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Background: An ultrasound image tracking algorithm (UI'TA) was combined with four-dimensional
computed tomography (4DCT) to create a real-time tumor motion-conversion model. The real-time
position of a lung tumor phantom based on the real-time diaphragm motion trajectories detected by
ultrasound imaging in the superior-inferior (SI) and medial-lateral (ML) directions were obtained.
Methods: Three different tumor motion-conversion models were created using a respiratory motion
simulation system (RMSS) combined with 4DCT. The tumor tracking error was verified using cone-beam
computed tomography (CBCT). The tumor motion-conversion model was produced by using the UITA to
monitor the motion trajectories of the diaphragm phantom in the SI direction, and using 4DCT to monitor
the motion trajectories of the tumor phantom in the SI and ML directions over the same time period, to
obtain parameters for the motion-conversion model such as the tumor center position and the amplitude and
phase ratios.

Results: The tumor movement was monitored for 90 s using CBCT to determine the real motion
trajectories of the tumor phantom and using ultrasound imaging to simultaneously record the diaphragm
movement. The absolute error of the motion trajectories of the real and estimated tumor varied between 0.5
and 2.1 mm in the two directions.

Conclusions: This study has demonstrated the feasibility of using ultrasound imaging to track
diaphragmatic motion combined with a 4DCT tumor motion-conversion model to track tumor motion in
the SI and ML directions. The proposed method makes tracking a lung tumor feasible in real time, including

under different breathing conditions.
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Introduction

The movement of organs during radiotherapy often has
considerable negative impacts on the clinical diagnosis,
the efficacy of radiation therapy, and the extent of
radiation exposure. This expansion of the irradiated area
results in normal organ tissues around the tumor also
receiving radiation doses (1). The most important cause
of intrafraction organ motion is respiratory movement,
which mainly affects tumors in the thorax and abdomen
such as lung, liver, and pancreatic cancers. Respiration
produces considerable chest movements, especially in areas
close to the diaphragm (2). Liu ez 4l. (3) reported that the
displacement of a lung tumor was maximal in the superior-
inferior (SI) direction. They found that the 95% maximum
displacements of lung tumors in the SI, medial-lateral
(ML), and anterior-posterior (AP) directions were 1.34,
0.40, and 0.59 cm, respectively. Various methods can be
used to address the problem of internal organ movement,
with the most effective for motion compensation being
real-time tumor tracking. This allows radiotherapy to
be performed while the patient is freely breathing by
adjusting the tumor position or the direction of the
radiation beam in real time (4).

Real-time tumor tracking methods involve the use
of tumor positioning techniques, which can be divided
into direct and indirect methods (5). A direct positioning
method is based on utilizing a high-resolution imaging
system or implanting a location clip on a tumor, such as
kilovolt X-ray imaging (6,7) or electromagnetic sensing
(Calypso system) (8). Although such methods have very
high accuracy, they can result in additional radiation doses
or require the implantation of invasive objects, and thus
increase the burden on the patient. An indirect positioning
method involves determining the motion trajectories of
the tumor based on the trajectories of a surrogate target
whose motion is strongly correlated with that of the tumor,
such as the displacement of the thoracoabdominal surface.
Indirect positioning of the thoracic and abdomen surface
generally involves using an optical image tracking system
to track markers on the skin or analyzing the surface of the
entire chest and abdomen for obtaining the external surface
motion (9,10). This noninvasive method continuously
monitors the motion trajectories of targets throughout
the body during the treatment. However, the use of
respiratory surrogates to predict the position of a target
within the body requires a suitable model for converting the
motion between the body surface and the internal organ.
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Reducing the uncertainty of such a motion-conversion
model and the /2 vivo breathing pattern requires frequent
verification (11). Fassi er al. (12) proposed a respiratory
motion-conversion model derived using four-dimensional
computed tomography (4DCT) and validated using a
marker-free surface method to obtain the motion trajectory
of the respiratory surrogate. This approach reduces the
time required to estimate and validate the external and
internal parameters, but it still involves using a motion-
conversion model to convert from the body surface to the
internal organ, and the internal organs can exhibit baseline
shift (13,14). Therefore, various 4DCT parameters of the
motion-conversion model must be updated before each
medical treatment in order to reduce baseline shift errors.

