Accuracy of target volume and artifact reduction by optimal sorting
methods of 4DCT image reconstruction on lung cancer radiotherapy
in patients with mismatched pitch in irregular respiration
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Abstract

Backgrounds: In four-dimensional computed tomography (4DCT), pitch estimates are initially
selected before data acquisition. However, during data acquisition, it is observed that pitch values
mismatch with the breathing period due to respiratory changes, leading to image artifacts.
Addressing this issue requires the selection of an appropriate sorting method, especially for a
group of patients in such cases who lack a standardized sorting protocol.

Objective: The study aims to determine the optimal 4DCT scan sorting method for patients with
a set-up pitch not aligned with breathing period.

Materials and methods: The respiratory waveforms of 40 lung cancer patients were
programmed into the CIRS dynamic thorax phantom, and data were acquired using a CT scanner.
Subsequently, 4DCT scans were performed, and the appropriateness of the pitch values,
which were set according to standard protocols, was assessed. Three sorting methods, namely
phase-based, amplitude-based, and percent Pi-based, were evaluated for their impact on volume
accuracy, shape, and the presence of artifacts on 4DCT image in terms of absolute volume
difference (AVD), sphericity, and artifact score, respectively, specifically in six subjects with
inappropriate parameter settings for acquisition data.

Results: Among the 40 patients studied, six respiratory waveforms had improper parameter
settings. The volume of a spherical object for the respiratory phases of 0% and 50% showed
similarities to the static volume in all three sorting methods, resulting in an AVD range of 0.18-0.29
cm3. The sphericity values of the three sorting methods with phases of 0% and 50% exhibited
variations ranging from 0.001 to 0.003, and the artifacts exhibited a severity level close to 2.
Therefore, the study recommended using the images at the 0% and 50% respiratory phase with
all sorting methods for target contouring images in clinical practice, as they closely matched the
static volume. The findings emphasize the importance of aligning pitch values with the breathing
period during data acquisition to maintain image quality.

Conclusion: In patients with irregular breathing amplitude and a mismatch in respiratory rate and
breathing period, phase-based or percent Pi-based sorting methods were preferably used for

4DCT reconstructions.
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Introduction

The 4DCT (four-dimensional computed
tomography) comprises the 3D CT dataset
obtained from the CT scanner alongside the
patient’s respiratory signals acquired from an
external surrogate device. These signals are
recorded simultaneously or at corresponding
timestamps with each respiratory cycle'” ?.
The data acquisition involves a slow couch
movement characterized by a low pitch. In
spiral mode, a low pitch value is necessary to
capture each voxel of the patient’s anatomy for
an entire respiratory cycle™. The maximum
pitch depends on the patient’s respiratory
frequency and exceeding it can lead to motion
artifacts. As a result, the pitch serves as a crucial
parameter that requires careful consideration
during a 4DCT scan. Particularly, configuring the
pitch value unrelated to the breathing period
can lead to image artifacts. Furthermore,

L™ it is recommended

according to Keall et a
that the ratio of rotation time to pitch be equal
to or exceeds the duration of the breathing
period. This strategy ensures the acquisition of
an adequate number of breathing cycles for a
comprehensive 4DCT image and mitigates the
risk of encountering data sufficiency condition
(DSO).

In a practical scenario, certain patients
encountered difficulties in maintaining a
consistent respiratory pattern during 4DCT scans.

The respiratory rate could change while the

beam was active, leading to a disparity between
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the predetermined pitch set before the 4DCT
and the actual respiratory rate during the scan.
Various approaches existed to address irregular
breathing, including breathing-adapted 4DCT"™?
and the implementation of visual or audio

19 These solutions demanded

feedback systems
new software or hardware components
and thorough intensive training. Another
approach for solving this issue was the selection
of an optimal sorting method for 4DCT data.
There were three categorizations of sorting
techniques: amplitude-based, phase-based, and
Pi-based.

Currently, there is a lack of automated
detection methods to identify instances
where the set-up pitch is not aligned with the
breathing period. Moreover, there is a shortage
of established standard protocols or consensus
for sorting data under such conditions.
Consequently, this study aims to determine the
most suitable sorting approach for addressing

this scenario.

