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Abstract

Background: Magnetic resonance (MR) image has recently become a trendy use for external
beam radiotherapy (EBRT) dose calculation according to the dominance of high soft tissue
contrast. However, the main challenge of applying an MR image for dose calculation is the lack
of a correlation between the material’s density and the computed tomography (CT) number in
the MR image, which is mandatory for dose calculation in a commercial treatment planning
system. Thus, synthetic CT (sCT) is introduced for EBRT dose calculation.

Objectives: This study aims to examine the feasibility of using MR image for Calculating A
Ttenuation (MRCAT)-sCT imaging in prostate cancer patients to calculate the external beam dose.
Materials and methods: Ten prospective prostate cancer patients were enrolled in this study.
The pCT and MR images were acquired using the pre-imaging protocol. Tumors and organs at risk
(OARs) were delineated on planning CT (pCT) and sCT. The Hounsfield unit (HU) of each organ
was compared between pCT and sCT. The volumetric modulated arc therapy (VMAT) plan was
generated on pCT and calculated based on the Acuros XB (AXB) algorithm using Eclipse, then
recalculated on sCT. The similarity between pCT- and sCT-based dose was evaluated using
dosimetric data extracted from the dose-volume histogram and 3D gamma analysis.

Results: This study demonstrated a minor difference in HU between sCT and pCT in soft tissue
(13.02+15.58 HU) while the discrimination of HU was larger in femur bone (51.59+49.08 HU).
The mean HU of soft tissue in sCT was greater than in pCT; contrastingly, the mean HU of bone
from sCT was lower than in pCT. The dose distributions calculated from sCT and pCT were
similar (>95% gamma passing rate at all criteria (varies from 3%3mm to 1%1mm). Each
dosimetric determination showed insignificant differences across all relevant contours.
Conclusion: MRCAT-generated sCT can calculate prostate cancer EBRT doses with a negligible

dose difference from pCT. This study promotes prostate EBRT using MR-only workflow.

Keywords: MRCAT, MR-only planning, Prostate cancer, Synthetic CT
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Introduction

Computed tomography (CT) is commonly
the primary imaging modality utilized in radio-
therapy (RT) planning workflows due to its
capacity to provide electron density maps
crucial for dose calculations. The high geometric
fidelity of three-dimensional (3D) anatomy and
tissue heterogeneity information allows the
isodose distribution to be calculated for tumors
as well as the surrounding normal tissue doses.
However, CT images in low contrast of the
grayscale region, e.g., pelvis and abdomen,
may present difficulties in identifying tissue
features, especially to separate tumors and
normal organs in prostate cancer, which impairs
the contouring accuracy'™. This difficulty of
contouring in low contrast CT could lead to
consecutive systematic uncertainty in radio-
therapy workflow”.

The magnetic resonance (MR) image showed
a superior advantage of contouring accuracy for
the low contrast of the grayscale region™™ .
The tumors burden could be easily identified
and separated from normal tissue in the
tumors-invasion area. In addition, some MR
imaging techniques provide a functional
characteristic of tissue which promotes biological
target contouring and the zone of highly
condensed tumors cells’®. Due to the advantage
of MR over CT images, many publications aim
to introduce MR in routine RT workflow, for
example, using MR images for contouring,

guiding the patient’s setup, and tracking tumors

Journal of Thai Association of Radiation Oncology
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or organs at risk before and during irradiation””.
These approaches are accomplished through
the process of image registration between CT
and MR images. However, employing MR
images for external beam radiotherapy (EBRT)
dose calculations remains challenging, primarily
due to the absence of essential electron
density information. Consequently, the use of
synthetic CT (sCT) derived from MR images has
been proposed as a solution for EBRT dose
calculations™* ',

There are many techniques for the sCT
generation from MR images. The vast majority
of approaches to sCT generation involve
applying the derived Hounsfield unit (HU)
from the planning CT (pCT), either personal or
average values of an entire cohort, to the MR
image. The bulk density override technique is
one example of the HU transformation from CT
to the MR image. The target regions of interest
(ROIs) on the MR image were overridden by an
average of relative or physical electron density
extracted from ROIs on the pCT"™. Another
technique is mapping HU from the CT image
directly to the MR image in the voxel-based
technique™ ™.

Although the sCT is able to be generated
by the transformation of HU, in many cases the
accuracy of HU transformation still needs
extensive verification in individual patients
because it is strongly dependent on the
accuracy of image registration between CT and

MR. An enormous error could be seen in the



movable- and deformable-organs, e.g., the pelvis
region, as the shape and volume of the bladder
and rectum could move and change during the
intra- and inter-scanning time. Moreover, a
significant registration mismatch could be
induced by setup uncertainty from the
repositioning of the patient between CT and MR
acquisition. In addition, several studies have
investigated the impact of image registration
between CT and MR and found that the
uncertainty of cross-registration between both
images could be around 2-4 mm"**®. This
uncertainty in turn affects the accuracy of dose
calculation based on the sCT.

Recently, a commercial MR for Calculating
ATtenuation (MRCAT) solution is software that
includes an option to generate the sCT. This
function is available in the MRCAT solution sCT
version 4.1 (Philips Healthcare, Finland)" '".
The MRCAT technique uses a dedicated MR
sequence (a dual-echo 3D mDIXON fast field
echo (FFE)) to generate the sCT and is valid for
the MR-only clinical dose calculation in the brain,
head and neck, and pelvis region. This technique
is independent of image registration. However,
the accuracy validation of the sCT before use in
routine clinics is required.

This study aims to investigate the feasibility
of the sCT generated from the MRCAT for
prostate cancer by considering the accuracy of
HU and dose calculation between the sCT and
pCT at the Division of Radiation Oncology,
Department of Radiology, Faculty of Medicine,
Siriraj Hospital.

Materials and Methods

Patient Selection and Pre-imaging Preparation
Ten definitive radiotherapy prostate cancer
patients were enrolled in this prospective study
which was approved by the Siriraj Institutional
Review Board (SIRB protocol No. 039/2565).
The patients provided informed consent to
acquire the additional mDIXON sequence
during the MR scan and data collection. The data
were collected from March to July 2022.
This study was not include patients who had
fiducial marker implantation and metal insertion
in the pelvis region from surgery. As part of the
pre-imaging process, all patients followed a
protocol of consuming 600 ml of water after
completed urination for full bladder condition,
ensuring emptied rectum. Prior to the MR scan,
CT imaging was performed approximately 40

minutes after water intake.

Image Acquisition

All patients underwent CT and MR imaging
consecutively on the same date. The planning
CT (pCT) and sCT-generated from the MR image
was reconstructed and used for HU comparison
of each organ and dose calculation, whereas the
MR image was used for contouring purposes.
Examples of the pCT and sCT for dose calculation
and MR image for contouring purposes are shown
in Figure 1. In this study, the controlling protocol
of bladder dimension was established to
maintain the size and shape of the bladder in

all image modalities. The bladder dimensions
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Figure 1. The different images on the same patient obtained from (A) pCT imaging,

(B) sCT generating, and (C) MR imaging.

were measured from right-left (RL) of the bladder
wall in the axial plane for the RL dimension,
from mid-pubic symphysis to the mid-bladder
dome for the craniocaudal (CC) dimension,
and from anterior to posterior of the bladder wall
in the midsagittal plane for the anteroposterior
(AP) dimension. The bladder lengths from the
pCT and MR images were collected and reported
by a single observer to eliminate inter-rater
variability. An illustrative example of bladder
dimension measurement for the bladder
control protocol is depicted in Figure 2A for pCT
image acquisition and Figure 2B for MR image

acquisition.

1. Computed Tomography Image Generation

A CT image with a 2 mm slice thickness was
obtained for all prostate cancer patients using a
32-slice Big Bore RT CT scanner (Philips, Health-
care, Andover, MA, USA). The patients were
placed in a supine position with a full bladder

condition. Initially, a CT image was acquired for

Journal of Thai Association of Radiation Oncology
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bladder dimension control as part of the
protocol, using an exposure setting of 120 kV
and 190 mAs. This image served as the reference

for HU and dose comparisons.

2. Synthetic Computed Tomography Image
Generation

The sCT image was reconstructed from
the MRCAT solution sCT version 4.1 (Philips
Healthcare, Finland) by acquiring the MR image
from a 3.0 Tesla Ingenia MR-RT simulator (Philips
N.V., Netherlands). A commercial MRCAT solution
is developed to map voxel electron density
information that relies on a dual-echo 3D
mDIXON fast field echo (FFE) sequence for the
sCT reconstruction with continuous HU (more
detail is illustrated by"”). In this study, the patient
was positioned identically to the CT simulation
process. The organ check (pre-sCT) protocol, a
component of the pre-imaging protocol,
generated images in three planes (comprising

three images per plane: the first, middle, and last



Axial plane

Coronal plane

Sagittal plane

Figure 2. The bladder dimension control between two image scans. (A) Planning CT image with three

planes was measured and used as a reference length for the MR scan. The brown line is the RL direction

measured from right to left of the bladder wall, the yellow line is the AP direction measured from

anterior to posterior of the bladder wall, the red line is the CC direction measured from mid-pubic

symphysis to the bladder dome, and the pink dotted line is the height measured in some cases.

(B) Pre-sCT images in each plane. Their lines were drawn as shown by the pCT to compare the bladder

size at that moment.

images) embedded in the MR scanner to form
the patient’s body. Prior to sCT reconstruction,
bladder dimensions were reevaluated using the
planar image from each imaging plane. The
resulting of sCT image was utilized for dose cal-

culation in the planning process.

