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Background: The reduction of the delaying effect in the respiratory motion compensation system (RMCS)
is still impossible to completely correct the respiratory waveform of the human body due to each patient
has a unique respiratory rate. In order to further improve the effectiveness of radiation therapy, this study
evaluates our previously developed RMCS and uses the fast Fourier transform (FFT) algorithm combined
with the phase lead compensator (PLC) to further improve the compensation rate (CR) of different
respiratory frequencies and patterns of patients.

Methods: In this study, an algorithm of FFT automatic frequency detection was developed by using
LabVIEW software, uisng FFT combined with PLC and RMCS to compensate the system delay time.
Respiratory motion compensation experiments were performed using pre-recorded respiratory signals of
25 patients. During the experiment, the respiratory motion simulation system (RMSS) was placed on the
RMCS, and the pre-recorded patient breathing signals were sent to the RMCS by using our previously
developed ultrasound image tracking algorithm (UITA). The tracking error of the RMCS is obtained by
comparing the encoder signals of the RMSS and RMCS. The compensation effect is verified by root mean
squared error (RMSE) and system CR.

Results: The experimental results show that the patient’s respiratory patterns compensated by the RMCS
after using the proposed FFT combined with PLC control method, the RMSE is between 1.50-5.71 and
3.15-8.31 mm in the right-left (RL) and superior-inferior (SI) directions, respectively. CR is between 72.86—
93.25% and 62.3-83.81% in RL and SI, respectively.

Conclusions: This study used FFT combined with PLC control method to apply to RMCS, and used
UITA for respiratory motion compensation. Under the automatic frequency detection, the best dominant
frequency of the human respiratory waveform can be determinated. In radiotherapy, it can be used to
compensate the tumor movement caused by respiratory motion and reduce the radiation damage and side
effects of normal tissues nearby the tumor.
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Introduction

During the radiation therapy, the overall treatment can be
affected due to patient’s emotional stress. Therefore, the
irregularity of the breathing signals might cause the base
line shift of the organs in the body as well as the tumor, and
thus, the radiation dose cannot be accurately delivered to
the tumor (1). Respiratory movements also directly induce
lung tumor shift, while the diaphragm that are highly
correlated with lung tumor movement has a maximum
displacement in superior-inferior (SI), right-left (RL), and
anterior-posterior (AP) directions. The displacements
are 50, 27.5, and 15 mm (2), respectively. Nowadays the
most popular technology to improve the effectiveness of
radiotherapy is real-time tracking and compensation, and
typically combined with an imaging system for monitoring
(3-5). Image-guided radiation therapy (IGRT) is an
electronic digital image capturing system that combines a
computerized tomography [cone beam CT (CBCT)] and
X-ray [on-board imager (OBI)] on a linear accelerator
(LINAC). The patient’s CT image of the tumor can be
obtained simultaneously by using IGRT, to correct the
patient’s body position and lock the precise range of
tumor treatment at the earliest time (6). Due to many
problems with the real-time tracking compensation system,
it is impossible to compensate to the correct position
immediately (7). In order to make the treatment better,
many research teams have proposed different approaches to
solve and improve the compensation effect.

Ichiji er al. (8) has reported a new prediction method
of human respiration motion for accurate dynamic
radiotherapy, so called the tumor tracking therapy. They
proposed a time-variant seasonal autoregressive (TVSAR)
model to further capture the time-variant and complex
nature of various respiratory patterns. This model used the
discrete Fourier transform (DFT) to perform the tumor
tracking test of 105 tumor movements from the clinical
database. The average tracking errors were 1.28+0.87 and
1.75+1.13 mm with 0.5 and 1.0 second predicted results,
respectively. Prove that the methods they propose can
outweigh the most advanced prediction methods. Kenneth
et al. (9) indicated that that the current clinically available
electronic portal imaging device (EPID) has a frame rate
limit of 7.5 Hz and the maximum frame rate is 30 Hz. They
proposed an imaging signal filter to remove pulsing artifact
on MV images, which consists of a wavelet decomposition
followed by a fast Fourier transform (FFT). By using their
proposed W-FFT filtering (wF), the pulsing artifact was
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reduced. Their experimental results show that the Visicoil
label at 0.05 cm results in a root mean square error (RMSE)
>0.2 cm.

