamber, −1.6%
in a 10-mm field for the Exradin A16 microchamber
with the applied TRS-483 corrections, and −4.9% in
a 7.5-mm field for the TPS calculations. In irradiation
fields of 12.5 mm or larger, the dose measured by
SRSMC agreed with that measured by the Exradin A16
microchamber (with and without the applied TRS-483
corrections) and calculated by TPS within 3.0%.

3.2 Angular dependence

Figure 5 shows the results of the measured dose errors
between SRSMC and the Exradin A16 microchamber
at each node position. The measured doses of SRSMC
and the Exradin A16 microchamber agreed within 2.0%
for all nodes,and the mean percentage dose error for all
nodes was 0.68% ± 0.45%. The largest dose error was

1.9%, corresponding to a beam angle of 6◦ with respect
to the horizontal.

3.3 Absolute dose verification by the
high-resolution 2D detector-based dose
verification system

Table 2 shows the results of the absolute dose verifica-
tion experiments.For P0,the dose errors of SRSMC with
respect to the calculated doses of FSPB+ and MC were
−0.6% and 3.2%, respectively, and −0.1% with respect
to the measured doses of the Exradin A16 microcham-
ber. By contrast, for P1, P2, and P3, the dose errors
of SRSMC relative to the TPS were −0.4%, −0.1%,
and 0.0% for FSPB+; 4.0%, 4.2%, and 4.0% for MC;
and −1.4%, −1.7%, and −0.9% for the Exradin A16
microchamber, respectively. The doses measured by
SRSMC agreed with those of FSPB+ and the Exradin
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8 of 13 KAWABATA ET AL.

F IGURE 5 Angular dependence of SRS MapCHECK (SRSMC). The coordinates in the graph show the robot coordinates in the CyberKnife
(CK). Each point shows the node coordinates placed around the central diode detector. The color bar in the upper left corner indicates the
measured dose error (in %) of SRSMC relative to the measurement of the Exradin A16 microchamber

TABLE 2 Calculated (treatment planning system [TPS]) and measured (A16 and SRS MapCHECK [SRSMC]) doses and dose errors

Calculated or measured dose (Gy) Dose error (%)

Plan Algorithm TPS A16 SRSMC
SRSMC
versus TPS

SRSMC
versus A16

P0 FSPB+ 15.28 15.21 15.20 −0.6 −0.1

MC 14.73 3.2

P1 FSPB+ 14.89 15.04 14.83 −0.4 −1.4

MC 14.26 4.0

P2 FSPB+ 15.00 15.23 14.98 −0.1 −1.7

MC 14.38 4.2

P3 FSPB+ 15.29 15.43 15.29 0.0 −0.9

MC 14.70 4.0

Abbreviations: FSPB, finite-size pencil beam; MC, Monte Carlo; SRSMC, SRS MapCHECK; TPS, treatment planning system.

A16 microchamber within 2.0%. However, slightly higher
dose errors were observed when MC was used.

3.4 Dose distribution verification using
the high-resolution 2D detector-based
dose verification system

An example of the comparisons of the dose distributions
between SRSMC and TPS calculation (FSPB+ algo-
rithm) under the absolute or relative position analyses is
shown in Figure 6. The results of the comparison under
the absolute position analysis showed that the dose dis-
tributions of SRSMC tended to shift to the left-hand and

superior sides of the patient in all plans. The slight posi-
tional corrections for the calculated dose distribution led
to the reduction of the disagreement between the dose
distributions,and the gamma pass rates were increased
in all plans.

The dose calibration curve for the dose distribution
verification using the radiochromic film is shown in
Figure 7.The exponential fit curve was used for the con-
versions from the scanner response values to the doses.
Figure 8 shows an example of the comparison of the
dose distributions between SRSMC and EBT-XD film for
the same motion conditions as mentioned previously.