Material and method

Preparation of respiratory waveform data

The respiratory waveform data was collected
from 40 lung cancer patients who received
treatment at the radiotherapy division of Siriraj
Hospital between 2018 to 2021. The data was
obtained using the Somatom Confidence RT
Pro scanner (Siemens Healthcare, Forchhiem,
Germany), without utilizing the deep inspiration

breath hold (DIBH) technique. The respiratory



waveform was recorded using dynamic thorax
phantom model 008A (CIRS, Norfolk, Virginia,
USA). In accordance with the requirements
for retrospective studies, the concept and
study design of this study were approved by
Siriraj Institutional Review Board (study code:
Si 035/2022).

4DCT acquisition

All 40 respiratory waveforms were
programmed into the dynamic thorax phantom
model 008A (CIRS, Norfolk, VA, USA) using an
in-house wooden rod, as demonstrated in
Figure 1. This wooden rod contained an oblique
aluminum plate with a thickness of 2 mm and a
spherical object with a diameter of 2 cm (tumor
target), measured with a caliper. The aluminum
plates were used to evaluate artifact severity,
while the spheres displayed distortions in size
and shape.

A 4DCT scan was performed using Siriraj
Hospital’s routine lung 4DCT protocol during
the data acquisition process, employing the
real-time position management (RPM) system
(Varian Medical Systems, Palo Alto, CA, USA)
for motion tracking. Then, the reference points
in the respiratory signal data recorded via
the RPM were adjusted using an in-house
Python script (https://github.com/bombonTH/
SIRO-RPM-Peak-Correction). The points stamped
by the RPM, including the peaks and valleys of
the respiratory signal, were corrected. This
adjustment is crucial as these points serve as

references for the reconstruction in the next step.

Acquisition parameters for the spiral 4DCT
images were set as follows: 120 kV, 84 mAs,
350 mm FQV, 2 mm slice thickness, 0.5s rotation
time, and B30F medium smooth kernel
reconstruction filter. The 3DCT image dataset was
synchronized with the RPM reference motion
file. The scanner’s rotation time and pitch were
automatically determined by observing
the breathing period on the RPM monitor in
correlation with the selected range of estimated

respiration rates on CT scanner.

Verification of the appropriateness of
parameters during the data acquisition
process

Calculate the appropriate rotation time per
pitch value that corresponds to the breathing
period. Afterward, verify that the rotation time
per pitch value for each respiratory waveform
exceeds the breathing period"", using the

following formula:

Gantry rotation time

> Breathing period
Pitch

The rotation time per pitch values can
typically be obtained from the 4DCT scanner
instruction manual in Table 1, In order to
optimize 4DCT scans based on a patient’s
respiration rate, measured in breaths per minute
(BPM), specific settings for rotation time and pitch
are recommended. For patients with a respiration
rate greater than 6 BPM, but not exceeding

9 BPM, a rotation time of 1 second with a pitch
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Figure 1 (a) The improvised in-house wooden rod is presented in three cross-sectional planes—

(b) axial, (c) sagittal, and (d) coronal. The inside of the wooden rod contains an oblique aluminum slab

with a thickness of 0.2 cm and a spherical object (marble) with a diameter of 2 cm, measured with a

caliper.

of 0.09 is advised. This configuration results in a
rotation time to pitch ratio of 11.11, which is
suitable for breathing periods that range between
10 to 11.10 seconds. For those whose respiration
rate exceeds 9 BPM but is no more than 12 BPM,
the rotation time remains at 1 second, but the
pitch is increased to 0.14. This adjustment leads
to a rotation time to pitch ratio of 7.14, ideal for

breathing periods between 6.67 and 7.13
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seconds. Lastly, for patients with a respiration
rate over 12 BPM, a shorter rotation time of 0.5
seconds and a pitch of 0.09 are recommended,
yielding a rotation time to pitch ratio of 5.56,
suitable for breathing periods of 5 to 5.54
seconds. These tailored settings are crucial for
aligning the scanner’s operation with the
patient’s breathing pattern, significantly
enhancing the quality and accuracy of the 4DCT

images.



Table 1 The estimated respiration time values of 4DCT scanner obtained from the instruction manual

and the appropriate breathing period values.