3. Magnetic Resonance Image Generation
T2-weighted (T2W) and diffusion-weighted
imaging (DWI) with slice thicknesses of 1 and 3
mm were acquired for all prostate cancer
patients in this prospective study. Both MR
sequences were used for target and organs at risk
(OARs) segmentation by experienced radiation

oncologists (RO).
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Contouring and Treatment Planning

Target and OARs for prostate cancer radio-
therapy were delineated by more than 5-year
experienced RO. The target structure, including
the prostate gland and seminal vesicle, was
delineated on the T2W MR image using the
combination of the DWI image in the Eclipse
treatment planning system version 16.1 (Varian
Medical Systems, Palo Alto, CA). The target from
the T2W image was transferred to the pCT and
sCT by rigid registration with a local focus on the
prostate region and expanded of 5 mm to
generate the planning target volume (PTV). The
accuracy of image registration between pCT and
MR images was assessed by experienced RO
based on a qualitative visualized check. In
addition, the OARs, including the bowel, bladder,
rectum, penile bulb, and femur, were segmented
based on the pCT and sCT images. The average
HU from individual OARs between the pCT and
sCT was calculated and compared.

The 3-full arc of volumetric modulated
arc therapy (VMAT) with 10 MV photons was
generated based on the pCT image. The dose at
the PTV was prescribed at 3 Gy per fraction in 20
fractions. The planning dose was calculated
based on the Acuros XB (AXB) calculation
algorithm using a 2 mm dose ¢rid calculation.
The treatment plan from the pCT image was

transferred to the sCT image, and then the

Journal of Thai Association of Radiation Oncology
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planning dose was recalculated by a similar dose

calculation protocol.

Dose Similarity Evaluation

This study assessed the feasibility of sCT-
based external beam dose calculations by
evaluating specific dosimetric parameters
extracted from the dose-volume histogram (DVH)
of each relevant contour within the PTV and
OARs. These parameters were derived from
internal institutional clinical guidelines based on
the definitive hypofractionation EBRT protocol
for prostate adenocarcinoma, as outlined in

2O

Table 1 for prostate plan evaluation
addition, the similarity of dose distribution
between the dose calculated based on the sCT
and pCT will be evaluated by considering the 3D
gamma analysis (various gamma criteria from
3%3mm, 2%/2 mm, and 1%/1 mm with 10%
dose threshold) on PTW-Verisoft software (PTW,

Freiburg, Germany).

Statistical Analysis

The dimensions and volume of the bladder
and the dose difference between the pCT and
sCT-based dose calculations were considered
by paired t-test or Wilcoxon Signed Rank test
with a 95% confidence interval using IBM SPSS
Statistics version 18 (IBM SPSS Statistics). The
significant difference was considered at 0.05
(p<0.05).



Table 1. Dosimetric parameters for plan evaluation.

Structures Prostate PTV Bowel Bladder Rectum Penile bulb Femurs
gland
Dosimetric \% D , VA AV AV \Y \%
60Gy 1cc 60Gy 60Gy 40Gy (50%)
parameters Vv , V_,
(95%) 15Gy 48.6Gy’ 57Gy
V ’
40.8Gy 46Gy
\%

37G)

Abbreriation: PTV: Planning target volume, Vx Gy: Percent of volume received absorbed dose x Gy,

D_(x cc): Absolute dose coverage at a RT structure volume of x cc.

Results

Image Characteristics and Contours zEval-
uation

Dimensions and Volume of Bladder in
Pre-imaging Protocol

The mean difference in the bladder length in
all directions from the pre-imaging procedure
between CT and MR was -0.22+0.53 cm.
The mean length of the bladder in the CT image
was relatively shorter than MR in RL and CC
directions (7.36 cm and 5.15 cm for CT, and
7.64 cm and 5.19 cm for MR, respectively),
while the length of the bladder in the CT image
was greater in the AP direction (8.06 cm for CT
and 7.76 cm for MR). This study was not found a
significant different in bladder length between
CT and MR. However, the mean volume of the
bladder on the sCT was significantly larger than
the pCT, at around 10.83+13.78 cm™ (p<0.05).
The bladder volume ratio between the sCT and
pCT ranged from 0.92 to 1.32. The result of
bladder control of pre-imaging in each patient is

shown in Table 2.

Hounsfield Unit of Interested Contours

This study found a low variation of HU for
the inter-patients (10 patients) in the prostate
gland, PTV, bowel, bladder, rectum, and penile
bulb, whereas a high variation of HU was found
in the femur. A small mean difference of
HU between the pCT and the sCT was found in
soft tissue (13.02+15.58 HU) and the smallest in
the bladder at about 2.83+5.60 HU. Nonetheless,
a considerable difference in HU was observed
in the femurs of around 51.59+49.08 HU.
Interestingly, a high variation of HU was found in
the femur, while a slight variation was observed
in soft tissue. The average HU extracted from the
interested contours of each patient in the cohort

is shown in Figure 3.

Dose Similarity Analysis

Dosimetric Analysis of Synthetic Computed
Tomography

Our study found an insignificant difference in

dosimetric parameters extracted from interested
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Average HU value of each RT structure in 10 prostate cancer patients
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Figure 3. Average HU values comparison of each RT structure in 10 prostate cancer patients.

contours between the sCT and pCT except D95%
of the PTV. The difference in dosimetric param-
eters between the sCT- and pCT-based dose
calculations in the PTV was less than 0.2 Gy when
considering D95% and Dlcc, as well as less than
0.1% for V60Gy of the prostate gland. An incon-
siderable volume difference percentage was
observed in the OARs. However, the OARs dose
from the sCT-based dose calculation was slight-
ly higher than the pCT-based dose, especially at
the parameter reflecting volume received high
dose, e.g., 0.85% at V46Gy in the rectum. The
results of the dose difference from our clinical
dosimetric parameters between the pCT- and
sCT-based dose calculations in the individual

patients are summarized in Table 3.

Dose Distribution Analysis of Synthetic
Computed Tomography

High similarity of 3D dose distribution
between the pCT-based and sCT-based dose
calculations was found in this study. The mean
gamma passing rate was 99.9+0.2% when
considering the 3%3mm gamma criteria, and it
was reduced to 98.9+0.8% at the 1%1mm
criteria. A slight difference in gamma analysis
was observed in the high gradient dose of the
PTV boundary, while a significant difference was
found at the edge of the external body contour
(Figure 4). The gamma passing rate of individual

patients from this study is shown in Table 4.

Journal of Thai Association of Radiation Oncology

Vol. 30 No.1 January - June 2024 |



Table 3. The mean+SD and range of percentage dose difference in the dosimetric parameters of RT

structures from DVH comparing the pCT and sCT in 15 prostate cancer patients.

Mean£SD
RT structure Parameter p-value
pCT sCT Absolute Difference*
Prostate gland
V_60Gy(%) 100.00+0.00 99.94+0.13 -0.06+0.13 <0.05
PTV
D_1cc (Gy) 62.93+0.17 63.06+0.36 0.13+£0.36 0.386
D_(95% )(Gy) 60.57+0.10 60.41+0.17 -0.16+0.12 <0.05
Bowel
V_45Gy(%) 0.00+0.00 0.00£0.00 0.00£0.00 1.000
V_15Gy(%) 0.29+0.92 0.10+0.32 -0.19+0.60 0.317
Bladder
V_60Gy(%) 3.59+2.29 3.51+1.65 -0.08+1.14 0.683
V_48.6Gy(%) 9.18+4.94 9.33+4.06 0.15+1.90 0.575
V_40.8Gy(%) 13.18+6.87 13.18+5.90 0.19+2.48 0.575
Rectum
V_60Gy(%) 2.85+2.08 3.60+2.76 0.74+2.87 0.386
V_57Gy(%) 5.58+2.91 6.38+3.42 0.80+3.17 0.508
V_46Gy(%) 12.46+4.24 13.31+4.62 0.85+3.66 0.445
V_37Gy(%) 19.43+4.81 20.18+5.19 0.75+3.78 0.646
Penile bulb
V_40Gy(%) 16.39+30.03 16.24+29.12 -0.15+1.40 1.000
Left femur
V_(50%)(%) 0.06+0.12 0.05+0.12 -0.01+0.05 0.197
Right femur
V_(50%)(%) 0.39+0.89 0.02+0.04 -0.37+0.86 0.285

* Absolute difference: sCT - pCT

** p<0.05 was as statistical difference

Abbreriation: PTV: Planning target volume, v o Percent of volume received absorbed dose x Gy,
D Absolute dose coverage at a RT structure volume of x cc, D Absolute dose coverage at a RT

structure volume of x %
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75.0% to 90.0%

0.0% to 75%

Planning CT Synthetic CT Gamma mapping % Gamma passing rate

Figure 4. An example of the gamma analysis of one patient considered at the 3%/3mm criteria by
comparing the pCT and sCT-based dose distributions. The color bar on the right displays the gamma
passing rate results, with red indicating 0-75%, yellow representing 75-909%,

and green signifying scores above 90%.

Table 4. Dose distribution comparison between the pCT and sCT-based planning in prostate cancer

patients based on a 3D gamma analysis.

Global Gamma Passing Rate (%)

Patient No.

3%/3mm 2%/2mm 1%/1mm

1 100.0 100.0 99.4

2 99.7 99.1 97.0

3 99.9 99.9 99.2

4 99.8 99.6 98.1

5 100.0 99.9 99.4

6 100.0 99.9 99.2

7 99.9 99.8 99.6

8 100.0 100.0 99.4

9 99.7 99.5 98.7

10 99.5 99.4 99.0
Mean+SD 99.940.2 99.7£0.3 98.9£0.8
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Discussion

This study demonstrated the feasibility of
the sCT generated from the MRCAT for prostate
treatment plans, focusing on prospective clinical
patients. The MRCAT is a commercially available
tool for generating sCT images that rely on MR
images. Thus, it allows patients to potentially
reduce their exposure to ionizing radiation during
CT scans. The accuracy of sCT images depends
on the MRCAT generation method, which relies
on voxel intensity in the source MRCAT in-phase
and water-only images for body outline and bone
creation through model-based segmentation.
The voxel intensity in the source MRCAT fat
and water-only images was utilized for tissue
classification. These images were acquired
through a 3D dual mDixon FFE sequence and
were subsequently automatically converted to
HU. The findings of this study indicated no major
differences in the mean HU of soft tissue and
bone. The disparity of HU between the values
obtained from the sCT compared to the pCT was
found to be larger in soft tissue. In contrast, the
derived HU from the sCT and the pCT was
smaller in bone. Consequently, a minor
dosimetric difference in all interested contours
and a highly similar dose distribution were
observed between the pCT and the sCT.
The significant dosimetric difference, e.g., D95%
in the PTV, did not seem to be impacted by
clinical meaning because the absolute dose

difference was around 0.2 Gy.

