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Background: The technique of simultaneous integrated boost volumetric modulated arc
therapy (SIB-VMAT) has been widely used in locally advanced non-small cell lung cancer;
however, its dosimetric advantages are seldom reported. This study aimed to quantify
dosimetric advantages of SIB-VMAT.

Methods: Forty patients with stage III non-small cell lung cancer in our hospital were
retrospectively included. SIB-VMAT and conventional VMAT (C-VMAT) plans were gen-
erated for every patient using the automatic treatment planning system. A reduced dose was
delivered to PTV in SIB-VAMT plans compared to C-VMAT plans (50.4Gy vs 60Gy). The
prescribed dose was 50.4 Gy in 28 fractions to PTV and 59.92 Gy in 28 fractions to PGTV in
SIB-VMAT plans, while 60 Gy in 30 fractions to PTV in C-VMAT plans. Dose-volume
metrics of PTV, total lung, heart, esophagus and spinal cord were recorded. The quality score
was used to evaluate organs at risk (OAR) protection for two type prescription plans.
Results: Conformal coverage of the targets (PGTV/PTV) by 95% of the prescription dose was
well achieved in radiation plans. SIB-VMAT plans achieved significantly higher quality score
than C-VMAT plans (Mean: 68.15+13.32 vs 49.15+13.35, P<0.001). More plans scored above
sixty in SIB-VMAT group compared to C-VMAT group (72.5% vs 20%, P<0.001). Notable
reductions in mean dose, V3o, V4 and Vs, of total lung were observed in SIB-VMAT plans
compared to C-VMAT plans, with median decreased proportions of 6.5%, 8.7%, 19.6% and
32.1%, respectively. Statistically significant decrease in heart V3 and V44 was also achieved in
SIB-VMAT plans, with median decreased proportions of 26.1% and 38.8%. SIB-VMAT plans
achieved significant reductions in the maximum doses to both esophagus and spinal cord. Patients
with CTV/(GTV+GTVnd) >8.6 showed more notable decrease in total lung V5o (median, 33.6%
vs 28.8%, P=0.001) in SIB-VMAT plans compared to those with the ratio being less than 8.6.
Conclusion: SIB-VMAT technique could lead to a substantial sparing of normal organs,
including lung, heart, esophagus and cord, mainly through reducing high and inter-median
dose exposure. Patients with CTV/(GTV+GTVnd) >8.6 might benefit more from SIB-VMAT.
Keywords: lung cancer, simultaneous integrated boost, radiotherapy, automatic planning,
organ at risks

Background

Definitive radiotherapy combined with chemotherapy remains the standard regimen for
inoperable locally advanced non-small cell lung cancer (LA-NSCLC)," with median
overall survival (OS) ranging from 20 to 30 months.”* However, in clinical practice,
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certain patients with a large tumor, extensive lymph node
metastasis or poor pulmonary function often failed to tolerate
definitive radiotherapy because of high risk of treatment-
related toxicities. Pneumonitis induced by radiation (RP)
remained the most important dose-limiting toxicity, which
might result in treatment interruption or lead to inferior
survival outcomes. Continuous efforts have been made to
develop an effective alternative treatment regimen for
patients who are not candidates for radical radiotherapy, but
the results are not satisfying. Nawrocki et al’ evaluated
concurrent chemotherapy and palliative radiotherapy
(30Gy/10f) in stage III NSCLC patients who were not eligi-
ble for surgery or definitive radiotherapy, and the median OS
was only 12.9 months.” In the Phase III trial conducted by the
Norwegian Lung Cancer Study Group, a palliative regimen
of 42Gy in 15 fractions was applied in stage III NSCLC
patients with large tumors, poor performance status or weight
loss. Despite that the survival and quality-of-life benefits
were observed compared to chemotherapy alone, the survival
outcome remained poor, with a median OS of 12.6 months.°