Est. respiration time Rotation time

Rotation time/pitch  Breathing period

(BPM) (s) Piteh (s)
6-9 1 0.09 11.11 10.00-11.10
>9-12 1 0.14 7.14 6.67-7.13
>12 0.5 0.09 5.56 5.00-5.55

Abbreviation: BPM= breaths per minute, Est. respiration time= Estimated respiration time

Subsequently, it is essential to verify the
suitability of the estimated respiratory time
selection in relation to the breathing period of
the RPM. The breathing period value displayed
on the RPM screen during the acquisition process
serves as an indicator of the appropriateness of
the parameter settings. In the context of this
4DCT scanner, the Somatom Confidence RT
Pro scanner (Siemens Healthcare, Forchhiem,
Germany) establishes a fixed rotation time per
pitch value for each tap, as detailed in Table 1.
Therefore, our focus lies in evaluating range of
the breathing period in relation to the rotation
time per pitch value. This involves analyzing
datasets within groups of inappropriate
acquisition parameters, with a tolerance of the
mean breathing period +0.5 standard deviation
taken into consideration.

Image sorting for 4DCT reconstruction

Following dynamic phantom scanning,

images obtained under inadequate acquisition

parameters were categorized into ten phases
using amplitude-based, phase-based, and
percentage pi algorithms.

For the amplitude sorting, the acquired CT
images are sorted based on the displacement.
The breathing cycle is divided by the range of
inhalation and exhalation into five equidistant
steps from maximum to minimum. The
amplitude sorting method in 4DCT presentsan
advantage in highlighting variations in
physiological signals, offering insights into
anatomical changes throughout the respiratory
or cardiac cycle. However, its disadvantage lies
in potential susceptibility to noise, as variations
in amplitude may not always correlate precisely
with anatomical motion.

In contrast, phase-based sorting, CT images
are sorted based on the phase or relative timing
within the patient’s breathing cycle. The
respiratory cycle is divided into the percentage

of equal time points from peak to peak in each

Journal of Thai Association of Radiation Oncology
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respiratory cycle"”. The phase-based sorting
method excels in providing a temporal perspec-
tive, but its drawback involves potential inaccu-
racies if the phase information is affected by
irregularities or inconsistencies in physiological
cycles.

Meanwhile, the percentage of Pi (percent
Pi-based sorting), CT images are sorted based on
the phase but use a different representation of
the respiratory cycle. The respiratory cycle is
represented in terms of pi (7), where 0%
corresponds to 07T and 100% corresponds to 27T.
The prominent point in this method is the
position where 0% corresponds to the end
inhalation, and 50% corresponds to the end
exhalation position. The resulting image in
this point will be the anatomical position
corresponding to the actual breathing position
of the patient. The percent Pi-based sorting
method optimizes temporal resolution, yet
its disadvantage lies in the complexity of
implementation and potential challenges in
maintaining synchronization due to the
periodicity of 27t.

Evaluation of volume, shape, and artifact
characteristics under inappropriate data
acquisition parameters

Characteristics of breathing patterns under
inappropriate data acquisition parameters were
evaluated in terms of absolute volume difference
(AVD), shape, and artifact in MIM software version
7.0 (MIMvista Corp., Cleveland, OH, USA) by using
auto-segmented contour at 40 HU in ten phases

(WW -362 HU and WL 1324 HU). The AVD was
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calculated to evaluate the variation in volume
for each sorting method. The AVD represents the
volume difference between tumor volumes in
each phase of the sorting method, compared to
a static tumor in MIM software. The shape
accuracy of the tumor is evaluated by the

sphericity (W), using the following formula.

23/an?
b2 In a+va?-b2
Ja2—p2 b

p_

a+

The sphericity measured semi-major (a)
and semi-minor (b) axes™ as shown in Figure 2.
The good sphericity should be close to 1",

Furthermore, for artifact assessment, two
evaluators assigned scores to the discrepancies
observed in the intermediate aluminum slab
within the 4DCT image shown in Figure 3. In
cases where there were significant discrepancies
in their assessments, a third expert was confirmed
to provide a final determination. Artifacts in each
sorting method were simultaneously evaluated
on the sagittal plane at the same phase. None
of the artifacts gives a 0 score, one artifact on
the aluminum plate =1, two artifacts on the
aluminum plate =2, and three artifacts on the
aluminum plate = 3.