Journal of Thai Association of Radiation Oncology
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Althousgh this study found a slight difference
in HU between the pCT and sCT, the HU in the
bone region still had a high variation compared
to soft tissue. The sCT generated from MR
images exhibited poor capability in producing MR
images from the bony region, which contains
small amounts of hydrogen, which affects
bone reconstruction in the sCT?". The largest
difference of HU in the bone region at around a
factor of 2 compared to the acceptable level of
HU difference from a previous study (+20 HU and
+50 HU for soft tissue and bone, respectively)
was observed in this study. The variation of HU
within the recommended margin resulted in a
dose change of less than 1% of the expected
dose™. However, some studies showed that the
difference in HU between the pCT and sCT in the
femurs could be up to a factor of 3, which was
higher than our discovery™.

The observation of dose similarity between
the pCT and sCT in this study closely aligns with
many previous MRCAT studies in the pelvis

24281 | ikewise, the trend of dose

region
coverage to the PTV in the sCT was around 1%
lower than the pCT when considering D95% or
D98%. Nonetheless, a high dose in a small
volume of the PTV and OARs tends to be
increased by roughly 5% in the sCT compared
to the pCT. By using the sCT generated from
MRCAT, the HU on the image is a continuous
value, which is different from other MR-based

dose calculation techniques, e.g., the homoge-



nous HU in bulk density technique. Thus,
applying a different dose calculation algorithm
could potentially impact the dose distribution
pattern®”. This study applied AXB for treatment
dose calculation to reduce dose calculation
uncertainty from heterogeneous materials.
However, this study considers the effect of
the sCT only on the planning dose, and it is
mandatory to compare the planning dose with
the delivery dose before implementing the sCT
in the clinic. The dose calculated from the sCT
is not reflected in the actual patient dose as it
could vary between inter-fractions™”.

The strengths of this study include the appli-
cation of a dose calculation algorithm with
corrective heterogeneity for soft tissue, specifi-
cally the AXB algorithm, which was known for its
heightened sensitivity to HU changes®”. The
results clearly demonstrated discernible dose
differences within each evaluated contour and
the study also recruited prospective patients who
underwent both pCT and MR images within
the same day. This study controlled organ
volume similarity between pCT and MR images
by applying a water-controlling protocol with
the pre-image dimension measurement for the
bladder. In contrast, other studies only focus on
the amount of water and waiting time without
the dimension measurement™"**. Nevertheless,
the body outline is an alternative factor that has
impacted dose distribution as it could change
the depth of the ionization path. This effect is an

unavoidable factor when patient repositioning

from pCT to MR acquisition is required. As a
result, the dose difference was experienced on
the skin around the body; this effect was also
found in other studies™".

The limitation of this study was the difference
in each individual patient’s characteristics and
behavior as it affected the organ dislocation
between pCT and MR images. Even though our
study implements the pre-image dimension
measurement, it still found that some patients
could not be tolerated when making a second
attempt of the full bladder. Therefore, a margin-
al difference in bladder dimension and volume
was observed. In addition, the air in the rectum
and the rectum volume affected the PTV
location, and in turn affected dose calculation.
Also, a small volume of air in the rectum could
potentially lead to an incorrect HU on the sCT,
but it did not significantly impact the dose
distribution pattern in this study. Although
the sCT has been applied clinically in several
institutions, to replace the pCT completely, for
example, in the contouring process, further image
quality analysis, such as image contrast and dis-

tortion, is still required”*”.

Conclusion

The use of the sCT image generated from
MRCAT is feasible for prostate EBRT dose
calculation. A slight difference in HU between
the sCT and pCT was observed in soft tissue
with a small HU variation, but a considerable

difference was found in bone. The pCT and sCT
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had similar dose distributions and negligible
dosimetric differences in all contours. The result
of this study provides a good promotion for

the MR-only workflow in prostate EBRT.
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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.

Keywords: Artifact, Four-dimensional computed tomography, Radiotherapy, Sorting, Tumor volume
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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

Journal of Thai Association of Radiation Oncology
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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

Journal of Thai Association of Radiation Oncology
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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
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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

Journal of Thai Association of Radiation Oncology
Vol. 30 No.1 January - June 2024

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
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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

Journal of Thai Association of Radiation Oncology
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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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Benefit of radiation therapy in stage IlI-IV Hodgkin lymphoma
after chemotherapy
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Abstract
Background: The benefit of radiation therapy as a consolidation therapy after chemotherapy in
advanced-stage Hodgkin lymphoma remains controversial, especially after the widespread use
of positron emission tomography (PET)/computed tomography (CT) or Ga-67 scintigraphy.
Objective: We conducted a retrospective review in our institute to evaluate the benefit of
consolidative radiotherapy in patients who received a modern chemotherapy regimen.
Materials and methods: Between January 2010 and December 2019, 33 patients with newly
diagnosed stage Il or IV Hodgkin lymphoma were identified from the Chulabhorn Hospital
database. After excluding 15 patients who did not meet our inclusion criteria (1 HIV infection, 5
early-stage after reviewed, 5 did not used PET-CT or Ga-67 scintigraphy and 4 with incomplete
medical history), the remaining 18 patients were enrolled.
Results: After a median follow-up of 48 months, the 3-year disease-free survival rate was 66.7%
in patients who received radiation therapy, versus 55.6% in patients who did not receive radiation
therapy (p = 0.391). The 3-year overall survival rate was 100% in both groups. In total, 11 patients
(61%) had complete metabolic response (CMR) after first-line chemotherapy, whereas three
(16.7%), one (5.6%), and three (16.7%) had a partial response, stable disease, and disease
progression, respectively. Seven patients (38.9%) experienced relapse after treatment, and 71.4%
of relapses occurred at the original disease site. Of 7 patients who had residual after first-line
chemotherapy, three received further radiotherapy whereas four did not. Relapse occurred in all
four patients who did not received radiotherapy after residual disease. No patients who achieved
CMR in both the interim and post-treatment evaluations experienced relapse. Four of nine patients
with bulky masses more than 7 cm in size had CMR after first-line chemotherapy. Interestingly,
in this group, no relapse occurred in patients who did not receive radiation therapy, whereas one
of three patients (33.3%) who received radiation therapy exhibited relapse. No grade 3-4 acute
radiation toxicities occurred in this study, but two of nine patients (22.2%) had grade 3 late
pneumonitis that required hospitalization. No secondary malignancy was observed.
Conclusion: Using functional imaging as an evaluation method, consolidation radiation therapy

may not be necessary in advanced Hodgkin lymphoma.

Keywords: Bulky disease, Consolidation radiation therapy, Hodgkin lymphoma, Modern

chemotherapy
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1. Introduction

Hodgkin lymphoma is a relatively rare disease,
comprising only 0.4% of newly diagnosed cancers
globally in 2020". However, its incidence is
increasing in adolescents and young adults, and
it is one of the most common malignancies in
this patient group. Hodgkin lymphoma has a
bimodal age distribution with two peaks at 25-34
and 60-70 years. Moreover, the incidence also
differs by geographic location and ethnicity"”.

The treatment paradigm for Hodgkin lymphoma
depends on the stage of the disease. In
early-stage disease (stage I-ll), the standard
treatment is combined chemotherapy and
radiation therapy. In comparison, the mainstay
of advanced-stage treatment is systemic
chemotherapy with or without radiation therapy
and autologous stem cell transplantation. The
development of intense systemic chemotherapy
has substantially improved survival in patients
with stage IlI-IV Hodgkin lymphoma, including an
estimated 5-year survival rate of up to 80%-90%
and a complete metabolic response (CMR) rate
of 60-70% in recent decades™***.

Although chemotherapy is considered the
primary treatment for advanced-stage Hodgkin
lymphoma, the role of radiation therapy as a
consolidation therapy for bulky disease and after
partial remission after chemotherapy remains
controversial. Many randomized studies and

meta-analyses recorded conflicting results®”.

[5]

In the UK Lymphoma Group study™, patients

with advanced-stage (stage Il-IV or early-stage

disease with systemic symptoms or bulky
disease) were randomly assigned to receive the
ABVD regimen or two multidrug regimens
(ChIVPP/PABIOE or hybrid ChIVPP/EVA). Radiation
therapy was recommended for patients with
initial bulky disease or incomplete responses to
chemotherapy. The analysis revealed that
consolidation radiation therapy significantly
improved progression-free and overall survival®.
In another prospectively randomized multicenter
trial”, despite an improvement of the freedom
from treatment failure rate in patients who
received radiation therapy, the benefit was
limited to only patients who had residual disease
after chemotherapy, whereas patients with bulky
disease after a complete response to chemo-
therapy experienced no benefit.

Moreover, previous clinical trials did not use
18F-fluorodeoxyglucose positron emission
tomography (PET)/computed tomography (CT)
as the standard imaging modality for staging
and treatment response monitoring. The
German Hodgkin Study Group HD 15 study
was one of the earliest clinical trials that used
18F-fluorodeoxyglucose PET/CT to guide the
use of radiation therapy®®. In this study,
consolidation radiation therapy (30 Gy) was
delivered only in patients with a positive 18F-flu-
orodeoxyglucose PET/CT scan and a residual
mass greater than 2.5 cm in size on CT. Only
4.5% of patients with negative 18F-fluorodeoxy-
glucose PET/CT scans who did not receive
consolidation radiation therapy experienced

disease progression or relapse.
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With conflicting results concerning the benefits
of consolidation radiation therapy, especially
after the widespread use of 18F-fluorodeox-
yelucose PET/CT in the modern era, and concerns
about increasing the risk of late radiation-
induced toxicity and secondary malignancy, we
conducted a retrospective review in our institute
to analyze whether consolidation radiation
therapy is beneficial in patients with advanced-
stage Hodgkin lymphoma, particularly after a
complete response to modern chemotherapy
regimens, among patients who underwent

18F-fluorodeoxyglucose PET/CT.