In recent years, increasing interest in reducing radiation
treatment volumes has emerged, with the purpose of redu-
cing toxicity while maintaining local control. In the era of
intensity-modulated radiotherapy (IMRT) and volumetric
modulated arc therapy (VMAT), simultaneous integrated
boost (SIB) strategy was chosen and applied in the treat-
ment of LA-NSCLC. According to our knowledge, SIB
technique was applied in two ways in lung cancer radio-
therapy. Firstly, it could be used for dose-escalation, by
conferring a radical dose (60Gy) to PTV while a higher
dose (>66Gy) to PGTV. Despite the negative result of
RTOG 0617 trial, much interest remained in dose-
escalation for LA-NSCLC.* A retrospective analysis of
33,566 patients with stage III NSCLC revealed that
patients with a dose of >66Gy had better OS than those
with dose of 59.4-60Gy (median: 21.1 vs 18.8 months,
P<0.001).” SIB-IMRT seemed to be an effective tool for
dose-escalation, in which the increased dose was only
delivered to GTV/PGTV. Secondly, SIB technique could
be used for dose-reduction, by reducing PTV dose (45—
54Gy) while maintaining a radical dose (60Gy) to PGTV.
The second strategy resulted in improved normal-tissue
sparing and treatment tolerance, which expanded the
applicable people for radical radiotherapy. Liu et al®
found that a prescribed dose of 54Gy to the elective
nodal regions among small cell lung cancer patients
could result in reduced radiation-induced toxicities without
compromising local-regional control and overall survival.®

Our previous study indicated that reducing the dose to
clinical target volume based on SIB technique (PTV
50.4Gy/28f, PGTV: 59.92Gy/28f) offered LA-NSCLC
patients with large tumor volume the chance to receive
definitive radiotherapy.’ Other studies also confirmed that
reducing CTV dose with SIB technique was effective and
well tolerated for patients with LA-NSCLC.'"!" However,
no study has clarified the dosimetric advantages of SIB-
based dose-reduction regimen for NSCLC.

With the method of deep machine learning, automatic
treatment planning has been applied in the generation of
radiation plans. The mdaccAutoPlan system was developed
based on our clinical protocol, with authorization from devel-
oper Zhang’s team,'? and the technique improved the con-
sistency and quality of plans and reduced treatment planning
time. It has been proved that the VMAT plans with high
quality can be automatically generated for most stage I11I/IV
NSCLC patients treated with curative radiotherapy.'*'*

In this study, we implemented an automatic planning
method to generate VMAT plans and aimed to quantify the
dose-sparing  benefits of SIB-VMAT compared to
C-VMAT plans.

Materials and Methods

Patients

Forty patients with stage III NSCLC in our hospital between
2014 and 2016 were retrospectively included. The major
inclusion criteria were histologically/cytologically confirmed
NSCLC, older than 18 at the time of diagnosis, stage III
disease (American Joint Committee on Cancer, 7th edition),
receiving thoracic radiotherapy and having complete image
material of simulated CT. The patient characteristics are sum-
marized in Table 1. A total of 21 (52.5%) tumors were located
in the left lung and 19 (47.5%) in the right lung. Overall, 8
(20%) patients had stage IIIA and 32 (80%) had stage IIIB.
Every patient was retrospectively optimized using automated
VMAT planning methods. This study was approved by the
Ethics Committee of Cancer Hospital, Chinese Academy of
Medical Sciences (Approval No. 19-048/1833).

Immobilization and Simulation

The patients were immobilized in the supine position with
a thermoplastic custom-made mask (including head-neck-
shoulder mask and chest mask). The computed tomographic
(CT) scan at 5-mm intervals with contrast enhancement for
each patient was obtained using a CT simulator. Four-
dimensional CT (4DCT) was used to handle respiratory
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Table | The Characteristics of Patients

