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Optimal tumor coverage with different beam
energies by IMRT, VMAT and TOMO

Effects on patients with proximal gastric cancer
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Abstract N\
To compare the effects of different photon energies on radiation planning by intensity-modulated radiotherapy (IMRT), volumetric- |
modulated arc therapy (VMAT) and helical tomotherapy (TOMO) for proximal gastric cancer (PGC). Network analysis with microarray
procession and gene ontology were used to identify the effect of radiotherapy (RT) on PGC. Then, we retrospectively analyzed 8 PGC
patients after receiving irradiation with a prescribed dose of 50.4 Gy. The Pinnacle treatment planning system (TPS, V9.8) was used to
generate IMRT and VMAT plans by using 6 or 10 MV. TOMO plans were calculated on the Tomotherapy Planning Station Hi-Art
Version 4.2.3 workstation (Tomotherapy Incorporated, Madison, WI, USA). PGC is associated with high DNA repair ability. TOMO
plan results in higher tumor coverage and a better conformity index than IMRT and VMAT. 10-MV VMAT yields better dosimetric
quality of the gradient index than 6-MV VMAT (P=.012). TOMO was associated with a lower irradiation dose in the mean dose to the
right kidney (P =.049), left kidney and heart than 6-MV IMRT and 6-MV VMAT. 6-MV IMRT plan presented a higher dose of lung Dimean
(P=.017) than 10-MV IMRT. Additionally, VMAT, using a planning energy of 6 MV, was associated with a significantly higher left
kidney Diean (P=.018) and V44 (P=.036) than a planning energy of 10 MV. TOMO is a better RT plan not only for tumor coverage but
also for sparing organs at risk. IMRT and VMAT plans with 10 MV beams are more suitable than 6 MV beams for PGC treatment.

Abbreviations: 3DCRT = 3-dimensional conformal RT, CCRT = concurrent chemoradiotherapy, Cl = conformity index, CTV =
clinical target volume, DVHs = dose-volume histograms, ECOG = Eastern Cooperative Oncology Group, FN1 = fibronectins, GE =
gastroesophageal, GERD = gastroesophageal reflux disease, Gl = gradient index, HI = homogeneity index, IMRT = intensity-
modulated radiotherapy, MUs = machine monitor units, OAR = organs at risk, PGC = proximal gastric cancer, PTV = planning target
volume, RT = radiotherapy, TOMO = tomotherapy, VMAT = volumetric-modulated arc therapy.

Keywords: beam energy, helical tomotherapy, intensity-modulated radiotherapy, proximal gastric cancer, volumetric-modulated
arc therapy

1. Introduction Gastric cancer is rampant worldwide, especially in Asia, and this

disease is often found in advanced stages. According to a

Gastric cancer is the fourth most common type of malignancy
worldwide.'?! Complete surgical resection continues to be
considered the most effective treatment for stomach cancer.!!

statistical analysis based on the AJCC stage of stomach cancer,
unfortunately, less than 40% of patients with locally advanced
stomach cancer, including regional lymph node metastasis, will
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survive for more than 5 years. However, radiotherapy (RT) and
chemotherapy have recently attracted attention as treatments for
patients with advanced gastric cancers. In other words, progress
in malignant therapies, including chemotherapy and modern RT,
provides more therapeutic options for gastric malignancies.
Multimodality therapies, such as adjuvant concurrent chemo-
radiotherapy (CCRT), benefit patients with intermediate stages
of stomach malignancy by reducing the risk of locoregional
recurrence and distant metastases after an operation.*! A
landmark randomized phase III trial, Intergroup 0116 (INT-
0116), was performed to compare observation and adjuvant
CCRT following RO resection of gastric cancers or gastroesoph-
ageal (GE) junction adenocarcinoma.’® The subsequent INT-
0116 trial, which incorporated the 10-year results, revealed a
strong, persistent benefit from postoperative CCRT for curatively
resectable GE junction cancer and stomach malignancy,
especially stage T3 (invasive) primary tumors or positive
lymphadenopathies. In addition, a significant anatomic shift of
stomach malignancy was noted in recent years,'®! which showed
that the incidence of noncardia tumors, including those located in
the fundus, body and pyloric antrum, decreased, while the
incidence of cardia tumors, such as proximal gastric cancer
(PGC), increased.

