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Background: Accurate tumor localization is crucial in radiation therapy to ensure precise dose delivery 
and minimize damage to healthy tissues. This study introduces a novel thoracoabdominal phantom 
designed for predicting tumor positions in radiotherapy. The phantom incorporates the use of mask region-
based convolutional neural networks (Mask R-CNN) ultrasound image tracking algorithm (M-UITA) in 
conjunction with 4-dimensional computed tomography (4DCT) to establish and refine a tumor motion 
conversion model. 
Methods: Respiratory Motion Simulation System (RMSS) along with 4DCT was used to track the motion 
trajectories of the tumor phantom in both the superior-inferior (SI) and medial-lateral (ML) directions, with 
amplitudes ranging from 30–40 mm. Simultaneously, M-UITA was used to track the motion trajectory of the 
diaphragm phantom in the SI direction to establish a conversion model to derive the motion of the tumor 
from the motion of the diaphragm. Subsequently, cone beam computed tomography (CBCT) was used for 
the verification of the tumor phantom conversion position error.
Results: The results indicated that the absolute error between the estimated and actual motion trajectories 
of the tumor phantom ranged from 0.35 to 1.35 mm in the SI direction and from 0.73 to 2.26 mm in the ML 
direction.
Conclusions: This study has redesigned the thoracoabdominal phantom and refined the conversion 
model. In comparison to previous research, errors in both the SI and ML directions have been reduced. In 
the future, it can be integrated with a respiratory motion compensation system to minimize radiation dose 
damage to normal tissues.
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Introduction

Organ motion due to respiratory movements is one of the 
most common and challenging issues in the process of 
radiation therapy (1,2). This is because respiratory motion 
can induce three-dimensional motion in tumors, with 
tumors located closer to the diaphragm exhibiting greater 
displacement (3). Respiratory motion can cause tumors to 
displace, requiring a larger radiation field to encompass the 
tumor’s entire range of motion. This increased treatment 
area can lead to damage to surrounding healthy tissues. 
To determine the optimal radiation field, patients undergo 
computed tomography (CT) simulation prior to treatment 
based on their clinical diagnosis (4). 

Real-time tumor tracking requires the use of tumor 
localization techniques, which can be categorized into 
direct localization (5) and indirect localization (6). Direct 
localization relies on imaging systems or the insertion of 
metal markers for image-guided positioning (7,8). While 
this method offers high accuracy, the invasiveness of 
ionizing radiation can limit treatment time and may result 
in issues such as marker tracking loss due to tumor motion 
caused by respiration.

Indirect localization involves transforming the tumor’s 
motion trajectory into highly correlated respiratory 
surrogates ,  such  as  sur face  d i sp lacement  o f  the 
thoracoabdominal region (9,10). Optical imaging is used 
to capture the surface displacement of irradiation targets 
attached to the skin surface, and a tumor conversion formula 
is established based on their motion trajectory to assess 
internal tumor displacement (11,12). Predicting tumor 
motion using respiratory surrogates requires a high degree 
of displacement correlation. Additionally, during radiation 
therapy, the tumor’s motion pattern may vary due to different 
breathing patterns, leading to discrepancies between the 
tumor motion conversion formula and the actual tumor 
trajectory (13). Therefore, the tumor conversion formula 
requires multiple validations to reduce uncertainty.

The ultrasound monitoring system is a non-invasive 
and non-radioactive in vivo imaging monitoring system. 

Ultrasound imaging has been employed for tumor 
monitoring in various anatomical sites, such as the brain (14)  
and prostate (15). However, ultrasound imaging of lung 
tumors, due to the inability for direct monitoring, requires 
the identification of highly correlated respiratory surrogates 
to track lung tumor motion (16). The diaphragm serves 
as an excellent in vivo surrogate. Ultrasound can directly 
capture the motion images of the diaphragm, which exhibit 
a high degree of correlation with lung tumor motion (17,18).