A statistical analysis comparing volume,
shape, and image artifacts between three sorting
types was tested using multilevel mixed-effects
linear regression in Stata (Erlangen, Germany).
The statistical significance was a p-value less than
0.05.



Figure 2 (a) The semi-major and (b) semi-minor axis of an ellipse.

(b) (c)

Figure 3 An example artifact found on the 4DCT image considering the anomaly of the aluminum slab:

(a) No artifact, (b) and (c) Artifact on 4DCT images in the phantom, indicated by red arrows.
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Results

Among the 40 patients studied, six cases had
the rotation time per pitch value (7.14) shorter
than the breathing period value plus 0.5 standard
deviation (7.66 to 11.78) during the actual scan
due to changes in the patient’s respiratory rate
during the scan. Therefore, these six patients
were controlled in this study. These effects
resulted in an inadequate amount of data for
generating 4DCT images, as indicated in Table 2.

The study assessed the accuracy of volume,
shape, and artifact in the respiratory waveforms
of six respiratory waveforms with improper
parameter settings or mismatched pitch in
irregular respiration. Volume accuracy was
assessed using AVD values, with amplitude-based,
phase-based, and percent Pi-based methods
yielding the values in the ranges of 0.18-1.23 cm3,
0.15-1.16 cm3, and 0.17-1.11 cm3, respectively

(Figure 4). Considering the volume (red circle) at
the phase of 0% and 50% showed similarities to
the static volume in all three sorting methods,
resulting in an AVD range of 0.18-0.29 cm3
(Table 3, Figure 4). The 20% respiratory phase
revealed no significant volume differences among
the three imaging methods (p>0.05).

The amplitude-based sorting method
demonstrated significantly superior volume
accuracy compared to the phase-based and
percent Pi-based sorting methods at 10%
respiratory phase (0.62 cm3, 1.16 cm3, and 1.11
cm3, respectively) (Table 3). Conversely, the
phase-based and percent Pi-based sorting
methods exhibited higher AVD values than the
amplitude-based sorting method, particularly
noticeable at respiratory phases 30% and 40%,
with a statistically significant difference (p<0.001)
(Table 3)

Table 2 Inappropriate data acquisition parameters settings for 6 patients during scan 4DCT.

Pre-scan During scan Rot/pitch
Appropriate CT setting
No. Patient Breathing period Breathing (Est. respiration Breathing (Est. respiration time)
(s) period (s) time) period (s) (8PM)
(Visualization) + 0.5 SD (BPM) +0.5 SD

PTO1 9.0 11.07 £ 0.72 >9 11.78 7.14 >6
PT02 7.1 7.20 + 0.46 >9 7.66 7.14 >6
PTO03 7 6.97 + 0.89 >9 7.86 7.14 >6
PTO4 8.4 8.18 + 0.59 >9 8.77 7.14 >6
PTO5 7.1 6.91 + 0.53 >9 7.44 7.14 >6
PTO6 9.3 8.57 +0.81 >9 9.38 7.14 >6

Journal of Thai Association of Radiation Oncology
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Table 3 The absolute volume differences with mismatched pitch in irregular respiration.

Absolute Volume Difference

Phase AB-PB (95%Cl) p-value PB-Pi (95%Cl) p-value AB-Pi (95%Cl) p-value
AB+SD PB+SD Pi£SD