This study combines FFT with phase lead compensator
(PLC) to develop a real-time automatic frequency detection
algorithm. In 2007, Katsura et a/. (10) have developed
several vibration suppression control methods in order
to solve vibration suppression and achieve robustness in
motion control systems. However, in conventional vibration
control systems, many studies have not considered the
resonant frequency. They proposed a novel vibration
control of a multimass resonant system based on PLC. It
also clarifies the influence of the parameter variation of a
disturbance observer on acceleration control system. In
2015, Golestan et al. (11) improved the filtering capability
of the phase-locked loop (PLL) by incorporating the
moving average filter (MAF) into its control loop. This
method is at the cost of a slow transient response for the
PLL, which is undesirable in most applications. However,
adding a PLC to the MAF-PLL control loop can alleviate
this problem. In 2018, Safaei ez a/. (12) discussed fractional-
order phase-lead compensators to provide the required
time domain definitions. They reported a simple analytical
design technique, which is based on the minimization of
pole-zero ratio subject to pole placement requirements.
The necessary conditions of the pole’s problem and the
optimal parameters for the compensator are provided in
their proposed method. Thus, a desired sensitivity can be
provided by properly selecting the compensator’s fractional-
order in the acceptable range in order to have a robust
compensator.

In 2015, our previous study (13) used the PLC to perform
real-time tumor displacement tracking and compensation
experiments, and we found that both ultrasound imaging
system and respiratory motion compensation system
(RMCS) have a serious system delay time problem.
Although it has a good compensation effect on the sin wave
input signals, when the PLC was used to compensate the
human respiratory signals, the signal changes drastically and
the compensation effect is not good (14). Therefore, in this
study we used FFT algorithm combined with the existing
PLC for respiratory motion compensation experiments, and
cooperated with the Department of Radiation Oncology at
the Taipei Medical University to conduct clinical trials. The
diaphragm was used as a surrogate for the tumor tracking
in the experiments. An ultrasound imaging system was used
to observe the movement of the diaphragm and the real-
time diaphragm motion signals were captured by using our
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Figure 1 Experimental flow chart.

Figure 2 Diagram of clinical trial setup. (A) Ultrasound imaging
system; (B) ultrasound probe.

previously developed ultrasound image tracking algorithm
(UITA) (15). In the subsequent verification and respiration
displacement compensation experiments, the ultrasound
imaging system was used again to track the diaphragm
phantom, to perform a real-time respiratory motion
tracking and compensation experiments (16-21), because
the diaphragm motion is highly related to the tumors near
lung and liver.

The previously reported adaptive control algorithm (22)
mainly calculates the average breathing time of the
volunteer breathing signals, and establishes the gate
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value to infer and determinate the generation of the next
breathing cycle. The respiratory signal can be analyzed
by the time reciprocal of the gate value to determine its
dominant frequency. The breathing signal of the next cycle
is estimated based on the calculated dominant frequency,
but the setup of gate value is too low to correct the peak
area of the breathing signal. The purpose of this study is
to improve the real-time automatic respiratory frequency
detection algorithm. Therefore, the FFT was used and
combined with the PLC in this study to further improve the
compensation effect of the breathing signal with dramatic
changes.

Methods
Experimental method

This study proposes a real-time automatic frequency
detection algorithm based on the FFT combined with
PLC. The displacement compensation experiments of
patient respiratory motion signals were performed in three
modes, compensated without PLC, compensated with
adaptive control PLC, compensated with FF'T combined
PLC. The RMSE and compensation rate (CR) are
calculated to compare the difference among three modes in
compensation performance. The experimental flow chart is
shown in Figure 1.