This study was conducted in collaboration with the 
Department of Radiation Oncology at Taipei Medical 
University Hospital. In previous study, the phantom used 
in experiments had issues with water leakage, which posed 
a risk to experimental equipment and compromised the 
accuracy of the results. Additionally, the phantom only 
simulated the chest cavity, without including an abdominal 
simulation. The primary aim of this research was to update 
the phantom to better simulate real human conditions and 
address the leakage issues present in previous phantom. 
The novel phantom includes both chest and abdominal 
cavities. Improvements such as the addition of sealing 
rings and enhanced manufacturing precision have been 
made to prevent water leakage issues. Additionally, it aims 
to improve the tumor superior-inferior (SI) to medial-
lateral (ML) direction conversion formula developed 
by our team (19). By integrating mask region-based 
convolutional neural networks (Mask R-CNN) ultrasound 
image tracking algorithm (M-UITA) with 4-dimensional 
computed tomography (4DCT) (20), we simultaneously 
monitored the motion trajectories of both the tumor and 
diaphragm phantoms. A new tumor motion transformation 
formula was derived, with a particular focus on improving 
the ML-direction transformation. Subsequently, cone-
beam computed tomography (CBCT) was employed to 
compare and validate the tumor motion conversion position 
discrepancies between the previously published formula and 
the one developed in this paper. We present this article in 
accordance with the TRIPOD reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1777/rc).
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Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Ethics Committee of Taipei Medical 
University Hospital (No. IRB 201902015) and informed 
consent was obtained from all individual participants.

Experimental apparatus

Experimental phantom
This study designed experimental phantom for three 
different areas: the thoracoabdominal region, lung, and 
diaphragm. The thoracoabdominal phantom followed the 
design approach proposed by Kim et al. (21). It utilized 
an acrylic hollow cylindrical structure with a silicone 
membrane partitioning the interior into two compartments, 
simulating the diaphragm. These two compartments were 
filled with water to emulate the thoracic and abdominal 
cavities. To prevent leakage from the phantom, four sealing 
rings are installed on the piston push rod, and sealing rings 
are also applied to the front and rear cover plates. The 
connection between the lung phantom and the breathing 
hole is secured tightly with a sealing tape and a strap. 
The lung phantom comprised three layers: an outer layer 
simulating the lung’s external covering using a balloon, a 
middle layer filled with sponge inside the balloon to mimic 
lung structure, and an inner layer employing a 3 mm 
wooden ball to replicate a lung tumor phantom (22), as 
shown in Figure 1A,1B.

The diaphragm phantom involved affixing a rubber 
belt to the inner edge of a plastic container, serving as 
the target for ultrasound image tracking. The plastic 

container was filled with agarose and water to act as an 
ultrasound transmission medium and simulate the internal 
tissue structures of the human body. When the ultrasound 
probe is in direct contact with the body surface, there is 
no relative displacement between the probe and the body 
surface; however, as the human lungs contract and expand, 
a relative displacement occurs between the lungs and the 
surface of the body. To simulate this relative displacement, 
the diaphragm phantom in this study was designed with 
two layers: the top layer simulates the body surface, and 
the bottom layer simulates the internal organs. When 
Respiratory Motion Simulation System (RMSS) received 
the respiratory signal and moved, the probe remained fixed 
in the groove on the top layer phantom surface, preventing 
its movement. Meanwhile, the bottom layer moved in 
response to the respiratory signal received by RMSS, as 
shown in Figure 2A. The respiratory belt used in 4DCT 
was unable to detect the deformation of the abdominal 
phantom. Therefore, following the reference to our team’s 
previous research, a rubber ball was employed as a substitute 
for the abdominal phantom (19), as shown in Figure 2B.