Contemporary RT techniques have been developed over
several decades, but the application of modern radiated
techniques, such as adjuvant therapy for PGC, has not yet been
clarified. Regarding concerns over the surrounding normal
tissues, including the heart, lung and bilateral kidneys, a
comparison of sparing organs at risk (OARs) by advanced
planning systems with regard to different locations of gastric
cancer must be performed. RT-based techniques, such as 3-
dimensional conformal RT (3DCRT), intensity-modulated
radiotherapy (IMRT), volumetric-modulated arc therapy
(VMAT), and helical tomotherapy (TOMO), have generally
been used to treat PGC. The dosimetric performance of these
techniques has also been compared.””'!! Double-arc VMAT
exhibits higher tumor coverage than IMRT and single-arc
VMAT,”! While TOMO provides higher dose conformity and
homogeneity. The OARs of TOMO plans have been spared at
higher doses in the bone marrow, liver, and left kidney than those
of 3DCRT and VMAT plans.”®! However, to our knowledge, the
photon energy of TOMO is usually different from that of VMAT
or IMRT when used to treat stomach cancers. Furthermore, most
studies on stomach cancer regarding RT comparisons have
focused on problems associated with RT techniques. However,
few studies have addressed the effect of photon beam energy on
dose distribution. Many studies have evaluated the effects of
dosimetric results on RT planning using different photon beam
energies for cancers of the lung, pancreas, and prostate gland.['>~
176 our knowledge, this is the first study to investigate the effect
of photon energy on dose distribution in RT plans for PGCs.

An interesting key point is that, in general, the photon beam
used in RT planning for lung cancer treatment is 6 MV, but for
gastric cancer, it is 10 MV. The TOMO plan used only the
photon energy of 6 MV, and there is no other choice of photon
energy because of the limitation of the RT machine. As stated in a
previous study,*”! the lower beam energy (6 MV) is preferred
over high beam energies (10-15 MV) in the RT planning of
pulmonary tumors and adjacent normal lung tissue due to the
significant loss of lateral-radiated dose equilibrium for higher
energy photon beams in the air space. Any gains in RT dose
uniformity across steep density gradients for higher energy beams
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should be measured carefully against lateral beam degradation
because of penumbra widening. A reduced scattering dose yielded
by the high-energy photon beam as well as almost homogeneous
dose distribution at visceral tissue is found. Therefore, RT
planning in gastric cancer would use higher beam energy.
However, it is unclear how to choose the photon energy for a
tumor between the lung and viscera. Our study is also the first to
compare the effect of photon energy in contemporary RT
techniques for PGC.

We designed the following study. First, we used a large
database and collected human genome array data to explain why
the prognosis of PGC is different from that of noncardia gastric
cancer. Then, we selected patients with PGC in whom the tumors
were located in the cardia portion of the stomach. The PGC
radiation fields were located near the interface between the lungs
and solid tissue. This means that the target is surrounded by
heterogeneous tissues. Dose distribution is highly dependent on
the photon beam energy used; therefore, the effect of photon
energy should be evaluated. The aims of the present study were to
evaluate the effect of photon beam energies (6 and 10 MV) on the
dosimetric performance of IMRT and VMAT plans for PGC on
the planning target volume (PTV) and OARs. Dose-volume
histograms (DVHs) were generated, and metrics, such as the
homogeneity index (HI), conformity index (CI), gradient index
(GI), and machine monitor units (MUs), were analyzed to
compare the RT plans.

2. Materials and methods

2.1. Microarray processing, network analysis and gene
ontology

We collected Affymetrix Human Genome U133A Array data
from the Gene Expression Omnibus (GEO) database (accession
number GSE29272). As in the cardia group, we normalized 48
samples, including twelve cardia gastric cancers (TYC0001T to
TYCO0012T), noncardia gastric cancers (TYBOOOIT to
TYB0012T), and their adjacent normal tissues (TYBOOO1IN to
TYBO012N; TYCO0001N to TYCO012N, respectively). Based on
the difference between cancer and normal tissues, we performed
heatmap and clustering analyses using ORANGE (https://orange.
biolab.si) and Prism (https://www.graphpad.com). We selected
significant genes (P value <.0625, —log(P value) >4) from the
volcano plot and applied them to STRING software (https://
string-db.org) for network analysis and gene ontology.

