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Volumetric-modulated arc therapy (VMAT) is emerging as a leading technology
in treating early-stage, non-small cell lung cancer (NSCLC) with stereotactic
ablative radiotherapy (SABR). However, two other modalities capable of deliver-
ing intensity-modulated radiation therapy (IMRT) include fixed-beam and helical
TomoTherapy (HT). This study aims to provide an extensive dosimetric compari-
son among these various IMRT techniques for treating early-stage NSCLC with
SABR. Ten early-stage NSCLC patients were retrospectively optimized using
three fixed-beam techniques via nine to eleven beams (high and low modulation
step-and-shoot (SS), and sliding window (SW)), two VMAT techniques via two
partial arcs (SmartArc (SA) and RapidArc (RA)), and three HT techniques via three
different fan beam widths (1 cm, 2.5 cm, and 5 cm) for 80 plans total. Fixed-beam
and VMAT plans were generated using flattening filter-free beams. SS and SA, HT
treatment plans, and SW and RA were optimized using Pinnacle v9.1, Tomoplan
v.3.1.1, and Eclipse (Acuros XB v11.3 algorithm), respectively. Dose-volume
histogram statistics, dose conformality, and treatment delivery efficiency were
analyzed. VMAT treatment plans achieved significantly lower values for contralat-
eral lung VSGy (p £0.05) compared to the HT plans, and significantly lower mean
lung dose (p < 0.006) compared to HT 5 cm treatment plans. In the comparison
between the VMAT techniques, a significant reduction in the total monitor units
(»=0.05) was found in the SA plans, while a significant decrease was observed in
the dose falloff parameter, D, _, (p = 0.05), for the RA treatments. The maximum
cord dose was significantly reduced (p = 0.017) in grouped RA&SA plans com-
pared to SS. Estimated treatment time was significantly higher for HT and fixed-
beam plans compared to RA&SA (p < 0.001). Although, a significant difference
was not observed in the RA vs. SA (p = 0.393). RA&SA outperformed HT in all
parameters measured. Despite an increase in dose to the heart and bronchus, this
study demonstrates that VMAT is dosimetrically advantageous in treating early-
stage NSCLC with SABR compared to fixed-beam, while providing significantly
shorter treatment times.
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. INTRODUCTION

Cancer is the leading cause of death worldwide, with non-small cell lung cancer (NSCLC)
being the most dominant.(! In the treatment of early-stage NSCLC, surgical resection is con-
sidered the standard of care.2) However, some patients are deemed medically inoperable due to
age, decreased pulmonary reserve, cardiac function, or significant comorbidities.® Medically
inoperable patients, as well as patients unwilling to undergo surgery, have the option to be
treated using stereotactic ablative radiotherapy (SABR). SABR is a hypofractionated technique
where a very high ablative dose per treatment is delivered in few fractions, normally 3 to 8.
Therefore, tumor conformality and sparing of normal tissue is increasingly crucial with SABR
in comparison to conventional fractionation. SABR treatments are computed using multiple
beam angles to achieve sharp dose gradients needed to spare healthy tissue. Outcome stud-
ies have shown SABR has an overall survival of 41.2% compared to 66.1% for patients who
undergo lobectomy at five years; meanwhile, local control at three years has improved with
SABR, 87.8%, compared to lobectomy resection, 85%.)

Although non-coplanar, three-dimensional conformal therapy (3D CRT) remains a popular
technique for delivering SABR, intensity-modulated radiation therapy (IMRT) has become
increasingly popular due to the ability to improve dose conformality and reduce toxicities to
normal tissue.® There are various techniques available to compute IMRT: fixed beam (FB),*>)
volumetric-modulated arc therapy (VMAT),© and helical tomotherapy (HT).(” FB involves
holding the gantry fixed in each beam direction as each segment of the beam, formed using a
multileaf collimator (MLC), is delivered. FB can be accomplished by step-and-shoot delivery
(SS) and sliding window (SW). VMAT techniques deliver radiation using gantry rotation up
to 360° around the patient while simultaneously varying gantry speed, leaf motion, and dose
rate.®) Both FB and VMAT can be optimized using direct machine parameter optimization
(DMPO) capable with the Pinnacle? treatment planning system (Philips Medical Systems,
Cleveland, OH) and Acuros XB (AXB) v11.3 dose calculation algorithm capable with the
Eclipse treatment planning system (Varian Medical Systems, Palo Alto, CA). HT delivery is
accomplished by synchronizing couch motion through the bore to the gantry rotation; intensity
modulation is attained by a thin fan beam of various sizes and binary MLC® and, most recently,
with dynamic jaws.(19)

Lung SABR treatment plans consist of small fields with substantial heterogeneity from the
high density tumor and the low density lung. Dose calculation algorithms available in commercial
products vary in accuracy of dose computation.('"'?) The dose calculation algorithm available
with Pinnacle’® and TomoTherapy treatment planning systems is collapsed cone convolution,(!)
and in Eclipse treatment planning system, AXB is employed.(!¥

The goal of this retrospective planning study was to provide an extensive comparison of the
various FB, VMAT, and HT techniques for delivering IMRT-based treatment for early-stage
NSCLC patients with SABR. This study will conclude which technique and vendor provides
the highest dosimetric benefit by comparing indices for the region of interest and organs at risk.