Experimental equipment

The purpose of this study is to improve the automatic
frequency detection method for the turning point (peak)
of respiratory signal. The hardware devices used in clinical
trials include ultrasound imaging system (Fukuda Denshi,
UF-4000), Video Capture Card (CE310B, AverMedia).
The software includes UITA (15), LabVIEW motion
control software, and the clinical trial setup diagram is
shown in Figure 2. The diaphragm movement of the
patient’s abdomen was observed through the ultrasound
imaging system, and the diaphragm motion image was
tracked and analyzed by UITA and then transmitting to
LabVIEW. Hardware devices for compensation verification
experiments include ultrasound imaging system (Fukuda
Denshi, UF-4000), Video Capture Card (CE310B,
AverMedia), RMCS, respiratory motion simulation system
(RMSS), motion control card (National Instruments, PCI-
7344). The composition of RMCS and RMSS includes an
acrylic plate, a motor (Yaskawa, BAISGM7A-04AFA61),
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Figure 3 Ultrasound image analyzed by UITA. UITA, ultrasound

image tracking algorithm.

a linear slide, and a ball screw. The software for the
validation experiment included UITA, LabVIEW motion
control software, and the phantom used in this study
was a diaphragm phantom. The pre-recorded patient’s
diaphragm respiratory signal was input to the RMSS, and
the diaphragmatic phantom movement on the RMSS was
observed through the ultrasound imaging system. The
ultrasound images of diaphragm motion were processed
by the image binarization method via UITA, and the
captured ultrasound image of diaphragm was presented at
the brightest points. The phantom motion was tracked by
a designed small white frame and the established tracking
trajectory by the UITA. The diaphragm displacement was
transmitted to the RMCS for compensation experiments.
Figure 3 shows an ultrasound image analyzed by UI'TA. The
motors that drive the RMSS and RMCS and the encoder
that records motors are both controlled by the LabVIEW
control program and display the real-time position data of
RMCS in the LabVIEW interface for easy operation.

Patient vespiratory signals capturing

In this study, when measuring the respiratory signal of a
patient, the clearest position of the diaphragm is measured
on the ultrasound image and the tracking point is manually
defined. Therefore, the initial diaphragm position of each
patient on the ultrasound imaging is different. In order to
verify the feasibility of using the proposed FFT combined
with PLC in real-time automatic frequency detection
algorithm for the compensation of patient’s respiratory
signals, breathing signals of 25 patients were used in this
study (IRB 201902015) for verification experiments. The
UITA with LabVIEW was used to capture the real-time
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diaphragmatic motion signal of each patient, as shown
in Figure 4. During the experiments, the ultrasound
probe was placed on the patient’s abdomen to observe
the internal diaphragm movement, and the diaphragm
motion of ultrasound images are instantly transmitted
to the computer through the image capturing card. The
diaphragm movement is then immediately tracked and
analyzed through the UITA and the real-time diaphragm
displacement signals were recorded by LabVIEW.

FFT

FFT is a linear integral transform for converting signals
between the time domain and the frequency domain.
There are many applications in physics and engineering.
FFT is divided into several different forms, such as Fourier
series, discrete-time Fourier transform, DFT, and Time-
Frequency Analysis Transform. The formula of the FFT is
as shown in Eq. [1].

F) = flx)e™dx [1]

The variable x represents time (in seconds) and the
conversion variable & represents frequency (in Hz).

The most common one is DFT, and the application
includes FFT, spectrum analysis, data compression, partial
differential equation, long integer, polynomial multiplication
and orthogonal frequency-division multiplexing. Ichiji
et al. (8) indicated that their developed TVSAR model uses
the DFT. However, the main task in this study is to analyze
the detected current respiratory signals and to calculate its
dominant frequency for further respiratory signal detection
and to infer the respiratory waveform of the next respiratory
cycle. Therefore, there is no need to perform complex
operations through the DFT, and the FFT can be used
directly. In this study, the length of FFT is 10 seconds, the
time resolution of respiratory signal is 0.01 second and the
refresh ratio of the detected frequency is 0.1 Hz.

Instantaneous frequency automatic detection of FFT

According to the experimental results of the previous
project, the important parameters a and k of the PLC (13)
will change along with the frequency of the input respiratory
signal, and we have also developed an automatic frequency
detection system (22). It is mainly based on the adaptive
control to instantly track and compensate for respiratory
signals of different frequencies and waveforms. However, in
order to make the RMCS system faster and more accurate
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Figure 4 Captured diaphragmatic motion signals of eight patients.