2.2. Patient selection and simulation

The collection process of patient data followed the tenets of the
Declaration of Helsinki. Our retrospective study was approved
by the Institutional Review Committee at Shuang Ho Hospital,
Taipei Medical University. Patients previously treated at our
facility for PGC were included in our study. The therapeutic RT
program was approved by the multidisciplinary gastric tumor
board of Shuang Ho Hospital. The inclusion criteria were as
follows: (1) Cardia tumors were diagnosed by panendoscopy; (2)
The age range was 20 to 80 years; (3) The tumor was removed
through an operation and proven to be gastric cancer by
pathology; and (4) The Eastern Cooperative Oncology Group
(ECOG) performance score was 0, 1 or 2. Tumors were staged
according to the 7th edition of the AJCC using 2010 criteria.
Eleven patients with gastric cancer were reviewed, but 3 patients
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were excluded due to inadequate planning contours. Finally, 8
male PGC patients were included in our study. All patients were
at stage T3-4 and exhibited lymph node involvement after radical
total gastrectomy. Patients were immobilized using a vacuum bag
in the supine position with both arms raised above their heads.
Oral contrast medium was used for small bowel enhanced
computed tomography (CT). CT imaging was performed using a
16-slice Brilliance Big Bore CT (Philips Medical Systems,
Cleveland, OH, USA) with free breathing at a slice thickness
of Smm, and the datasets were transferred to the treatment
planning system.

2.3. Therapeutic target and OAR delineation

The radiation oncologist delineated the therapeutic target and
surrounding critical organs according to the Radiation Therapy
Oncology Group reports 50 and 62. The clinical target volume
(CTV) included surgical clips postoperative imaging to define the
operative tumor bed with remaining stomach and the involved
lymph drainage region including perigastric, celiac, perioesopha-
geal lymphatic region.”?"! The PTV was defined as a uniform 5-mm
extension of the CTV to account for daily setup error and organ
motion. The OARs consisted of the liver, bilateral kidneys, spinal
cord, heart, lungs, and small bowel. The small bowel was delineated
for 5 CT slices extending superior and inferior beyond the PTV
borders. Except for the small bowel, the OARs were contoured as
the entire volume, overlapping coverage with the PTV. Normal
tissue was defined as the entire body excluding the PTV.

2.4. Dose prescription and constraints

The prescription dose to the PTV was 50.4 Gy, delivered in 28
fractions. All the plans were optimized with the objective of
covering at least 97% of the PTV using 97% of the prescription
dose, and the volume receiving >115% of the prescription dose
was avoided. The dose constraints (V,,=volume (%) receiving x
dose (Gy) or higher) for the OARs were set as follows: mean dose
(Dmean) <25 Gy for the liver; V50 <33% and D,pean < 18 Gy for
both kidneys; V30 <40% and D ean <26 Gy for the heart; Vo<
30% and Dpmean <20 Gy for both lungs; Vis<195cm?® for the
small bowel; and maximum dose (D) <45 Gy for the spinal
cord. According to the clinical procedure of planning optimiza-
tion, a tighter dose constraint to the OARs was set during
planning if a relatively low dose to the OARs was achievable.

2.5. Treatment planning

For 8 PGC patients who had no initial prospective IMRT, VMAT
or TOMO plan, all RT plans were reprogrammed retrospectively
to be able to compare optimal IMRT, VMAT and TOMO
dosimeters. The treatment plans were generated using IMRT and
VMAT techniques with different beam energies, including 6 or 10
MYV, using the Pinnacle treatment planning system (Philips,
Version 9.8.0, Fitchburg, WI, USA). The IMRT plans consisted of
6 coplanar beams at gantry angles of 300°, 340°,20°, 60°,100°, and
140°, and they were optimized using the direct machine parameter
optimization (DMPO) algorithm with a step-and-shoot multileaf
collimator delivery method. For the IMRT plans, a maximum
segment number of 70, a minimum segment area of 4cm?, and a
minimum segment of 3 MUs were used during optimization.
The VMAT plans consisted of double arcs with a gantry
rotation of 181°-180°-181° and were optimized using the
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SmartArc planning algorithm. For the VMAT plans, the
collimator angle was set to 10° to minimize the tongue-and-
groove effect. A maximum delivery time of 200s/arc and a final
gantry spacing of 4° were used during optimization. Leaf motion
was constrained to 0.33 cm/°. The maximum leaf velocity, gantry
velocity, and variable dose rate were 2cm/s, 6°/s and 600 MUs/
min, respectively. All calculations were performed using adaptive
convolution with 0.3-cm calculation grid spacing.

The parameters used for the TOMO planning system (Hi-Art
Tomotherapy 4.1.2) were a pitch of 0.287, a modulation factor of
3.5 and a field width of 2.5cm and were generated by using a
TOMO system. OARs and CT planning targets were contoured
in Pinnacle version 9.8 and transmitted to the TOMO system.