Table 3 summarizes the results of the dose distri-
bution verification experiments. As shown in this table,
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KAWABATA ET AL. 9 of 13

F IGURE 6 Dose distribution analysis of SRS MapCHECK (SRSMC). (a) SRSMC versus FSPB+ dose (P0, absolute position), (b) SRSMC
versus FSPB+ dose (P2, absolute position), (c) SRSMC versus FSPB+ dose (P0, relative position), and (d) SRSMC versus FSPB+ dose (P2,
relative position). The upper panel shows the isodose overlay. The solid lines indicate the isodose line measured by SRSMC, whereas the dotted
lines indicate the isodose line calculated by the treatment planning system (TPS). The lower panel shows the gamma analysis results. The blue
dots show failure sections in the gamma analysis

F IGURE 7 Dose calibration curve for a GAFchromic EBT-XD
film created in the SNC Patient software. The dot marks with red line
represent the scanned data, and the green exponential fit curve was
used for the conversions from the scanner response values to the
doses for the dose distribution verification

the gamma pass rates of SRSMC compared to the
calculated doses of FSPB+ and MC under the P0 con-
dition were 99.3% for both absolute positions and 99.8%
and 99.4% for the relative positions,respectively.By con-
trast, the gamma pass rates for P1, P2, and P3 were
99.7%, 98.0%, and 100% for FSPB+ and 98.8%, 93.5%,
and 97.2% for MC, respectively. In the evaluation of the
relative position, the gamma pass rate was greater than

95% in all plans. Considering the comparison between
SRSMC and the EBT-XD film, the gamma pass rates
were greater than 95% in all plans.

4 DISCUSSION

In this study, we evaluated the basic dosimetric char-
acteristics of SRSMC for CK. As CK uses many small
irradiation fields, it is important to evaluate the response
of SRSMC to small irradiation fields. Therefore, in this
study, the field size dependence of SRSMC for CK
was evaluated by comparing its OPF with that of the
microDiamond detector. We selected the microDiamond
detector for comparison because it has been reported
that this detector is suitable for the measurement of
small irradiation fields considering dosimetric charac-
terizations such as the field size dependence.28,29 In
addition, the field output correction factor of the micro-
Diamond detector described in TRS-483, which is a
guideline for the measurement of small irradiation fields,
was incorporated for the OPF and absolute dose for
the field size dependence evaluations conducted in this
study.

In a previous report by Ahmed et al.,15 the OPF
of SRSMC for the general-purpose linac tended to be
∼0.0%–2.5% lower than that of the W1-plastic scintilla-
tion detector (W1-PSD) in irradiation fields of 10 × 10
to 40 × 40 mm2, whereas it was ∼0.5%–3.2% higher
in the smallest irradiation field of 5 × 5 mm2. In this
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10 of 13 KAWABATA ET AL.

F IGURE 8 Dose distribution analysis of SRS MapCHECK (SRSMC): (a) SRSMC versus film (P0, relative position) and (b) SRSMC versus
film (P2, relative position). The upper panel shows the isodose overlay. The solid lines indicate the isodose line measured by SRSMC, whereas
the dotted lines indicate the isodose line measured by the film. The lower panel shows the gamma analysis results. The red and blue dotted
areas show failure sections in the gamma analysis

TABLE 3 Gamma pass rates between the dose distributions
obtained by SRS MapCHECK (SRSMC) and treatment planning
system (TPS) or EBT-XD film

Versus TPS (coronal)

Plan Algorithm
Absolute
position

Relative
position

Versus film
Relative
position

P0 FSPB+ 99.3 99.8 97.9

MC 99.3 99.4

P1 FSPB+ 99.7 99.8 99.2

MC 98.8 99.2

P2 FSPB+ 98.0 100.0 99.0

MC 93.5 98.3

P3 FSPB+ 100.0 100.0 99.4

MC 97.2 97.9

Abbreviations: FSPB, finite-size pencil beam; MC, Monte Carlo; TPS, treatment
planning system.

study, the same tendency was observed except for the
smallest irradiation field of a 5-mm diameter in the fixed
circular collimator of CK. For the 5-mm diameter, the
OPF of SRSMC for CK was consistent with that of

the microDiamond detector. We consider that the differ-
ence between the results of Ahmed et al. and this study
in the small irradiation fields is due to the differences
in collimator structure, beam quality, and the dosimet-
ric characterizations of the detector. Moreover, it was
reported that the microDiamond detector demonstrated
an ∼3.0%–5.0% larger response than that of W1-PSD
in a 5 × 5-mm2 irradiation field of the general-purpose
linac in a previous study.30