RMSS
The RMSS developed by our team previously can simulate 
motion in three different regions: the thoracoabdominal 
area, the lungs, and the diaphragm, as shown in Figure 3.  
Its operating principle involves inputting prerecorded 
real human respiratory signals into the RMSS to induce 
SI motion. This causes the plastic container (diaphragm 
phantom) placed above the RMSS platform to exhibit 
SI respiratory motion, and the motion of the diaphragm 
phantom is  measured using an ultrasound probe. 

A B

Figure 1 Experimental phantom. (A) Thoracoabdominal phantom; (B) lung tumor phantom. 
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Simultaneously, a plate is moved by the RMSS to compress 
a rubber ball (abdominal region), causing it to deform and 
produce anterior-posterior (AP) motion. The extent of 
this deformation is sensed by the respiratory belt of the 
4DCT. Additionally, the plate also drives a piston, which 
compresses and deforms a balloon (lungs), generating SI, 
AP, and ML motion. In this study, 4DCT was employed to 
measure the three-axis displacement of a wooden ball (tumor 
phantom) inside the balloon due to the deformation of 

the balloon. The motion trajectories of the three different 
phantoms at the same time are correlated and correspond to 
the states of inhalation and exhalation.

Diaphragm image tracking
This study uses ultrasound to capture the motion images 
of the diaphragm phantom. Additionally, it combines the 
previously developed Mask R-CNN model used by our 
team to create the M-UITA for tracking the diaphragm 

A B

Figure 2 Phantom. (A) Diaphragm phantom; (B) abdominal phantom.
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Figure 3 A schematic diagram of RMSS. RMSS, Respiratory Motion Simulation System.
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phantom’s movement. This algorithm extracts 1,800 real 
human diaphragm ultrasound images as the training dataset 
and sets up a deep learning environment using Anaconda, 
an open-source distribution of Python and R programming 
languages, for Mask-RCNN training. After training, the 
ultrasound image tracking algorithm calculates the average 
coordinates of the diaphragm identified by Mask R-CNN 
to achieve the goal of tracking diaphragm displacement (20). 

Capture of input signals from the respiratory motion 
simulator

This study prepared four sets of pre-recorded human 
respiratory signals, obtained from healthy volunteers, along 
with one set of sine wave signals. The respiratory signals, 
each lasting 60 seconds, were captured using ultrasound 
to record diaphragm motion. The four distinct human 
respiratory signals (23) are as follows: A signal represents 
baseline shift, B signal corresponds to deep breath, C signal 
imitates staged breathing, and D signal represents slow 
breathing. Additionally, the sine signal has an amplitude of 
±20 mm and a frequency of 0.25 Hz. All of the pre-recorded 
respiratory signals are shown in Figure 4.

The tumor motion conversion model 

This study used 4DCT for scanning the lung phantom 
while concurrently tracking the diaphragm using ultrasound 
imaging. When the ultrasound detected real-time motion 
signals in the SI direction of the diaphragm phantom, 
M-UITA was used to track the diaphragm phantom’s 
position. Additionally, with reference to the tumor motion 
conversion model proposed by our team, motion and 
position signals in the SI and ML directions of the tumor 
phantom were obtained (19). 

Ultrasound and 4DCT signal processing
A specific time window was defined for acquiring both 
ultrasound and 4DCT data. 4DCT utilizes spiral CT 
scanning to generate three-dimensional (3D) anatomical 
images of the patient. The fourth dimension in 4DCT 
represents time, captured by a synchronized respiratory 
belt that records external respiratory signals. The CT 
scanner continuously advances with a pitch of 0.5 mm every  
1.5 seconds, recording the acquisition time for each image 
slice. This allows 4DCT to capture the dynamic movement 
of the tumor phantom at different points in the respiratory 
cycle, as shown in Figure 5A. The respiratory belt records 

the AP displacement signal generated by the abdominal 
phantom’s ball motion and the corresponding time. The 
respiratory belt data synchronizes the timing of CT scans 
during the tumor phantom scan, ensuring consistent 
duration for each respiratory cycle, as shown in Figure 5B. 
For this experiment, data was collected during the ninth to 
twelfth respiratory cycles.