2. Materials and Methods

2.1. Patient selection

The medical records of patients newly
diagnosed with stage Ill or IV Hodgkin lymphoma
between January 2010 and December 2019 were
identified from our hospital database. This trial
was approved by the ethics committee of
Chulabhorn Hospital, Bangkok, Thailand (Ethical
number was EC086/2563)

The eligibility criteria were as follows: age of
15-70 years, diagnosed with previously untreated
stage Ill or IV Hodgkin lymphoma according to
the Lugano classification, a follow-up time of
at least 2 years and at least one evaluation
by 18F-fluorodeoxyglucose PET/CT or Ga-67
scintigraphy during treatment with chemo-
therapy. Patients with other cancers excluding
nonmelanoma skin cancer or cervical carcinoma

in situ were excluded. Patients with nodular

Journal of Thai Association of Radiation Oncology
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lymphocyte predominant histology and HIV
infection were also excluded.

According to our protocol, the first-line
chemotherapy regimen consists of doxorubicin,
bleomycin, vinblastine, and dacarbazine (ABVD
regimen) for 6 cycles. Because there was no
clear protocol of adapted treatment guide
using interim response before 2017, not all of
patients who had residual disease after 2-4 cycles
of ABVD received more intense chemotherapy
regimen at that time.

Radiotherapy was considered in patients
who had bulky mass more than 7 cm or residual
disease after first-line chemotherapy treatment.
In patients who received radiotherapy, we used
either IMRT/VMAT or 3DCRT technique. A dose
ranges between 30-46 Gy was given in daily
fraction of 1.8-2.0 Gy. We assessed the response
of treatment using the International Working
Group consensus response evaluation criteria in
lymphoma. AWl PET/CT scan or Ga-67 scintigraphs
were centrally reviewed by the tumor board
conference. The Deauville score of 4 and 5 was

considered positive.

2.2. Statistical analysis

The primary endpoint was disease-free
survival, which was defined as the time from
diagnosis to disease progression. The secondary
endpoints were overall survival, the pattern of
relapse, and the complete response rate. Overall
survival was defined as the time from diagnosis

to death or last follow-up. The pattern of relapse



was categorized as in-field relapse or out-field
relapse in patients who received radiation
therapy. Complete response was defined as the
disappearance of all detectable evidence of
disease as evaluated by CT or negativity on PET/
CT or Ga-67 scintigraphy even if post-treatment
residual disease was detected by CT.

Survival outcomes were analyzed using
the Kaplan—-Meier method. The pattern of
relapse and the complete response rate were
determined using descriptive statistics and
presented as percentages. Patients were divided
into two groups based on the receipt of consoli-
dation radiation therapy. Differences between
the groups were compared using the Fisher’s
exact test, and an independent-samples t-test.
Disease-free survival and overall survival were
compared between groups using the log-rank
test. Univariate analysis was analyzed using
Cox regression model to retrieve the hazard ratio
(HR), 95% confidence interval, and p-value.
p < 0.05 denoted significance. Analyses was
conducted with the use of Stata/SE 16.1 software
(StataCorp LP, College Station, TX, USA).

3. Results

3.1. Patient characteristics

In total, 33 patients with newly diagnosed
stage Ill or IV Hodgkin lymphoma were identified
from the Chulabhorn Hospital database. After
excluding 15 patients who did not meet our
inclusion criteria (1 was diagnosed with HIV

infection, 5 were early-stage after reviewed, 5 did

not used PET-CT or Ga-67 scintigraphy and 4
with incomplete medical history), the remaining
18 patients were enrolled (Figure 1). The mean
age at diagnosis was 38.28 + 20.63 years (range,
17-77), and five patients (27.8%) were older
than 45 years. One-third of patients had an
International Prognostic Score of 0-1. The
majority of patients had mixed cellularity and a
nodular sclerosis subtype (55.6% and 22.2%,
respectively). Epstein-Barr virus infection was
only tested in six patients, three of whom were
positive, including two patients in the radiation
therapy arm and one patient who did not receive
radiation therapy (Table 1). All patients received
complete radiation therapy and chemotherapy

treatment as planned.

3.2. Outcomes

After a median follow-up of 48 months
(range, 6-94 months), the 3-year disease-free
survival rate was 66.7% among patients who
received radiation therapy, versus 55.6% among
patients who did not receive radiation therapy
(p = 0.391). The 3-year overall survival rate was
100% in both groups (Figure 2). In univariate
analysis, no factor significantly affected
disease-free survival in this study (Table 2).

After complete treatment with first-line
chemotherapy, all patients were evaluated
response by functional imaging. Of all the 18
patients 11 (61%) had a CMR after first-line
chemotherapy regimen, whereas 3 (16.7%), 1
(5.6%), and 3 (16.7%) had a partial response,
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Newly diagnosed stage III or IV Hodgkin lymphoma
33 patients from database

15 patients were excluded.

- 1 HIV infection

- 5 carly-stage disease

- 5did not use PET-CT or Ga-
67 scintigraphy

- 4 incomplete medical history

18 patients were enrolled

Figure 1. Consort diagram

Table 1. Patients’ characteristics

Characteristics Radiation therapy, n (%) No radiation therapy, n (%) P-value
n=9 n=9

Age, years (Mean £ SD) 43.4 +24.3 33.1 +15.9 0.302°
Age, years >0.999"
<45 7(77.8) 6 (66.7)
>45 2(22.2) 3(33.3)
Sex >0.999"
Male 3(33.3) 4 (44.4)
Female 6 (66.7) 5 (55.6)
Staging >0.999"
Il 2(22.2) 3(33.3)
Y, 7(77.8) 6 (66.7)
ECOG 0.576
0 7 (77.8) 6 (66.7)
1 1(11.1) 3(33.3)
2 0 (0.0) 0(0.0)
>2 1(11.1) 0 (0.0)

Journal of Thai Association of Radiation Oncology
Vol. 30 No.1 January - June 2024



Characteristics Radiation therapy, n (%) No radiation therapy, n (%) P-value
n=9 n=9
IPS 0.259"
0-1 3(33.3) 3(33.3)
2-3 4 (44.5) 1(11.1)
>3 2(22.2) 5(55.6)
Subtype 0.689"
MC 4 (44.5) 6 (66.7)
NS 3 (33.3) 1(11.1)
LR 1(11.1) 1(11.1)
LD 1(11.1) 0(0.0)
Unknown 0 (0.0) 1(11.1)
EBV 0.169'
Positive 2(22.2) 1(11.1)
Negative 3(33.3) 0(0.0)
Bulky lesion size 0.030'
<5 cm 2(22.2) 5(62.5)
5-7 cm 1(11.1) 0 (0.0)
7-10 cm 5 (55.6) 0(0.0)
>10 cm 1(11.1) 3 (37.5)
Bone marrow evaluation 0.352'
PET/Ga-67 1(11.1) 0(0.0)
Biopsy 6 (66.7) 3(33.3)
Concordance 1(11.1) 4 (44.5)
Discordance 1(11.1) 2(22.2)

Abbreviations: ECOG: Eastern Cooperative Oncology Group, IPS: International Prognostic Score, EBV:

Epstein—-Barr virus, PET: positron emission tomography, Ga-67: Ga-67 scintigraphy, MC: Mixed cellularity,

NS: Nodular sclerosis, LR: Lymphocyte-rich, LD: Lymphocyte-depleted

'Fisher’s exact, “Independent t test

Journal of Thai Association of Radiation Oncology
Vol. 30 No.1 January - June 2024

_Res)



o
O_ =
0
l\. -
= @ P-value=0.391
2
c
=)
[0}
[0} o
& g
)
2]
(1]
(]
2
S
o
— Non-radiotherapy
8 | —— Radiotherapy
(=) T T T T T T T T
0 12 24 36 48 60 72 84
. Time (months)
Number at risk
(A) Non-radiotherapy 9 5 4 4 3 2 1 0
Radiotherapy 9 9 6 4 2 1 0 0
o
Q -
P-value=0.221
wn
l\. -
o
©
=
3
o 3
E o
9]
>
(@]
0
(N. -
o
Non-radiotherapy
8. | —— Radiotherapy
© T T T T T T T
0 12 24 36 48 60 72 84
. Time (months
Number at risk ( )
on-radiotherapy 1
(B) Non-radioth 9 8 5 5 4 2 0
Radiotherapy 9 9 9 7 5) 3 1 1

Figure 2. Disease-free survival (A) and overall survival (B) according to the receipt of radiation therapy

Journal of Thai Association of Radiation Oncology
Vol. 30 No.1 January - June 2024



Table 2. An unadjusted hazard ratio using cox regression analysis for disease-free survival

Variables HR (95% CI) p-Value
Age, years 0.94 (0.88, 1.01) 0.092
Sex
Male 1
Female 2.34 (0.52, 10.44) 0.267
Staging
Il 1
\% 1.37 (0.26, 7.18) 0.703
ECOG
0 1
1 - -
2 - -
>2 2.03(0.24, 17.49) 0.520
IPS
0-1 1
2-3 1.19 (0.17, 8.50) 0.861
>3 1.54 (0.25, 9.38) 0.638
Subtype
MC 1
NS 2.22(0.49, 10.07) 0.302
LR - -
LD - -
Unknown - -
EBV
Negative 1
Positive 1.00 (0.06, 15.99) >0.999
Unknown 1.45 (0.17, 12.40) 0.737
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Variables HR (95% CI) p-Value
Bulky lesion size
<5 cm
5-7 cm -
7-10 cm 1.77 (0.29, 10.60) 0.533
>10 cm 1.92(0.27, 13.73) 0.512
Radiation therapy
No
Yes 0.53(0.12, 2.37) 0.403
Radiation therapy field
IFRT
ISRT 1.96 (0.17, 22.08) 0.586

Abbreviations: HR: hazard ratio, Cl:confidence interval, ECOG: Eastern Cooperative Oncology Group,

IPS:International Prognostic Score, EBV: Epstein—Barr virus, MC: Mixed cellularity, NS: Nodular sclerosis,

LR: Lymphocyte-rich, LD: Lymphocyte-depleted, IFRT: Involved-field radiotherapy, ISRT: Involved-site

radiotherapy

stable disease, and disease progression, respec-
tively. Seven patients (38.9%) experienced
relapse after treatment. Most relapses occurred
at the original site of the disease (5/7 patients,
71.4%). No relapse was observed within the
radiated field in any patient who received
radiation therapy (Table 3).