For each patient, 2 plans with 6 and 10 MV photon beams
were created for both the IMRT and VMAT techniques, and a
plan with 6 MV photon beams was created for the TOMO
technique. These plans are referred to as 6-MV IMRT, 10-MV
IMRT, 6-MV VMAT, 10-MV VMAT and 6-MV TOMO. All
plans were clinically acceptable and followed Quantitative
Analyses of Normal Tissue Effects in the Clinic (QUANTEC)
guidelines. The objective of the plan was that 97% of the
prescription dose cover at least 97% of the PTV with the lowest
possible doses to OARs.

2.6. Plan evaluation

DVHs and dosimetric parameters were calculated and compared
for the IMRT, VMAT and TOMO techniques. For PTV analysis,
the minimum, mean, and maximum dose (Din, Dmean, and
Dinaxs, respectively) were calculated: the mean maximum dose
irradiated into 2% of the PTV, and the mean minimum doses
irradiated into 50% and 98% of the PTV (D,, Dsg, and Dog); the
volume receiving 97% and 107% of the prescription dose was
defined as Vo7 and Vg7, respectively. Quality parameters of the
RT plan, including the HI, CI, GI, and MUs, were compared.
The HI was calculated as:

HI=[(D5 - Do3)/Dso].

Here, a low HI value indicates homogeneous dose distribu-
tions.!%%221

The CI was calculated as:
CI=VT,ef/ VT X VT, e/ Vet

Here, VT, is the volume of the PTV covered by the reference
isodose line, VT is the PTV, and V. s the volume covered by the
reference isodose line. The CI varies between 0 and 1, and a value
close to 1 indicates high dose conformity to the PTV.[5:%22]

The GI was calculated as:

Gl= V50/V1 00-

Here, V5o is the volume covered by at least 50% of the
prescription dose. A low GI indicates fast dose fall-off in the
normal tissue and satisfactory organ spalring.[23 !

For OAR analysis, dosimetric parameters, including D ean,
Dinax, and the relative volumes covered by the dose levels of
interest, were investigated.

2.7. Statistical analysis

We retrospectively collected data from 8 patients included in this
analysis. The results from all groups with different beam energies
and different RT planning techniques, including 6-MV IMRT,
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Figure 1. We applied microarray data to perform heatmap analysis and to explore significant genes and pathways. We collected data from Wang et al.?*! Cardia
(n=12) and non-cardia (n=12) gastric cancer tissues were normalized to its adjacent normal tissues. We emphasized radio-resistance ability and tumor properties

for observing the relationship between location and radioresistance.

10-MV IMRT, 6-MV VMAT, 10-MV VMAT and 6-MV
TOMO, are presented as the mean +standard deviation. Data
were analyzed by using the Statistical Package for Social Sciences
(SPSS) 20 (IBM SPSS Inc., Armonk, NY, USA). Statistically
significant differences were identified by a P value <.05. Based on
the 2-tailed Wilcoxon signed-rank test, the same beam energy
with different planning groups was compared (i.e., 6-MV IMRT
with 6-MV VMAT, 6-MV IMRT with 6-MV TOMO, 6-MV
VMAT with 6-MV TOMO, and 10-MV IMRT with 10-MV
VMAT). On the other hand, different photon energies in the same
RT techniques were analyzed by Wilcoxon’s signed-rank test.

3. Results
3.1. PGC is associated with high DNA repair ability

In general, the outcomes of gastric cancer patients are not
satisfactory. Moreover, several studies have reported that cardia-
type gastric cancer, PGC, is associated with worse outcomes than
common gastric cancer, suggesting that PGC has the different
tumor biology. To fully address these observations, we aimed to
provide biological evidence to explain differences in clinical
outcomes. We examined 24 patient samples from the GEO
database: 12 cardia and 12 noncardia gastric cancer tissues and
adjacent normal tissues.** These 24 samples were normalized
with the Robust Multi-array Average algorithm and corrected
with each adjacent normal tissue. The processed data obtained
from the cardia and noncardia samples were clustered and are
shown in a heatmap (Fig. 1). We identified 6 dominant
phenotypes: “radiotherapy responsive upregulation”, “response
to radiation therapy”, “response to ionizing radiation”, “UV
response upregulation”, “DNA repair”, and “epithelial-mesen-
chymal transition”. Some dominant phenotypes, including
“radiotherapy responsive upregulation”, “response to radiation
therapy”, “response to ionizing radiation”, and “UV response
upregulation”, were reduced in cardia gastric cancer, suggesting

that PGC may be insensitive to radiation. We also found that
cardia gastric cancer has high DNA repair ability. We selected
candidate radioresistance genes for clustering analysis. We
filtered cardia-abundant genes from the candidate genes for
the volcano plot analysis. Significant genes (P<.0625) were
selected and applied to network analysis (Fig. 2). We used the
STRING database (https://string-db.org/) to obtain functional
gene association networks. Network analysis revealed that the
core components were fibronectins (FN1), and PCNA (Fig. 3).