In the evaluation of the absolute dose for the SRSMC
irradiation field size, the doses measured by SRSMC
were compared with that measured by the Exradin A16
microchamber and that calculated by the TPS. The
Exradin A16 microchamber is mainly used in patient-
specific absolute dose verification at our institute; thus,
we chose it for comparison. The dose measured by
SRSMC tended to be higher than that of the Exradin
A16 microchamber and smaller than that of TPS in
irradiation fields of 15 mm or smaller. This tendency
between SRSMC and the Exradin A16 microchamber
in the small field was consistent with a previous report
that the Exradin A16 microchamber tended to pro-
vide decreased results in response to small irradiation
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KAWABATA ET AL. 11 of 13

fields.31 The dose errors of SRSMC were reduced by
applying the field output correction factor of TRS-483.
However, for a 5-mm field diameter with the Exradin
A16 microchamber, a field output correction factor was
not provided by TRS-483; therefore, these data were
not plotted in Figure 4. Frequently, 10-mm or smaller
fixed circular collimators are used for treatment planning
for cerebral arteriovenous malformations and trigeminal
neuralgia in CK.32,33 The disagreements in the abso-
lute doses between SRSMC and TPS calculation in the
small fields were relatively larger than those for a field
size of 12.5 mm or larger and may require careful con-
sideration in the dose verification for treatment planning
using many small fields.

In the measurement of angular dependence, the
dose errors between SRSMC and the Exradin A16
microchamber were within 2.0% for all nodes. In partic-
ular, the dose errors were larger for the nodes that were
incident at an angle of 10◦ or less with respect to the hor-
izontal plane for SRSMC, exhibiting the same tendency
reported by Ahmed et al.15 In this study, the maximum
dose error (1.9%) was smaller than that reported by
Ahmed et al. (at ∼3.0%). The tendency for the response
of SRSMC to decrease with the horizontal incidence
and increase with the incidence from below was also
similar to that reported by Ahmed et al. Such angular
dependence also exists in the other two-dimensional
detectors, but the effect on the composite measurement
results has been reported to be small.34,35 In addition,
as CK performs extremely multiportal irradiation, the
effect of the incidence angle for each beam may be
dispersed.

In this study, dose verification was performed using
the treatment plan used in a previous report by Kawata
et al.7 The gamma pass rates in this study were higher
than those reported by Kawata et al. for all plans.Kawata
et al. performed irradiation using an inhomogeneous
moving thorax phantom (Model 008A; CIRS Inc., Nor-
folk,VA,USA).However,StereoPHAN is a homogeneous
structure, and this difference in the phantom structure
might have affected the obtained results. The absolute
dose verification results of SRSMC in the tumor-tracking
irradiation verification system showed larger errors dur-
ing the moving conditions than in the static condition
when compared to the error of the TPS calculation
(FSPB+ algorism) and Exradin A16 microchamber. This
tendency is consistent with the results reported by
Kawata et al. A multi-institute study comparing the dose
distribution of SRSMC in the static condition with that
of the TPS and films in a general-purpose linac was per-
formed in a previous study by Rose et al.16 Gamma pass
rates greater than 90% were considered to be passing,
and 89% and 95% of cases exceeded the threshold in
the comparison with the TPS and film results, respec-
tively. In this study, the gamma pass rates exceeded 95%
for all plans when comparing the doses measured by
SRSMC and the doses calculated by the TPS using the

FSPB+ algorithm. In addition, the gamma pass rates
exceeded 95% for all plans in the comparison of the
SRSMC and film doses. Therefore, SRSMC can be
used for a dose verification of tumor-tracking irradia-
tion for CK, which is equivalent to the general-purpose
linac. However, we evaluated a moving platform, and the
respiratory motion was limited to the S–I direction. In
addition, actual patient respiratory waveforms and hys-
teresis movements have not yet been evaluated.36 This
should be investigated in future studies.

The SRSMC and StereoPHAN phantom regions were
overwritten with a mass density of 1.2 g/cm3 for the
calculations using MC in this study. When using the MC
algorithm implemented in Precision TPS, each voxel is
assigned to one of three material types based on its
mass density23: air, soft tissue, or bone. The material
type is used to define the photon mean free path within
each material type at a reference density as a function
of the photon energy. The mass density boundary
between the soft tissue and bone was 1.125 g/cm3.
The StereoPHAN phantom region is recognized as a
bone material type, and the mean free path of the bone
material type is used for the calculation. We consider
that this limitation of the dose calculation algorithm will
increase the uncertainty in dose verification using the
StereoPHAN phantom. Therefore, absolute dose cali-
brations for the field size dependence were performed
using the FSPB+ algorithm. Moreover, the dose errors
for MC in the tumor-tracking dose verifications were rel-
atively larger than those of FSPB+. We considered that
this was due to a combination of the limitations of the
material assignment for the MC calculation algorithm
and the initial dosimetric commissioning of the TPS.
The use of MC for dose verification needs to be further
considered in future studies.