The diaphragm signals were extracted from the 
ultrasound probe within the defined time window. And each 
respiratory cycle was further divided into ten phases (0% 
to 90%) based on the respiratory signal. For each phase, 
diaphragm signals from all cycles at that position were 
averaged to obtain the average respiratory waveform, as 
shown in Figure 6A. The averaged respiratory waveform 
provides the Diaphragm amplitude (DA) and the diaphragm 
baseline (DB) parameters for the motion of diaphragm 
phantom. DA is the difference between the minimum and 
maximum diaphragm position on the average diaphragm 
motion trace. DB is the average of the signal over a whole 
respiratory cycle. In 4DCT, images obtained from the spiral 
CT scan must be sorted based on respiratory phases, which 
are divided into ten phases ranging from 0% to 90% in this 
study. The images of each phase group are recombined into 
a three-dimensional image, allowing for the acquisition of 
three-dimensional images at different phases ranging from 
0% to 90%. Compared to traditional 3DCT scans, 4DCT 
offers significant advantages. It exhibits fewer motion 
artifacts due to the inclusion of a time axis, which allows 
for the consideration of respiratory motion during image 
acquisition (24). The 4DCT can capture tumor motion in 
three dimensions. However, in this study, due to CBCT 
can only capture images in two directions in real-time. 
Therefore, only the tumor motion signals in SI and ML 
directions were extracted from the 4DCT. The pathway in 
the SI direction provides tumor amplitude (TA) and tumor 
baseline (TB) of the tumor phantom motion, as shown in 
Figure 6B. TA is the difference between the minimum and 
maximum tumor position and TB is the average tumor 
position. 

Establishment of the tumor motion conversion model 
formula 
The ultrasound images provide DA and DB. Furthermore, 
the 4DCT data offer parameters related to the motion 
of tumor phantom, such as TA, TB, and linear functions 
relating the SI to ML displacement of the tumor phantom 
when moving upwards and downwards. First, we set the 
zero coordinates of the system through RMSS. The tumor 
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Figure 5 Signal capture. (A) Tumor phantom position in 4DCT scanning; (B) signals of the respiratory belt. 4DCT, 4-dimensional 
computed tomography.



Kuo et al. Indirect tumor localization with lung phantom3254

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(4):3248-3262 | https://dx.doi.org/10.21037/qims-24-1777

25
20
15
10
5
0

−5
−10
−15
−20
−25

P
os

iti
on

, m
m

20

18

16

14

12

10

8

6

P
os

iti
on

, m
m

0 10 20 30 40 50 60 70 80 90
Phase, %

0 10 20 30 40 50 60 70 80 90

DB
TB

TA

DA

Phase, %

A B

Figure 6 Signal processing. (A) Average diaphragmatic motion signals; (B) average tumorous motion signals. DA, diaphragm amplitude; DB, 
diaphragm baseline; TA, tumor amplitude; TB, tumor baseline.

motion conversion model consists of two steps. The first 
step involves using M-UITA to identify the conversion 
formula for the SI position from the diaphragm phantom to 
the tumor phantom. Subtracting DB from the diaphragm 
phantom in the SI direction coordinates calculates the 
displacement of the diaphragm. Then, based on the ratio of 
TA to DA, calculate the actual displacement of the tumor. 
Finally, add TB to calculate the real-time position of the 
tumor phantom in the SI direction, as in Eq. [1]. The 
second step is the conversion of the SI position of the tumor 
phantom to the ML position of the tumor phantom. This 
step involves using line fitting to calculate M and b, as in 
Eq. [2]. 

( )tumor diaphragm
TASI SI DB TB
TB

= − + 	 [1]

SIdiaphragm: the ultrasound captures the real-time position 
of the diaphragm phantom in the SI direction; SItumor: the 
real-time position of the tumor phantom in the SI direction; 
DA: diaphragm amplitude; DB: diaphragm baseline; TA: 
tumor amplitude; TB: tumor baseline. 