The baseline shift errors can be reduced by creating a
motion-conversion model of the tumor movement in vivo.
An ultrasound monitoring system is a good approach for
the iz vivo monitoring of target motion, since it involves a
noninvasive and nonradioactive scanning process that can
operate at a high frame rate. Ultrasound image tracking has
been applied at many tumor sites, including the prostate (15)
and breast (16). However, ultrasound cannot directly scan a
tumor located in the lungs, and so such tumors can only be
tracked using indirect positioning. The indirect positioning
of a tumor requires the selection of a suitable surrogate
whose motion is strongly correlated with that of the tumor.
The diaphragm is a good surrogate due to its motion being
strongly correlated with that of a lung tumor (17,18), and it
can also be tracked using ultrasound imaging (19).

The purpose of this study was to develop a method for
the indirect positioning of lung tumors based on ultrasound
imaging. The study was conducted in collaboration with
the Department of Radiation Oncology at Taipei Medical
University Hospital, and it combined an ultrasound image
tracking algorithm (UITA) (20) and 4DCT technology.
The trajectories of the diaphragm and the tumor phantom
were monitored separately over the same time period. The
tumor center position and the amplitudes and phases of the
two measured target displacement signals were compared
and used to indirectly derive the tumor motion-conversion
model converted from the motion trajectories of the
diaphragm phantom movement. In order to validate the
proposed tumor motion-conversion model, a respiratory
motion simulation system (RMSS) was used to simulate
the relative movements of three objects: diaphragm, lung
tumor, and abdomen. The RMSS was set up under the
kilovolt imaging system of a linear accelerator (the Varian
On-Board Imager) to perform experiments for verifying the
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Figure 1 The experimental setup. (A) Photograph of the diaphragm phantom and the setup of the ultrasound probe. (B) Photograph of the

ball representing the abdominal phantom. (C) Schematic of the lung phantom (21). The outermost layer “1” was a latex balloon representing

the lung outer skin, the middle layer “1-2” was sponge representing the lung structure, and the inner core layer “I1-1” was an elastic ball to

simulate the lung tumor. The outer shell “2” was constructed of acrylic and filled with water.

target tracking error.

This study uses our previously developed UITA and
combined with 4DCT for indirect localization of tumors
because of the following advantages: (I) monitoring the
tumor motion with ultrasound images is non-invasive;
targets that are tracked by ultrasound are not limited to
the diaphragm. As long as the organ related to the tumor
movement can be tracked, and thus, it has a wide range
of applications; (II) compared with the surface optical
measurement method, the proposed system in this study can
directly monitor and track the internal organ movement,
and does not have radiation treatment problems caused
by the baseline shift of internal organ movement; (III)
4DCT irradiation is a necessary process for patient before
radiotherapy, which is used to plan the PTV position for
the doctor, and thus, there is no extra treatment process in
the proposed method in this study.

Methods
Materials

Experimental phantom

Three experimental phantoms were used in this study:
diaphragm, abdomen, and lung phantoms. The design of
the lung phantom structure and abdomen comes from the
literature (21). In the referenced literature, the reproduction
of abdominal motion is driven by a motor. In this study,
the changes in physical properties were used to simulate
the abdominal breathing movement in a manner that

squeezed the ball. The diaphragm phantom is completely
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self-designed. The diaphragm phantom was constructed by
attaching a rubber belt to the inner wall of a bucket, and
filling the bucket with agarose and water as the ultrasound
transmission medium to simulate the internal tissues of
the human body, as shown in Figure 14. The abdominal
phantom was constructed from an acrylic ball filled with air,
as shown in Figure 1B. The lung phantom comprised three
layers of materials, as shown in Figure 1C: the outermost
layer represented the lung outer skin, the middle layer was
the lung structure, and the inner core layer simulated the
lung tumor. This design of this lung phantom was based on
that reported by Kim et /. (21).