cardia/non-cardia gastric cancer
10

2 .

s 6 S &

> '..O i. .

h .‘O J.. .Jr. -
g 4 A"' -: -' .

(] e *

-2 0 2 4
log, Difference
Figure 2. Volcano plot shows the significant genes in the comparison of the

cardia and non-cardia gastric cancers. Genes with significance more than 4 (P
value <.0625) were applied into network analysis.
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Figure 3. Network analysis showing the core component of the radio-resistance genes.

FN1 and PCNA were a series of proteins with correlating specific
target DNA binding to identify DNA damage and genomic
repair. Taken together, microarray data from clinical samples
provide transcriptional insight into the ability of DNA repair to
accelerate resistance to RT.

3.2. Patient characteristics and plan evaluation

Based on our results, RT planning techniques should be focused
not only on PTV coverage but also on OAR damage. Table 1
presents the PGC patient characteristics and tumor properties.
We analyzed 8 male patients with PGC. The mean patient age
was 63 years (range 55-73 years). These patients had undergone
surgery (6 total gastrectomies and 2 subtotal gastrectomies).
Tumor stage was diagnosed according to the 7th edition of the
AJCC: there was only one stage IIB tumor, whereas the others
were stage III. Risk factors for gastric cancer have been identified
and include smoking, drinking alcohol and gastroesophageal
reflux disease (GERD). One PGC patient had a history of GERD,
but the others had not been diagnosed. Three patients had a
personal history of tobacco usage. One patient drank alcohol in
his daily job. We also aimed to examine a history of pernicious
anemia and previous stomach surgery, but none of the patients
had these risk factors.

Dosimetric quality, including the HI, CI, GI, and MUs, was
also analyzed. The planning qualification of PTV coverage is
shown in Table 2. The TOMO plan had higher coverage than the

IMRT and VMAT plans, with a statistically significant difference
(P=.017). Moreover, the TOMO plan had a better CI than the
IMRT (P=.012) and VMAT (P=.018) plans. This means that
TOMO yields the greatest dose distribution among the RT plans.
Regardless of the photon beam energies used in the IMRT and
VMAT treatment plans, the PTV coverage, CI, HI and D,,,,, were

Patients and tumor characteristics(N =8).

PGC (N=8)

Patient characteristic N (%)
Gender Male 8 (100)

Female 0(0)
Age (yr) >65 4 (50)

<65 4 (50)

Median 63

Range 55-73
ECOG 0n) 6/2 (75/25)
Surgery Total gastrectomy/ 6/2 (75/25)

subtotal gastrectomy

GERD (+/=) 1/7 (12.5/87.5)
Tobacco use (+/-) 3/5 (37.5/62.5)
Alcoholic drinking (+/-) 1/7 (12.5/87.5)
AJCC stage [IB/IIA/IB/INC 1/3/1/3 (12.5/37.5/12.5/37.5)
Concurrent therapy No concurrent Tx./ 1/7 (12.5/87.5)
chemotherapy

GERD = gastroesophageal reflux disease, PGC = proximal gastric cancer, Tx. = treatment.
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Table 2
Dosimetric quality results of IMRT, VMAT and TOMO plans for PTV.

IMRT VMAT TOMO IMRT VMAT 6-MV 10-MV

6-MVvs 6-MVvs IMRTvs TOMOvs TOMO vs IMRT vs
Parameters 6-MV 10-Mv 6-MV 10-MV 6-MV 10-Mv 10-Mv VMAT IMRT VMAT VMAT
Mean +SD P value