Two of three patients who achieved CMR by
functional imaging in both the interim and
post-treatment evaluations received radiation
therapy. None of these three patients
experienced relapse. Four of eight patients who
had a partial response but achieved CMR after
treatment received radiation therapy. The only

relapse in this group (1/8 patients, 12.5%)

R48 Journal of Thai Association of Radiation Oncology
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occurred in a patient who received radiation
therapy (Table 4).

Seven patients had residual disease after
first-line chemotherapy. In this group, 2 received
salvage chemotherapy and radiotherapy,
4 received salvage chemotherapy alone and 1
received only salvage radiotherapy. Median size
of residual mass before salvage radiotherapy was
3.8 cm (range 1.1 cm — 4.5 cm). Relapses occurred
in two of three patients who received radiation
therapy (66.7%) and all four patients who did not
receive radiation therapy (100%). The description
of treatment response in each patient was shown
in Table 5.



Table 3. Treatment outcomes

Radiation therapy, n  No radiation therapy, p-Value
(%) n (%)
Recurrence/Relapse in all patients >0.999"
Recurrence 3(33.3) 4 (44.4)
No recurrence 6 (66.7) 5 (55.6)
Pattern of recurrence/relapse in all >0.999'
patients
Original site 2 (66.7) 3(75.0)
New site 1(33.3) 0(0.0)
Both original site and new site 0 (0.0) 1 (25.0)
Pattern of recurrence/relapse in -
radiation therapy group
In-field recurrence 0 (0.0) N/A
Out of field recurrence 2 (66.7) N/A
Both in-field and out of field recurrence 1(33.3) N/A
Interim response >0.999'
CMR 2(25.0) 2(22.2)
PR 5(62.5) 6 (66.7)
SD 1(12.5) 0(0.0)
PD 0(0.0) 1(11.1)
Response to first-line treatment >0.999"
CMR 6 (66.7) 5(55.6)
PR 2(22.2) 1(11.1)
SD 0 (0.0) 1(11.1)
PD 1(11.1) 2(22.2)
Secondary malignancy None None

Abbreviations: CMR: complete metabolic response by functional imaging, PR: partial response,

SD: stable disease, PD: progressive disease, N/A: not applicable

'Fisher’s exact test
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Based on our institutional criteria of a mass
greater than 7 cm in size, nine patients in our
cohort had bulky masses. Among these patients,
three did not receive radiotherapy (two were
switched to second-line chemotherapy, and one
did not undergo radiotherapy consultation due
to the individual decision of the hematologist).
Of the six patients who received radiation
therapy, three experienced relapses, while two

of the three who did not receive radiation

therapy experienced relapses (50% vs. 66.7%).
Four of five patients with bulky disease who
experienced relapse had residual disease after
first-line chemotherapy. Interestingly, in four
patients who achieved CMR, the one who did
not receive radiation therapy had no relapse.
Meanwhile, one of three patients who received
radiation therapy experienced a relapse (Figure
3).

Bulky disease > 7 cm

9 patients
|
I I
CMR Residual
4 patients 5 patients
| [
I I I I
Radiation therapy No radiation therapy Radiation therapy No radiation therapy
3 patients 1 patients 3 patients 2 patients
Relapse Relapse Relapse Relapse
1 of 3 patients 0 of 1 patients 2 of 3 patients 2 of 2 patients

Figure 3. Treatment outcomes in patients with bulky disease

Ro2
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3.3. Radiation toxicity

Grade 1-2 acute radiation toxicity occurred
in five of nine patients (55.6%), including three,
one, and one case of mucositis, xerostomia, and
gastrointestinal toxicity, respectively. No grade
3—-4 acute radiation toxicity was noted in this
study. However, two patients experienced grade
3 late pneumonitis that required hospitalization.
The first patient with late grade 3 pneumonitis
was Patient No. 1 in Table 5. This patient
received consolidation radiotherapy to the bulky
site at SPC and mediastinum after CMR. The dose

administered was 36 Gy in 18 fractions, with V20
of the total lung at 30% and V5 of the total lung
at 64%, which did not exceed the
constraints of our protocol. The second patient
was Patient No. 17 in Table 5. This patient also
received consolidative radiotherapy after CMR to
the neck and mediastinal area with 30 Gy in 15
fractions. However, since the latter patient had
been radiated at another hospital, we cannot
assess the lung dose in this case. No secondary

malignancy was observed (Tables 6).

Table 6. Acute and late radiation toxicity in irradiated patients based on the criteria of the Radiation

Therapy Oncology Group and the European Organization for Research and Treatment of Cancer

Acute radiation toxicity

Organ Grade 1-2

Mucous membrane
Salivary gland

Gastrointestinal

3/9 (33.3%)
1/9 (11.1%)
1/9 (11.1%)

Grade 3-4
0/9 (0.0%)
0/9 (0.0%)
0/9 (0.0%)

Late radiation toxicity

Organ Grade 1-2
Lung 0/9 (0.0%)

Grade 3-4
2/9 (22.2%)
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4. Discussion
Despite the detection of residual disease by
CT after treatment, which occurs in up to 80%
of patients with Hodgkin lymphoma, only some
patients have evidence of disease relapse or
progression"®. This challenge has been overcome
by the use of functional imaging such as Ga-67
scintigraphy and 18F-fluorodeoxyglucose PET/CT.
18F-fluorodeoxyglucose PET/CT proved superior
to CT for assessing the response to treatment in
Hodgkin lymphoma''"'® Regarding Ga-67
scintigraphy, one study described its superiority
to CT in terms of restaging!"”. Based on the
published literature, these functional imaging
modalities have been used as standard imaging
modalities for initial staging and response evalu-
ation in both Hodgkin and non-Hodgkin lympho-
ma for a decade. In this study, we only included
patients who underwent at least one evaluation
by functional imaging, which is difficult to
perform in most intuitions in Thailand because
of financial problems and a lack of resources.
Our study revealed that consolidation
radiation therapy might not be necessary for
advanced Hodgkin lymphoma due to no
difference in 3-year disease-free survival and
overall survival rate. Regarding patients of bulky
masses at the initial staging, the phase 3 GITIL
HD0607 study enrolled 783 patients with
advanced Hodgkin lymphoma, and 296 patients
with a bulky mass greater than 5 cm in size at
baseline who had negative PET in both the

interim and end-of-treatment evaluations were

Journal of Thai Association of Radiation Oncology
Vol. 30 No.1 January - June 2024

randomly assigned to consolidation radiation
therapy or no further treatment. The results
revealed no differences in 6-year progression-free
survival (91% vs. 95%, p = 0.62) and 6-year
overall survival (99% vs. 98%, p = 0.61) between
the groups™. In the phase 3 FIL HD0801 study,
116 patients with advanced Hodgkin lymphoma
with bulky masses at least 5 cm in size at baseline
who had CMR after two and six cycles of ABVD
were randomly assigned to consolidation
radiation therapy or observation. The intention-
to-treat analysis also revealed no differences
in 2-year event-free survival (87.8% vs. 85.8%,
p = 0.34) and 2-year progression-free survival
(91.3% vs. 85.8%, p = 0.7)". In subgroup
analysis, bulky masses greater than 7 cm in size
had no influence on the efficacy of consolidation
radiation therapy in both studies”*””. Our findings
support the results of both phase 3 trials. This is
evidenced by the absence of relapse in one
patient with bulky disease who achieved CMR
after first-line chemotherapy and did not receive
radiotherapy (Figure 3). Additionally, among
the three patients who achieved complete
metabolic response (CMR) on both interim and
end-of-treatment PET scans, no relapse was
observed in one patient who did not receive
radiotherapy (Table 4).

The current study had several limitations.
First, as a retrospective study, several confound-
ing factors could have affected the outcomes.
Second, the number of patients enrolled was

much smaller than expected according to the



required sample size. This affected the power of
statistical analysis. Third, subgroup analysis with
only univariate analysis might not be reliable
because of the small sample size. Fourth, there
may be selection bias in this study because some
patients did not receive radiotherapy despite the
presence of bulky disease or residual disease
after first-line chemotherapy treatment. This was
because, according to our protocol, patients with
residual disease after first-line chemotherapy
could receive either salvage radiotherapy or a
second-line chemotherapy regimen, depending
on the decisions of radiation oncologists and
hematologists in the tumor board. For example,
if the residual site was beyond the radiotherapy
field, the second-line chemotherapy was more

favorable.
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Abstract

Backgrounds: Cervical cancer is the fourth most common cancer in women globally,
including Thailand. The main treatments for locally advanced cervical cancer are concurrent
chemoradiation and brachytherapy. Several risk factors are associated with survival outcomes.
Objectives: To identify clinical, pathology, and treatment factors that impact on overall survival
(OS) and progression-free survival (PFS) in locally advanced cervical cancer.

Materials and Methods: A retrospective study of an explorative prognostic factor research
was conducted in locally advanced cervical cancer patients treated in Sawanpracharak Hospital
from 2017 to 2019. Kaplan-Meier and Log-rank test were used for survival analysis. Cox regression
was used for univariate and multivariate analysis to identify the prognostic factors. P-value <0.05
was considered statistically significant.