in the case of non-lossy to improve the effectiveness of
radiotherapy, this study developed a real-time automatic
frequency detection module (algorithm) using FET for the
real-time analysis of the patient’s respiratory signal. The
signal analysis process was to filter the input respiratory
signals in order to remove the noise, and converts the time
domain signal into a frequency domain signal through the
formula Eq. [1], and thus, calculates the average frequency
over a period of time (5-10 seconds). Taking this as the
target frequency value after the conversion, the respiratory
waveform of the next cycle can be estimated by this target
frequency value, and the program flow chart is shown in
Figure 5.
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Analysis of frequency domain

The FFT converts a time domain signal into a
corresponding amplitude and phase at different frequencies.
The frequency spectrum is the signal presentation of
the time domain signal in the frequency domain, and
the anti-FFT converts the spectrum back into the time
domain signal. In this study, FE'T was used to convert
the respiratory signal of patients from the time domain
into a frequency domain signal, and then the dominant
frequency can be determined. Next, the LabVIEW control
program obtains the PLC parameters according to the
main frequency, and the PLC predicts the waveform of the
respiratory signal of the next cycle. Moreover, it uses the
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Figure 7 Frequency spectrum of the selected respiratory signal.

RMCS to perform a tracking compensation experiment on
the respiratory signal. The respiratory signal waveform used
in the compensation experiments, for example, the original
respiratory waveform with a frequency of 0.2 Hz is shown
in Figure 6 and the frequency spectrum after the FFT signal
processing is shown in Figure 7.

PLC

Our previously developed adaptive control PLC with
RMCS could not completely correct the overall respiratory
waveform during the respiratory motion compensation
experiments (22), and caused the overall CR to decrease.
Therefore, this study uses FFT combined with PLC to
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correct the turning point (peak area) of respiratory signal,
and it is expected to improve the CR, and the PLC formula
used in the compensation experiments is shown as Eq. [2].

[s+1jk:( S N 1 jk 2
s+a s+a s+a

where ‘s + 17 is the input to the compensator, ‘s + a’ is the
output term, ‘s’ is the complex Laplace transform variable,

‘1’ is the zero frequency, ‘a’ is the pole frequency and ‘K’
is the gain factor. The value a is calculated through the
dominant frequency, determined by the FFT, and the
system delay time. After input value a into the control
system, the phase of the respiratory signal can be advanced,
which eliminates the delay time caused by the control
system during signal transmission, calculation and analysis.
However, this also changes the magnification of the input
respiratory signals, causing the amplitudes of the input and
output signals to be unequal, and thus, the gain coefficient
k must also be added to compensate for the difference in
amplitude.

Definition of RMCS tracking error

This study is expected to explore the CR before and after
the target motion compensation. The target residual
motion cannot be fully compensated due to the delay time
of the RMCS. The tracking error of the target is calculated
according to the instantaneous position signal of the motor
encoder of the RMSS and RMCS. Moreover, the formula
of the Root mean squared error (RMSE) for tracking error
is shown as Eq. [3]. During the uncompensated state,
since the RMCS is not activated, it is assumed that the
value of RMCSi at each time point is equal to 0 and the
RMSE calculation is performed. The RMSE is defined as
the difference in motor encoder position signals between
RMSS and RMCS. The compensation performance is
evaluated by CR, which is calculated by RMSE,, ncea and
RMSE,,compensateas a8 shown in Eq. [4]. The calculated RMSE
between the adaptive control method with PLC and the
proposed FFT combined with PLC will be discussed.

D (RMSS,~ RMCS,)’

n

RMSE :J 3]

RMSE_
CR(%):[I w]xwm [4]

" RMSE

uncompensated
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Table 1 RMSE of patient’s respiratory signals under three modes of compensation