Vo7 (%) 97.04+0.04 97.07+0.03 97.04+0.04 97.08+0.04  98.15+0.83 NS NS NS 017 017 NS
Vig7 (%) 11.56+£24.05 9.93+19.21 1.72+2.78 7.49+13.84 0.3+0.43 NS NS NS NS NS NS
Dnax (GY) 54.86+1.77 5466+1.49  5492+125.94 5536+1.37 54.55+0.95 NS NS NS NS NS NS
HI 0.09+0.03 0.10+0.03 0.09+0.09 0.10+0.02 0.08+0.03 NS NS NS NS NS NS
Gl 4.46+0.79 4.34+0.82 4.78+0.90 4.38+0.80 413+0.29 NS 012 NS NS .036 NS
cl 0.82+0.03 0.82+0.03 0.81+0.06 0.82+0.05 0.86+0.02 NS NS NS 012 .018 NS

Cl=conformity index, Dz =maximum dose, Gl = gradient index, Gy =gray, Hl =homogeneity index, IMRT = intensity modulated radiation therapy, NS = nonsignificant (P .05), PTV =planning target volume,
SD =standard deviation, TOMO = helical tomotherapy, VMAT = volumetric modulated radiation therapy, V,=the volume receiving X% of prescription dose.

similar. However, plans with 10-MV VMAT were associated
with a higher GI than those with 6-MV VMAT (P=.012).
Figure 4 presents the DVH of the PTV.

3.3. Dosimetric prevention of OARs

The 6-MV TOMO group had a lower irradiation dose in the
mean dose to the right kidney (P=.049), left kidney, heart and
normal tissue, with a significant difference from 6-MV IMRT and
6-MV VMAT. However, the dose distribution to the lung was
similar in the TOMO, IMRT and VMAT groups. A sample of 1
patient’s isodose curve image of 6-MV TOMO, IMRT and
VMAT plans with 6 and 10-MV is shown in Figure 5. 6-MV

IMRT was associated with a lower radiation dose to the lung Vs
(P=.025) and heart V5, (P=.042) than 6-MV VMAT, but 6-MV
IMRT was associated with a higher radiation dose to the left
kidney V5o (P=.036) than 6-MV VMAT. 10-MV VMAT was
associated with a lower dose to the left kidney Dyean, V1o, V20,
heart Dycans Vio, V20 and normal tissue Dyean, Vs, Vao than 10-
MV IMRT, with significant differences. Figure 4 presents a
sample from 1 case of DVH in the OAR including IMRT, VMAT
and TOMO.

6-MV IMRT had a higher lung D ,can (P=.017) than 10-MV
IMRT, and normal tissue in the 6-MV group received more
irradiation than normal tissue in the 10-MV group. Furthermore,
6-MV VMAT was associated with significantly higher irradiated

—6-MV IMRT 10-MV IMRT ~ ---6-MVVMAT -~ 10-MVVMAT  —6-MV TOMO
PTV Heart Whole lung
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o 1.'. W
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Figure 4. Representative dose volume histogram of the PTV and OARs.
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6-MV IMRT

10-MV IMRT

6-MV VMAT

10-MV VMAT 6-MV TOMO

Figure 5. Representative isodose distributions of IMRT, VMAT and TOMO plans with 6- and 10-MV photons for proximal gastric cancer in axial (above), sagittal

(middle), and coronal (below) planes.

doses to the left kidney D,can (P=.018) and Vo (P=.036) than
10-MV VMAT. We also found that the 10-MV VMAT group
had a lower planning dose in normal tissue than the 6-MV group.
A comparison of the same or different RT plans with 6- or 10-MV
photon energy is presented in Table 3.

4. Discussion

We identify the effect of RT on PGC through network analysis
with microarray procession and gene ontology. The result finds
that several genes of DNA repair is more predominant expression
in PGC than noncardiac gastric cancer. FN1 bind to cell surfaces
and various compounds, including collagen, fibrin, heparin,
DNA, and actin. FN1 are involved in cell adhesion, cell motility,
opsonization, wound healing, and maintenance of cell shape.!**!
Gene ontology annotations related to this gene include sequence-
specific DNA binding. PCNA helps increase the processivity of
leading strand synthesis during DNA replication.!**! In response
to DNA damage, this protein is ubiquitinated and is involved in
the RAD6-dependent DNA repair pathway.?”! PCNA is related
to protein binding, damaged DNA binding, and direct p53
effectors. High DNA repair ability was found in PGC. From the
previous study, radioresistance defined that hyperactivation of
DNA damage response including more DNA repair response
after irradiation.”®! Therefore, PGC might be more radio-
resistant than noncardiac gastric cancer. Comparing different
beam energies by IMRT, VMAT and TOMO could provide

insights into the development of optimal radiation skill and that
might be able to overcome radioresistance.