Result: There were 179 patients. The mean age was 53 years old. The 3-year overall survival (OS)
was 75%, 72.2%, 44.4-66.7% and 46.2% and the 3-year progression-free survival (PFS) was 93%,
74%, 33.3-80% and 38.5% for stage I, Il, Il and IVA respectively. Multivariable analysis
identified risk factors for poor OS included initial hemoglobin level < 10 g/dl (HR 2.63; 95% Cl,
1.41-4.89, p=0.002) non-squamous cell histology (HR 2.07; 95% Cl, 1.09-3.93, p=0.026) and tumor
size >4 cm (HR 2.4; 95% Cl, 1.05-5.58, p=0.038). Factors associated with worse PFS included
non-squamous cell histology (HR 2.40; 95% Cl, 1.31-4.39, p=0.004) and tumor size >4 cm
(HR 3.59; 95% Cl, 1.34-9.63, p=0.011). There was no statistically significant difference in the PFS
or OS between those who received 5 cycles or less chemotherapy and total treatment time
56 or more days.

Conclusion: Initial hemoglobin level < 10 g¢/dl was a factor associated with worse overall
survival, whereas histological cell type and tumor size were prognostic factors associated

with overall survival and progression-free survival outcomes in cervical cancer.
Keywords: Cervical cancer, overall survival rate, progression-free survival, prognostic factors
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Patient Characteristics Number %
Number of patients 179
Age (year) Mean + SD 53.05 + 12.34
Range 25 -88
<50 67 37.4
> 50 112 62.6
KPS Range 60 - 90
> 80 67 37.4
< 80 112 62.6
GFR (ml/min) Median (IQR)a 95.0 (81.87-107.63)

Initial Hemoglobin (g/dl)

Anti- HIV testing

> 60

<60

Mean + SD
Range

> 10

<10
Negative
Positive

Unspecified

162 90.5
17 9.5
11.38 £ 1.94

4.1-17

146 81.6
33 18.4
154 86
8 4.5
17 9.5
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Patient Characteristics Number %

FIGO Stage (2018) I 16 8.9
I 90 50.3
NA-111B 15 8.4
lnc1 36 20.1
ez 9 5
IVA 13 7.3
Histology Squamous 137 76.5
Non-squamous 42 235
Differentiation of tumor cells Well 18 10.1
Moderately 58 32.4
Poorly 19 10.6
Unspecified 84 46.9
Tumor size <4 cm. 46 25.7
> 4 cm. 133 74.3
Pelvic Lymph node metastasis Yes 52 29.1
Paraaortic Lymph node metastasis  Yes 14 7.8

A18a KPS = Karnofsky performance status, GFR = Glomerular filtration rate, HIV= Human
immunodeficiency virus, FIGO = International Federation of Gynecology and Obstetrics, a IQR =

Interquartile range, SD = Standard deviation
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Treatment factors Number %
Number of patients 179
Field WPRT 170 95
EFRT 9 5
Total Dose (cGy) 5000 99 55.3
5040 80 aa.7
Schedule of Brachytherapy 600 cGy x 4 fractions 14 7.8
650 cGy x 4 fractions 14 7.8
700 cGy x 4 fractions 131 73.3
Others 20 11.1
Total treatment Time (Days) Median (IQR) 71 (63— 84)
< 56 days 23 12.8
> 56 days 157 87.2
Neoadjuvant Chemotherapy No 170 95
Yes 9 5
Concurrent Chemoradiation No 14 7.8
Yes 165 92.2
Regimen of chemotherapy Cisplatin 131 79.5
Carboplatin 28 16.9
Switch regimen 6 3.6
Number of chemotherapy cycles Range 1-7
>5 122 73.9
<5 43 26.1
Adjuvant chemotherapy No 174 97.2
Yes 5 2.8

Anga WPRT = Whole pelvic radiotherapy, EFRT = Extended-field radiotherapy, IQR = Interquartile range,

FIGO = International Federation of Gynecology and Obstetrics, SD = Standard deviation, cGy = Centigray
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9191115500 TNW5 3 U (3-year OS) 11y
64.2% wazAITEFIUTEELLIAITONTN (median
survival time) TesftheuSaUInungn wiwuIsey
FIGO Stage (2018) lnesvey MC1, NC2 wag IVA

Winiu 36, 24 way 21 ey audey Wefiarsan
WUARINTZYE WUI 3-year OS Uadusaz Iy
ANULANFASAURENITBEAYN19ETR p=0.047
eavSuniinnsnedl 3 uay AN Iwi 1

M13519% 3 Overall Survival uaz Median Survival time vesfUheuzisauinungn

3-year OS

Median Survival time (months)

FIGO Stage (2018) |
I
A-1IB
nc1
lncz
VA

75.0 (46.3-89.8)
72.2 (61.6-80.2)
66.7 (37.5-84.6)
50.0 (32.9-64-9)
44.4 (13.6-71.9)
46.2 (19.2-69.6)

not reach
not reach
not reach
36
24
21

A1ga OS = Overall Survival, FIGO = International Federation of Gynecology and Obstetrics

0.50 0.75 1.00
1 1 1

0.25
1

0.00
1

Kaplan-Meier survival estimates

Log-rank test = 0.047

Number at risk
Stage | 16
Stage Il 90
Stage IIIA-IIIB 15
Stage IIIC1 36
Stage llIC2 9
Stage IVA 13

T
10 20

30 40
Month
16 14 13 0
86 78 69 0
12 10 10 0
34 25 21 0
9 6 4 0
12 7 6 0
Stagel @ ———-—- Stage I
Stage llIA-IIB.  — — — Stage IlIC1
=== Stage llIC2  -=---=---- Stage IVA

A% 1 uang Overall survival suszezuaalsa
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813111558 NLABUTIAIINNITANAIUYBY ANLANANAURENHTudAYN19adA p=0.001

15Auz159 3 U (3-year PFS) iU 67.6% Wisfiansan AN TIUAZLDYARIAITINN 4 LAz LAAIAININA 2

WUNANNTEBE WUIT 3-year PFS vaiumasizsi

A1919% 4 Progression-free survival wag Median Survival time %aﬁﬁl\fﬂ’samﬁﬁﬂ’mmqﬂ

3-year PFS Median Survival time(months)
FIGO Stage (2018) | 93.0 (63.2-99.1) not reach
| 74.0 (64.1-82.2) not reach
[A-111B 80.0 (49.9-93.1) not reach
lnct 52.7 (35.4-67.4) not reach
ll[@ 33.3 (7.8-62.3) 20
VA 38.5(14.1-62.3) 13
A PFS = Progression-free survival, FIGO = International Federation of Gynecology and Obstetrics

Kaplan-Meier survival estimates

_8_- -1 — 1L oo _ 1
. T mEE———
= YO I LA e e e e G
ek
= -y R, N —
37 s L
g | PFS e s
° Log-rank test = 0.001
(=3
° T T T T T
0 10 20 30 40
Month
Number at risk
Stage| 16 16 15 15 0
Stage Il 90 83 73 69 0
Stage IlIIA-IIB 15 12 12 1" 0
Stage IlIC1 36 23 19 19 0
Stage IlIC2 9 6 5 3 0
Stage IVA 13 6 5 5 0
Stagel @ 0———-—- Stage I
Stage llIA-IIB  — — — Stage IlIC1
- — — StagelllC2  --------- Stage IVA

P . .
2?2 Uan3 Progression-free survival Museeza89lsA
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PNATUATIERTILUSIUU univariable analysis
wud 58/ hemoglobin (Hb) wsniZuneunssnm
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gnanuveslsauziseegniideddynicaifuas
WU SEAU Hb wsniSuneunisinuiiitesnin
10 ¢/dl Wudademendiinfifinasesnsinissentn
swegsidvdAgynieain lnglufinanesnsinis
50Nl Us1AIINN15aNAILVOILTALLLT
MnnsAnminuIszezvedsallannsaing
AUEUTUSKUU multivariable analysis Miilosain
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A151991 5 A51%94 Univariable wag Multivariable analysis 115U Overall Survival

Univariable analysis Multivariable analysis

Factor HR (95%Cl) p-value HR (95%Cl) p-value
Age group (year) <50 1 1

> 50 0.77 (0.46-1.26) 0.302 1.17 (0.66-2.08) 0.581
KPS group < 80 1

> 80 1.54 (0.90-2.64) 0.112
GFR group (m/min) > 60 1

< 60 1.29 (0.89-1.87) 0.174
Hemoglobin group (g/dl) > 10 1 1

<10 2.23(1.29-3.85) 0.004 2.63 (1.41-4.89) 0.002
Histology Squamous 1 1

Non-squamous 151 (0.88-2.58) 0.130 2.07 (1.09-3.93) 0.026
R68 Journal of Thai Association of Radiation Oncology
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Univariable analysis

Multivariable analysis

Factor HR (95%Cl) p-value HR (95%Cl) p-value
Differentiation of tumor cells Well 1 1
Moderately 1.00 (0.42-2.36) 0.994 10.7 (0.42-2.68) 0.884
Poorly 0.66 (0.21-2.10) 0.489 0.56 (0.16-2.04) 0.385
Unspecified 1.01 (0.44-2.30) 0.972 1.07 (0.43-2.62) 0.880
FIGO Stage (2018) I 1 1
I 1.14 (0.39-3.28) 0.804 0.83 (0.166-4.17)  0.825
[IIA-111B 1.61 (0.43-6.00) 0.477 1.72 (0.28-10.51)  0.553
llc1 2.39 (0.80-7.06) 0.115 2.26 (0.44-11.62)  0.326
lnc2 2.72(0.73-10.14)  0.136 1.21 (0.19-7.73) 0.839
IVA 2.97 (0.86-10.16)  0.082 1.89 (0.336-10.66) 0.469
Tumor size <4 cm. 1 1
>4 cm. 2.52(1.24-5.11) 0.010 2.42 (1.05-5.58) 0.038
Pelvic lymph node metastasis No 1
Yes 2.40 (1.46-3.94) <0.001
Paraaortic lymph node metastasis  No 1
Yes 2.01 (0.95-4.23) 0.065
Total Treatment Time < 56 days 1 1
> 56 days 0.76 (0.39-1.50) 0.440 0.56 (0.26-1.22) 0.149
Neoadjuvant Chemotherapy No 1
Yes 1.35(0.49-3.72) 0.557
Concurrent Chemoradiation No 1
Yes 1.01 (0.40-2.52) 0.976
Number of chemotherapy cycles >5 1 1
<5 1.40 (0.80-2.44) 0.231 1.39 (0.72-2.68) 0.320
Salvage chemotherapy No 1
Yes 1.70 (0.55-5.67) 0.331