volumes and organs at risk (OARs). The gross tumor

Characteristics n(%) volume (GTV) involved the primary lesions and positive
lymph nodes, which were defined as those with a short-
Median age (years) 62 .. .
axis diameter of at least 1 cm on CT images or less than
Gender 1 c¢cm but having high fluorodeoxyglucose (FDG) uptake
Male 33 (82‘05%) on positron emission tomography (PET)-CT images. The
Female 7{73%) clinical target volume (CTV) was generated by expanding
Smoking GTV by 0.6-0.8 cm, covering the involved hilum and
No 10 (25%) mediastinal nodal stations. The planning target volume
Tes 30 73%) (PTV) was created by a uniform expansion of 0.5 cm
Tumor location surrounding the CTV. The planning gross tumor volume
Lefc 21 (52.5%) (PGTV) was generated by expanding GTV by 0.5 cm. The
Right 19 (47.5%) lungs, heart, esophagus and cord were contoured as the
Pathology dose constraint OARs.
scc 22 (55%)
/:les ;6(;:2%) Prescribed Dose and Dose Constraints
The prescribed dose was 50.4Gy in 28 fractions to PTV
TNM stage ) and 59.92Gy in 28 fractions to PGTV in SIB-VMAT plans,
:::’; gz(z(g(fe)/o) with 60Gy in 30 fractions to PTV in C-VMAT plans. The
dose should be prescribed to cover >95% of the PTV/
T stage PGTV volume. The maximum dose should be less than
IL ;6(2(53;2) 110% of the prescribed dose. The dose constraints of
. 8 (20%) OARs were referred to the values summarized in Table 2.
T4 5 (12.5%)
N stage Automatic Treatment Planning
NI | (2.5%) Both SIB-VMAT and C-VMAT plans were designed with
N2 11 (27.5%) 160-leaf MLC VersaHD LINAC (Elekta, AB, Stockholm,
N3 28 (70%) Sweden). Each plan was designed with the same optimiza-
Total lung volume (cc) 2845 (1753-4958) tion parameter by the mdaccAutoPlan system and evalu-
GTV volume (cc) 14.3 (1.9-247.6) ated quantitatively for each patient. Plans could be
GTVnd volume (cc) 10.4 (0.9-64.8) generated by one button click in the mdaccAutoPlan
CTV volume (cc) 232 (109-674)
PTV volume (cc) 368 (200-8%8) Table 2 Descriptions of Each Plan Quality Metric (PQM)
PGTV volume (cc) 96 (20-583)
CTV/(GTV+GTVnd) 8.6 (2.2-34.8) Plan Quality Metric Objective(s) Score
Abbreviations: SCC, squamous cell carcinoma; ADE, adenocarcinoma; NOS, not Component
otherwise specified. [ROI] Metric Endpoint Min | Max
[Optimal]
movements. The scanned regions extended from the laryn- [Total lung] V[5Gy] (%) <75 [<40] 0 0
geal prominence to the bottom of the L2 vertebral body. [Total lung] V[20Gy] (%) <40 [<15] 0 0
These CT images were transferred to Pinnacle 9.10 system [Total lung] V[30Gy] (%) <25 [£10] 0 10
(Version 9.10, Philips Radiation Oncology System, [Total lung] Mean dose (Gy) <20 [£10] 0 10
Fitchburg, W1, USA) for planning. [Heart] V[30Gy] (%) <45 [=10] 0 10
[Heart] V[40Gy] (%) <30 [<5] 0 10
Esophagus] Dmax (G <70 [s50 0 10
Target Volume and Organs at Risk EEsthaqu V[SOG;] (YO)A) <65 Es(,o} o |10
Delineation [Spinal cord] Dmax (Gy) <40 [<30] 0 10
The Radiotherapy and Oncology Group (RTOG) guide- | [Spinal cord PRV] Dmax (Gy) | <45 [<35] 0 10
. . . Total [10 Metrics] 0 100
lines served as a reference for the delineation of target
Cancer Management and Research 2020:12 submit your manuscript 9645
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system which was a plug-in to the Pinnacle’ TPS. The
mdaccAutoPlan system was developed based on our clin-
ical protocol, with authorization from developer Zhang’s
team.'? The quality of radiation plans mainly depended on
the experience and skill level of radiation physicists, thus
the manual plans made by different physicists might be of
variable quality.'> The use of automated planning
decreased inter-operator variability and guaranteed high
quality VMAT treatment plans in our study. VMAT plans
were calculated using 6MV photons, with a maximum
variable dose rate of 600 MU/min. Double-arcs with
coplanar arcs of 360° shared the same iso-center, using
opposite rotation (clockwise and counter-clockwise). The
collimator was always rotated to 10° and 350°, respec-
tively, in two arcs, to avoid a tongue and groove effect.
The gantry angle spacing was 4°. The calculation voxel
size was isotropic and 4 mm.

Plan Comparison

Dose coverage of the PGTV/PTV by plans was evaluated
using the endpoint of V, (volume receiving at least the
prescribed dose). The following dosimetric parameters
were recorded to evaluate tissue-sparing: total lung;
mean dose (MLD) and volume minus GTV receiving 5Gy
(Vs), 10Gy (Vio), 20Gy (Va0), 30Gy (V3o), 40Gy (Vi)
and 50Gy (Vsg), esophagus; maximum dose (D,,.x), mean
dose and volume receiving 40G (V49) and 50Gy (Vso),
heart; maximum dose, mean dose and volume receiving
5Gy (Vs), 30Gy (V3p) and 40Gy (V4), spinal cord; max-
imum dose, spinal cord PRV; maximum dose.