When using radiochromic films for dose or dose
distribution verification, it is essential to obtain the
dose calibration curve in advance, and a complicated
analysis procedure (i.e., scanning the irradiated films a
few hours after irradiation and transferring the scanned
data to the analyzing software) is necessary.37 These
procedures require a significant amount of time. In addi-
tion, it is necessary to consider the uncertainty derived
from the characterizations of the film and scanner.38–40

However, the tumor-tracking dose verification system
using SRSMC is very easy to construct because it can
be developed by simply placing SRSMC on the moving
platform. Once the detector is calibrated, there is no
need for complicated procedures for the next process,
and the verification results can be checked immediately
after irradiation is completed. In addition, no costs are
required for consumables such as films. Compared
to the conventional method utilizing films, the tumor-
tracking dose verification system investigated in this
study can perform measurements simply, quickly, and
efficiently and provides results equivalent to those of
conventional methods.
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5 CONCLUSION

In this study, we evaluated the basic characteristics
of SRSMC for CK and the possibility of applying this
system to tumor-tracking dose verification. To achieve
the basic characterization of SRSMC for CK, the field
size dependence was evaluated as <±3.0% for almost
all field sizes, whereas the angular dependence was
<±2.0% for all incidence angles. These were deter-
mined to be acceptable results for clinical use for
CK. However, the dose errors in the field size depen-
dence evaluation between SRSMC and TPS calculation
tended to increase when the field size was smaller than
10 mm; therefore, careful evaluation is required when
evaluating plans that mainly utilize small irradiation
fields.The results of the tumor-tracking dose verification
system of SRSMC were equivalent to those of conven-
tional methods (i.e., using a microchamber detector or
radiochromic film),and the proposed system is expected
to contribute to improving the efficiency of quality control
for tumor-tracking treatments in many facilities.

ACKNOWLEDGMENTS
This research was supported by JSPS KAKENHI Grant
No. JP20K08076. The funder had no role in the study
design, data collection and analysis, decision to publish,
or preparation of the manuscript.

CONFL ICT OF INTEREST
The authors declare that there is no conflict of interest
that could be perceived as prejudicing the impartiality of
the research reported.

AUTHOR CONTRIBUT IONS
The conceptual design of the study was carried out
by Fumitaka Kawabata, Takeshi Kamomae, Kuniyasu
Okudaira, Masataka Komori, Hiroshi Oguchi, Motoharu
Sasaki,Masaki Mori,Mariko Kawamura,Shinji Abe,Shu-
nichi Ishihara, and Shinji Naganawa. Fumitaka Kawa-
bata and Takeshi Kamomae wrote the main manuscript.
Fumitaka Kawabata collected the data and performed
the data analyses. All authors read and approved the
final manuscript as submitted.

DATA AVAILABIL ITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

REFERENCES
1. Timmerman R, Paulus R, Galvin J, et al. Stereotactic body radia-

tion therapy for inoperable early stage lung cancer. JAMA – J Am
Med Assoc. 2010;303(11):1070-1076.

2. Onishi H, Araki T, Shirato H, et al. Stereotactic hypofractionated
high-dose irradiation for stage I nonsmall cell lung carcinoma:
clinical outcomes in 245 subjects in a Japanese multiinstitutional
study. Cancer. 2004;101(7):1623-1631.

3. Andolino DL, Johnson CS, Maluccio M, et al. Stereotactic body
radiotherapy for primary hepatocellular carcinoma. Int J Radiat
Oncol Biol Phys. 2011;81(4):e447-e453.

4. Bujold A, Massey CA, Kim JJ, et al. Sequential phase I and
II trials of stereotactic body radiotherapy for locally advanced
hepatocellular carcinoma. J Clin Oncol. 2013;31(13):1631-
1639.

5. Schefter TE,Rusthoven KE,Kavanagh BD,et al.Multi-institutional
phase I/II trial of stereotactic body radiation therapy for liver
metastases. J Clin Oncol. 2009;27(10):1572-1578.

6. Tomida M, Kamomae T, Suzuki J, et al. Clinical usefulness of
MLCs in robotic radiosurgery systems for prostate SBRT. J Appl
Clin Med Phys. 2017;18(5):124-133.

7. Kawata K, Kamomae T, Oguchi H, et al. Evaluation of
newly implemented dose calculation algorithms for multileaf
collimator-based CyberKnife tumor-tracking radiotherapy. Med
Phys. 2020;47(3):1391-1403.