RMSS

The RMSS used in this study can simulate the movements
of the three different phantoms (the diaphragm, abdomen,
and lung), as shown in Figure 24. The principle of the
simulation is to input prerecorded real human breathing
signals to the RMSS, and the RMSS induces movement in
the SI direction so that the water bucket (with the rubber
belt attached inside) placed above the RMSS simulates
breathing movement in the SI direction, and this simulated
respiration-induced displacement of the diaphragm
phantom is measured by the ultrasound probe. The RMSS
also drives the push plate of the abdomen component to
partially squeeze the ball (abdominal movement). Squeezing
the ball results in motion in the AP direction, and 4DCT
was used to detect the deformation of the surface of the
ball. In addition, the RMSS drives the push plate of the
lung component to compress the balloon (lung movement).
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Figure 2 Schematic diagram of the RMSS with the lung tumor phantom and diaphragm phantom. (A) Schematic of the RMSS; (B)
schematic of the RMSS assembly of the lung tumor phantom (elastic ball), diaphragm phantom (rubber belt attached inside the bucket), and

abdominal phantom (ball). RMSS, respiratory motion simulation system.

Compressing the balloon induces deformation in the SI,
AP, and ML directions, and 4DCT was used to measure the
displacements of the elastic ball (the tumor phantom) inside
the balloon in these three directions. The three phantom
components exhibit their own trajectories over the same
time period. There are two main states, namely inspiration
and expiration, as shown in Figure 2B.

Experimental methods

Tumor motion-conversion model
For creating the tumor motion-conversion model, the
lung phantom was scanned by 4DCT with simultaneous
monitoring using ultrasound imaging. When the motion
signal of the diaphragm phantom analyzed by the UITA in
the SI direction, the proposed tumor motion-conversion
model can automatically generate the instantaneous
motion and position signals of the tumor in the SI and
ML directions. This model is divided into two steps: (I)
converting the diaphragm phantom position to the tumor
phantom position in the SI direction {see Eq. [1]} and (II)
converting the tumor phantom position in the SI direction
to that in the ML direction {see Eq. [2]}. The parameters for
the motion-conversion model obtained from the ultrasound
images include the baseline position (DB) and the motion
amplitude (DA) of the diaphragm phantom, while the
baseline position (TB) and motion amplitude (TA) of the
tumor phantom are obtained using 4DCT. The following
two linear functions are used to convert the tumor phantom
motion in the SI direction into the ML direction:

STmor = (STyapiagn = DB) x TA/DA + TB 1]

where Sl gm is the real-time position of the diaphragm
phantom in the SI direction as captured in ultrasound
imaging and SI,,, is the real-time position of the tumor
phantom in the SI direction; and
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ML,,...=MxSI,..+b 2]

where ML, is the real-time position of the tumor
phantom in the ML direction, SI .
position of the tumor phantom in the SI direction, M is the
slope, and 4 is the offset.

is the real-time

Ultrasound signal processing

In this study we defined a specific period of time during
which the ultrasound signals and 4DCT scanning of
the tumor phantom were performed. In 4DC'T, the
respiratory belt records the amplitude and displacement
of the abdominal motion and also the specific time, while
computed tomography (CT) was used to scan the position
of the tumor phantom, as shown in Figure 34. The specific
time at which CT was used to scan the tumor phantom was
determined by the signals recorded using the respiratory
belt. The time interval could be identified based on the
number of respiratory waves, as shown in Figure 3B. One
respiratory wave is defined as the distance from the first
peak to the next, and in Figure 3B the respiratory wave
number from 12th to 14th is the specific period of time
that CT scanned the tumor, usually 2 to 4 respiratory
waves. This time interval starts from the just-scanned
tumor phantom, which is at the 12th respiratory wave, to
the end of the scanned tumor phantom, which is at the
14th respiratory wave. The respiratory wave signals are
extracted during this period (usually there are two to four
respiratory waves), and each respiratory wave is divided into
ten-time phases from 0% to 90%, as shown in Figure 3C.
Adding each respiratory wave at the same phase and
dividing by the total number of respiratory waves yields
an average ultrasound respiratory waveform, as shown in
Figure 3D. This figure shows how DB and DA are related
to the average ultrasound respiratory waveform. Moreover,
Figure 4 shows an overall figure describing the global
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Figure 3 Ultrasound signal processing correspondence with CT scanning position and signals of the respiratory belt. (A) CT scanning

position (blue and red lines) and the corresponding respiration wave numbers in 4DCT: coronal plane, (B) signals of the respiratory belt,