Plan quality was evaluated by plan scores which was
introduced by the ESTRO QUASIMODO group.'® The
QUASIMODO
Modulated beams in Radiation Oncology) network con-

(Quality  Assurance of Intensity-
sisted of 15 radiotherapy institutions from nine European
countries. The organization introduced the plan scores to
quantitatively compare different radiation plans against the
same dose objectives. This scoring system has been
proved to be accurate and objective for plan comparison
in an inter-institutional study conducted by Nelms et al.'”
As there were more predefined structures in this analysis
than that in the one by Bohsung et al,'® the dosimetric data
was extracted from the collected data sets and compared to
the corresponding dose objectives listed in Table 2. Plan
scores were composed of the Plan Quality Metric (PQM)
components. The Plan Quality Algorithm (PQA) was
employed here as an objective method to quantify
a plan’s quality, particularly in terms of meeting clear

and specific treatment-plan goals. PQM removed any
ambiguity from the plan objectives and provided a fair
comparison of plan results.'”"'® There were 10 components
of the PQM for the cases, with a full score of 100. Each
plan got a score based on a unique PQA, of which the
PQM value function was used to calculate a point value.
Descriptions of each PQM are shown in Table 2. V,,gy (%)
was the percentage of the organ volume receiving >n Gy.'®
Dinax and Dypean Were the maximum and average absorbed
doses delivered to each OAR, respectively.'” Taking Vs as
an example, the score would be zero with V5s>75%, and
ten with Vs5<40%. If V5 was equal to 60%, the score was
calculated as follows: Score = (75%-60%)/(75%-40%)*10
= 4.2857. We should note that the optimal objectives of
each PQM component were stricter than the metric used in
clinical routine in order to distinguish the quality of plans.

Statistical Analysis

Statistical analysis was performed using the software of
SPSS (Version 22.0, IBM Corporation, Armonk, NY,
USA). Dosimetric parameters are presented as median
value with range. Plan quality scores are presented as
mean + standard deviation. Continuous variables were
compared using the Mann—Whitney U-test. Comparisons
of categorical variables were performed using Chi-square
or Fisher’s test. All tests were two-sided, and P<0.05 was
considered statistically significant.

Results

Dose Coverage of PGTV and PTV

Conformal coverage of the targets (PGTV/PTV) by 95% of
the prescription dose was well achieved in radiation plans.
For SIB-VMAT plans, the median V,, (volume receiving at
least 59.92Gy) of PGTV was 95.06% (94.8-95.5%), and the
median V,, (volume receiving at least 50.4Gy) of PTV was
98.87% (95-99.92%). For C-VMAT plans, the median V,,
(volume receiving at least 60Gy) of PTV was 95.03% (94.-
86-95.4%). Figure 1 showed the typical isodose distribu-
tions of the PTV/PGTV and the OARs from one patient.
Both SIB-VMAT and C-VMAT plans achieved good con-
formity to the prescription isodose line of the PGTV/PTV.
A visibly reduced volume of normal tissue exposed to the
60Gy dose was observed in the SIB-VMAT plan.

Plan Quality Score
The quality scores of SIB-VMAT plans were significantly
higher than that of C-VMAT plans (Mean: 68.15+13.32 vs
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Figure | The comparison of isodose lines distribution about the PTV/PGTV and the OAR in the C-VMAT plan (A) and the SIB-VMAT plan (B) from one patient. The
isodose lines are presented by various colors: 6000cGy (red), 5400cGy (pink), 5000cGy (orange), 4000cGy (green), 3000cGy (olive), 2000cGy (tomato) and 1000cGy
(lavender).

49.15+13.35, P<0.001). It demonstrated that the SIB strat- C-VMAT plans (0%). More plans scored above 60 in the

egy had better OAR sparing. The scores above 80 were SIB-VMAT group compared to the C-VMAT group
obtained in 22.5% of SIB-VMAT plans, but in none of the  (72.5% vs 20%, P<0.001).

