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Purpose: The purposes of this study were two-fold: first, to develop a four-axis moving phantom for
patient-specific quality assurance (QA) in surrogate signal-based dynamic tumor-tracking intensity-
modulated radiotherapy (DTT-IMRT), and second, to evaluate the accuracy of the moving phantom
and perform patient-specific dosimetric QA of the surrogate signal-based DTT-IMRT.
Methods: The four-axis moving phantom comprised three orthogonal linear actuators for target
motion and a fourth one for surrogate motion. The positional accuracy was verified using four laser
displacement gauges under static conditions (±40 mm displacements along each axis) and moving
conditions [eight regular sinusoidal and fourth-power-of-sinusoidal patterns with peak-to-peak mo-
tion ranges (H) of 10–80 mm and a breathing period (T) of 4 s, and three irregular respiratory patterns
with H of 1.4–2.5 mm in the left–right, 7.7–11.6 mm in the superior-inferior, and 3.1–4.2 mm in
the anterior–posterior directions for the target motion, and 4.8–14.5 mm in the anterior–posterior
direction for the surrogate motion, and T of 3.9–4.9 s]. Furthermore, perpendicularity, defined as
the vector angle between any two axes, was measured using an optical measurement system. The
reproducibility of the uncertainties in DTT-IMRT was then evaluated. Respiratory motions from 20
patients acquired in advance were reproduced and compared three-dimensionally with the originals.
Furthermore, patient-specific dosimetric QAs of DTT-IMRT were performed for ten pancreatic
cancer patients. The doses delivered to Gafchromic films under tracking and moving conditions were
compared with those delivered under static conditions without dose normalization.
Results: Positional errors of the moving phantom under static and moving conditions were within
0.05 mm. The perpendicularity of the moving phantom was within 0.2◦ of 90◦. The differences in
prediction errors between the original and reproduced respiratory motions were −0.1±0.1 mm for
the lateral direction, −0.1±0.2 mm for the superior-inferior direction, and −0.1±0.1 mm for the
anterior–posterior direction. The dosimetric accuracy showed significant improvements, of 92.9%
± 4.0% with tracking versus 69.8% ± 7.4% without tracking, in the passing rates of γ with the
criterion of 3%/1 mm (p < 0.001). Although the dosimetric accuracy of IMRT without tracking
showed a significant negative correlation with the 3D motion range of the target (r =−0.59, p < 0.05),
there was no significant correlation for DTT-IMRT (r = 0.03, p = 0.464).
Conclusions: The developed four-axis moving phantom had sufficient accuracy to reproduce patient
respiratory motions, allowing patient-specific QA of the surrogate signal-based DTT-IMRT under
realistic conditions. Although IMRT without tracking decreased the dosimetric accuracy as the target
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motion increased, the DTT-IMRT achieved high dosimetric accuracy. C 2016 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4966130]
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1. INTRODUCTION

Intensity-modulated radiotherapy (IMRT) has been used in
clinical practice for a variety of tumor types and anatomical
locations.1 However, when treating tumors, particularly those
located in the thoracic and abdominal regions, respiratory-
induced tumor motion leads to uncertainty during beam deliv-
ery.2 Compared with three-dimensional (3D) conformal radio-
therapy, a complex interplay occurs between the motion of the
multileaf collimator (MLC) and that of the tumor in IMRT,
leading to underdosage or overdosage in portions of the target
volume and/or surrounding tissues.2–6

Several respiratory motion management techniques, includ-
ing forced shallow breathing, breath-holding, respiratory gat-
ing, and dynamic tumor tracking (DTT), have been proposed to
reduce the uncertainty caused by respiratory motion,2 thereby
reducing the probability of normal tissue complications.7,8

Of these, recent interest has focused on the DTT technique,
which is able to dynamically reposition the radiation beam
or the robotic couch in accordance with the position of the
target.9–24 DTT decreases internal uncertainties due to target
motion, without the need for a prolonged treatment time or
the burden of shallow breathing or breath-holding for patients.
There are two approaches to achieving DTT: direct and indirect
tracking methods.2,9 To track a moving target, both methods
need to predict the future target position to compensate for
system lag. The direct method tracks the internal target posi-
tion itself, whereas the indirect method requires an external
surrogate signal to localize the target position according to
the correlation between the motions of the internal target and
the external surrogate. There are also several approaches to
localize the internal target position: dual fluoroscopic imag-
ing systems,11–16,18,19 an electromagnetic transponder,17 four-
dimensional (4D) computed tomography (CT),20–22 combined
4DCT and daily cone-beam CT (CBCT) projection images,23