0% 0.21+0.40  0.18+1.07 0.17+1.07 -0.03 (-0.63 to 0.57) 0.93 -0.01 (-0.61 to 0.59) 0.98 -0.04 (-0.64 to .56) 0.90
10% 0.62+0.29 1.16+1.04 1.11+1.05 0.54 (0.05 to 1.04) 0.03 -0.05 (-0.54 to 0.45) 0.86 0.50 (0.00 to 0.99) 0.05
20% 0.77+0.36  0.86+0.59 0.85+0.56 0.10 (-0.12 to 0.32) 0.37 -0.02 (-0.12 to 0.32) 0.37 0.08 (-0.14 to 0.30) 0.46
30% 1.18+0.70  0.78+0.64 0.77+0.63  -0.41 (-0.65 to -0.16) <0.01 -0.01 (-0.25 to 0.24) 0.97 -0.41 (-0.66 to -0.17) <0.01
40% 1.23+0.66  0.44+0.07 0.44+0.08  -0.79 (-1.18 to -0. 40) <0.01 0.00 (-0.39 to 0.39) 1.00 -0.79 (-1.18 to -0.40) <0.01
50% 0.18+1.07 0.27+0.56 0.29+0.52 0.09 (-0.36 to 0.55) 0.69 0.02 (-0.44 to 0.47) 0.94 0.11 (-0.34 to 0.56) 0.64
60% 0.20+1.26  0.46+0.56 0.44+0.61 0.27 (-0.18 to 0.71) 0.24 -0.02 (-0.46 to 0.43) 0.94 0.25 (-0.19 to 0.69) 0.27
70% 0.35+1.16  0.62+0.96 0.60+0.94 0.28 (-0.32 to 0.88) 0.36 -0.03 (-0.63 to 0.57) 0.93 0.25 (-0.35 to 0.85) 0.41
80% 0.54+0.68  0.46+1.29 0.46+1.26 -0.09 (-0.50 to 0.32) 0.67 0.00 (-0.41 to 0.41) 0.99 -0.08 (-0.49 to 0.32) 0.68
90% 0.71+0.43 0.15+1.42 0.19+1.38 -0.56 (-1.17 to 0.04) 0.07 0.04 (-0.57 to 0.64) 0.91 -0.53 (-1.14 to 0.08) 0.09

Abbreviation: AB= Amplitude-based sorting, PB= Phase-based sorting, Pi= Percent Pi-based sorting

The volume difference with mismatched pitch in irregular respiration

1 15
1 1

.5
1

0
1

volume difference (cm3)

-5
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phase

amplitude — phase
pi Rusesrwesed 1 SD

Figure 4 The AVD including amplitude-based (blue line), phase-based (red line), and percent Pi-based
(green line) sorting with mismatch pitch in irregular respiration. The red circle at the phase of 0% and
50% showed similarities to the static volume in all three sorting methods. Dotted lines represent data

within standard deviations.
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Additionally, when assessing shape diffe-
rences, which are evaluated through sphericity
values, a value close to 1 indicates that the shape
closely resembles the ideal roundness. As
depicted in Table 4, the sphericity values of
the three sorting methods demonstrated
differences not exceeding 0.02. Particularly,
during the 0% and 50% respiratory phases, the
sphericity exhibited variations ranging from 0.001
to 0.003. Both the phase-based and percent
Pi-based sorting methods displayed sphericity in
a similar direction, with no statistically significant
differences noted (p>0.05).

In Figure 5, the phase-based and percent
Pi-based sorting methods are closer to reality

shape than the amplitude-based sorting method

observed at respiratory phase 30% to 70%.
However, at the 20% respiratory phase, the
sphericity appeared similar for all three sorting
methods. Even though there were no significant
differences in AVD during this phase, it’s notable
that the sphericity of the amplitude-based
sorting method significantly differed from that of
the phase-based and percent Pi-based methods
(p=0.02 and p=0.04, respectively).

For the artifacts present in the 4DCT image,
assessed through the continuity of the aluminum
middle slab, the resulting artifacts exhibited a
severity level close to 2 (two artifacts on the
aluminum plate), as depicted in Figure 6.
However, the artifact severity did not exhibit a

correlation with either volume or sphericity.

Table 4 The sphericity differences with mismatch pitch in irregular respiration.

Absolute Volume

Difference

Phase AB-PB (95%Cl) p-value
AB PB Pi

0% 0.995 0.992 0.993 -0.002 (-0.010 to 0.005) 0.538
10% 0.998 0.992 0.993 -0.006 (-0.012 to -0.001) 0.033
20% 0.992 0.979 0.981 -0.013 (-0.024 to -0.002) 0.020
30% 0.987 0.996 0.997 0.009 (0.002 to 0.016) 0.010
40% 0.993 0.995 0.995 0.002 (-0.004 to 0.009) 0.513
50% 0.992 0.995 0.995 0.003 (-0.004 to 0.010) 0.360
60% 0.991 0.997 0.997 0.006 (0.002 to 0.010) 0.007
70% 0.988 0.997 0.996 0.009 (-0.001 to 0.019) 0.095
80% 0.989 0.992 0.991 0.002 (-0.006 to 0.011) 0.594
90% 0.997 0.990 0.991 -0.007 (-0.013 to -0.001) 0.021