II. MATERIALS AND METHODS

A. Patient selection and contouring
A total of 10 patients with medically inoperable early-stage NSCLC were enrolled in this ret-
rospective planning study. These patients were chosen based on criteria of motion greater than
0.5 cm, and internal target volume (ITV) in the range of 4.4-53.1 cm?, as typically observed
in NSCLC SABR treatment cases. Patient-specific characteristics, including staging, lesion
location, and target volumes, are shown in Table 1.

Four-dimensional computed tomography (4D CT) scans, reconstructed into 10 phases, were
acquired for each patient using Varian’s Real-time Position Management (RPM) system (Varian
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TaBLE 1. General patient demographics.

ITV size PTV size

Patient Stage Tumor location (cm?) (cm?)
1 T1bNOMO RLL Central 17.2 47.3
2 T1aNOMO RLL Peripheral 4.8 22.5
3 T2aNOMO RLL Central 22.6 58.8
4 T2aNOMO RLL Peripheral 35.2 78.0
5 T2aNOMO RLL Central 27.7 69.5

6 T2aNOMO RLL Peripheral 53.1 106.0
7 T1aNOMO RML Peripheral 16.2 42.8

8 T2aNOMO RML Central 48.8 103.8
9 T2bNOMO LLL Central 40.9 92.2
10 T1aNOMO LUL Peripheral 4.4 17.9

RLL = right lower lobe; RML = right middle lobe; LLL = left lower lobe; LUL = left upper lobe.

Medical Systems) in the Philips Brilliance Big Bore CT scanner (Philips Medical Systems). The
gross target volume, (GTV), was contoured on each of the 10 respiratory phases and motion
encompassing internal target volume, (ITV), was created by summing the 10 individual GTVs.
Consecutively, the planning target volume (PTV) was created by adding a 5 mm expansion to
the ITV in the untagged average 4D CT. Target volumes and contours of the critical structures
were imported onto the untagged average 4D CT and employed for treatment planning across
different techniques.

B. Treatment planning

For each patient, eight treatment plans were optimized: three FB, two VMAT, and three HT
plans, for a total of 80 treatment plans. A dose of 54 Gy in 3 fractions was prescribed for each
patient. To ensure target coverage and provide normalization, 95% of the PTV must be covered
by the prescription isodose (RTOG 0618).(%)

FB plans were computed by separate board-certified dosimetrists who specialize in Eclipse
and Pinnacle treatment planning. Prior to FB planning, the dosimetrists were instructed to use
nine to eleven coplanar beams in each of their plans to have the highest quality plan attainable.
For each patient, two SS plans, with a maximum allowed segments of 33 and 100 to represent
low modulation (SS-LM) and high modulation (SS-HM), respectively, were retrospectively
planned in Pinnacle? v9.1 treatment planning system, and the dose was calculated using col-
lapsed cone convolution. The SW plans were generated by a different board-certified dosimetrist
than the SS plans, using Eclipse treatment planning system; therefore, SW was composed of
nine to eleven coplanar beams and did not have the same beam arrangement as SS. All the FB
plans were recomputed using 10X flattening filter-free (FFF) beams to optimize the efficiency
of expected treatment delivery, and SW was recomputed using AXB dose algorithm version
11.3. Once recomputed, each of the plans was validated to ensure they are clinically acceptable,
and if needed, the plans were reoptimized.

SA treatment plans were generated by employing clinically used Pinnacle host script via
Pinnacle® planning system with collapsed cone convolution, and RA treatment plans were
computed with a clinically approved protocol in Eclipse planning system with AXB dose cal-
culation algorithm. Two partial arcs were used depending on the location of the lesion in the
lung to avoid overdosage to the contralateral lung. According to the clinical script, the SA plans
consisted of two 225° beam arcs with the dimensions of 180.1°—45° clockwise and 45°-180°
counterclockwise if the lesion was located in the right lung, or 315°-179.9° clockwise and
180°-315° counterclockwise if the lesion was located in the left lung. Whereas, the RA plans
were computed using two 210° beam arcs with the dimensions of 180.1°-30° clockwise and
30°-180° counterclockwise if the lesion was in the right lung, and 330°-179.9° clockwise and
180°-330° counterclockwise if the lesion was situated in the left lung. Both partial arcs were
generated using 10X FFF beam energy and a maximum 2400 MU/min dose rate.
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All FB and VMAT techniques were prepared utilizing FFF beams to maximize efficiency in
these hypofractionated deliveries. FFF beams allow for safe treatment delivery with dose rates
up 2400 MU/min, significantly reducing treatment time.('%!7) Clinical assessment of utilizing
FFF beams to treat early-stage NSCLC patients with SABR have demonstrated early local
control rates upwards of 89%.(17)