Compensated without PLC,

Compensated with adaptive control PLC,

Compensated with FFT combined PLC,

Patient RMSE (mm) RMSE (mm) RMSE (mm)
RL Sl RL Sl RL Sl

P1 9.40 10.88 417 7.83 2.28 4.87
P2 9.81 10.85 7.05 10.20 4.20 6.68
P3 12.48 14.15 4.19 3.91 4.01 3.15
P4 14.76 12.62 3.29 9.24 3.50 6.57
P5 8.48 9.04 6.07 6.76 5.71 7.04
P6 10.54 14.27 4.48 10.25 4.33 8.31
P7 13.93 11.62 3.61 5.07 2.65 5.51
P8 8.55 10.03 5.60 3.68 3.40 7.63
P9 1417 10.81 4.06 9.46 2.93 4.86
P10 13.33 10.71 2.07 5.38 2.30 4.62
P11 13.98 8.98 3.40 6.80 2.60 6.10
P12 12.52 9.37 3.46 7.91 217 4.56
P13 13.12 9.39 2.31 7.44 1.73 5.24
P14 11.47 8.56 2.85 6.41 1.50 3.23
P15 10.10 10.63 4.38 6.52 4.06 6.99
P16 12.10 8.88 3.80 5.34 3.03 3.87
P17 11.63 10.57 3.45 5.78 3.26 4.01
P18 8.52 12.68 3.71 8.87 2.23 7.23
P19 14.25 11.46 3.67 8.77 2.49 8.29
P20 9.33 8.72 2.72 5.32 3.16 4.51
P21 8.49 9.45 3.67 5.81 2.80 5.58
P22 11.99 10.45 3.52 6.20 2.59 5.61
P23 10.33 9.17 3.76 5.84 2.74 4.80
P24 9.86 8.92 5.75 5.27 3.47 4.24
P25 8.16 10.83 2.72 3.44 1.73 3.20

Pattern 1-25: patient respiratory signals. PLC, phase lead compensator; FFT, fast Fourier transform; Sl, superior-inferior; RL, right-left;

RMSE, root mean squared error.

Results
Comparison of RVMISE under three modes compensation

In this experiment, the respiratory signals of 25 patients
were input to the RMSS and then the RMCS was started.
The respiratory motion compensation experiments were
compared in three modes: compensated without PLC,
compensated with adaptive control PL.C, and compensated

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

with FFT combined PLC. The calculated RMSE under
three modes in SI and RL directions is shown in Table 1.
The RMSE without PLC compensation has average
values of 11.25 and 10.52 mm in RL and SI directions,
respectively, and the RMSE with adaptive control PLC
compensation has average values of 3.91 and 6.7 mm in
RL and SI directions, respectively. The RMSE using FF'T
combined with PLC compensation has an average of 2.99
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and 5.47 mm in RL and SI directions, respectively. It can be
found that the tracking error has a significant drop by using
a PLC, and the compensation effect with using the FFT
combined with PLC is the best. In addition, the average
RMSE in the RL and SI directions among three modes were
also compared, and the P value test was used to determine
that the results of the comparison between the three modes
were significantly different (P<0.001). The comparison
between the adaptive control PLC compensation and the
FFT combined with PLC compensation in the RL and SI
directions are (P<0.01) and (P<0.05), respectively as shown
in Figure §.

Comparison of CR under three modes compensation

In addition to comparing the calculated RMSE under three
compensation modes, this study also compares the results
of the CR and determines the difference in compensation
effectiveness between the adaptive control PLC and the
FFT combined with the PLC as shown in Table 2. It
indicates that the CR without PLC compensation are
between 1.59-57.24% and 7.56-56.89% with average values
of 35.58% and 42.73% in RL and SI directions, respectively.
CR with adaptive control PLC compensation is between
68.51-88.94% and 42.78-83.51%, with average values of
80.68% and 65.89% in RL and SI directions, respectively.
The CR using FFT combined with PLC compensation is
between 72.86-93.25% and 62.3-83.81%, and the average
value is 84.93% and 72.34% in RL and SI directions,
respectively. In Tuble 2, the CR value of using FFT
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combined with PLC is the best. In addition, the average
CR in the RL and SI directions among three modes were
also compared, and the P value test was used to determine
that the results of the comparison between the three modes
were significantly different (P<0.001). The comparison
between the adaptive control PLC compensation and the
FFT combined with PLC compensation in the RL and SI
directions are (P<0.01) and (P<0.05), respectively as shown
in Figure 9.