PB-Pi (95%Cl) p-value AB-Pi (95%Cl) p-value
0.001 (-0.006 to 0.009) 0.778 -0.001 (-0.009 to 0.006) 0.739
0.001 (-0.004 to 0.007) 0.675 -0.005 (-0.010 to 0.001) 0.086
0.002 (-0.009 to 0.013) 0.774 -0.011 (-0.023 to 0.000) 0.041
0.001 (-0.006 to 0.008) 0.822 0.010 (0.003 to 0.017) 0.005
-0.001 (-0.007 to 0.006) 0.877 0.002 (-0.005 to 0.008) 0.618
0.000 (-0.007 to 0.007) 0.984 0.003 (-0.004 to 0.010) 0.371
-0.001 (-0.005 to 0.004) 0.777 0.005 (0.001 to 0.010) 0.016
-0.001 (-0.011 to 0.009) 0.900 0.008 (-0.002 to 0.018) 0.122
0.000 (-0.009 to 0.008) 0.923 0.002 (-0.007 to 0.011) 0.663
0.000 (-0.005 to 0.006) 0.870 -0.006 (-0.012 to -0.001) 0.033

R0
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The sphericity difference with mismatch pitch in irregular respiration
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Figure 5 The sphericity difference including amplitude-based (blue line), phase-based (red line), and
percent Pi-based (green line) sorting with mismatch pitch in irregular respiration. Dotted lines represent

data within standard deviations.

The artifact of middle slab aluminum with mismatch pitch in irregular respiration
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Figure 6 The artifact in middle slab aluminum including amplitude-based (blue line), phase-based (red
line), and percent Pi-based (green line) sorting with mismatch pitch in irregular respiration. Dotted lines

represent data within standard deviations.
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Furthermore, when examining the phase-
based and percent Pi-based sorting methods
in Table 5, it was observed that at the 0%
respiratory phase, there were 1.18 times more
artifacts compared to the amplitude-based
sorting method. For the 50% respiratory phase,
the artifacts were 0.61 and 0.51 times less than
the amplitude-based sorting method, respectively.
Nonetheless, the artifacts identified by the three
sorting methods exhibited no statistically
significant differences, except during the 20%
respiratory phase. Notably, during this phase,
both the phase-based and percent Pi-based
sorting methods displayed a higher artifact, with
values 1.65 and 1.4 times greater than the

amplitude-based method, respectively (p=0.22).

Discussion

After an examination of three sorting
techniques employing the 4DCT scanner, it was
determined that when acquisition parameters
were improperly configured, none of the sorting
methods yielded favorable outcomes in either
amplitude-based, phase-based or percent
Pi-based sorting. This significantly impacts the
amplitude-based sorting method due to its
reliance on precise amplitude-level positioning
for sorting. Concurrently, both phase-based
sorting and percent-Pi sorting exhibit comparable
results.

Furthermore, the presence of interpolated
or incomplete artifacts was attributed to a

respiratory waveform characterized by a
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breathing period value shorter than the rotation
time per pitch. For example (Figure 7a), the slow
respiratory rate was 5.42, indicating a reduced
number of cycles. Moreover, an incorrect
estimation of the respiratory rate occurred,
involving the selection of a rate exceeding 9
BPM instead of the suitable rate, which should
have been greater than 6 BPM. This error became
evident when reviewing the stack bar CT for each
phase within the three sorting methods, as
presented in Figures 7b-7d. Typically, the stack
interval in sorting takes 250ms per bar, so
selecting a fast respiratory rate instead of a
slower one, resulted in a significant expansion of
the data range. This discrepancy reconstruction
method led to data interpolation due to missing
information between stacks in all three sorting
methods especially in amplitude-based sorting.
Nevertheless, it’s crucial to consider the rotation
per pitch to prevent missing information when
using the amplitude-based sorting method.
Missing data can lead to interpolation and
compensation for absent respiratory phases,
resulting in image blurriness, elongation, and
incompleteness.

The upper portion of the volume appears
elongated and truncated, leading to an increase
in AVD. Consequently, severe artifacts are
observed in the anatomical images on the 4DCT
image of the patient, characterized by image
blurring and missing anatomical details, as
illustrated in Figure 8. Consequently, the contour

delineation does not encompass the tumor.