Table 3 Comparison of Dosimetric Metrics Between SIB-VMAT and C-VMAT Plans

SIB-VMAT C- VMAT Decreased Proportions(%) P-value
Lung
MLD (Gy) 13.8(10.6-18.1) 14.7(11.32-19.44) 6.5(3.7-14.5) 0.045*
Vs (%) 54.65(40.5-70.86) 57.77(42.45-74.37) / 0.366
Vio (%) 40.16(29.3-51.24) 40.1(29.82-52) / 0.965
Va0 (%) 27.18(19.9-36.4) 27.47(19.53-35.38) / 0.95
V30 (%) 17.08(10.21-27) 19.2(12.4-26.2) 8.7(0.2-24.6) 0.037*
Va0 (%) 8.83(4.39-19.2) 11.35(6.08-20.09) 19.6(1.6-31) 0.002*
Vso (%) 4.79(1.88-13.53) 7.16(3-16.5) 32.1(17.9-45.5) <0.001*
Esophagus
Dmax (Gy) 62.82(51.73-65.28) 66.84(61.06-70.63) 7.2(1.6-19.9) <0.001*
MLD (Gy) 24.97(11.86—40.79) 28.08(13.81-47.04) / 0.119
Va0 (%) 37.34(4.79-68.86) 39.19(11.9-69.33) / 0.613
Vso (%) 26.39(0.18-67.15) 32.4(3.21-67.5) / 0.346
Heart
Dmax (Gy) 61.47(7.02-65.1) 66.21(8.18-70) 8.6(2.2-20) <0.001*
MLD (Gy) 11.13(1.26-23.79) 12.31(1.3-27.04) / 0.225
Vs (%) 47.6(3.84-96.73) 49.27(3.04-99.11) / 0.658
V30 (%) 10.34(0-35.96) 15.4(0—44.1) 26.1(0-53.7) 0.049*
Va0 (%) 4.36(0-21.99) 6.93(0-24.69) 38.8(0-67.2) 0.005*
Spinal cord
Dmax (Gy) 32.55(30.1-39) 38.77(36.03—42.28) 15.7(0-21.3) <0.001*
Spinal cord PRV
Dmax (Gy) 37.74(32.79-43.97) 44.78(38.48-58.38) 14.7(5.7-24.7) <0.001*
Note: *P<0.05 was considered significant.
Abbreviations: MLD, mean lung dose; Dmax, maximum dose; PRV, planning organ at risk volume.
Cancer Management and Research 2020:12 submit your manuscript 9647
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Pulmonary Dose

The median total lung volume was 2845 cc (1753—-4958
cc). As illustrated in Table 3, several dosimetric objec-
tives in lung have exclusively reduced as following: 1)
The total lung V3o decreased from 19.2% (12.4-26.2%)
in C-VMAT plans to 17.08% (10.21-25.4%) in SIB-
VMAT plans (P=0.037), with median decreased propor-
tion of 8.7% (0.2-24.6%); 2) The MLD was 14.7Gy
(11.32-19.44Gy) in C-VMAT plans compared to
13.8Gy (10.6-18.1Gy) in SIB-VMAT (P=0.045), with
median decreased proportion of 6.5% (3.7-14.5%); 3)
The significant reduction in the total lung Vg
(P=0.002) was also achieved in the SIB-VMAT group,
with median decreased proportion of 19.6% (1.6—
31%); 4) In lung Vs, SIB-VMAT plans got a sharp
reduction compared to C-VMAT plans (median, 4.79%
vs 7.16%, P<0.001), and the median decreased propor-
tion was 32.1% (17.9-45.5%). Other dosimetric para-
meters, such as lung Vs (P=0.366), Vo (P=0.965) and
Vs (P=0.95) were comparable between the SIB-VMAT
and C-VMAT plans.

Heart Dose

Compared to the C-VMAT plans, statistically significant
reductions in heart V3o, (median, 10.34% vs 15.4%,
P=0.049) and V4o (median, 4.36% vs 6.93%, P=0.005)
were observed in SIB-VMAT plans, with decreased pro-
portions of 26.1% (0-53.7%) and 38.8% (0-67.2%). The
maximum doses of heart were 66.21Gy (8.18-70Gy) and
61.47Gy (7.02-65.1Gy) for C-VMAT and SIB-VMAT
plans, respectively (P<0.001). Box-plots of dosimetric
metrics for SIB-VMAT vs C-VMAT plans were shown in
Figure 2. SIB-VMAT plans achieved lower heart Dmax,
V30 and V4o than C-VMAT plans.

Esophagus Dose

A large decrease in the maximum dose of esophagus was
observed in SIB-VMAT plans, from 66.84Gy (61.06—
70.63Gy) to 62.82Gy (51.73-65.28Gy) (P<0.001). The med-
ian decreased proportion was 7.2% (1.6—-19.9%). SIB-VMAT
plans achieved a slight decrease in esophagus mean dose
compared to C-VMAT plans, but without statistical signifi-
cance (median, 24.97Gy vs 28.08Gy, P=0.119).