Comparison of the tracking effectiveness between adaptive
control with PLC and FFT combined with PLC under
patient’s vespivatory signals

In this experiment, three modes of control methods were
used to perform the respiratory waveform compensation
experiments to compare the RMSE and CR, and then
the difference between the adaptive control PLC and the
FFT combined with the PLC modes under the patient’s
respiratory signal was further discussed, as shown in
Figure 10. In Figure 10, whether it is in RL or SI directions,
the respiratory waveform in patient 1 was to use the adaptive
control PLC (green) to track the original respiratory
waveform (red), and the tracking result is that the green
waveform is off-center axis, resulting in a waveform (green)
goes above from the red line. Using the proposed algorithm,
FFT combined with the PLC (blue), the tracking results
are trackable to the turning point (peak area) of the partial
respiratory waveform (red). The respiratory waveform of
patient 9 uses the adaptive control PLC (green) method,
and the result is that the turning point (peak area) of the
respiratory waveform (red) is not tracked. Therefore, it
shows that by using the FFT combined with PLC (blue), it
has a significant tracking performance at the turning point
(peak area) of the respiratory waveform. In addition, the
Patient 14 uses the method of adaptive control PLC (green)
and the results show that the turning point (peak area) of
the respiratory waveform cannot be completely tracked.
However, if the FFT combined with the PLC (blue) control
method was used, the results indicated that the partial
turning point of the respiratory waveform was tracked.

Discussion

In this study, the proposed FFT combined with PLC
control method and the RMCS were both used for
respiratory motion compensations. The RMSE value
was calculated in both RL and SI directions from the

Quant Imaging Med Surg 2020;10(5):907-920 | http://dx.doi.org/10.21037/qims.2020.03.19



Quantitative Imaging in Medicine and Surgery, Vol 10, No 5 May 2020

915

Table 2 CR of patient’s respiratory signals under three modes of compensation

Compensated without

Compensated with adaptive control

Compensated with FFT combined

Patient PLC, CR (%) PLC, CR (%) PLC, CR (%)
RL Sl RL Sl RL Sl
P1 52.25 40.25 78.81 61.53 88.73 73.4
P2 53.97 40.83 69.23 48.56 78.6 66.12
P3 24.56 8.6 77.53 80.42 79.07 83.81
P4 8.32 23.57 83.1 52.56 83.47 67.05
P5 57.24 54.31 68.51 65.34 72.86 64.1
P6 45.69 7.56 75.89 42.78 77.82 56.82
P7 18.95 32.85 82.72 73.88 86.59 72.8
P8 56.31 49.02 71.58 83.51 82.53 62.3
P9 1.59 41.05 79.52 52.66 85.7 75.43
P10 12.95 41.28 88.94 72.41 88.6 76.14
P11 18.99 55.71 82.05 65.84 86.78 68.9
P12 25.02 52.4 81.53 60.48 89.52 76.57
P13 11.32 52.67 86.12 62.35 92.57 73.6
P14 34.67 56.89 85.78 66.12 93.25 83.64
P15 485 43.52 77.44 65.38 79.2 65.03
P16 28.4 55.13 84.53 72.68 84.6 80.47
P17 36.41 42.85 83.53 71.59 82.9 79.1
P18 52.86 22.46 82.09 54.94 88.97 63.33
P19 3.75 35.49 82.42 55.28 84.5 56.37
P20 51.86 56.03 86.46 72.79 83.71 77.08
P21 56.18 51.28 85.73 71.48 86.12 74.2
P22 38.91 44.53 83.22 66.5 86.73 74.01
P23 4259 53.47 81.23 71.9 85.3 75.8
P24 53.13 55.31 72.63 73.69 82.57 78.65
P25 55.07 50.48 86.37 82.46 92.57 83.72

Pattern 1-25: patient respiratory signals. PLC, phase lead compensator; FFT, fast Fourier transform; Sl, superior-inferior; RL, right-left; CR,

compensation rate.

patient’s respiratory signals, and then compared with other
research teams. In this study, the experimental results
show that the average RMSE is 5.47 and 2.99 mm in SI
and RL directions, respectively. Lee et al. (23) reported a
Couch-based tracking system based on respiratory data
and tracked the respiratory signal using a 3D camera of
the AlignRT system. Their experimental results show
that the maximum RMSE is 7.54 mm under load. The