and 4DCBCT.24

The hybrid beam delivery technique, which combines
IMRT with a respiratory management technique, such as
breath-holding and gating, has been used clinically.25,26 The
Vero4DRT (Mitsubishi Heavy Industries, Ltd., Hiroshima,
Japan; and Brainlab AG, Feldkirchen, Germany) uses a novel
irradiation technique that combines surrogate signal-based
DTT with IMRT (DTT-IMRT) using an orthogonal gimbaled
MV x-ray head that can swing the radiation field by up to
±41.9 mm, with a maximum speed of 152 mm/s in each
direction in the isocenter plane. However, IMRT-related and
DTT-related uncertainties are nevertheless included in the
dose calculation and treatment of DTT-IMRT. Examples of
IMRT-related uncertainties are the leakage profile, round leaf
and tongue-and-groove effects, and MLC mechanical errors,
which can be confirmed via dosimetric quality assurance (QA)

by delivering the treatment plan to a phantom. Additionally, a
large source of dosimetric error is the interplay effect between
the MLC and the motion of the target.2–6 Generally, these
interplay effects can be minimized by using respiratory motion
management techniques. DTT-related uncertainties, including
the prediction error and tracking response error, are also known
to cause dosimetric errors depending on the patient’s respira-
tion.11 To evaluate these uncertainties, a moving phantom that
can realistically reproduce the patient’s respiration, as well as
mount a dosimetric QA phantom, is needed.

In this study, we developed a novel four-axis moving phan-
tom that can reproduce patient 3D tumor and one-dimensional
(1D) surrogate motions. We evaluated the accuracy of this
phantom and performed patient-specific dosimetric QA of
surrogate signal-based DTT-IMRT.

2. MATERIALS AND METHODS
2.A. Construction of a four-axis moving phantom

The four-axis moving phantom consisted of three orthog-
onal linear actuators (KR30H06B-120-P; THK Co., Ltd.,
Tokyo, Japan) that reproduce the 3D target motion with a
positional accuracy of 0.02 mm in a motion range of 120 mm
with a maximum velocity of 470 mm/s, and a fourth linear
actuator (SKR2006A-130-P; THK Co., Ltd.) that reproduces
the surrogate motion in the 1D vertical direction with a posi-
tional accuracy of 0.02 mm in a motion range of 130 mm
with a maximum velocity of 600 mm/s. Figure 1 shows a
photograph of the novel four-axis moving phantom. Three axes
move along the left–right (LR: X), superior-inferior (SI: Y ),

F. 1. Photograph of the novel four-axis moving phantom. Three axes move
along the left–right (X ), superior-inferior (SI) (Y ), and anterior–posterior
(AP) (Z ) directions for target motion, and one axis moves along the AP
direction for surrogate motion (S).
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and anterior–posterior (AP: Z) directions for target motion,
and one axis moves along the AP direction for the surrogate
motion (S). Dosimetric QA phantoms can be mounted on a
driven support base of the three orthogonal linear actuators.
The three orthogonal linear actuators for the target motion
have a load-bearing capacity of 16 kg in the AP direction
and 28 kg in the LR and SI directions. The fourth linear
actuator has a load-bearing capacity of 6 kg in the AP direction.
The moving phantom was designed to reproduce respiratory
motion with a motion range of 100 mm and a maximum
velocity of 300 mm/s in each axis. The four axes of the moving
phantom are integrated into a system controller that reproduces
an arbitrary 3D target and 1D surrogate movements. Figure 2
shows the screen of the operating software for the four-axis
moving phantom. The four-axis moving phantom generates
preset waves, such as sinusoidal and nth-power-of-sinusoidal
patterns, or patient respiratory wave patterns using pattern
files, in a comma-separated values file format.

2.B. Accuracy verification of the moving phantom

Figure 3 shows photographs of the experimental system
during the accuracy verification process for the moving phan-
tom. The positional accuracy, perpendicularity, and reproduc-

ibility of the prediction accuracy of the moving phantom were
verified using various independent measurement systems.
Each pattern of movement was created with a mounted “I’mRT
Phantom,” which weighs 6.1 kg (IBA Dosimetry GmbH,
Schwarzenbruck, Germany).