(C) respiratory motion signals of the diaphragm phantom captured by ultrasound imaging at the same time as performing CT scans, and (D)

average diaphragmatic motion signals. CT, computed tomography; 4DCT, four-dimensional computed tomography.

process of tumor tracking work in this study.

Validation

Input signals to the RMSS

Four sets of human respiratory signals with individual
characteristics and a set of sine waves were extracted from
a database containing the respiratory signals of volunteers
as captured by a UITA (22). The ultrasound probe was
placed on the volunteer’s abdomen while adjusting the
brightness and magnification of the ultrasound image so as
to maximize image clarity. The UITA was used to capture
the real-time motion signal of the volunteer’s diaphragm
in the SI direction. The four characteristic patterns of
human respiratory signals (22) were as follows: (I) pattern
A, normal breathing with yawning; (II) pattern B, baseline
shift; (III) pattern C, slow and deep breathing; and (IV)

pattern D, rapid breathing. The sine-wave respiratory signal
had an amplitude of 20 mm and a frequency of 0.2 Hz.

4DCT signal processing

4DCT scanning can generally be used to obtain the three-
dimensional motion of the tumor phantom. However,
due to the use of verification equipment in this study,
cone-beam computed tomography (CBCT) could only
be used to perform verification in two dimensions. Thus,
only two-dimensional motion signals—in the SI and
ML directions—were recorded during this experiment.
The motion trajectories of the tumor phantom in the SI
direction can provide TB and TA, as shown in Figure 5A.
The tumor phantom motion trajectories in the SI and ML
directions constructed from the 10 phase trajectories of
4DCT and a linear trend line (dotted line in Figure 5B) was
created using the trend-line formula of Microsoft Excel
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Input prerecorded human breathing signals to the RMSS, and the RMSS induces movement
in the Sl direction

|
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e phase (0)
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in UITA with ultrasound
system
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and phase parameters

Update of the 4D CT motion model

Tumor motion tracking

Figure 4 Schematic diagram of tumor tracking. RMSS, respiratory motion simulation system; 4DCT, four-dimensional computed

tomography.

software. This linear formula corresponds to Eq. [2] for
the tumor phantom motion in the SI direction converted
into the ML direction, as shown in Figure 5B. As indicated
in the figure, M in Eq. [2] (the slope) was 0.2651 and b (the
offset) was 220.73.

Experimental verification testing
The proposed tumor tracking method was verified using a
novel RMSS in two parts. The first part was the creation
of a tumor motion-conversion model experiment using
a commercial 2D ultrasound imaging system (UF-4000,
Fukuda Denshi or BSUS20-32C, Broadsound Corporation)
and coupled with a transducer probe (center frequency
3.5 MHz). The parameters of the ultrasound imaging
system in this study include the B-mode output pulse, the
center frequency of the transducer (convex): 3.5 MHz, gain:
70 db, frame rate: 30 Hz, MI <1.9, and maximum scanning
depth: 24 cm. A Philips Brilliance CT Big Bore machine
was also used in the verification testing. The tumor motion-
conversion model was created by acquiring 4DCT images
over the 10 phases, and the motion trajectories of the
diaphragm as detected by ultrasound.

The second part of the verification process was the
tracking error verification experiment, which mainly

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

involved the ultrasound imaging system and the Elekta
Synergy System machine. The motion trajectories of
the tumor phantom as observed by CBCT was used as a
reference for comparison with the displacement signals of
the diaphragm phantom detected by ultrasound imaging
and the real-time motion trajectories after conversion
through the tumor motion-conversion model. This
experiment involved constructing three tumor motion-
conversion models representing three patients with lung
cancers. Four prerecorded human respiratory signals and
one sine-wave respiratory signals were used for each tumor
motion-conversion model in the experiment to verify the
accuracy of the tracking method under different breathing
conditions.