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

accuracy and repeatability of the Z direction in the patient
data is very poor, and the RMSE of the added load in all
directions is within 1.0 mm. D’Souza and McAvoy (24)
used a HexapodTM treatment bed for respiratory motion
compensation experiments and proposed an internal model
controller to simulate the feedback control of respiration-
induced target motion. Their experimental results show
that under input the step signal, the RMSE is below 3 mm.
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Although the results of their experiments are not much
different from this study, the input signal they used is a step
signal, which is quite different from the human respiratory
signals. Their results obtained from 12 patients using skin
markers placed on the patient’s abdomen. In addition,
when simulating a faster treatment bed, the residual motion
(uncompensated displacement) under feedback control
is typically <0.3 cm. Haas er al. (25) developed a patient
support system (PSS) to fix tumors under radiation during
radiotherapy and tracked the target with a digital camera.
They also used an experimental and clinical elekta precise
table (TM) for validation tests. Their results show that the
obtained maximum RMSE in the RL and SI directions
after compensation is 5.21 and 4.46 mm, respectively. In
this study, our tracking method is to use ultrasound images
to observe the real-time internal diaphragm motion, which

B 15 Patient1 Original signal in Sl direction
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Figure 10 Comparison chart of adaptive control with PLC and FFT combined with PLC in the patient respiratory signals. The red

waveform is the patient original respiration signal, the green waveform is the tracking compensation signal by adaptive control with PLC,

and the blue waveform is the tracking compensation signal by using FFT combined with the PLC. (A), (C), and (E) are in RL direction,
and (B), (D), and (F) are in SI direction. (A), (B): patient 1; (C), (D): patient 9; (E), (F): patient 14. PLC, phase lead compensator; FFT, fast

Fourier transform; RL, right-left; SI, superior-inferior.
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is highly correlated with lung tumors. It is more capable
of presenting the true movement pattern of organ tissues
in vivo than the in vitro tracking methods of other research
teams.

The results of the experiment show that the obtained
RMSE of using the FFT combined with PLC has
significantly improved in RL direction. However, several
patients respiratory motion waveform is worse than using
the adaptive control PLC (patient 5, 7, 8, and 15) in SI
direction, mainly because the patient’s respiratory waveform
changes more severely than healthy volunteers, and their
frequency changes quickly. Among them, the respiratory
motion waveform of patient 7 may not be able to track to
the original respiratory waveform due to the large amplitude
changes even using the proposed FFT combined with PL.C
control method. Although the respiratory waveform of
Patient 8 does not have a large fluctuation in the amplitude
of the respiratory waveform, the amplitude change during
10-20 seconds is more severe, the respiratory frequency is
also more rapid, and the compensation effect in SI direction
is relatively worse than that of using adaptive control PLC
method. The results also show that by using the adaptive
control PLC, it has a better compensation effect on those
respiratory waveforms with relatively small amplitude. The
amplitude of the respiratory waveform of patient 15 is more
severe than that of patient 7, and there is also a baseline
shift when the respiratory frequency is very fast. Therefore,
the compensation effect of both FFT combined with PLC
and adaptive control PLC control methods in SI direction
is obviously worse than in RL direction.

It can be seen from the CR value that the compensation
effect of using FFT combined with PLC is better than
the other two modes, but the obtained data also reveals
that the CR values between FFT combined with PLC and
adaptive control PLC are very close in either RL or SI
directions of some patients. For example, in the respiratory
waveform of patient 15, the results of the compensation
effect in two control methods are similar. However, most
of the compensation effects in RL direction are higher
than in SI direction, mainly because the amplitude of
respiratory waveforms of patients in RL direction is much
smaller than that of SI direction, which is related to the
respiratory motion signals of patients in clinical trials.
Because the internal organs are very close to the diaphragm
or the patient’s body is very tired, it will indirectly or
directly affect the observation of ultrasound images.
The respiratory motion waveform of each patient in the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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RL direction will be disturbed by the above conditions.
Furthermore, the amount of change in the respiratory
displacement in RL direction is less than that of the SI
direction. The experimental results show that the CR of the
FFT combined with the PLC control method in SI and RL
direction are 83.81% and 93.25%, respectively.