First, the positional accuracy of the moving phantom was
verified under static conditions with displacements of±40 mm
along each axis. Four laser displacement gauges (LK-G5000;
Keyence Corp., Osaka, Japan), with a measurement accuracy
of 0.02 mm, were used as an independent verification sys-
tem for positioning of the phantom. Then, root mean squares
(RMSs) of the differences between the measured and com-
manded phantom positions were evaluated along all axes every
10 ms under moving conditions including regular and irreg-
ular motion patterns. Regular motion patterns with four sinu-
soidal and four fourth-power-of-sinusoidal patterns [peak-to-
peak motion range (H): 10–80 mm; breathing period (T): 4 s]
and irregular motion patterns with three patients’ respiratory
patterns (H: 1.4–2.5 mm in the X , 7.7–11.6 mm in the Y ,
3.1–4.2 mm in the Z , and 4.8–14.5 mm in the S directions;
T : 3.9–4.9 s) were used. The absolute velocities (|V |) were
5.0–40.0 mm/s in all axes for regular motion patterns and
1.0–1.6 mm/s in the X , 2.9–4.7 mm/s in the Y , 2.0–2.6 m/s
in the Z , and 2.4–3.4 mm/s in the S directions for irregular

F. 2. Screen of the operating software for the four-axis moving phantom. The four-axis moving phantom generates (a) preset waves, such as sinusoidal and
nth-power-of-sinusoidal patterns or (b) patient respiratory waves using pattern files, in a comma-separated values file format.
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F. 3. Photographs of the experimental system during verification of the moving phantom for (a) positional accuracy, using the four laser displacement gauges,
(b) perpendicularity, using the optical measurement system, and (c) reproducibility of prediction accuracy, using the Vero4DRT.

motion patterns. |V | was calculated by averaging the absolute
ratio of the displacement of the phantom according to sampl-
ing interval time of 10 ms. The absolute accelerations (|A|)
were 7.9–81.6 mm/s2 in all axes for regular motion patterns
and 18.3–33.1 mm/s2 in the X , 20.2–31.7 mm/s2 in the Y ,
25.8–34.3 mm/s2 in the Z , and 31.3–43.4 mm/s2 in the S
directions for irregular motion patterns. |A| was calculated by
averaging the absolute ratio of the variation in the velocity to
the sampling interval time of 10 ms.

The perpendicularity of the three axes used for target mo-
tion was then verified using the 3D optical position measure-
ment system Polaris Spectra (Northern Digital, Inc., ON, Can-
ada), with a measurement accuracy of 0.3 mm. The angles
between each axis of the moving phantom were calculated
from the 3D positions of infrared-reflective markers attached
to the surface of the I’mRT Phantom.

The reproducibility of the prediction accuracy was assessed
for the respiratory motions of 20 patients (ten lung, five liver,
and five pancreatic cancer patients) who underwent DTT with
the Vero4DRT. The Vero4DRT created log files that contained
the displacement of the surrogate signals, and the detected and
predicted target positions during the 20 s prediction modeling
period in DTT. Displacement of the surrogate signals was
measured by the infrared camera of the ExacTRAC system
(Brainlab AG) with an acquisition interval of 16.7 ms. The
detected target positions were defined as the target positions
calculated from the detected positions of the implanted fiducial
markers around the tumor in the patient or the embedded fidu-
cial markers in the I’mRT Phantom using the orthogonal kV
x-ray imaging subsystem, with a detection accuracy of 0.2 mm.
The corresponding predicted target positions were calculated
from a prediction model, expressed as a quadratic equation

involving two variables of the positions and velocities of the
surrogate signals.11 The positions of the surrogate markers
were predicted linearly from past motions to compensate for
the system delay in DTT of 50 ms.13 The prediction errors,
defined as mean + two standard deviations (µ + 2 SDs) of the
absolute difference between the predicted and detected target
positions (Eµ+2 SD

predict ) with a sampling interval of 80 ms, from
the original respiratory motions were compared with those
from the respiratory motions reproduced by the moving phan-
tom. The characteristics of the reproduced respiratory motions,
including H , |V |, and T of the target and surrogate motions,
and the absolute correlation between the target and surrogate
motions (|R|), were also calculated from the detected positions
in the log files and then compared with the original values. H
was calculated by averaging the motion range of respiration
in each breathing period. T was calculated by averaging the
duration of each end-inhalation or each end-exhalation.