Experimental setup of the tumor motion model

The RMSS and three phantoms were set up on the bed of
a Cine-CT machine, the respiratory belt was tied to the
ball, and the ultrasound probe was set up on the diaphragm
phantom, as shown in Figure 64. The real-time motion
signal of the diaphragm phantom was detected by the
ultrasound imaging system, as shown in Figure 6B, and
recorded as time-series data. 4DCT was used to scan the
area of the lung phantom to generate the original image of
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Figure 5 The tumor phantom motion trajectories in the SI and ML directions. (A) Phase diagram of the tumor phantom for motion

trajectories in the SI direction; (B) the motion trajectories of the tumor phantom in the SI and ML directions (the solid line is the motion

trajectory of the tumor phantom, and the dotted line is the linear trend line of the motion trajectory). SI, superior-inferior; ML, medial-lateral.

the axial section, as shown in Figure 6C. The respiratory belt
was used to detect the movement signal of the ball, which
was recorded as time-series data. The original 4DCT image
corresponds to the time signal of the respiratory belt, which
was divided into 10 groups of images obtained at phases
0-90%. These 10 groups of images can be recombined into
a composite view of 10 coronal sections by 4DCT, which
are the 10 phase diagrams of the tumor movement over a
single respiratory cycle, as shown in Figure 6D.

Experimental setup of the tracking error verification
experiment

The RMSS and all phantoms were set up on the bed
of CBCT, and the ultrasound probe was set up on the
diaphragm phantom. The ball was not placed on the
RMSS in this experiment since there was not need to use
the respiratory belt; the experimental setup was as shown
in Figure 7A. The ultrasound imaging system detects the
real-time motion of the diaphragm phantom and records
it as time-series data, which are then converted into a
motion trajectory of the tumor phantom in the SI and ML
directions using Eq. [1] and Eq. [2] of the 4DCT tumor
motion-conversion model. The verified reference position
is the location of the lung tumor phantom obtained by using
continuous CBCT irradiation, which generates continuous
projection images of the lung tumor phantom position.
The CBCT projections will correspond to the time signal
irradiated by the CBCT machine, thereby mapping all
of the tumor locations during the irradiation. CBCT is
only performed in the ML and SI directions, as shown in
Figure 7B, and so only the tumor trajectories in these two
directions are converted by the ultrasound signal for error

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

verification.

Results

Tumor motion-conversion model

Figure § shows the results of 4DCT for the 10 phases of
the motion trajectory map of a tumor phantom and the
positional formula for converting the SI position into the
ML position. Pearson’s R’ values for the tumor phantom
ranged from 0.52 to 0.85, which indicates the correlation
between the converted ML value—obtained using the SI-
to-ML conversion formula—and the ML value of the tumor
phantom motion trajectory.

Tracking evror results

Table 1 lists the tracking errors of the three-tumor motion-
conversion models under different respiration patterns.
There were 500 CBCT irradiations for each experiment,
and the measurement time was approximately 90 s. The
tracking errors in Tuble 1 are the absolute errors between
the real and estimated tumor trajectories. The median
values of the tracking error were 0.59-2.03 mm in the SI
direction and 0.48-1.57 mm in the ML direction. The
error among all of the tumor motion-conversion models
peaked for sine-wave respiration. The median values of the
tracking errors for the sine-wave breathing patterns were
2.03 and 0.89 mm in the SI and ML directions, respectively,
for model I, 1.93 and 1.29 mm for model II, and 1.32 and
1.57 mm for model III.

Two kinds of tumor phantom motion tracking
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PHILIPS

Figure 6 Experimental setup of the tumor motion model. (A) Photograph of the RMSS and three phantoms mounted on the Cine-CT
machine; (B) ultrasound image of the diaphragm phantom; (C) 4DCT axial section; (D) photograph of the tumor position for a phase of
50% under 4DCT. RMSS, respiratory motion simulation system; 4DCT, four-dimensional computed tomography.