From the results mentioned above, the tracking results
indicate that the tracking effect of using FFT combined
with PLC is better than that of the adaptive control
PLC. Because the FFT used in this study can convert
the respiratory signal into a frequency domain signal, the
dominant frequency can be directly obtained, which is used
to predict the respiratory waveform of the next cycle in the
dominant frequency of the respiratory signal. However,
both the adaptive control PLC and the FFT combined with
the PLC have a poor performance in tracking the turning
point (peak area) of the very small amplitude (<3 mm) of
the respiratory waveform. For example, the respiratory
waveform of patient 14 has some peaks or valleys that
are extremely small displacements. Compensation using
RMCS will have poor compensation results, because the
DC motor used in RMCS is one of the reasons. The RMSS
uses a servo motor. The encoder of the DC motor has an
error and the sensitivity is not as high as the servo motor.
If a servo motor is used, the compensation effect will be
better than a DC motor, especially for the respiratory
waveforms with very small amplitudes. However, this kind
of respiratory waveform is only a small part. For most
respiratory waveforms with amplitudes of 5-15 mm, the
DC motor used in the RMCS still has food compensation
results. For example, after using the FFT combined with
PLC, the CR of the respiratory waveform of patient 1 in RL
direction is up to 88.73%. Moreover, from the comparison
results of the P value test, the FFT combined with the PL.C
compensation was significantly different in both RL and SI
directions in the RMSE and CR (P<0.001).

In this study, the patient’s comfort was considered in
clinical human trials. We found out that the clamping
of the ultrasound probe through the clamp overstressed
the patient’s abdomen. Therefore, the patient may feel
uncomfortable and the body movement may cause the
ultrasound probe to shift off the abdomen and become
unusable. Therefore, in our clinical trials hand-held
ultrasound probes was performed to capture diaphragm
motion signals. In addition, after verification experiments,
it was found that the difference between the respiratory
motion waveform of patients and the respiratory motion
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waveform of normal volunteers is that the analyzed value of
imaging binary method used by UITA mostly is within the
range of 180-220 for normal volunteers, and the patient’s
value is 70-120. Therefore, the ultrasound image after
UITA processing in addition to the diaphragm also has
other noise, for example: water, organs, flatulence.

This study used the ultrasound image tracking system
to track real-time diaphragm movement as a surrogate to
replace tumor movement. Even though the diaphragm is
highly correlated with the respiratory displacement of lung
and liver tumors, their amplitude is not exactly the same. In
clinical trials, it is difficult to obtain the diaphragm motion
signal of the patient, because the hospital usually performs
the treatment plan first, and then carries out the clinical
experiments that might increase the extra physical load on
the patients. Therefore, the during of using ultrasound
images to observe the patient’s diaphragm movement will
be reduced, and the length of the ultrasound imaging
signal will be shortened, averaging 2-3 minutes. Even the
presence of other organs or fluids around the diaphragm can
affect the observation of ultrasound images. In this study,
the proposed FFT combined with PLC control method
was used to perform respiratory signal compensation
experiments on patients with irregular respiratory motion
waveforms. The experimental results showed that the FFT
combined with PLC method significantly improved the
turning point of respiratory signals, which is better than
that of using adaptive control PLC method. However, if the
used ultrasound imaging system is not good enough, the
recorded respiratory motion waveform will be disturbed by
other organs in the body. Therefore, if an ultrasound probe
with a better depth of penetration is used in the future, it
could make the ultrasound image quality better and more
clearly observe the diaphragm movement so that the binary
imaging value will also be increased by UITA, and the
ultrasound imaging of the diaphragm motion will be less
susceptible to interference from surrounding organs.

Conclusions

This study proposes a new method of using FFT combined
with PLC applied to RMCS and UITA for real-time
respiratory motion tracking compensation, and compares
the difference in CR between FF'T combined with PLC and
adaptive control PLC. The experimental results show that
the CR of FFT combined with PLC method in SI and RL
to respiratory signals are 83.81% and 93.25%, respectively.
In addition, this study also performed the P value test to

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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determine the difference of different compensation methods
and the results show that the FFT combined with PLC
compensation and adaptive control PLC compensation is
significant difference in both RL direction and SI directions,
indicating the compensation effect of using FFT combined
with PLC control method is better. In this study, ultrasound
images are used to track the real-time target motion and
combined with UITA to calculate the displacement of the
target. This tracking method is non-invasive, non-radiative,
and can monitor the real-time organs movement in the
body, and then compensate for respiratory motion with
RMCS. Furthermore, during the radiotherapy the tumor
movement induced by respiratory exercise can be improved,
and the radiation damage and side effects of normal tissues
surrounding the tumor are reduced.
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