Spinal Cord Dose
The SIB-VMAT plans achieved significant reductions in
maximum doses of spinal cord (median, 32.55Gy vs

38.77Gy, P<0.001) and cord PRV (median, 37.74Gy vs
44.78Gy, P<0.001) compared to C-VMAT plans. All plans
got acceptable maximum doses to spinal cord using the
SIB-VMAT approach, which ranged from 30.1 to 39Gy.

Predictors of Dose Reductions

The correlations between volume parameters and dose
reductions of OAR in SIB-VAMT plans were analyzed.
Based on the ratio of CTV to (GTV+GTVnd), 40 patients
were divided into two groups: patients with CTV/(GTV
+GTVnd) being less than 8.6 (the median value) were
classified as group A, otherwise they were classified as
group B [CTV/(GTV+GTV)>8.6]. Patients in group
B showed more notable reduction in total lung V5o (med-
ian, 33.6% vs 28.8%, P=0.001) in SIB-VMAT plans than
those in group A. Besides, a greater decrease was also
observed in total lung V4o (median, 21.9% vs 17.8%,
P=0.157) and esophagus mean dose (median, 11.5% vs
8.2%, P=0.072), despite neither of them being statistically
significant. Detailed information is available in Table 4.
Neither PTV nor PGTV volume was found to be predic-
tive of the dose reductions of OARs in SIB-VAMT plans.

Discussion

This is a unique study focusing on the dosimetric advan-
tages of SIB-VMAT in LA-NSCLC. Moreover, the inter-
operator variability was reduced in the plan comparison by
using the automated planning approach.

In this study, a SIB-based dose-reduction regimen was
applied, with a prescribed dose of 50.4Gy in 28 fractions
to PTV and 59.92Gy in 28 fractions to PGTV. The dose
regimen has been confirmed to be effective and increases
the number of applicable people for definitive radiotherapy
in our previous study.”*° Patients with large PTV or poor
lung function benefit a lot from the SIB-based dose-
reduction regimen. We conducted this treatment planning
study to further quantify the dosimetric advantage of this
dose regimen. In the trial of RTOG 0617, the prescribed
dose delivered to gross tumor volume (GTV) and clinical
target volume (CTV) were the same in the control group,
with a total dose of 60Gy in 30 fractions.* Similarly, this
dose regimen has been widely used in our hospital and
confirmed to be safe and effective.?' Therefore, we applied
this dose regimen in C-VMAT plans in this study. The
automated planning method was used to exclude the influ-
ence caused by subjective factors. This approach could be
straightforwardto implement in future clinical practice,
saving human labor and guaranteeing the consistency and
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Figure 2 Box-plots of dosimetric metrics for SIB-VMAT vs C-VMAT plans. (A) total lung mean dose, (B) total lung V3, (C) total lung V4, (D) total lung Vs, (E) heart
maximum dose, (F) heart V34, (G) heart V4o, (H) esophagus maximum dose, and (l) spinal cord PRV maximum dose.

quality of VMAT plans. The results showed that SIB-
VMAT plans yielded full protection for normal structures
compared to C-VMAT plans, with significant reductions in
the doses to total lung, heart, esophagus, and spinal cord.
SIB-VMAT plans obtained higher quality scores than
C-VMAT plans, indicating a superior normal-tissue spar-
ing for SIB-VMAT approach.

Radiation-induced pneumonitis (RP) was the most
common dose-limiting complication of LA-NSCLC trea-
ted by thoracic radiotherapy. Numerous studies indicated
that dosimetric parameters, such as mean lung dose
(MLD), Vs, Vi, Vao, V30, Va0, V50, were associated
with the occurrence of RP.*>*° All metrics above were
evaluated in our study. According to the study conducted
by Sheng et al,>® total lung Vs, Vs, V3o and mean dose
were all correlated with grade >2 RP, furthermore, lung