2.C. Patient-specific dosimetric QA for DTT-IMRT

We performed patient-specific dosimetric QA using real
respiratory patterns from ten pancreatic cancer patients who
underwent DTT-IMRT using the Vero4DRT. Prior to treat-
ment, a dry-run treatment session of DTT was performed to
acquire patients’ 3D target and 1D surrogate motions, and to
create the prediction model of the moving target position.11,12

During DTT treatment, intrafractional internal/external corre-
lation changes due to baseline drift of the respiratory motion
reduced the prediction accuracy.18,19 Thus, we acquired two
prediction models at 10 min intervals in the dry-run treat-
ment session to assume the actual DTT treatment time. The
less-accurate prediction model was used for patient-specific
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dosimetric QAs of DTT-IMRT. Then the four-axis moving
phantom mounting I’mRT Phantom was actuated, based on the
patients’ respiration from log files in DTT. H was 2.7±1.4 mm
in the X , 10.2 ± 1.7 mm in the Y , 4.0 ± 1.0 mm in the Z ,
and 11.4± 1.8 mm in the 3D directions for the target, and
7.4±2.7 mm in the S direction for the surrogate. The Eµ+2 SD

predict
was 0.7±0.3 mm in the X , 0.8±0.2 mm in the Y , 0.8±0.3 mm
in the Z , and 1.4 ± 0.3 mm in the 3D directions. Six-field
step-and-shoot IMRT plans were generated using iPlan RT
Dose (ver. 4.5; Brainlab AG). 4DCT images were acquired
in axial cine mode using a 16-slice CT scanner (LightSpeed
RT16; GE Healthcare, Little Chalfont, UK) and a real-time
positioning management system (Varian Medical Systems,
Palo Alto, USA). The ten phase images were registered to the
mid-ventilation phase image based on the centroid of a Visicoil
(IBA Dosimetry GmbH) implanted around the tumor. Gross
tumor volumes and clinical target volumes (CTVs) and organs
at risk (OARs) were delineated on ten respiratory phase images
of 4DCT. Then an internal target volume (ITV) for tracking
was defined as a composite of the ten CTVs registered, based
on the marker centroid. The internal volumes of OARs for
tracking were also generated. Because the phase images were
registered based on the fiducial marker centroid, the ITV for
tracking and internal volumes of OARs for tracking were
supposed to compensate for target and OAR deformations and
their positional uncertainty from the fiducial marker during
respiration. A planning target volume (PTV) margin of 5 mm
or more was added to the ITV, depending on intra and inter-
fractional tracking uncertainties.11,12 Planning OAR volumes
(PRVs) were also generated by adding margins of 3–5 mm for
the interfractional uncertainties to internal volumes of OARs.
The dose calculation was performed on the mid-ventilation
phase image using the x-ray Voxel Monte Carlo (XVMC) algo-
rithm. The spatial resolution and variance of dose calculation
were set to 2 mm and 2%, respectively. The prescribed dose
of 45–48 Gy in 15 fractions covered 95% of the PTV exclud-
ing PRVs. The size of the PTV was 190.7± 50.5 cm3. The

IMRT plans were then delivered to the I’mRT Phantom under
three scenarios: static, moving, and tracking conditions. Dur-
ing beam delivery, the Vero4DRT tracked the moving target,
reproducing the prediction error under the tracking conditions.
Meanwhile, the mean position of the moving target was set to
the isocenter, and doses were delivered without tracking under
moving conditions. The absolute dose distributions delivered
to the Gafchromic EBT3 films (Ashland, Inc., Wayne, NJ,
USA) with or without tracking, inserted in the coronal and
sagittal planes at the planned isocenter of the I’mRT Phantom,
were compared with those under static conditions without dose
normalization. In total, 60 films were scanned in transmission
mode in the same orientation using a resolution of 72 dpi in
the 16-bit red-channel color scale with a constant 24-h post-
exposure period. Four pinholes were made in each film to
identify the planned isocenter. All films were analyzed using
commercially available radiation dosimetry software (DD sys-
tem, ver. 9.4; R’Tech, Inc., Tokyo, Japan). After the density-to-
dose conversion, translational and rotational corrections were
performed; then, corresponding dose data were exported to in-
house software developed with Visual Basic for Applications
to analyze the dose difference and γ with a global difference
approach. The passing rates for γ with criteria of 3%/1 mm
(γ3%/1 mm) and 3%/3 mm (γ3%/3 mm), and dose differences with
criteria of 3% (DD3%) and 5% (DD5%), were calculated as
the patient-specific dosimetric QA with a 10% planar dose
maximum threshold under the static condition.