Figure 7 Experimental setup of the tracking error verification experiment. (A) Photograph of the RMSS and three phantoms mounted in
the CBCT machine for error verification experiments; (B) photograph of a lung tumor phantom under CBCT (in the SI and ML directions).

SI, superior-inferior; ML, medial-lateral; RMSS, respiratory motion simulation system; CBCT, cone-beam computed tomography.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2020;10(1):26-39 | http://dx.doi.org/10.21037/qims.2019.09.02



34 Ting et al. Tumor motion tracking based on a 4DCT respiratory motion model

A 2342

234
233.8
233.6
233.4
233.2

233

232.8
44 45 46 47 48 49 50 51

Sl (pixel)

ML=0.1653*SI+225.47

ML (pixel)

C 236.5
ML=0.2651*SI+220.73

236 R?=0.8548
235.5

235

ML (pixel)

234.5
234
233.5

50 51 52 53 54 55 56 57 58
Sl (pixel)

Figure 8 Motion trajectories of the 4DCT tumor phantom and the calculated Eq. [2] value for (A) model 1, (B) model II, and (C) model III.
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Table 1 Absolute tracking errors between the real and estimated tumor trajectories along the ML and SI directions for the three-tumor motion-

conversion models under different respiratory patterns [data are median (25-75th percentile) values in millimeters]

52 53 54 55 56 57 58 59

Tumor motion

Tracking errors (mm)

. Respiratory patterns
conversion model P P

Sl

ML

| Sine
| A
| B

1] Sine
1 A
I B
11l C
11l D

2.03 (1.05-3.35)
1.05 (0.49-1.82)
1.08 (0.44-2.17)
0.82 (0.45-1.28)
1.05 (0.42-1.60)
1.93 (0.81-3.56)
0.94 (0.4-1.75)
1.70 (0.83-2.68)
0.59 (0.35-1.01)
1.26 (0.54-2.15)
1.32 (0.62-2.42)
0.85 (0.41-1.57)
1.10 (0.58-1.71)
0.97 (0.46-1.66)
0.91 (0.44-1.44)

0.89 (0.46-1.33)
0.57 (0.28-0.93)
0.52 (0.25-0.87)
0.55 (0.34-0.95)
0.52 (0.28-0.82)
1.29 (0.77-2.44)
0.66 (0.31-1.2)
0.90 (0.43-1.50)
0.75 (0.46-1.62)
0.66 (0.31-1.02)
1.57 (0.87-2.57)
0.62 (0.36-1.02)
1.05 (0.49-1.61)
0.88 (0.53-1.82)
0.48 (0.27-0.86)

Sl, superior-inferior; ML, medial-lateral.
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error. Each plot shows the median, first and third quartiles, and

range.

trajectories taken from the experimental data as an example
are shown in Figure 9. Figure 94 shows the real and
estimated tumor phantom tracking trajectories in the SI
direction under the respiratory pattern of a baseline shift.
Figure 9C shows the real and estimated tumor phantom
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tracking trajectories in the SI direction under the rapid
breathing pattern. It can be seen that good tracking
results were also obtained in the case of high-frequency
and baseline shift changes of the respiration patterns.
Figure 9B,D indicate that the conversion effect of the linear
conversion formula {Eq. [2]} compared with the real tumor
phantom trajectories has a certain tracking error in the ML
direction for the coronal plane.

Figure 10 shows the total tracking errors of the three-
tumor motion-conversion models under different
respiratory patterns, computed as the square root of the
sum of the squared errors along the two image dimensions
(SI and ML). It can be seen that the tracking errors varied
between the different motion-conversion models. For the
same respiratory patterns but different tumor motion-
conversion models, Model II had the worst tracking error
with the exception of respiratory pattern C, and it had the
greatest influence on respiratory pattern B. The tracking
error was largest for Model II and respiratory pattern B,
with a median of 2 mm, while it was smallest for Model I
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Table 2 Absolute tracking errors along the SI direction between the respiratory variables computed for each breathing cycle identified on the real

and estimated tumor motion trajectories in model II [data are median (25-75th percentile) values in millimeters]