V3o was the independent risk factor.”> Patients with high
lung V3o (exceeding 14.2%) suffered 2.92-fold increased
risk of RP compared to those with low V3o (no more than
14.2%). Another two studies also considered lung V3 as
an independent predictor for the occurrence of sympto-
matic RP.**? In our study, the SIB-VMAT plans achieved
a sharp reduction in lung V3o, with median decreased
proportion of 8.7%, which would benefit a lot in the
reduction of lung toxicities. Xia et al’’ compared the SIB-
IMRT with C-IMRT plans, and found that the SIB-IMRT
plans got lower mean dose, Vs and V,q of total 1ung.27
According to the study conducted by Xhaferllari et al,?®
VMAT was dosimetrically advantageous in treating early-
stage NSCLC with SABR compared to fixed-beam IMRT,
and provided significantly shorter treatment times.?*
Moreover, they pointed out that no significant difference
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Table 4 The Correlation Between CTV/(GTV+GTVnd) and Dose Reductions of OARs in SIB-

VAMT Plans
Variables Decreased Proportions (%) P-value
Group A [CTVI/(GTV Group B [CTVI/(GTV
+GTVnd)<8.6] +GTVnd) > 8.6]
Lung
MLD 6.3(4.3-14.5) 7.5(4-13.1) 0.211
Vs 3.2(-0.7-7.6) 4.3(-2.2-10) 0.242
Vio 0(—4.3-9.8) |.4(—4.1-4.9) 0.327
Vao —0.4(-7.1-21.3) —0.2(-7.7-5.6) 0.841
V3o 8.8(0.2-23.8) 8.8(0.5-24.6) 0.82
Vo 17.8(1.6-29.8) 21.9(10.4-31) 0.157
Vso 28.8(17.9-38) 33.6(28-45.5) 0.001*
Esophagus
Dmax 8.2(1.6-19.9) 7.2(1.8-17.5) 0.583
MLD 8.2(0.8-15.4) 11.5(3.9-18.5) 0.072
Vo 2.5(—4.0-62) 1.8(0-17.3) 0.82
Vso 12.2(-2.9-94.4) 7.9(0.5-51.4) 0.265
Heart
Dmax 6.8(2.3-19) 9.9(2.2-20) 0.478
MLD 12(-1.6-22.1) 11.3(3.6-18.3) 0.862
Vs 2.3(-8.9-7.6) 1.9(=2.7-14) 0.779
V3o 25.4(0-53.7) 26.1(6.1-41.3) 0.588
Vo 37.8(-0.2-67.2) 39.3(22.1-64.8) 0.336
Spinal cord
Dmax 15.9(0-19.1) 15.6(11.9-21.3) 0.659
Spinal cord PRV
Dmax 14.4(5.7-24.7) 14.8(7.9-21.4) 0.883

Note: *P<0.05 was considered significant.

was observed in the two VMAT techniques (SmartArc
(SA) and RapidArc (RA)). No studies have looked into
the SIB and conventional prescription VMAT plans. Since
it was widely known that VMAT was superior to IMRT in
dosimetric aspects,” our study focused on these two type
of prescriptions in the VMAT plans. SIB-VMAT plans
achieved significant reductions in mean dose, V3, V49 and
V5 of total lung compared to C-VMAT plans, but lung V;
(P=0.366), V1o (P=0.965) and V,q (P=0.95) were compar-
able between the two groups. The advantages of
SIB-VMAT mainly rested on the reduction of high and
inter-median dose exposure in the pulmonary, but not on
the decrease of low dose exposure.

The cardiac doses have been proved to correlate with
the outcomes of LA-NSCLC, including both radiation-
induced toxicities and overall survival. According to
a systematic review conducted by Zhang et al,* the

heart dose-volume parameters of Vs and Vj, were

independent predictors for both cardiac events and overall
survival among NSCLC patients.”’ Similarly, Wang et al*
found that heart V3, was significantly correlated with
cardiac toxicity, including pericardial, ischemic and
arrhythmic events.*® The secondary analysis of RTOG
0617 trial also indicated that heart V4 was significantly
LA-NSCLC (HR 1.012,
P<0.001).>" Our study observed obvious dosimetric
advantages in heart V3y and V4 in SIB-VMAT plans
compared to C-VMAT plans, with decreased proportions
of 26.1% and 38.8%. It suggested that SIB-VMAT plan

displayed better performance in heart protection, espe-

associated with OS for

cially in terms of the reduction of heart volumes exposed
to high and inter-median radiation doses.