3. RESULTS
3.A. Accuracy verification of the moving phantom

The positional accuracy of the moving phantom under static
conditions was up to 0.03 mm in the X , 0.05 mm in the Y ,
0.03 mm in the Z , and 0.03 mm in the S directions. The
RMSs of the positional error under the moving conditions were
within 0.05 mm in all directions. Figure 4 shows representative

F. 4. Representative results of variations in the measured and commanded positions of the moving phantom for a fourth-power-of-sinusoidal pattern with a
peak-to-peak motion range (H ) of 20 mm and a breathing period (T ) of 4 s.
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F. 5. Representative results of variation in the measured and commanded positions of the moving phantom for an irregular respiratory pattern with a H of
0.7±0.4 mm in the X , 6.6±3.4 mm in the Y , 2.8±0.8 mm in the Z , and 7.7±4.7 mm in the S directions, and a T of 5.2±2.2 s.

results of variations in the measured and commanded posi-
tions of the moving phantom for a fourth-power-of-sinusoidal
pattern with a H of 20 mm and a T of 4 s. The averaged
RMS of the positional error for this regular motion pattern was
0.01 mm. Figure 5 shows representative results of variation
in the measured and commanded positions of the moving
phantom for an irregular respiratory pattern with a H of 0.7
± 0.4 mm in the X , 6.6± 3.4 mm in the Y , 2.8± 0.8 mm in
the Z , and 7.7± 4.7 mm in the S directions, and a T of 5.2
±2.2 s. The RMS of the positional error for this irregular mo-
tion pattern was 0.01 mm in the X , 0.02 mm in the Y , 0.03 mm
in the Z , and 0.02 mm in the S directions, and 0.02 mm on
average. A strong positive correlation was found between |A|
and the averaged RMS of the positional error in all direc-
tions (|R| = 0.99; Fig. 6). Furthermore, the perpendicularity
of the three axes for the target motion was within 0.2◦ from
90◦ along all axes. A summary of the reproducibility of the

F. 6. Relationship between the variation in averaged absolute acceleration
and averaged root mean square error in all axes for regular and irregular
motion patterns.

moving phantom for the respiratory motion of 20 patients is
shown in Table I. The µ + 2 SDs of differences between the
original respiratory motions and the ones reproduced by the
moving phantom were within 0.8 mm for H , 0.5 s for T ,
0.7 mm/s for |V |, 0.09 for |R|, and 0.4 mm for Eµ+2 SD

predict in all
directions.

T I. Reproducibility of the moving phantom for 20 patient respiratory
motions.

µ± SD Original motion
Reproduced

motion
Difference in
each motion

H (mm)

X 1.9± 1.3 1.9± 1.3 −0.1± 0.1
Y 11.1± 4.7 11.0± 4.8 0.0± 0.4
Z 3.3± 1.0 3.1± 1.0 −0.2± 0.2
S 6.9± 3.1 6.8± 3.1 0.0± 0.3

T (s)

X 4.0± 0.9 4.1± 0.9 0.1± 0.2
Y 4.0± 0.9 4.1± 0.9 0.1± 0.2
Z 4.0± 0.9 4.1± 0.8 0.0± 0.2
S 4.0± 0.9 4.1± 0.9 0.1± 0.2

|V | (mm/s)

X 1.3± 0.6 1.2± 0.5 −0.1± 0.1
Y 5.6± 1.9 5.6± 2.0 0.0± 0.2
Z 2.1± 0.8 1.9± 0.6 −0.2± 0.3
S 3.5± 1.2 3.6± 1.2 0.1± 0.2

|R |
X 0.76± 0.23 0.76± 0.23 0.00± 0.04
Y 0.98± 0.03 0.98± 0.03 0.00± 0.00
Z 0.80± 0.23 0.79± 0.25 −0.01± 0.04

E
µ+2 SD
predict (mm)

X 0.6± 0.4 0.5± 0.4 −0.1± 0.1
Y 1.3± 0.5 1.1± 0.5 −0.1± 0.2
Z 0.8± 0.6 0.7± 0.5 −0.1± 0.1

Note: Abbreviations: µ—mean; SD—standard deviation; H—peak-to-peak mo-
tion range; T—breathing period; |V |—average absolute velocity; |R |—absolute
correlation between target and surrogate motions; E

µ+2 SD
predict , µ + 2 SD of the

absolute error of the prediction model; X , Y , and Z , the left–right, superior-
inferior, and anterior–posterior directions of target motion, respectively; S, the
anterior–posterior direction for surrogate motion.
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3.B. Patient-specific dosimetric QA for DTT-IMRT

The absolute dose distribution under the static condition
was not consistent with that under the moving condition,
but was consistent with that under the tracking condition.
Figure 7 shows a representative result for patient-specific
dosimetric QA. Although the isodose distribution under the
tracking condition was consistent with the static condition, a
blurring effect was observed under the moving condition. Dose
differences over 5% were observed in the steep gradient region
under the moving condition. The γ3%/1 mm, γ3%/3 mm, DD3%,
and DD5% under conditions of moving/tracking were 69.8%
± 7.4%/92.9% ± 4.0%, 85.2% ± 6.0%/97.3% ± 2.1%, 65.3%
± 7.4%/91.2% ± 4.5%, and 84.6% ± 5.6%/97.9% ± 1.3%,
respectively. The dosimetric accuracy was improved signif-
icantly by tracking for all evaluated dosimetric parameters
(p < 0.0001). Figure 8 shows relationships between the 3D
motion range of the target and the dosimetric accuracy. Al-
though the dosimetric accuracy of γ3%/1 mm, γ3%/3 mm, DD3%,
and DD5% without tracking showed a significant negative
correlation with the 3D motion range of the target (r =−0.59,
p = 0.036; r = −0.55, p = 0.048; r = −0.65, p = 0.021; and
r = −0.74, p = 0.007, respectively), there was no significant
correlation with tracking (r = 0.03, p = 0.464; r = 0.02, p
= 0.474; r = 0.09, p= 0.404; and r =−0.08, p= 0.410, respec-
tively). As the 3D motion range of the target increased, the
dosimetric accuracy without tracking decreased significantly

but that with tracking remained unchanged. The averaged
mean dose difference and averaged mean values of γ3%/1 mm
and γ3%/3 mm under conditions of moving/tracking were 0.2%
± 0.8%/−0.1% ± 0.5%, 0.9±0.2/0.4±0.1, and 0.6±0.1/0.3
±0.1, respectively. Although there was no significant differ-
ence in mean dose with or without tracking (p = 0.196), the
mean values of γ3%/1 mm and γ3%/3 mm did show a significant
difference (p < 0.0001). Figure 9 shows a box plot summa-
rizing measurement-based patient-specific dosimetric QA.
The top, middle, and bottom lines of the box are the first,
second, and third quartiles. The ends of the whiskers represent
maximum and minimum values. The dosimetric accuracy was
improved with tracking relative to that without tracking.

4. DISCUSSION

DTT-IMRT is currently available in clinical practice by
combining IMRT with DTT. Dosimetric uncertainties, includ-
ing IMRT- and DTT-related uncertainties, should be verified
under realistic conditions. We developed a four-axis moving
phantom that reproduced patient 3D tumor and 1D surrogate
motions to realize truly patient-specific dosimetric QA for
surrogate signal-based DTT-IMRT. Additionally, we assessed
the accuracy of the moving phantom, and then conducted
patient-specific QA for pancreatic cancer patients who under-
went surrogate signal-based DTT-IMRT.

F. 7. Representative results of patient-specific dosimetric QA in the sagittal plane. The isodose distribution under the static condition (solid line) was compared
with that under the (a) moving and (b) tracking conditions (dashed lines). The dose profile under the static, moving, and tracking conditions (solid, dashed, and
dotted lines, respectively) is drawn along the (c) SI and (d) AP directions.
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F. 8. Relationship between the 3D motion range of the target and the dosimetric accuracy of γ with criteria of (a) 3%/1 mm (γ3%/1 mm) and (b) 3%/3 mm
(γ3%/3 mm), and dose differences with criteria of (c) 3% (DD3%) and (d) 5% (DD5%).

Many moving phantoms have been designed for the QA
of motion management. QUASAR (Modus Medical Devices,
Inc., London, ON, Canada), CIRS (Computerized Imaging
Reference Systems, Inc., Norfolk, VA, USA), and HexaMo-
tion (ScandiDos AB, Uppsala, Sweden) are available commer-
cially. However, the surrogate axis of the QUASAR phantom
works with dependent motion of the target axis. The CIRS
phantom has a semi-independent surrogate axis, which gener-
ates a phase shift between target and surrogate motions. The
HexaMotion, a five-dimensional moving platform in combi-
nation with Delta4 (ScandiDos AB), however, has no axis
for surrogate motions; thus, it can be used in direct, but not
indirect, tracking.2,9 In addition, noncommercially available
moving phantoms have been developed.27–32 Although some

F. 9. Box plot for the summary of measurement-based patient-specific
dosimetric QA. The top, middle, and bottom lines of the box are the first,
second, and third quartiles. The ends of the whiskers are maximum and
minimum values.

phantoms can reproduce 3D target motions, they have no
axis for surrogate motions. Zhou et al. and Malinowski et al.
developed four-axis moving phantoms, which were able to
reproduce the movements of both the target and surrogate.29,30

A major challenge in designing a moving phantom is to avoid
radiopaque materials that will absorb an x-ray beam. The
three axes for the 3D target motion in the moving phantom
developed by Zhou et al.29 consisted of a unique geometry,
two linear slides, and one vertically mounted linear piston
actuator, for the CyberKnife tracking system, which uses two
orthogonal kV x-ray beams to detect internal fiducials. Thus,
only radiolucent materials may be present in the paths of these
kV x-ray beams; however, radiopaque materials are present in
the path of the MV x-ray beam from the posterior direction.
The three axes for 3D target motion in the moving phantom
developed by Malinowski et al.30 consisted of three linear mo-
tion slides with rotary stepper motors (BiSlide, Velmex, Inc,
Bloomfield, NY). The purpose of this moving phantom was
patient-specific, end-to-end radiation therapy QA, especially
for lung tumors. The weight-bearing capacity of this phantom
affected the maximum speed of its movement. They used a
tumor phantom, composed of an acrylic sphere 1.5 cm in diam-
eter, encased in solid water, affixed to the support arm of the 3D
stage to confirm the accuracy of 4D CT. If the same dosimetric
phantom of 6.1 kg were used for the patient QA of DTT-IMRT
for pancreas tumor, the speed of the motion phantom for lifting
would be limited to about 7.5 revolution/s (0.5–15 mm/s).
Furthermore, the accuracies of the phantoms were verified by
mounting only lightweight phantoms. In the present study, the
µ + 2 SD of the PTV in DTT-IMRT was 291.6 cm3, which
corresponds to a sphere of ∼82 mm in diameter. To estimate

Medical Physics, Vol. 43, No. 12, December 2016



6372 Mukumoto et al.: Four-axis moving phantom for tracking IMRT QA 6372

the dose distribution of such a large target volume and the
surrounding normal tissues, a relatively large dosimetric phan-
tom is required. Because a large dosimetric phantom is heavy,
the accuracy of the moving phantom needs to be confirmed
with a mounted dosimetric phantom. Haas et al. developed
the MAESTRO thorax phantom, which has moving ribs and
moving insertion of a target within the lung.31 This phantom
is useful for performing dosimetric verification of surrogate
signal-based DTT in lung cancer patients. An inhomogeneous
phantom reproducing patient geometry will enable verification
of the dose distribution with inhomogeneity correction, while
a geometric error in the tissue may cause over or underestima-
tion of the dose distribution. Jung et al. developed individual-
ized lung phantoms that closely mimicked the lung anatomy of
actual patients using 3D printing technology.32 The individu-
alized lung inserts and QUASAR respiratory motion phantom
were combined to confirm the accuracy of the direct tracking
system.

The four-axis moving phantom developed here can mount
a dosimetric QA phantom, such as the I’mRT phantom (which
may contain homogeneous and inhomogeneous inserts), and
independently reproduce the patient’s respiration in the 3D
target and 1D surrogate motions with a motion range of
100 mm. The newly developed moving phantom can cover
respiratory motion of up to 34 mm in the SI, 24 mm in the AP,
and 16 mm in the LR directions (values taken from AAPM
TG76).2

The positional accuracy of our novel moving phantom was
within 0.05 mm under static and moving conditions in all
axes. During the patient’s irregular respiratory pattern, instan-
taneous positional error was observed (Fig. 5). This was caused
in part by the noise of the respiratory motion acquired with a
measurement accuracy of 0.2 mm for the internal target motion
and 0.3 mm for the external surrogate motion. While high
velocity increased the acceleration and inertial force, and led
to a greater positional error, the increase in positional error
was still negligible even when the dosimetric phantom was
mounted (Fig. 6). The perpendicularity of the moving phantom
was also found to be within 0.2◦ of 90◦ along all axes, which
was within the measurement accuracy of the Polaris spectra.
Additionally, from the results of the reproducibility tests, mo-
tion characteristics and prediction model accuracies of the
reproduced respiratory motions were found to be consistent
with the original ones, even for irregular respiratory motions.

As shown in this study, the four-axis moving phantom
enables patient-specific dosimetric QA to be performed for
surrogate signal-based DTT-IMRT. In the present study, dosi-
metric accuracies for moving and tracking conditions were as-
sessed based on the dose distribution under the static condition
directly, to assess the feasibility of tracking QA using the mov-
ing phantom and the benefit of the DTT-IMRT. In a clinical
setting, patient-specific dosimetric QA should be performed
based on the dose distribution calculated with XVMC with a
variance of 2%. Thus, dosimetric QA for the calculated dose
distribution would include both tracking and dose calculation
uncertainties. One of the main characteristics of this phantom
is that the uncertainties in the surrogate signal-based DTT-
IMRT can be estimated by performing patient-specific dosi-

metric QA. However, the phantom has a limitation with regard
to the reproduction of the deformation of the patient’s external
shape. The moving phantom reproduces the target motion by
translating the phantom itself. Thus, changes in the source-to-
surface distance or depth to the target during beam delivery
differ between the patient and phantom, which will lead to
dosimetric errors. However, dosimetric variations along the
beam axis will appear randomly under moving conditions,
and will, in part, be averaged out. Although the peripheral
dose to the PTV in our study was decreased under the moving
condition, the doses delivered to the center of the PTV were
consistent even without dose normalization (Fig. 7). Further-
more, averaged mean dose differences were within 0.2% under
moving and tracking conditions and there were no significant
differences. Both target motion and residual tracking error
caused interplay effects that increased the dose to a partial
volume and decreased the dose to a partial volume; however,
the total delivered doses under the moving and tracking condi-
tions were consistent with that under the static condition. Thus,
there was no systematic error in the present dosimetric veri-
fication system or the beam delivery system with or without
tracking. The positional tracking error perpendicular to the
beam axis causes a dosimetric difference, compared to the
static condition (Fig. 7). The positional tracking error causes
blurring on the dose profiles of each segment in the IMRT,
which was increased as target motion increased (Fig. 8). In the
IMRT treatment of pancreatic tumor, dose differences above
5% are clinically unacceptable in the dose gradient region
inside the PTV, which is the overlapping region of the PTV and
organs surrounding the pancreatic tumor that are at risk, such
as the duodenum, stomach, and bowels (Fig. 7). Colvill et al.
conducted a multi-institutional dosimetric comparison study,
of real-time adaptive and non-adaptive radiotherapy.33 The
respiratory motion resulted in much higher γ-fail rates without
motion adaptation, while γ-fail rates were comparable for
conventional IMRT under the static condition.33,34 The dosi-
metric results of the present study were consistent with that
study. According to the ESTRO guidelines, a passing ratio of
γ < 90% and a mean value of γ > 0.6 are not acceptable, which
were achieved with tracking, but not achieved without track-
ing.35 The passing ratio of γ and mean value of γ were signif-
icantly improved with tracking, which means that dosimetric
errors caused by respiratory motion were compensated for in
all parts of the dose distribution. Overall, it was found that
the dosimetric accuracy was sufficiently high in the surrogate
signal-based DTT-IMRT with the Vero4DRT (Figs. 8 and 9).

5. CONCLUSIONS

In this study, we developed a four-axis moving phantom that
was able to reproduce patient 3D tumor and 1D surrogate mo-
tions. The four-axis moving phantom had sufficient accuracy
and weight-bearing capacity with respect to reproduction of
patient respiratory motions mounting the dosimetric phantom.
Thus, patient-specific dosimetric QA of surrogate signal-based
DTT-IMRT can be performed under realistic conditions using
the moving phantom.
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