The TOMO technique can optimize the RT plan not only for
PTV coverage but also for OAR sparing, including the bilateral
kidneys, heart and normal tissue. However, due to the limitation
of the TOMO technique, the photon energy used in TOMO is
fixed at 6 MV. Thus, after comparing IMRT with VMAT with
different photon beams, it seems that IMRT and VMAT plans
with 10 MV beams are more suitable than those with 6 MV
beams for PGC treatment. The effect of photon energy used for
VMAT and IMRT on the PTV, OARs, and normal tissue is
significant. The 10-MV VMAT plans exhibited significantly
lower GI values than the 6-MV VMAT plans; thus, the 10-MV
VMAT plans exhibited a faster dose fall-off in the surrounding
tissue than the 6-MV VMAT plans. For the left kidney, the 10-
MV VMAT plans resulted in a significantly lower dose than the 6-
MV VMAT plans; however, the difference in photon energies did
not affect the doses to the left kidney in the IMRT plans. The
mean dose to the left kidney in this study was almost the same as
that reported by both Li and Wang, but the mean dose to the right
kidney was lower in this study than has been previously
reported.”'% The VMAT plans provided significantly lower Vs
to the left kidney than did the IMRT plans. For the heart, the 10-
MV VMAT plans provided a significantly lower dose than the 10-
MV IMRT plans. The values of V4 and Vs for the heart in this
study were lower than those reported by Wang for the IMRT and
VMAT plans."°!
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The comparison of IMRT and VMAT plans with 6- and 10-MV photon beams and 6-MV TOMO for OARs.
IMRT VMAT TOMO IMRT VMAT 6-MV 10-Mv
6-MVvs 6-MVvs IMRTvs TOMOvs TOMOvs IMRT vs
Parameters 6-MV 10-MV 6-MV 10-MV 6-MV 10-MV 10-MV VMAT IMRT VMAT VMAT
Mean +SD P value
Right kidney
Dinean (Gy)  8.08+4.10 8.01+4.19 8.44+4.16 7.72+3.93 6.52+2.68 NS NS NS .049 .049 NS
V1o (%) 25.64+19.28 2539+18.22 24841721 22.35+1454 22.43+11.99 NS NS NS NS NS NS
Voo (%) 11.38+10.40 11.69+10.42 11.60+9.68 10.67+9.62 4.71+£5.31 NS NS NS NS NS NS
Left kidney
Dyean (Gy) 14.88+258  14.85+251  1451+195  14.05+2.02 11.24+275 NS 018 NS 012 012 025
Vio (%) 54.75+13.30 55.47+1358 5268+11.60 49.72+11.21 38.12+14.32 NS .036 NS 012 012 012
Voo (%) 2524+6.80 24.99+6.45 21.74+507 22.25+554 13.99+7.04 NS NS .036 012 012 .036
Liver
Dean (GY) 1767291  1757+280 18.01+222 17.74+235 16.25+2.64 NS NS NS 017 012 NS
V30 (%) 19.70+£6.91  19.49+6.80 20.61+578 2049+6.08 11.83+5.64 NS NS NS 012 012 NS
Heart
Diean (Gy)  17.30+£6.95  17.37+6.98 16.68+6.27 16.62+6.68 14.03+5.37 NS NS NS 017 012 017
Vio (%) 62.84+23.87 63.60+24.79 60.44+22.42 60.03+23.62 52.92+25.23 NS NS NS 025 .05 017
Voo (%) 38.66+18.23 39.09+18.35 35.06+14.53 35.32+16.10 24.47+14.10 NS NS NS 017 017 .025
V30 (%) 18.08+10.33 17.99+10.23 16.89+7.86 16.74+8.92 9.92+5.68 NS NS NS 012 012 NS
Vao (%) 6.40+4.03 6.39+4.07 6.52+3.99 6.77 +4.57 3.65+2.69 NS NS NS 028 012 NS
Vso (%) 0.67+0.70 0.73+0.77 1.00+£1.28 1.27+£1.62 0.32+0.40 NS NS 042 .043 018 NS
Lung
Diean (Gy)  6.42£3.27 6.27+3.27 6.48£3.11 6.34+3.26 6.23+3.01 017 NS NS NS NS NS
Vs (%) 3418+16.32 33.97+16.37 36.33+15.80 35.38+15.46 35.18+17.02 NS NS 025 NS NS NS
Vio (%) 21931111 21.87+11.39 22.87+10.70 22.35+11.40 22.67+12.77 NS NS NS NS NS NS
Voo (%) 9.80+5.99 9.45+6.27 8.95+5.51 8.91+6.45 7.44+597 NS NS NS NS NS NS
V30 (%) 3.97+3.38 3.89+3.44 3.79+3.34 3.98 +3.81 3.21+2.93 NS NS NS NS NS NS
Normal tissue
Dyean (Gy)  1533+£1.39  1510+1.38  15.74+159  1540+1.66  13.33+2.01 .025 .036 .025 12 12 025
Vio (%) 52.8+3.51 52.4+3.48 5431+441 5327+527 45.68+8.71 .030 NS NS .049 .036 NS
Vg (%) 31.74+363 3050+3.76 31.26+532 30.04+4.74 2490+5.09 017 012 NS 012 012 NS
Vos (%) 21.99+423  21.26+4.38 23.04+4.72 2222+4.33 18.46+4.21 017 NS .036 017 017 017
Vao (%) 6.42+2.41 6.41+2.45 7.05+£2.59 717+2.46 7.29+2.49 NS NS .036 NS NS .036