Aga KPS = Karnofsky Performance Status GFR = Glomerular Filtration Rate, FIGO = International Fed-

eration of Gynecology and Obstetrics, HR= Hazard ratio, Cl = Confidence interval
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A191991 6 A9 Univariable wag Multivariable analysis @1%5U Progression-free survival

Univariable analysis

Multivariable analysis

Factor HR (95%(CI) P-value HR (95%Cl) P-value
Age group (year) <50 1 1

> 50 0.57 (0.34-0.96) 0.035 0.72 (0.40-1.30)  0.289
KPS group < 80 1

> 80 1.38 (0.79-2.41) 0.253
GFR group (m/min) > 60 1

< 60 2.21 (1.08-4.50) 0.028
Hemoglobin group (g/dl) > 10 1 1

<10 1.72 (0.95-3.09) 0.069 1.52(0.77-2.97)  0.522
Histology Squamous 1 1

Non-squamous  2.19 (1.29-3.12) 0.004 2.40 (1.31-4.39) 0.004
Differentiation of tumor cells Well 1 1

Moderately 0.53 (0.23-1.20) 0.131 0.83(0.33-2.04) 0.381

Poorly 0.71 (0.26-1.91) 0.502 0.93 (0.30-2.91) 0542

Unspecified 0.55(0.25-1.18) 0.128 0.76 (0.32-1.79)  0.332
FIGO Stage (2018) I 1

I 4.43 (0.59-32.82) 0.145

[A-111B 5.04 (0.56-45.14) 0.148

llc1 10.86 (1.44-81.70) 0.020

ez 15.21 (1.82-126.47) 0.012

IVA 16.79 (2.09-134.50)  0.008
Tumor size < dcm. 1 1

>4 cm. 4.58 (1.83-11.45) 0.001 3.59 (1.34-9.63) 0.011
Pelvic lymph node metastasis No 1

Yes 3.31 (1.98-5.53) <0.001
Paraaortic lymph node metastasis No 1

Yes 3.46 (1.74-6.85) <0.001
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Univariable analysis Multivariable analysis

Factor HR (95%Cl) P-value HR (95%Cl) P-value
Group Total Treatment Time < 56 days 1 1

>56 days 0.63 (0.32-1.24) 0.184 0.48 (0.21-1.09)  0.080
Neoadjuvant Chemotherapy No 1

Yes 1.80 (0.72-4.51) 0.207
Concurrent Chemoradiation No 1

Yes 0.81 (0.32-2.04) 0.666
Group number of chemotherapy cycle =5 1 1

<5 1.53(0.87-2.71) 0.135 1.51(0.76-2.99)  0.229
Salvage chemotherapy No 1

Yes 2.08 (0.65-6.68) 0.214

A8 KPS = Karnofsky performance status GFR = Glomerular filtration rate, FIGO = International

Federation of Gynecology and Obstetrics, HR= Hazard ratio, Cl = Confidence interval

unlansal
n15a10%9851ufuLAiivITasuenislaus
meesmann (brachytherapy) Wun1ssnwinaniu
uziSanuagnuidelunsdiiderunionudedy
msrde Fen1sdnelulsameuiaanssaussesng
fuhemneileladsunisaneisdainaeuenyiinm
Fadsa 5000-5040 L8 ASULET Levinnnsaereluds
doruns1utaduLiteviinisldusnitesnaen
TuUBnasaarsuaundiunndneiy
nsAndUssuTiBUSRINISTenTNT LAY
gnsn1ssentnlagusannsanatuvelsazise
71 3 U luusiagszozvadlsavosthenzidsunnungn
WUIT BRSINTTIBATNTIN 3 U (3-year OS) WU
64.2% lnsLena1UszazUelsa WUl Seey | 1Ay

75% e8|l 72.2% szee I 44.4-66.7% oy Seey
IVA 46.2% uay ons1n1550aTnlasUsiaann
n1sanatuvealsauzise 3 U (3-year PFS) windu
67.6% lA8LENAINSTELYDILSA WU Syey |, I, 1l
wag VA Wiy 93%, 74%, 33.3-80% Way 38.5%
AUy Fesnnlunanenisfine FagunsAng
¥910555U1 uazany” fuansdoyavessemelne
581119Y 2549-2558 WuI1 5-year OS 999528
911U 91- 100% Sz Il 89-100% svag Il 62-92%
waz 5282 IVA 23% wag 5- year PFS Winfiu 83-84%,
80-84%, 62-89.3% Waz 19.2% MINAIAU LA
MnNTranensAnelusaUszma™” wuil 3-year
OS iy 82 % , 5-year OS 8g51iNa 65%- 74%
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Factors influencing real-time 3D surface image-guided

for patient setup in radiotherapy
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UNAnga

wanmMsuazmana: szuuSIaesnmauinuunsiadumasaan (AlignRT) Wussuunmy3aald
Hdaviwesithsansiid uarannsonsadummisaaardeuldnasanan

Faquszasd: ilofnuamanTRuazadefiinadensvhauvesszuy AlignRT

Fanuazdinna: AlignRT Aindlusiosanesd 8o Varian Ju TrueBeam lngvhmsmanunanaiadou
yoiudiansnmsUiuAsuatladosingg 1euA mvuvesiiaies muaiuneluiesmesid vana
TnuaRvesine veuwediauls nmsvsuvefssmeded uazszoznaniiliiedos

HANTSAN®N: 9INNSANYINUTI eantry rotation Hkaveseupaisadeuiisndntos TuiAu +0.3 wu.
Tuta 100-260 sreINITMNY gantry nsdluasnelusipsiosnmnanmadougstu g9 0.9 uu.
wagnunsidenlnudinlinsefudivesfiheihldszuuuansAianurainiadouanas nsiden
youwnitaulafiflvuindnnin 10 x10 32 1w small at center agvhlimAmNAAALARBUINANIIVOULA
favlafifivunalngnit wWuwdn total body, half left 3o half right tJufu warAAUAAIAAREY
yosmsmyuiissdiamnnigelutg -40 f 60 8N wag 40 fe 60 srUBINTVNUALY Tedlrogly
9 -1.3 fis 1.1 1. Tudhuszeznanlunsliinsedsifinasonnugnieswesszuy

foasu: yndadeiirmasionsznuseszuutios Inedadefifinasioszuu AlignRT unnfigae couch angle
warJadeiifinariosyuu AlignRT ﬂaaﬁqm fio antry angle waziia vaizfinupanwdsuandadedu
fiendios aguiszuvdanuindeieidesaniidanunainndeusglussiuiesndt 1.5 dadwns
Feamnsaliifusruunminiflunmsdahitaslunndumidignsiesdduld

AAARY: STUUNMELTRLUUATIITURaERnEa, SadutialineliAnloasu, sEuunwindg

Abstract
Background: The real-time 3D surface image-guide system (AlignRT) is applied to verify the
patient position before treatment and can monitor the patient movement during treatment.
Objective: To study the characteristics and contributing factors of AlignRT.
Materials and Methods: The AlignRT system was installed at Varian TrueBeam linac room.
The position errors of phantom were used to study in various parameters such as the effect of
gantry angle, room light, skin tone protocol, region of interest, couch angle and time.
Results: From the study, it was found that the gantry angle effect was within 0.3 mm for the
range of 100-260 degree. The uncertainty increased in case of dim light in the room with maxi-

mum of 0.9 mm. For skin tone protocol, the uncertainty reduced if the matching skin tone was
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selected. A smaller ROI than 10 x10 cm2, small at center, displayed less errors

compared with large ROl such as total body, half left or half right. For couch angle effect,

the uncertainties were high in the range -40 to 60 degrees and 40 to 60 degrees with the

uncertainty range from -1.3 to 1.1 mm. The time of using machine did not affect the accuracy of

the system.

Conclusions: The characteristics of AlignRT system were in good condition with small uncertain-

ty. The highest uncertainty was found at couch angle effect, while the gantry angle and time of

used had the smallest effect. The other parameters showed small effect. In conclusion, the

AlignRT was a good system because the uncertainties were within 1.5 mm from all factors. It was

possible to increase the accuracy of patient positioning.

Keywords: Real-time 3D surface tracking, non-ionizing radiation, IGRT
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Yaan1saneTidnevainsdavigielvinieudu
vauzdnaeinssnwlagldaunsalansadiae 1Uu
fgaslunsdadumisliniowfunnadadad
iy alaevily azdevindUaelaglidums
Adaduuuiiieasafunuiiawes uazasiaaoy
suniagUaelagly Image-guided radiotherapy
(IGRT) #l4%sdlusziu Mesavoltage (MV) 3
kilovoltage (kV) Lﬁanwaauﬁ’lLmﬂqﬁjﬂwiu
usiar U™ 7 lagazafran e diendanis
FavinUssuidisufunménsdeiiduniniilinaun
mssnwiildannnissiaeanisine dieliumd
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JeUU AlignRT (VisionRT, Ltd, London, UK)
«Uu non ionizing IGRT dwsutielunisdnvingiae
Fipdossznausiynndesiamn 3 yandes ineg
UULNATUTBIR1859E UShalaneauwingUleuasyin
31 60 Barnlunnedenazandniuay 1 gandes
WiazYANADIUTENBUAIY stereovision camera,
texture camera, &g flash ?ﬁun, LASALASTANg
Fume Fdllunsaisnmituindiaosuesgieg®
53UU AlignRT & software fieonuuuanldluns
a¥1anmdrassiuinvesfuastumlnifivuia
AsoUAguLTRTiaINNG1 1 M919mms (>11.2)
wazvwmdnaniniuveuwalunivesiuiiaes