Tumor motion- Respiratory

Baseline error, mm

Amplitude error, mm

Period error, ms Phase error, %

conversion model pattern

Il Sine 0.09 (0.05-0.17) 0.22 (0.22-0.54) 190 (180.0-310.0) 10.04 (4.04-12.81)
Il A 0.57 (0.48-0.64) 1.30 (1.04-1.59) 228 (138.0-287.0) 7.12 (5.18-13.53)
Il B 0.69 (0.55-0.79) 0.57 (0.25-1.01) 210 (120.0-270.0) 8.86 (5.15-12.94)
Il C 0.61 (0.43-0.66) 0.26 (0.18-0.61) 380 (311.0-470.0) 1.98 (0.98-3.15)
Il D 0.52 (0.41-0.61) 1.48 (1.35-1.58) 180 (121.0-269.0) 12.24 (9.25-19.32)

Sl, superior-inferior.

and respiratory pattern B, with a median of 1.3 mm. For
the same tumor motion-conversion model, the tracking
error was largest for a sine-wave respiratory pattern, and its
median value varied between 2.3 and 2.8 mm.

To consider all of the effects of respiratory motion on
the tracking accuracy of the tumor phantom, Fassi et a/. (12)
calculated the following error parameters for each complete
respiratory cycle during real and estimated tumor phantom
trajectories: baseline, amplitude, period, and phase. The
present study analyzed the error parameters of the tracking
signals in the SI direction for the model 1I, since this had
the worst tracking error, as presented in Tuble 2. The ranges
of the median values of the baseline, amplitude, period,
and phase errors were 0.09-0.69 mm, 0.22-1.48 mm,
180-380 ms, and 1.98-12.24%, respectively.

Discussion

Table 1 indicates that the median values of the tracking
errors were similar in the SI and ML directions, which
is due to the linear conversion performed using Eq. [2]
not fully expressing the motion trajectories of the tumor
phantom. Figure 8 clearly shows that the motion trajectories
of the 4DCT tumor phantom differed from those for the
linear Eq. [2]. The data in Figure 8 and Tuable 1 indicate that
the median values of the maximum tracking errors in the
ML direction were 1.57, 1.29, and 0.89 mm for Models III,
I1, and I having the strongest (R’=0.85), second-strongest
(R’=0.56), and weakest (R’=0.53) correlations, respectively.
These findings indicate that the correlation coefficient
(R%) of the tumor motion-conversion model is not directly
related to the tracking error in the ML direction. Figure
9A4,C show that the tumor phantom tracking in the SI
direction has a stronger correlation and higher accuracy
even under the conditions of a baseline shift and high-
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frequency respiratory pattern. In Figure 9B,D the tracking
results in the SI direction are good, while a slight tracking
error is evident in the ML direction.

The tracking error of each tumor motion-conversion
model was analyzed under different respiratory patterns.
Figure 10 shows that the tracking error was the worse for
Model II and for a sine-wave respiratory pattern. In an
attempt to understand the cause of the tracking error, a
parameter analysis table of tracking errors was constructed
for Model II. Table 2 indicates that Model II had a lower
baseline error and amplitude error for sine-wave than for
other respiratory patterns, but its overall tracking error was
the highest. This is because the phase error has the greatest
influence on all of the error parameters. Although the phase
error was only 10%, a large amount of movement will result
in a large tracking error. The phase error may be related to
the respiratory frequency, and it was worst for a sine-wave
respiratory signal and rapid respiratory pattern D, while
it was acceptable for slow and deep respiratory pattern C.
This study found that the phase error had a better effect
on the baseline error and was relatively stable. The median
value of the baseline shift error was 0.69 mm for respiratory
pattern B, which is similar to those for other human
respiratory patterns.