Esophagus toxicity was also a common complication
when radiotherapy was delivered to the thorax. Numerous
studies have correlated esophagus toxicity with dose-

volumetric data for lung cancer patients treated with
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radiotherapy, including the maximum dose, mean dose and
the volume of esophagus receiving 20-70Gy.*> However,
the best predictors remained unclear. According to the
model made by the Quantitative Analysis of Normal
Tissue Effects in the Clinic (QUANTEC) group, the inci-
dence rate of acute esophagitis was supposed to surpass
30% when Vs, exceeded 40%.*® Other studies also
reported that the maximum dose above 58 or 60Gy was
significantly associated with the increased risk of grade
3-5 esophagus injury.*** The SIB-VMAT plans achieved
significant reductions in maximum dose of esophagus,
which is of great benefit in the prevention of severe
esophagitis.

In order to identify patients who could benefit more
from SIB-VMAT, we analyzed the correlations between
dose reductions of OAR and volume parameters, includ-
ing PTV, PGTV and CTV/(GTV+GTVnd). Only the vari-
able, CTV/(GTV+GTVnd), was found to have predictive
value. Considering that a reduced dose was delivered to
CTV regions in SIB-VMAT plans, rather than GTV/
GTVnd areas, patients with large CTV volume but rela-
tively limited GTV/GTVnd volume might achieve more
significant advantage from the technique of SIB-VMAT.
Our study revealed that patients with CTV/(GTV
+GTVnd)>8.6 achieved greater decrease in lung and
esophagus doses, which provided evidence for this
view. Due to the limited size of sample, only total lung
V5o was observed to be statistically significant. Future
studies with large sample sizes are warranted to confirm
the predictive value of CTV/(GTV+GTVnd).

The technique of automated planning was used in
VMAT plan design in the present study, and conformal
coverage of the PGTV/PTV by the 95% of the prescrip-
tion dose was well achieved. 22.5% of SIB plans scored
above 80 and 72.5% scored above 60. It indicated that
the quality of automatic plans was promising. The
mdaccAutoPlan system used in our study has been
proved to guarantee high quality of VMAT plans by
Prof. Zhang and Prof. Liao from MD Anderson Cancer
Center.'* They evaluated the quality of VMAT and IMRT
plans generated by the mdaccAutoPlan system for
patients with stage III lung cancer. Independent blind
reviews by five experienced radiation oncologists and
dosimetric measures showed that the mdaccAutoPlan
system was capable of generating high-quality VMAT
and IMRT plans for stage III lung cancer. In our study,
several plans with very large volume of PTV (>600 cc)
OAR constraints, manual

exceeded the therefore

intervention in plan design should be provided for parti-
cular patients with large target volume. After manual
adjustment by experienced radiation physicists, the SIB-
VAMT plans with large PTV volume could achieve
acceptable OAR doses. For example, by sacrificing the
conformity or homogeneity of targets, the doses to OAR
could be decreased. At this point, an automated plan may
serve as a benchmark for planners (dosimetrists or med-
ical physicists) and radiation oncologists when clinical
decisions are made. At present, one research study is
being carried out to further optimize the autoplan system,
in order to satisfy more functions and demands. It should
be emphasized that the manual adjustment was not
involved in our treatment planning study, to ensure the
objective comparison of plan quality. The manual adjust-
ment may bring the bias in this plan comparison when
planners put more efforts on one plan.

There are several limitations in the present study.
Firstly, as a study conducted in a single center with small
sample size, the results may be affected by potential con-
founding factors. Secondly, treatment-related toxicities of
patients receiving the proposed SIB-VMAT strategy were
not reported in this study. Therefore, further studies are
still needed to present the reduced toxicity of SIB-VMAT
technique in clinic practice.

Conclusions

In summary, we demonstrated that the SIB technique
could lead to substantial sparing of OAR, including lung,
heart, esophagus and spinal cord, mainly through reducing
high and inter-median dose exposure. The technique of
automated planning method was firstly implemented in
the VMAT plan design and comparison for LA-NSCLC.
Patients with CTV/(GTV+GTVnd) >8.6 might benefit
more from SIB-VMAT. Future studies are warranted to
explore whether the dosimetric advantages can be trans-
lated into improved toxicity outcomes.

Abbreviations

SIB, simultaneous integrated boost; VMAT, volumetric-
modulated arc therapy; IMRT, intensity-modulated radia-
tion therapy; NSCLC, non-small cell lung cancer; GTV,
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computed tomography; PTV, planning target volume;
PGTYV, planning gross tumor volume; OS, overall survival;
PFS, progression-free survival; OAR, organs at risk;
MLD, mean lung dose; Dmax; the maximum dose; PRV,
planning organ at risk volume.
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