( )tumor tumorML M SI b= + 	 [2]

MLtumor: the real-time position of the tumor phantom in 
the ML direction; SItumor: the real-time position of the tumor 
phantom in the SI direction; M: slope; b: offset.

It’s worth noting that while our previous tumor motion 
conversion model directly linearly processed ten phases 
when the tumor phantom moved up and down, in this study, 
Eq. [2] was improved. As the tumor phantom shows some 
degree of hysteresis and moves up and down in response 
to respiratory motion, this study took a different approach. 
The 10 averaged phases from the 4DCT were further 
divided into two sets, each containing five phases. One set 

included the 0–40% phases, while the other consisted of the 
50–90% phases. Subsequently, phase data in these separate 
sets were processed linearly to derive the formula for 
converting the tumor phantom’s motion from the SI to the 
ML direction. 

Experimental verification

In this study, the development process of the tumor motion 
conversion model consisted of two stages. The first part 
involved developing the tumor motion conversion model. 
It primarily used an ultrasound device (Fukuda Denshi, 
UF-4000, Broadsound Corporation) to acquire respiratory 
motion images of the diaphragm phantom. The M-UITA 
was used to identify the trajectory of the diaphragm 
phantom, which was synchronized with the Philips 
Brilliance CT Big Bore machine to obtain 4DCT images 
of the tumor phantom in 10 phases, aiming to develop the 
tumor phantom’s motion conversion model. The second 
part focused on validating the positional accuracy of the 
tumor phantom’s motion conversion model. The Elekta 
Synergy System machine was used to compare the tumor 
phantom’s motion path predicted by the motion conversion 
model with the actual motion path images obtained through 
CBCT. The experimental design involved placing the tumor 
model in three different positions: anterior, middle, and 
posterior, to represent three types of lung tumor motion 
models. To verify the accuracy of the tumor phantom’s 
motion conversion model under different respiratory 
conditions, each model was tested with four prerecorded 
human respiratory signals and sine signal.

Experimental setup of the tumor motion model
The tumor phantoms and RMSS were set up on the 4D-CT 
system. The tumor phantoms are classified into three types: 
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Figure 7 Experimental setup of the tumor motion model. (A) Photograph of the RMSS and three phantoms set up on the cine-CT; (B) 
4DCT axial section; (C) the synthesis of 10 coronal section composite images from 4DCT. CT, computed tomography; RMSS, Respiratory 
Motion Simulation System; 4DCT, 4-dimensional computed tomography.

A B

C

Phantom I, Phantom II, and Phantom III, representing 
tumors located in the lower right lung, upper left lung, and 
center lung, respectively. The respiratory belt was secured 
to the abdominal ball to receive signals, and the ultrasound 
probe was positioned on the diaphragm phantom, as shown 
in Figure 7A. The ultrasound device detected the movement 
signals of the diaphragm phantom and used M-UITA to 
identify its motion position. For the lung phantom, a region 
was scanned using 4DCT, generating ten sets of axial 
section images at phases ranging from 0% to 90%, as shown 
in Figure 7B. After reconstruction, these ten sets of images 
were combined to create ten coronal composite images, 
as shown in Figure 7C. The respiratory belt detected 
deformation signals in the AP direction of the abdominal 
ball and recorded the data.