8. Kamomae T, Monzen H, Nakayama S, et al. Accuracy of
image guidance using free-breathing cone-beam computed
tomography for stereotactic lung radiotherapy. PLoS One.
2015;10(5):e0126-152.

9. Klein EE,Hanley J,Bayouth J,et al.Task group 142 report:quality
assurance of medical accelerators. Med Phys. 2009;36(9):4197-
4212.

10. Kilby W, Dooley JR, Kuduvalli G, Sayeh S, Maurer CR. The
CyberKnife® robotic radiosurgery system in 2010. Technol
Cancer Res Treat. 2010;9(5):433-452.

11. Prunaretty J, Boisselier P, Aillères N, et al. Tracking, gating,
free-breathing, which technique to use for lung stereotactic treat-
ments? A dosimetric comparison. Rep Pract Oncol Radiother.
2019;24(1):97-104.

12. Keall PJ, Mageras GS, Balter JM, et al. The management of res-
piratory motion in radiation oncology report of AAPM Task Group
76. Med Phys. 2006;33(10):3874-3900.

13. Benedict SH, Yenice KM, Followill D, et al. Stereotactic body radi-
ation therapy: the report of AAPM Task Group 101. Med Phys.
2010;37(8):4078-4101.

14. Chung JB, Kang SW, Eom KY, Song C, Choi KS, Suh TS. Com-
parison of dosimetric performance among commercial quality
assurance systems for verifying pretreatment plans of stereotac-
tic body radiotherapy using flattening-filter-free beams. J Korean
Med Sci. 2016;31(11):1742-1748.

15. Ahmed S, Zhang G, Moros EG, Feygelman V. Comprehensive
evaluation of the high-resolution diode array for SRS dosimetry.
J Appl Clin Med Phys. 2019;20(10):13-23.

16. Rose MS, Tirpak L, Van Casteren K, et al. Multi-institution val-
idation of a new high spatial resolution diode array for SRS
and SBRT plan pretreatment quality assurance. Med Phys.
2020;47(7):3153-3164.

17. Dieterich S, Cavedon C, Chuang CF, et al. Report of AAPM
TG 135: quality assurance for robotic radiosurgery. Med Phys.
2011;38(6):2914-2936.

18. Akino Y, Sumida I, Shiomi H, et al. Evaluation of the accuracy of
the CyberKnife SynchronyTM Respiratory Tracking System using
a plastic scintillator. Med Phys. 2018;45(8):3506-3515

19. Yang B, Chiu TL, Law WK, et al. Performance evaluation of
the CyberKnife system in real-time target tracking during beam
delivery using a moving phantom coupled with two-dimensional
detector array. Radiol Phys Technol. 2019;12(1):86-95.

20. Akino Y, Shiomi H, Sumida I, et al. Impacts of respiratory
phase shifts on motion-tracking accuracy of the CyberKnife
SynchronyTM Respiratory Tracking System. Med Phys.
2019;46(9):3757-3766.

21. SUN NUCLEAR Corporation. SNC Patient Software TM Refer-
ence Guide. SUN NUCLEAR Corporation; 2020.

22. International Atomic Energy Agency (IAEA). Dosimetry of Small
Static Fields Used in External Beam Radiotherapy, Technical
Reports Series No. 483. IAEA; 2017.

 15269914, 2022, 8, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/acm
2.13645 by T

okushim
a U

niversity, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KAWABATA ET AL. 13 of 13

23. Accuray Incorporated. Product Marketing Bulletin, Document No.
1067695A, MKT000942: Accuray Inc; 2019.

24. International Atomic Energy Agency (IAEA). Absorbed Dose
Determination in External Beam Radiotherapy: An International
Code of Practice for Dosimetry Based on Standards of Absorbed
Dose to Water, Technical Reports Series No. 398. IAEA; 2000.

25. CIRS. Dynamic Platform Model 008PL 2013. Accessed Decem-
ber 17, 2021. https://www.cirsinc.com/wpcontent/uploads/2020/
10/008PL-DS-071620.pdf

26. Lujan AE, Larsen EW, Balter JM, Ten Haken RK. A method
for incorporating organ motion due to breathing into 3D dose
calculations. Med Phys. 1999;26(5):715-720.

27. Kawahara D, Ozawa S, Kimura T, et al. Marginal prescrip-
tion equivalent to the isocenter prescription in lung stereotactic
body radiotherapy: preliminary study for Japan Clinical Oncology
Group trial (JCOG1408). J Radiat Res. 2017;58(1):149-154.