The findings of this study were compared with those
from traditional X-ray radiotherapy that uses direct tracking
techniques. Pepin ef al. (23) investigated the CyberKnife®
Synchrony® VR respiratory tracking system. The 95%
overall errors of the tracking system were measured at
6.9, 4.6, and 3.5 mm in the SI, AP, and ML directions,
respectively. Hoogeman ez 4/. (24) measured the accuracy
of the CyberKnife® Synchrony® system during real patient
treatments, and found correlation errors between external
and internal bodies of the system of 1.9, 1.9, and 2.5 mm in
the SI, ML, and AP directions, respectively.
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The present study also compared its findings with
indirect tumor tracking techniques. Fassi ez a/. (12) reported
a tumor tracking method that integrates respiratory motion
information provided by 4DCT with surface imaging
during treatment, which represents an alternative approach
to point-based external and internal correlation models.
They found that the ranges of the median values of the
tracking errors in the SI and ML directions were 0.7-2.2
and 1.2-2.4 mm, respectively; the corresponding ranges for
our indirect tumor motion tracking method were 0.59-2.03
and 0.48-1.57 mm. The tracking errors measured in the
present study must take into account the measurement
errors of CBCT, whose resolution in the experiments was
0.3 mm/pixel. The error in the respiratory phase may be
related to the scanning frequency of CBCT and a projection
image being obtained approximately every 180 ms for the
CBCT irradiation time.

Many studies have used tumor motion-conversion models
constructed using Cine-CT or CBCT data for tumor
tracking (25,26). Some studies have proposed adjusting
the parameters of the tumor motion-conversion model for
each medical plan before radiotherapy in order to obtain
updated amplitudes and baseline positions, which improves
the tracking accuracy of different lung regions in different
patients (12). The tumor motion-conversion model of Fassi
et al. converts from the surface optical tracking trajectory
into an internal tumor trajectory. Because it is a model of
the correlation between external and internal measurements
of tumor movement, the baseline changes between the
external and internal bodies are very large. The approach
applied in the present study could be combined with
updating the parameters of the tumor motion-conversion
model before each treatment. Furthermore, ultrasound
image tracking is a real-time internal organ motion tracking
method, and thus has a high positioning accuracy and is
not affected by the problem of baseline shift. Future studies
could use ultrasound tracking to maintain a high tracking
performance without the parameter correction provided
by the medical plan. The tumor motion-conversion model
proposed in this study involves internal-to-internal motion
trajectory, and many studies have used ultrasound imaging
to directly track the diaphragm as a surrogate to replace
the tracking of a tumor in the lower lobe of the adjacent
lung (22,27); however, this approach also requires multiple
human clinical trials for verification.

In the future human trial experiments, we might face
some difficulties, for example in some patients it may not
easy to obtain their ultrasound images of diaphragmatic
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displacement. The main reason may be due to flatulence,
water accumulation or obesity in the patient's body.
Therefore, a higher resolution ultrasound imaging system
may be needed in the future. In addition, future study must
also improve the accuracy of the tumor motion-conversion
model in the SI and ML directions.

Conclusions

This study monitored the motion of the diaphragm
phantom using ultrasound imaging, and the motion of the
tumor phantom was scanned by 4DCT. A tumor motion-
conversion model was proposed for real-time tumor tracking
method, and the simulation of the lung tumor phantom
movement was conducted under CBCT in verification
experiments. The experimental results show that the tumor
motion-conversion model proposed in this study is feasible
for real-time tumor tracking. Ultrasound image tracking is
a noninvasive and a direct monitoring method for observing
the motion of internal organs. Combining this with a 4DCT
tumor motion-conversion model can solve the problem of
using ultrasound imaging to track tumor movement in three-
dimensional space. The results of this study indicate that
tumor tracking in the SI and ML directions produced better
tracking results than using a surface optical tracking method.
The method applied in this study does not rely on the
diaphragm being the tracking target, as long as the surrogate
(any organ or tissue) has a stronger correlation with tumor
motion, and can be clearly observed using an ultrasound
imaging system—these features broaden the applicability
of the present method. Future developments could involve
combining with a respiratory motion compensation system
to reduce radiation damage to the surrounding normal
tissues, thereby improving the overall efficacy and safety of
radiation therapy.
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