Experimental setup for verification of tumor tracking 
error
The tumor phantom and RMSS were set up on the bed of 
CBCT. CBCT does not require the use of a respiratory belt 
as an activation signal, thus the rubber ball was not placed. 
The ultrasound probe is positioned on the diaphragm 

phantom. The experimental setup is shown in Figure 8A. 
The ultrasound detects the motion signals of the diaphragm 
phantom, and the M-UITA is used to identify the position 
of diaphragm motion. Using the tumor motion conversion 
model equations Eq. [1] & Eq. [2], this is transformed 
into the motion paths of the tumor phantom in the SI 
and ML directions. These paths are then compared to the 
actual tumor phantom motion position signals (continuous 
image frames) obtained by CBCT for verification. CBCT 
captures images continuously at intervals of 0.18 seconds.  
The CBCT images record images of all tumor phantom 
positions within the duration of the scan and the 
corresponding time. CBCT imaging is performed only in 
the SI and ML directions, as shown in Figure 8B. Therefore, 
this experiment verifies the position conversion error 
only in the SI and ML directions for the tumor motion 
conversion model.

Results

Tumor motion conversion model refine

The results were compared with the previous conversion 
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A B

Figure 8 Experimental setup for verification of tumor tracking error. (A) Photograph of the tumor phantom and RMSS set up on the bed 
of CBCT; (B) photograph of a lung tumor phantom under CBCT. CBCT, cone beam computed tomography; RMSS, Respiratory Motion 
Simulation System.

formula, as shown in Figure 9. Using the previous formula, 
the calculated R2 was 0.93–0.98, while the improved 
formula resulted in an R2 of 0.97–0.99.

Motion conversion model error results

Each point on the real-time trajectories represents the 
barycenter position of the tumor phantom in the images 
captured by CBCT. The imaging resolution of CBCT in 
this experiment is 0.3 mm/pixel. Figures 10,11 illustrate 
the conversion error results specifically for pattern E of 
Phantom III. Figure 10 provides an overall comparison of 
the coronal plane trajectories. Figure 11A,11B show the 
actual and estimated real-time tumor phantom motion 
trajectories in the SI and ML directions, respectively. This 
data chart demonstrates that the conversion accuracy is 
effective and robust under different respiratory conditions.

Table 1 displays the positional conversion errors for 
Phantom I and Phantom III under various breathing 
patterns. Phantom II is not discussed due to the minimal 
displacement of the tumor phantom. Each CBCT scan took 
approximately 60 seconds, resulting in 350 images. The 
conversion positional error in Table 1 represents the absolute 
error between the actual tumor phantom displacement 
observed during CBCT scans and the estimated target 
trajectories from the tumor conversion model calculated by 

Eqs. [1,2]. The numbers outside of the brackets represent 
the median positional error. The numbers inside the 
brackets represent the lower and upper bounds of positional 
error for each respiratory cycle. The percentage represents 
the size of the error relative to the average amplitude. The 
conversion positional errors in the SI direction range from 
0.30 to 1.68 mm and 6.31% to 13.91%, while in the ML 
direction, they range from 0.25 to 2.05 mm and 6.99% to 
18.43%. The error percentage in the SI direction is smaller 
than that in the ML direction. This is because the ML 
direction is calculated based on the SI values, resulting in 
accumulated errors. The obtained data were statistically 
analyzed using two-tailed Student’s t-tests. A probability 
value of P<0.05 was considered indicative of a significant 
difference.

Figure 12 compares the conversion positional errors 
between the ML conversion formula developed in this 
study and the previous ML formula used by our team. It 
is evident from Figure 12 that the ML formula developed 
in this research yields smaller conversion positional errors 
compared to the previous formula. The larger positional 
error for input signal B can be partially attributed to the 
higher amplitude of the input signal waveform and the 
continuous piston movement, which led to a reduction 
in lung phantom displacement due to increased internal 
water pressure. However, it’s important to note that the 
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Figure 9 Tumor motion-conversion model. (A) Previously conversion formula; (B,C) Phantom I (tumor location: lower right); (D,E) 
Phantom II (tumor location: upper left); (F,G) Phantom III (tumor location: center). ML, medial-lateral; SI, superior-inferior.

conversion formula is based on the motion of the diaphragm 
phantom, so the estimated tumor displacement may differ 
in magnitude from the measured diaphragm phantom 
displacement.