28. De Coste V, Francescon P, Marinelli M, et al. Is the PTW 60019
microDiamond a suitable candidate for small field reference
dosimetry?. Phys Med Biol. 2017;62(17):7036-7055.

29. Lárraga-Gutiérrez JM, Ballesteros-Zebadúa P, Rodríguez-Ponce
M, García-Garduno OA, De La Cruz OOG. Properties of a com-
mercial PTW-60019 synthetic diamond detector for the dosimetry
of small radiotherapy beams. Phys Med Biol. 2015;60(2):905-
924.

30. Underwood TSA, Rowland BC, Ferrand R, Vieillevigne L. Appli-
cation of the Exradin W1 scintillator to determine Ediode
60017 and microDiamond 60019 correction factors for rela-
tive dosimetry within small MV and FFF fields. Phys Med Biol.
2015;60(17):6669-6683.

31. Francescon P, Kilby W, Satariano N, Cora S. Monte Carlo sim-
ulated correction factors for machine specific reference field
dose calibration and output factor measurement using fixed
and iris collimators on the CyberKnife system. Phys Med Biol.
2012;57(12):3741-3758.

32. Zhang M, Lamsam LA, Schoen MK, et al. Brainstem dose
constraints in nonisometric radiosurgical treatment planning
of trigeminal neuralgia: a single-institution experience. World
Neurosurg. 2018;113:e399-e407.

33. Kaliyaperumal V, Abraham S, Veni M, et al. Dosimetric compari-
son of robotic and linear accelerator multi-leaf collimator-based
stereotactic radiosurgery for arteriovenous malformation. J Med
Phys. 2021;46(1):16-25.

34. Jursinic PA, Sharma R, Reuter J. MapCHECK used for rotational
IMRT measurements: step-and-shoot, tomotherapy, RapidArc.
Med Phys. 2010;37(6):2837-2846.

35. Feygelman V, Forster K, Opp D, Nilsson G. Evaluation of a
biplanar diode array dosimeter for quality assurance of step-and-
shoot IMRT. J Appl Clin Med Phys. 2009;10(4):64-78.

36. Seppenwoolde Y, Shirato H, Kitamura K, et al. Precise and real-
time measurement of 3D tumor motion in lung due to breathing
and heartbeat, measured during radiotherapy. Int J Radiat Oncol
Biol Phys. 2002;53(4):822-834.

37. Kamomae T, Oita M, Hayashi N, et al. Characterization of
stochastic noise and post-irradiation density growth for reflective-
type radiochromic film in therapeutic photon beam dosimetry.
Phys Med. 2016;32(10):1314-1320.

38. Childress NL, Dong L, Rosen II. Rapid radiographic film calibra-
tion for IMRT verification using automated MLC fields. Med Phys.
2002;29(10):2384-2390.

39. Lewis D. Gafchromic® EBT2. International Specialty Products;
2009

40. Van Battum LJ, Hoffmans D, Piersma H, Heukelom S. Accurate
dosimetry with GafChromicTM EBT film of a 6 MV photon beam in
water: what level is achievable?. Med Phys. 2008;35(2):704-716.

How to cite this article: Kawabata F, Kamomae
T, Okudaira K, et al. Development of a
high-resolution two-dimensional detector-based
dose verification system for tumor-tracking
irradiation in the CyberKnife system. J Appl Clin
Med Phys. 2022;23:e13645.
https://doi.org/10.1002/acm2.13645

 15269914, 2022, 8, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/acm
2.13645 by T

okushim
a U

niversity, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.cirsinc.com/wpcontent/uploads/2020/10/008PL-DS-071620.pdf
https://www.cirsinc.com/wpcontent/uploads/2020/10/008PL-DS-071620.pdf
https://doi.org/10.1002/acm2.13645

	Development of a high-resolution two-dimensional detector-based dose verification system for tumor-tracking irradiation in the CyberKnife system
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Details of SRSMC
	2.2 | Field size dependence of SRSMC for CK
	2.3 | Angular dependence of SRSMC for CK
	2.4 | Overview of the high-resolution 2D detector-based dose verification system for tumor-tracking irradiation
	2.5 | Treatment plans for the verification of the tumor-tracking irradiation
	2.6 | Data acquisition and analysis

	3 | RESULTS
	3.1 | Field size dependence
	3.2 | Angular dependence
	3.3 | Absolute dose verification by the high-resolution 2D detector-based dose verification system
	3.4 | Dose distribution verification using the high-resolution 2D detector-based dose verification system

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES




