Journal of the Korean Physical Society, Vol. 56, No. 1, January 2010, pp. 164∼170

Estimate of the Real-Time Respiratory Simulation System
in CyberKnife Image-Guided Radiosurgery
Chul Kee Min
Department of Radiation Oncology, Konyang Univ. Hospital, Daejeon 302-718 and
Department of Medical Physics, Kyonggi University, Seoul 102-702

Weon Kuu Chung
Department of Radiation Oncology, Konyang Univ. Hospital, Daejeon 302-718

Suk Lee,∗ Chul Yong Kim and Jang Bo Shim
Department of radiation Oncology, College of Medicine, Korea University, Seoul 130-701

HyunDo Huh
Department of Radiation Oncology, Inha University Hospital, Incheon 400-711

SangHoon Lee
Department of Medical Physics, Kyonggi University, Seoul 443-760 and
Cheil General Hospital & Women’s Healthcare Center,
Kwandong University College of Medicine, Seoul 100-380

Sam Ju Cho
Department of Radiation Oncology, College of Medicine, Eulji University, Seongnam 461-713

Sangwook Lim
Department of Radiation Oncology, Kosin University Gospel Hospital, Pusan 602-702

Kwang Hwan Cho
Department of Medical Physics, Kyonggi University,
Seoul 443-760 and Department of Radiation Oncology,
Soonchunhyang Univ. Boocheon Hospital, Boocheon 420-767

Jong Soo Lim and Soo Il Kwon
Department of Medical Physics, Kyonggi University, Seoul 443-760
(Received 26 October 2009, in final form 30 November 2009)
The purpose of this study was to evaluate the target accuracy according to the movement with
respiration of an actual patient in a quantitative way by developing a real-time respiratory simulation
system (RRSS), including a patient customized 3D moving phantom. The real-time respiratory
simulation system (RRSS) consists of two robots in order to implement both the movement of body
surfaces and the movement of internal organs caused by respiration. The quantitative evaluation
for the 3D movement of the RRSS was performed using a real-time laser displacement sensor for
each axis. The average difference in the static movement of the RRSS was about 0.01 ∼ 0.06 mm.
Also, in the evaluation of the dynamic movement by producing a formalized sine wave with the
phase of four seconds per cycle, the difference between the measured and the calculated values for
each cycle length in the robot that was in charge of body surfaces and the robot that was in charge
of the movement of internal tumors showed 0.10 ∼ 0.55 seconds, and the correlation coefficients
between the calculated and the measured values were 0.998 ∼ 0.999. The differences between the
maximum and the minimum amplitudes were 0.01 ∼ 0.06 mm, and the reproducibility was within
±0.5 mm. In the case of the application and non-application of respiration, the target errors were
−0.05 ∼ 1.05 mm and −0.13 ∼ 0.74 mm, respectively, and the entire target errors were 1.30 mm
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and 0.79 mm, respectively. Based on the accuracy in the RRSS system, various respiration patterns
of patients can be reproduced in real-time. Also, this system can be used as an optimal tool for
applying patient customized accuracy management in image-guided radiosurgery.
PACS numbers: 87.66.Pm
Keywords: CyberKnife, RRSS (Real-time respiratory simulation system), Synchrony, Tracking
DOI: 10.3938/jkps.56.164

I. INTRODUCTION

Because a certain movement caused by the respiration
of a patient causes errors in regular radiotherapy, the
treatment has been performed by presenting some margins in its treatment planning target volume (PTV). In
the case of a large tumor, there is a limitation on the
increase in the total dose because large amounts of radiation irradiate normal tissues.
The margin of a radiation field on the respiration of a
patient in intensity modulated radiation therapy, stereotactic radiosurgery, and image-guided radiosurgery must
be considered. Image-guided radiosurgery is a method
that analyzes movable tumor volumes based on the trace
of an anatomical land marker, and the external marker
data processing technology becomes a basis of radiotherapy in which the technology considers the movement
of the body surface of a patient and the movement of
internal tumors caused by the respiration of a patient
[1–6]. The respiratory gating radiotherapy technologies,
which consider the respiration of a patient, for reducing the movement of tumors in radiation irradiation are
breath holding, beam gating, and real-time tumor tracking. Also, the tumor tracking methods using a linear accelerator are multi-leaf collimator-based and the couchbased methods. Radiosurgery based on the CyberKnife
shows an advantage that increases the accuracy of therapy by using a real-time tumor-tracking system in the
treatment of tumors located at the thoracic and the abdominal areas and are continuously moving [7–12]. The
merit of this technology is that it irradiates a maximum
amount of radiation to the tumors and minimizes surrounding doses by reducing the margin of the radiation
field, which is added to the movement of the tumor.
In the therapy using the CyberKnife, it is very important to calibrate errors in the movements of internal
tumors caused by the pose and respiration of a patient.
Thus, it is essential to perform a quantitative analysis
for the movement in order to calibrate the movement of
internal tumors caused by the respiration. It has been reported that the respiration pattern of a patient in radiosurgery does not move in a reproducible manner [13–16].
Thus, it is necessary to reproduce the respiration of a patient with real-time before the treatment of the patient
and apply a geometrical verification that compares the
calculated and measured values in order to calibrate the
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errors caused by the respiration. Therefore, a system
that is able to implement the respiration of an actual
patient in a three-dimensional way in body radiosurgery
and that applies the latest respiration tracking method
is sincerely required. This study attempts to evaluate
the marker accuracy according to the respiration of an
actual patient in a quantitative way by developing a realtime respiratory simulation system (RRSS), including a
patient-customized 3D moving phantom.

II. MATERIALS AND METHODS
Synchrony (Accuray, Inc., Sunnyvale, CA) performs
radiosurgery while it tracks tumors by considering the
correlation of the movement of internal tumors caused
by the movement of body surfaces and respiration. A
small linear accelerator, 6MV X-band, is installed at a
robot arm in the CyberKnife system that includes the
Synchrony and can irradiate radiation at 600 MU per
minute. Two orthogonal digital X-ray detectors consist
of an amorphous silicon device (semiconductor detector)
that has the resolution of 0.4 mm/pixel. The Synchrony
camera, that consists of three CCDs (charge coupled devices) is installed at the apex and recognizes the movement of a 25 − 40 Hz LED (light emitting diode) marker.
The Synchrony computer implements camera arranging,
LED marker tracking, tracking software application, and
communication to the main computer of the CyberKnife.
The target location system implements the diagnostic
image obtained from the detector by using a digital image processing program. The correlation model between
the movement of the internal tumor and the movement of
the body surface of a patient in a treatment process can
be analyzed based on the data from the movement of an
LED marker obtained by the CCD camera and the movement of a gold needle, which is an artificial marker, by
using diagnostic X-ray images simultaneously. Also, the
CyberKnife robot can estimate the movement of internal tumors based on the image modeled by using external
movements.

1. Analysis of the Tumor Movement Caused by
Respiratory Movement

The analysis of the movement data of patients was
based on lung cancer patients treated at the CyberKnife
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Fig. 1. Block diagram of the RRSS. The respiration data
of patients are to be input to the robot by applying its coordinate transformation. A geometrical evaluation is applied
based on the input data by using the RRSS.
Table 1. Performance specifications of RRSS’s linear actuator module.
Contents
Specification
Movable range
100 mm
Maximum speed
150 mm/s
Repetition positioning accuracy ±0.01 mm
Drive system
10 mm diameter ball screw
Backlash
0.05 mm or lee

Center in this hospital. The log files for both the movement of body surfaces and the expression of the movement of internal tumors were obtained by using an motion tracking system (MTS).
In the analysis of the movement of the body surface of
a patient, the X axis was rotated by 45◦ to match it to
the coordinate of the movement of the phantom, and the
Z axis was also rotated by 45◦ to match the movement
of internal tumors caused by the respiration to the coordinate of the movement of the phantom. The log files of
patients were produced in this study by using the MFC
(Microsoft Foundation Class Library, Microsoft, USA)
program. Based on a respiration analysis program, each
movement was rearranged as X, Y , and Z coordinates
per 0.1 second by using an extrapolation method (Fig.
1).

2. Real-time Respiratory Simulation System
(RRSS)

The RRSS consists of two independently operated
robots, which are able to implement the movement of in-

Fig. 2. Actual picture of the real-time respiratory simulation system (RRSS): (a) the robot that is in charge of the
movement of internal tumors caused by respiration, (b) the
robot that is in charge of the movement of body surfaces of
a patient, (c) a phantom for evaluating the geometrical performance, and (d) a printed circuit board (PCB) box.

ternal tumors caused by the movement of body surfaces
and respiration. The maximum movement and speed of
the linear actuator module in the robot are 100 mm and
150 mm/s, respectively, and the reproduction accuracy
is ±0.01 mm. The drive system uses a 10 mm diameter
ball screw (Table 1). The robot operation program uses
the MFC. The assembly was fabricated in this study.

A. System configuration

The RRSS was designed to independently implement
the movements of the internal tumor caused by a patient
and body surfaces in the CyberKnife radiosurgery. This
system consists of two different parts, such as a 3D power
mechanical device and a computer control device.
The mechanism of the RRSS basically consists of two
orthogonal robots. These robots were designed to implement the movements of body surfaces and internal
tumors as independent 3D linear movements. Each linear actuator shows a linear motion through a ball screw
structure and is operated using stepping motors. Also,
it plays a role in each axis in a three-axis orthogonal
coordinate robot. The linear module is reinforced by
chrome-plating on the iron body, and the entire frame of
the robot is produced in aluminum (Fig. 2).
The control system of the RRSS consists of four microprocessors, such as one master and three slave microprocessors. The master processor plays a role in the communication to the system computer and in the transmission
of information to slave microprocessors. The slave microprocessors play roles in the operations of the X, Y , and
Z axes. The master microprocessor receives the data file
simulated by RS-232 communication in the computer as
a packet. Then, the obtained information is rearranged
for each axis and transmitted to the slave microprocessors through a SPI (system packet interface) communi-
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Table 3. Outlines of respiratory wave form data.
Parameters
Frequency
Amplitude
Sampling rate

Specification
4 s per one cycle
X: ±3 mm, Y : ±3 mm, Z: ±3 mm
1000 points per 1 sec

Fig. 3. Image of the control program produced in this
study for operating the RRSS: (a) patient data loading box,
(b) data box for transmitting data to robots, (c) robot coordinate adjustment box, (d) graph for the real-time movement of
the robot for internal tumors, and (e) graph for the real-time
movement of the robot for body surfaces.
Table 2. Positional coordinators for static conditions.
Point
1
2
3
4
5
6
7
8
9
10
11
12

X
−20.0
−10.0
−5.0
−3.0
−2.0
−1.0
1.0
2.0
3.0
5.0
10.0
20.0

Point
13
14
15
16
17
18
19
20
21
22
23
24

Y
−20.0
−10.0
−5.0
−3.0
−2.0
−1.0
1.0
2.0
3.0
5.0
10.0
20.0

Point
25
26
27
28
29
30
31
32
33
34
35
36

Z
−20.0
−10.0
−5.0
−3.0
−2.0
−1.0
1.0
2.0
3.0
5.0
10.0
20.0

Abbreviation : Direction for x(−), y(−), and z(−) of points
are determined as the right direction, inferior direction, and
posterior direction, respectively.

cation in which each slave microprocessor provides pulses
for operating motors. In addition, the entire system receives information from the computer with a period of
0.1 second and is designed to be controlled by robots
(Fig. 3).

B. Evaluation of the RRSS

A quantitative evaluation for the 3D movement of the
RRSS was carried out using a real-time laser displacement sensor, OptoNCDT 1401-50 (Micro-Epsilon, Ortenburg, Germany), for each axis. This system consists
of two sections, such as laser sensor and recording program software. Also, the laser sensor is a semiconductor
laser with a wavelength of 670nm and shows a resolution
of 0.01 % FSO (full scale output).
This study measured the position accuracy for the

Fig. 4. Images of the ball cubic phantom for the end-to-end
(E2E) Test: (a) schematic diagram of the phantom for the
E2E. An acrylic ball with a diameter of 31.75 mm is located
at the center of the phantom in which the phantom consists
of four pieces, and four gold needles are located inside the
phantom, and (b) before inserting the phantom for the E2E
and MD-55 films.

static movement of the phantom in order to establish
the geometrical accuracy of the RRSS. The distance was
measured using a laser displacement sensor after programming it as 12 steps for each axis (Table 2). Then,
the static movement was evaluated by comparing the
measured and the calculated distance information.
The data for the movement of a formalized sine wave
with a frequency of 4.0 seconds per cycle and an amplitude of 3 mm were programmed to evaluate the RRSS
(Table 3). Then, a total of 100 data sets per 0.1 second in real-time were obtained using a laser displacement sensor for each axis. Based on the average of the
measured distance information, the real-time movement
for five cycles was evaluated. Also, the reproducibility
was evaluated by measuring the formalized sine wave repeatedly. The correlation between the measured and the
calculated values was investigated using correlation coefficients. In addition, the evaluation was performed by
comparing changes in the distance information of the
maximum amplitude.

3. Evaluation of the Target Accuracy by Using
the End-to-end Test (E2E Test)

The end-to-end test was designed to evaluate the geometrical target accuracy in the CyberKnife system by
transferring all steps in a treatment plan and treatment
doses. In the CyberKnife system, the E2E test can evaluate errors in the entire target for a treatment that con-
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Table 4. Evaluation of the static movement of the robots
for internal tumors and body surfaces.

Axis
Internal
Marker
Robot
External
Marker
Robot

X
Y
Z
X
Y
Z

Min.
difference
(mm)
0.00
0.00
0.00
0.00
0.01
0.05

Max.
difference
(mm)
0.09
0.05
0.08
0.10
0.10
0.09

Mean
difference
(mm)
0.03
0.01
0.03
0.03
0.05
0.06

siders respiration. Based on the radiation transferred to
the E2E phantom, the target accuracy can be analyzed
using the software developed by Accuracy after storing
the film irradiated by the radiation, which is in the phantom, as images by using a film scanner. An acrylic ball
with a diameter of 31.75 mm is located at the center of
the phantom for the E2E in which the phantom consists
of four pieces, and four gold needles are located inside
the phantom (Fig. 4). MD-55 (International Specialty
products, Wayne, New Jersey, USA), which is a radiochemical film, can be inserted in the phantom for the
E2E, orthogonal direction. This study evaluated 3D target errors by using the radiated film inside the phantom,
and the entire target errors were geometrically evaluated
using a root-mean- square deviation method.

III. RESULTS
1. Evaluation of the Static Position of the RRSS

The robot in charge of the movement of body surfaces
and the robot in charge of the movement of internal tumors caused by respiration were configured to be controlled by 12 steps for each axis, and their values were
obtained using a laser displacement sensor. As noted in
Table 4, the difference in position for the static movement in each robot was up to 0.10 mm. Also, the average differences between the measured and the calculated
values in the static movement were 0.00 ∼ 0.10 mm.

Table 5. Evaluation of the dynamic movement of the
robots for internal tumors and body surfaces.

Internal
Marker
Robot
External
Marker
Robot

Min.
Axis amplitude
(mm)
X -2.94(-3.00)
Y -2.97(-3.00)
Z -2.94(-3.00)
X -2.99(-3.00)
Y -2.96(-3.00)
Z -2.94(-3.00)

Max.
Difference of
Correlation
amplitude
cycle length
coefficient
(mm)
(sec/5cycle)
3.02(3.00)
0.998
0.35
3.01(3.00)
0.998
0.50
2.99(3.00)
0.998
0.40
2.95(3.00)
0.999
0.55
2.97(3.00)
0.999
0.55
3.02(3.00)
0.999
0.10

Fig. 5. Images of the evaluation of the reproducibility for
each robot in RRSS: (a) evaluation of the reproducibility of
the robot for the movement of body surfaces, and (b) evaluation of the reproducibility of the robot for the movement of
internal tumors.

and the robot in charge of the movement of internal tumors were 0.10 ∼ 0.55 seconds. Also, the correlation coefficients between the calculated and the measured values
were 0.998 ∼ 0.999, in which there was a certain agreement because the correlation coefficient approached 1.
As presented in Table 5, the differences in the minimum
and the maximum amplitudes were 0.01 ∼ 0.06 mm and
0.01 ∼ 0.05 mm, respectively, by using comparing it with
a formalized sine with a frequency of 4.0 seconds per cycle and an amplitude of 3 mm. Then, the results of the
dynamic movement for each robot were obtained. In the
evaluation of the reproducibility in dynamic movements,
as illustrated in Fig. 5, the reproducibility was shown to
be within 0.5 mm from an analysis of the difference presented in the repetitive measurement by using five sine
waves, with a frequency of 4.0 seconds per cycle.

3. Evaluation of the Target Accuracy
2. Evaluation of the Dynamic Position of the
RRSS

This study compared the value measured by using a
laser displacement sensor by quantizing it as the value of
the movement with a period of 0.1 second. The differences between the measured and the calculated values for
each cycle length in the robot in charge of body surfaces

This study compared the target accuracy between the
application and the non-application of respiration by using the respiration data obtained from actual patient
treatments. In the case of the application and the nonapplication of respiration, the target errors were −0.05
∼ 1.05 mm and −0.13 ∼ 0.74 mm, respectively, and the
entire target errors were 1.30 mm and 0.79 mm, respec-
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Table 6. Comparison of the target errors with motion and
without motion in the moving phantom.
Contents
Left error(mm)
Superior error (mm)
Anterior error (mm)
Total Targeting Error (mm)

Motion
0.75
1.05
−0.05
1.30

Without Motion
0.74
0.21
−0.13
0.79

Abbreviation : The direction of the anterior error(−) is the
direction of posterior.

tively (Table 6).

IV. DISCUSSION AND CONCLUSION
It has been reported that the movements of the lung
tumor around the diaphragm, pancreatic tumor, and
liver tumor are about 25 mm [17–19], 35 mm [20, 21],
and 12 ∼ 75 mm, respectively [4]. Thus, it is essential to compensate for the movement in order to reduce
the margin for the radiation field in body radiosurgery
that uses high doses on movable tumors located in the
thoracic and the abdominal areas. The ideal method to
compensate for the movement among several methods
is to perform real-time tracking of tumors by using an
image acquisition device for the movement of the tumor
itself while the treatment is being applied. In the case
of CyberKnife radiosurgery using Synchrony, the body
radiosurgery is performed by compensating for the respiration of a patient. Also, the movement of a patient can
be investigated using a real-time feedback system. However, a patient-customized phantom is seriously required
to investigate geometrical errors, whether the radiation
is precisely irradiating the tumor tissue even though the
tumor shows irregular movement caused by respiration.
The moving phantom, as reported in other studies,
cannot perfectly reproduce the movements of body surfaces and internal tumors in a geometrical way [22–24].
Because the movement of the phantom is performed by
the rotation of motors and mutual rotation generated by
some crank mechanisms, it presents difficulty in geometrical implementation. In the case of the motor used in
the RRSS, which was developed in this study, the motor
was operated in a micro-stepping way in order to implement precise movements. Although this motor can be
controlled up to 0.003 mm as a hardware specification,
it was limited to 0.01 mm. Because the facts that the
extra-precise operation produces many data and much
data transmission and that may generate errors in the
communication, it cannot provide soft movements due
to the long control phase, even though the precision is
ensured by such heavy communications.
Wong et al. analyzed the movement of internal organs through PET or SPECT by injecting a marker,
which is a type of radioactive substance, in to the tumors
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[25]. Although the device is able to determine the movement of complex internal organs, it cannot load heavy
devices, such as phantom and other equipments, to perform dosimetric and geometric evaluations. In the study
of Nakayama et al., although they reproduced the movement related to external respiration, they could not reproduce the movement of internal organs [26]. However,
they performed a precise dose evaluation because a heavy
phantom for measuring doses could be loaded in to the
system.
The moving phantom provided by the CyberKnife uses
a formalized sine wave. The phantom is a type of 2D
model and applies anterior and posterior directions for
the movement of body surfaces and superior and inferior
directions for the movement of internal organs. However, it is not possible to implement irregular respiration
patterns of actual patients. The RRSS developed in this
study is able to implement the movements of body surfaces and internal tumors in actual patients in a threedimensional manner independently and represents an advantage in that the phantom can be located at the robot,
which is in charge of the movement of internal tumors, in
order to perform dosimetric and geometric evaluations.
In a treatment that can trace respiration, such as CyberKnife radiosurgery, this study increased the geometrical accuracy for the respiration of a patient by using linear ball screw axes and stepping motors. For reproducing
the respiration of a patient accurately in the CyberKnife
radiosurgery, the RRSS can reproduce the respiration
with the accuracy of less than 0.1 mm for each axis in
3D movements. Also, it is able to reproduce movement
up to 150 mm/sec for each axis, and that makes possible
to reproduce fast movements in internal organs. In addition, it represents excellent reproducibility within ±0.5
mm. Moreover, Evaluation of the reproducibility of the
sine wave by using an RMSD (root-mean-square deviation) method shows 0.005 and 0.011 as minimum and
maximum values, respectively, for each axis in the robot.
Because this system can express the movements of body
surfaces and internal tumors perfectly in real-time, it
can be widely used as a tool for performing dosimetric
evaluations of movements in body radiosurgery with an
sub-millimeter accuracy based on the CyberKnife system
or for evaluating the target accuracy.
The RRSS developed in this study and the robot control software can be operated to implement the analyzed
data of patients in real-time. It is evident that this system reproduces the respiration of a patient with a high
reproducibility and an error range of ±0.1 mm. Based
on the accuracy in the RRSS system, various respiration patterns of patients can be reproduced in real-time.
Also, this system can be used as an optimal tool for
applying patient-customized accuracy managements in
image-guided radiosurgery. Furthermore, this study will
establish a total solution system for performing patientcustomized accuracy management in body radiosurgery,
including geometric and dosimetric evaluations, by using
this system.
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