Dmax=mean dose, IMRT =intensity modulated radiation therapy, NS =nonsignificant (P> .05), OARs =organs at risk, SD=standard deviation, TOMO = helical tomotherapy, VMAT =volumetric modulated

radiation therapy, V,=the volume receiving 2x Gy.

A previous study revealed that exposure of the heart to ionizing
radiation during RT for breast cancer increases the subsequent
rate of ischemic heart disease, and the increase in rate is
proportional to the mean dose to the heart (increased the rate of
major coronary events by 7.4% per Gy, without an apparent
threshold).!*”! Doses to the heart were relatively less frequent in
studies on RT for PGC, but studies have recommended paying
attention to these doses to reduce the risk of heart disease,
particularly for patients with PGC. For the lungs, the mean lung
dose was <7 Gy in all plans. The 10-MV IMRT plans exhibited a
significantly lower mean dose than the 6-MV IMRT plans, but
the 6-MV VMAT plans exhibited a slightly higher V5 than the 6-
MV IMRT plans. The risk of radiation-induced secondary lung
cancer was affected mainly by the RT technique in the study of
Corradini et al.B% Although the difference between the VMAT
and IMRT groups was small in this study, the lung dose should be
considered during RT for PGC. For normal tissue, the 6-MV
plans exhibited significantly higher doses than the 10-MV plans
for both IMRT and VMAT, and the VMAT plans exhibited
significantly higher doses than the IMRT plans at both 6 MV and
10 MV. These results are in agreement with the results of Pasler
et al.'" Although the doses to the normal tissue differed
significantly between the 6 and 10-MV plans, distinguishing their
representative lines in the DVH was difficult because the

difference was small. The mean dose to the liver in this study
was lower than that reported in some studies.!”>'"!

Madani demonstrated that the central location of the target
may require the use of low photon energy for IMRT in patients
with lung cancer. However, Weiss indicated that high photon
energies should not be rejected if a dose-calculation algorithm can
be used to properly correct the heterogeneity.''®! Precise
optimization algorithms are necessary for resolving high-energy
beams in the thorax region when the lung tissue lies in the
PTV.''3I The use of photon beams with high energy for a deep
tumor can provide uniform dose distribution and a low skin dose,
but the target coverage may decrease because of a lack of
electronic equilibrium.!"?! The beam penumbra and irradiated
volume increase with an increase in the lateral scatter in low-
density tissue."?! An acceptable compromise should be achieved
between the penetration ability and lateral extension for the
selection of suitable beam energies.'!

Another issue is that radiation can induce secondary malignan-
cy, and the probability is related to the volumes that received a low
radiation dose.!'”! High-energy photons exhibit a smaller low-
dose-irradiated volume. Wiezorek and Kry®'* suggested that
neutron contamination contributed a significant portion of the out-
of-field dose equivalent when photon treatment energies were >15
MYV, which may increase the risk of secondary malignancies.
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Regardless of whether the IMRT or VMAT technique was used,
10-MV photon beams showed higher dose degradation in the
surrounding normal tissue than the 6-MV beams and provided
satisfactory organ sparing without sacrificing the target coverage.
The VMAT plans resulted in a lower dose to the left kidney and heart
but contributed more radiation to the normal tissue than the IMRT
plans. In conclusion, TOMO planning optimizes the treatment plan
not only for tumor coverage but also for OAR sparing. On the other
hand, 10 MV photon beam planning of IMRT and VMAT is better
than 6 MV beam planning for PGC treatment.
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