(< 0.04 1.2)> ilUilSauiieuiunne1ededslaun



’{l'lﬂ%/’e]muaﬂ’]w surface contour 371021 planning
CT (CT_S) wiaainiildainszuu AlignRT Tu
nsaesedndiusn (ART S) Seazidunngnede’®
AgnldlunisdavingUaeseld awunsauansen
mwmmmm?{aumaﬂmﬁmhQ’ﬂwiﬁuwmaamm
(real-time) laidudunsnosegUasiieaanld
non-ionizing IGRT WagilA1uazldengIaunsan
Arrueaandeulssnitseduliadwns (submil-
limeter) Fsanansanusiulaiimmuraandeud
IF9nsEUUAMENTAnsI9SULUURABALIA LS
mnugnAesuazdimudeiofiannsavunlim
ﬁhﬂ’nuﬂamﬂﬁ'auﬁqriauuawmsmﬂ%’ﬁé'ﬂwﬁ
n’ﬁﬁﬂw’m%u’qﬁﬁifmqﬂﬁzmﬁLﬁamﬂﬁ&Jﬁﬁﬁﬁwa
RoUseanEamnnsviauwesszuy AlignRT a.du
sEuunIMU3a (IGRT) wilandsilddmsunien
mmﬂmmLﬂﬁawaarﬁﬂwﬁauma%ﬁﬁ

JaauazIsnIs
miﬁmsnﬂ%gqﬁl,ﬁu%a;ﬂammmﬂamm?iauﬁ'
KAAIAINNIIATIITUAUNUIVDUTIABY (phan-
tom) WSsuLiguAUNINE19DlasEUU AlignRT
(v5.0) fiindsogiuinioassoynia e Varian
ju TrueBeam (Varian Medical System, Palo Alto,
CA, USA)® dauanslunindl 1 vadounisvineu
20452UU AlignRT Tnenageusiadonie q fildan
NMsFANAINNAEinNafan1T19UTDY AlignRT A
AUAINTOBS (room light), MuIRlnUERY (skin
tone protocol), youwaiiaula (region of interest),
nsMLLTBABY (couch angle), szpzandilday
(time) Tagvinn1snaasslagld Anderson RANDO
phantom (The phantom Laboratory, Greenwich,
NY, USA) wag Surface Phantom of AlignRT 18u

unnaadlaeil rando phantom ludnniw CT
fivessnaninissnwn 14 120 kVp, 0.5 @a. slice
thickness @30 W CT W98 UUINBHUNITING
Eclipse (Varian Medical System, Palo Alto, CA,
USA e ntuadte body dieldifunménsds CT s
wazdnsuvsveiuiaadluyng n1snaasslviog
Tugniivindaydnal (marken) Huudesthefiinis
douliigu (calibrate) suvisvadeslvignaiadue
wielvisiulaimudiassazeguuidiosluiumafa
nﬂﬂ%ﬂmaﬁ%mﬂﬂm couch rotation wag gantry
rotation 9Effl 0 BaMUALYARAYES laser VUL IADS
agjmdﬁuﬁ%mmﬁﬁw marker 1397n%491809015
Snwmnianusuie AP Lateral vieaossu risummia
HIusumiednads luvaed surface phantom of
AlignRT liifmednniw CT ualdnis mark Ainilsuy
Wi rando phantom ilesannidu phan-
tom vsuarlussidunnsde ¥iin ART S wiihy
Fauandlunni 2

AsEnwIUadeNLBNTNaneUsEENTAINNISYINaIU
V99580 AlignRT WU uite Aereludl

1. Gantry angle effect
ie@nwianuaunsolunisairaninatuda
f\i’waaaﬁuﬂwaq@ﬂ’mmaﬁwu AlignRT aelanns
MUBIFLAZRS (gantry) fleafiyuiiustsyuves
naes lngdnrinfudnass (rando phantom) UuLAes
aedadliadondudUoe Tszuu AlienRT adenm
fuinjusnaesuas IndATAa AR UTB LIS
yudnaedlagiuTeuiiivuiuning19ds CT_S uag
ART S ﬁwmifimﬂ'mmma’mLﬂ?iau‘vgm 10 29A19U
ATUTBUNSVLUT 360 D3F84 gantry
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(M) (V)

Al 2 vusraesiildlunisne (n) Random phantom way
() surface phantom of AlignRT
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2. Room light effect

\iefinvinavesuasaineianisadiesninsiaes
fiuRnvesfilnevosszuy AlignRT vhnsfnwilag
A3V RIUIIaRIN TS lng g
ANANTARUURTIITURADALEAT TUANIZUD AT
finsnnluaudvainannmudenlvvasnsdaliny
Fruruaianliluiesarssed lagld light meter
(Unfors RaySafe, Sweden) JauasniunisUnalnain
aiannluainatios feil Type 1=131.4 lux, Type
2=125.3 lux, Type 3=123.0 lux, Type 4 = 5.60 lux,
Type 5 = 4.78 lux

3. Skin tone protocol effect

58UV AlignRT @519nnlagnislandesdunin
wasdususafiagiouaindifioe edesfunis
adedynnadeyalufirediidiody svuudsd
FLd0NUSUANTNUDILEY infrared Laedinuin
fair, mid way dark ‘lﬁmmzﬁuﬁwaaﬁﬂw?jq
Juogiugeeidavesld Tnsnmanufifsnaesiomily
vesftheaziinadsuntaslumuanuituveauas
infrared ¥NN13@nN®INAYDY skin tone protocol
1ngl4 rando phantom Wwag surface phantom Fal
afnfuansnafududiuasdumnuadu Tneld skin
tone protocol MEUMIARNANAIIAA LAY
vowusaowaeie

4. Region of interest effect

3¥UU AlignRT THA1AnuUAsuslasueInIn
aufifinsaduuvunasanaisaesiuialuuiiom
yaftaulaiIouifisudunindrsdananaduen
ANAAAADUAUMNYR U AN TN et
yuraLaziurtsvesgaiaula (RON Fafinasie
Aanuaaaadeudld Sssndufesinuduysi
selagdnvimjuitassuuiesinrauaaaedeu

Tagszuu AlignRT anntudsunlamwouwaiiauls
Ju 6 wuu fie ROl 1A 10x10 ¥3.2 AGUUSLIN
f\mmmmwjmﬁam (small at center), ROI vuU1H
40x40 Yu2 ﬂqmu%nmﬁ’aﬁgwmaﬂL”iu?ﬁwzﬁum
ﬁuﬁ‘haaq (total body), ROI vu1m 50x50 3.2 Ag
v;ﬂaiaumawjuﬁﬁaaﬂmaJVL;JLﬁuﬁ;mslm;wﬁn (no ROI),
ROI vu1M 20x30 %31.2 AgUUIINYIBNYUTIRLY
(default ROI), ROI U1 20x40 «4.2 ﬂqmﬂy’déf’;
Autguaeiudnaes (half left) uag ROl yunA 20x40
Y1.2 ﬂquﬁy’dﬁaﬁmmwmﬁmﬁam (half right)
Fauanslunnd 3

5. Couch angle effect
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6. Time effect
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1. Gantry angle effect
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2. Room light effect
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Intensity (Lux) Vert. Long. Lat. Vert. Long. Lat.
(mm) (mm) (mm) (mm) (mm) (mm)
131.4 0.0 0.0 0.0 0.0 0.0 0.0
125.3 0.0 0.0 0.0 0.0 0.0 0.0
123.0 0.0 0.0 0.0 0.0 0.0 0.0
5.60 0.8 0.6 0.5 0.4 0.3 0.4
4.78 0.9 0.6 0.7 0.5 0.5 0.4

3. Skin tone protocol effect
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A15197 2 ANANIUARIALATOUYDINLMUYLTIABY rando phantom NilARIULAWAZphantom of AlignRT

ffafmuaing asaduldlaeszuu AlignRT lun1sidenld Skin tone protocol #hae vasszuy Tagld ART S
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Rando phantom (black surface)

Phantom of AlignRT (white surface)

Protocol ART_S CT_S ART_S

Skin

; Vert. Lonsg. Lat. Vert. Long. Lat. Vert. Lonsg. Lat.

one

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Fair -0.2 -0.4 -0.8 -0.2 -0.5 -0.5 -0.1 -0.3 -0.6
Medium -0.4 -0.6 0.4 -0.5 -0.3 0.2 -0.1 -0.5 0.7
Dark -0.3 -0.2 0.2 -0.3 -0.3 0.3 -0.1 -0.6 -0.9

4. Region of interest effect
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5. Couch angle effect
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M1979% 3 AIAIUARIALAROUVBIILILYUTIAB T3] ROl YA A53a3ulAlaeszuu AlignRT lagld ART S

uaz CT_S 1Wunmeneds

ART_S CT_S

Types of ROl Vert. Long. Lat. Vert. Long. Lat.
(mm) (mm) (mm) (mm) (mm) (mm)

Small at center -0.3 -0.5 0.7 -0.5 -0.3 1.2
Cover all phantom 0.1 0.0 0.0 0.0 -0.1 -0.2
No ROI 0.0 0.0 0.0 -0.1 -0.1 -0.1
Default -0.3 -0.1 0.1 -0.3 -0.2 0.1
Half left 0.0 -0.1 0.0 0.1 -0.3 0.2
Half right 0.0 0.1 0.0 -0.1 0.3 0.2

Couch angle ART_S

Couch Angle CT_S

%0 30 10 10 0 L] 0 %0

Couch angle (Degree)

e Vertical el Longtudingl  eegeLateral

(™

®)
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6.Time effect
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M19199 4 ANAIUARIALARDUVDIFILMUIYUTIAB rando phantom AT1aTulAlaeseuy AlignRT mussEEiIa

1n9 30 Wit Wunavisnun 330 Wil Tagld ART S Bunmensds

ART_S
Time
(min.) Vert. Long. Lat.
(mm) (mm) (mm)

30 -0.1 0 0.2
60 -0.1 -0.4 0.1
90 -0.2 -0.4 0.2
120 -0.1 -0.5 0.1
150 -0.2 -0.2 0
180 -0.1 -0.2 0.1
210 -0.2 -0.2 0.2
240 -0.1 -0.2 0.1
270 -0.2 -0.4 0.2
300 -0.1 -0.4 0.2
330 -0.1 -0.5 0.2
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