Table 2 presents a comparison of positional error 
parameters. The median values of baseline errors in this 
study range from 0.12 to 1.72 mm, while the median values 
of amplitude errors range from 0.23 to 1.96 mm. In the 

previous conversion formula, the median values of baseline 
errors range from 0.14 to 1.91 mm, and the median values 
of amplitude errors range from 0.25 to 2.06.

Discussion

Our team’s previous design of the phantom had issues with 
ineffective sealing in the interior compartments, resulting 
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in significant water leakage during the experiment when 
the piston was in continuous motion. This could potentially 
lead to problems such as moisture damage and cleanliness 
issues with the CT equipment. Furthermore, the previous 
phantom directly propelled the piston to drive the lung 
phantom, which, despite having a large displacement, could 
not accurately simulate the actual respiratory motion of the 

lungs. Therefore, this study aimed to address the problems 
in the previous phantom design, resolving the issue of 
water leakage in the phantom and achieving a more faithful 
representation of the realistic respiratory motion inside the 
human body.

The tumor phantom motion conversion formula 
previously developed by our team relied on linear 
processing of the 10-phase data extracted from 4DCT to 
obtain the ML conversion formula. However, as respiratory 
motion causes the tumor phantom’s displacement trajectory 
to be elliptical, linear processing of the phase data alone 
is insufficient to accurately predict the precise position 
trajectory. In this study, the conversion equation was 
developed based on the elliptical displacement trajectory 
of the tumor phantom. The 10-phase data extracted from 
the 4DCT were divided into two sets of five phases, one for 
upward (0–40% phase) and one for downward motion (50–
90% phase), and their phase data was processed separately 
to derive the ML conversion formula. The correlation 
(R2) of the tumor phantom’s phase in 4DCT was generally 
higher in this study, with the highest correlation reaching 
R2=0.99.

In this study, comparison was made with traditional 
tracking techniques in conventional X-ray radiation therapy. 
Pepin et al. (25) tested the CyberKnife® Synchrony® system 
for synchronized breathing tracking, revealing a total error 
of 6.9 mm in the SI direction, 4.6 mm in the AP direction, 
and 3.5 mm in the ML direction. Hoogeman et al. (26) 
measured the accuracy of the CyberKnife® Synchrony® 
system during treatment of actual patients, finding that the 
system’s external-internal correlation errors were 0.2–1.9 
mm in the SI direction, 0.1–1.9 mm in the ML direction, 
and 0.2–2.5 mm in the AP direction. Our study compared 
with indirect tumor tracking techniques. Fassi et al. (9) 
utilized a surface sensing system combined with internal-
external correlation models for tumor tracking, reporting 
median tracking errors of 0.7–2.2 mm in the SI direction 
and 1.2–2.4 mm in the ML direction. Fakhraei et al. (10) 
proposed a patient-specific model to estimate tumor location 
during radiation therapy using chest surface displacement as 
a surrogate signal. Validation on a respiratory phantom and 
five lung cancer patients showed localization errors of less 
than 1 mm in the left-right (LR) and AP directions, and less 
than 2 mm in the SI direction for the phantom, and under 
1.1 mm in the LR and AP directions and up to 6.4 mm in 
the SI direction for patients. Compared to using implanted 
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markers (8,27) to track tumor motion, using ultrasound 
to monitor diaphragm motion for predicting tumor 
displacement is non-invasive. The indirect tumor tracking 
method developed in this study yielded median tracking 
errors of 0.30 to 1.68 mm in the SI direction and 0.25– 
2.05 mm in the ML direction. A limitation of this study 
is that it exclusively considered the SI and ML directions, 
neglecting the AP direction, and the tumor motion model 
was developed and validated using the same phantom 
dataset, which may limit its generalizability. Future studies 
should explore the conversion formula between diaphragm 

and tumor motions in the AP direction and validate the 
model on independent datasets, including practical patient 
data, to improve its robustness and applicability.