Table 5 Artifact of middle

slab aluminum with mismatch pitch in irregular respiration.

Phase

0%: Amplitude
Phase
P

10%: Amplitude
Phase
P

20%: Amplitude
Phase
P

30%: Amplitude
Phase
P

40%: Amplitude
Phase
P

50%: Amplitude
Phase
P

60%: Amplitude
Phase
P

70%: Amplitude
Phase
P

80%: Amplitude
Phase
P

90%: Amplitude
Phase

p

Odd ratio (95%Cl, p-value)

Reference

1.18 (0.93-1.51, 0.18)

1.18 (0.93-1.51, 0.18)
Reference

1.40 (1.03-1.90, 0.034)

1.40 (1.03-1.90, 0.034)
Reference

1.65 (1.15-2.37, 0.007)

1.40 (0.97-2.00, 0.07)
Reference

0.85 (0.66-1.08, 0.18)

0.85 (0.66-1.08, 0.18)
Reference

0.85 (0.66-1.08, 0.18)

0.85 (0.66-1.08, 0.18)
Reference

0.61 (0.36-1.02, 0.061)

0.51 (0.30-0.87, 0.012)
Reference

0.85 (0.42-1.70, 0.639)

0.85 (0.42-1.70, 0.639)
Reference

1.00 (0.59-1.69, 1.000)

1.18 (0.7-1.99, 0.532)
Reference

0.72 (0.40-1.29, 0.265)

0.61 (0.34-1.09, 0.095)
Reference

1.00 (0.69-1.46, 1.00)

1.00 (0.69-1.46, 1.00)

Global p-value

0.301

0.050

0.022

0.301

0.301

0.864

0.770

0.235

1.000

0.864
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Figure 7 The impact of shallow or flat breathing on the respiratory waveform (a) and presents the stack

bar CT images sorted by phase in the (b) amplitude-based, (c) phase-based, and (d) Pi-based sorting
methods.
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Figure 8 The presented artifact in the phantom (left) correlated with the patient (right) in the sagittal

plane.

Respiratory waveforms, featuring low
amplitudes, particularly in the amplitude-based
sorting method, rendered it challenging to
determine the phase position, leading to missing
data. Li H et al."™ revealed similar findings
where irregular breathing patterns resulted in a
smaller volume in amplitude-based sorting
method compared to phase-based sorting
method, leading to image artifacts. Further-

L® was associated with an

more, Hilgers G et a
inappropriate pitch value with breathing
frequency, particularly when the selected
estimated respiratory time does not correspond
to the breathing period. Thus, it is recommended
to appropriately adjust the rotation time per
pitch, following the guidance of Keall PJ et al.*,
to ensure a sufficient amount of cycle data for

sorting and to prevent missing data.

One limitation of this research involves
the evaluation of artifacts aimed at reducing
interobserver variability. To address this
limitation, a third party was employed to
determine artifact scores. However, it’s important
to note that this method may not be universally
applicable. Additionally, it’s worth mentioning
that this assessment solely focuses on the
continuity of the aluminum slab and does not
take into account elongation or curvature.

In practical implementations in improper
acquisition parameter settings, it’s crucial to
assess the accuracy of respiratory volume.
Therefore, in clinical practice when utilizing
4DCT images, it is advisable for target contouring
to rely on respiratory phases at 0% and 50%
since shown target volumes were closest to

static volume (Figure 4). Additionally, it’s import-
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ant to avoid using Maximum Intensity Projection
(MIP) images for contouring, as combining artifacts
present in all phases can result in significant
errors. Furthermore, it’s essential to ensure the
regularity of breathing and match the breathing

period to the pitch value during data acquisition.

Conclusion

In clinical practice, when a patient has
difficulty with regular breathing during a 4DCT
scan, radiologists often utilize phase-based
or percent Pi-based sorting methods to
accurately ascertain the size and shape of a
tumor. This technique is beneficial even if a
patient is hesitant to undergo multiple 4DCT
scans, as it effectively reduces artifacts,
especially in phases 0% and 50%. During these
phases, radiologists are typically able to more

precisely evaluate the extent of the tumor.
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