Conclusions

This study developed a novel thoracoabdominal phantom 
and refined a tumor motion conversion formula for the ML 
direction. Validation using CBCT confirmed improved 
accuracy compared to previous models. The developed 
conversion model in this study is not limited to the use of 
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Table 1 Different tumor phantom motion conversion models’ positional errors under various respiratory patterns

Tumor phantom Respiratory patterns
Position errors (mm) Position errors (%)

SI ML SI ML

I Sin 1.17 (0.47–1.72)*** 0.62 (0.36–1.23)*** 7.67 8.22

A 0.76 (0.13–1.44)* 1.21 (0.38–2.24)*** 9.03 15.44

B 1.68 (0.93–2.39)*** 2.05 (1.96–3.08)*** 6.55 15.98

C 0.99 (0.52–1.64)*** 0.77 (0.41–1.17)* 13.91 17.27

D 1.09 (0.67–1.50)*** 1.01 (0.71–1.16)*** 13.15 18.43

III Sin 0.61 (0.33–1.04)*** 0.25 (0.19–0.57)*** 6.78 6.99

A 0.30 (0.18–0.55)* 0.73 (0.30–1.04)*** 6.56 16.44

B 0.46 (0.25–0.71)*** 0.56 (0.33–1.48)*** 6.31 15.43

C 0.38 (0.27–1.21)*** 0.55 (0.35–0.83)* 9.97 14.80

D 0.84 (0.58–1.51)* 0.84 (0.42–1.25)** 12.90 15.36

Data are presented as median (Min–Max) unless otherwise indicated. A signal represents baseline shift, B signal corresponds to deep 
breath, C signal imitates staged breathing, and D signal represents slow breathing. *, P<0.05; **, P<0.01; ***, P<0.001. ML, medial-lateral; 
SI, superior-inferior.
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Table 2 Comparison of positional error parameters

Tumor  
phantom

Respiratory 
patterns

Position errors (mm)

Previous work baseline Previous work amplitude Current work baseline Current work amplitude 

I Sin 0.22 (0.11–0.63) 0.59 (0.19–1.04) 0.15 (0.07–0.54) 0.51 (0.13–0.92)

A 0.42 (0.02–1.57) 2.06 (0.15–4.05) 0.35 (0.01–1.44) 1.96 (0.09–3.86)

B 1.91 (0.8–0.62) 1.44 (0.61–2.52) 1.72 (7.10–6.83) 1.32 (0.49–2.30)

C 1.03 (0.39–1.65) 1.83 (1.29–2.59) 0.94 (0.34–1.54) 1.65 (1.04–2.38)

D 1.14 (0.82–1.68) 0.48 (0.29–0.81) 1.00 (0.71–1.50) 0.42 (0.24–0.61)

III Sin 0.14 (0.06–0.45) 0.25(0.06–0.81) 0.12 (0.04–0.36) 0.23 (0.04–0.71)

A 0.23 (0.08–0.49) 0.46 (0.11–0.97) 0.19 (0.05–0.42) 0.42 (0.07–0.89)

B 0.32 (0.04–0.65) 0.71 (0.09–1.41) 0.27 (0.02–0.56) 0.67 (0.07–1.30)

C 0.36 (0.12–0.83) 0.51 (0.06–0.96) 0.29 (0.08–0.71) 0.40 (0.04–0.84)

D 0.64 (0.03–1.15) 1.01 (0.23–1.56) 0.52 (0.02–1.00) 0.94 (0.17–1.44)

Data are presented as median (Min–Max) unless otherwise indicated. A signal represents baseline shift, B signal corresponds to deep 
breath, C signal imitates staged breathing, and D signal represents slow breathing.

ultrasound to irradiate the diaphragm. It can be employed 
with any organ or tissue highly correlated with the tumor, 
provided that clear ultrasound images can be captured.
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