The three HT plans with varying beam fan width of 1 cm, 2.5 cm, and 5 cm (HT 1 cm,
HT 2.5 cm, and HT 5 cm, respectively) were generated by a board certified dosimetrist using
Hi-Art TomoPlan 3.1.1 (Accuracy Inc, Sunnyvale, CA). For the patients in this study, a 0.172
pitch and 1.3 modulation factor were used. All HT plans were designed using a 6X beam with
600 MU/min dose rate and optimized with inverse planning based on least squares optimiza-
tion method. The dose was calculated by employing collapsed cone convolution algorithm.®-1®)

Pinnacle, Eclipse, and HT treatment planning systems have different optimization methods,
as well as varying cost functions. The planning constraints cannot be set the same between the
different planning systems to achieve highest dose computation results within each treatment
planning system. However, all plans computed in this study were clinically acceptable and
satisfied SABR protocol.(1%2%)

C. Plan comparison

The dose distribution from planning in all the different techniques and one set of contours
were transferred to MiM v.5.6.5 (MiM Software Inc., Cleveland, OH) for analysis purposes.
The independent software allows for consistent and unbiased plan evaluation based on dose-
volumetric histogram (DVH) parameters by using the same sampling algorithm. Parameters
that characterize dose conformality, DVH statistics, and treatment delivery efficiency were
obtained and compared. Further analysis to identify main difference amongst fixed beam,
VMAT, and HT was performed by grouping the most clinically appropriate plans SS-LM and
SS-HM plans, RA and SA VMAT plans, and HT 2.5 cm and HT 5 cm plans. SW and HT 1 cm
were not included in the combined group analysis due to their inherit lack of efficiency.(>-?!

C.1 Dose conformality

To evaluate dose falloff from the PTV to normal tissue, the maximum dose, at least 2 cm from
the PTV, D, __, was calculated. For the PTV, the maximum and mean dose have been computed,
and the conformality index was calculated for the 95% (Cl,,,), 80% (Cly,,,), and 50% (Cl,,)
isodose levels according to the RTOG model defined by:

V
RI
CIR1= T_V (D

where V,, represents the volume covered by the reference isodose and 7TV is the volume of the
PTV.?2

C.2 DVH statistics

The maximum point dose (D, ) to nearby critical organs at risk (OAR), such as the esophagus,
spinal cord, heart, trachea, and proximal bronchus was compared amongst all patients. Lung
toxicity parameters analyzed include the absolute volume of normal lung covered by 50% of the
prescription or more (VSO(,/) predictive of fibrosis,?® the mean dose to the normal lung (MLD),

the normal lung receiving 5, 10, 20, 27 Gy or more (V \% V,.6y TESpectively),

sy Y 10Gy Y206y
and contralateral lung receiving at least 5 or 10 Gy (V respectlve{y)

5GyC> VlOGyC’

C.3 Treatment delivery efficiency
The intensity gradients in IMRT planning were acquired using multiple MLC-based control
points. Increased modulation induces increased MLC travel, potentially causing a devaluation
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of the MLC track, requiring more frequent replacement. The total MLC travel was compared
between all fixed beam and VMAT plans. The total monitor units required for each treatment
technique was analyzed to evaluate treatment efficiency. The treatment delivery time was simu-
lated for each beam of the fixed beam and VMAT plans based on the dose rate for each segment.
Plan automation, available with TrueBeam linear accelerators, was assumed. Meanwhile, the
treatment delivery time in HT treatment plans was estimated based on the pitch and monitor
units, available in the DICOM header of the radiation plan dose files.

D. Statistical analysis

All dosimetric parameters compared in this study were summarized by their respective means
and standard deviation (SD). Statistical analysis was performed in IBM SPSS v.20 (IBM SPSS
Statistics for Windows, Armonk, NY) using Shapiro-Wilk normality tests followed by one-way
analysis of variance. The data significantly deviates from a normal distribution if Shapiro-Wilk
test was less than 0.05, and the null hypothesis was rejected. If the distribution was considered
not normal, a nonparametric test, Kruskal-Wallis one-way analysis of variance, was utilized
to find significance, followed by a Wilcoxon-Mann-Whitney test to find between-subject sig-
nificance. Whereas, the data were considered normally distributed if the Shapiro-Wilk test was
greater than 0.05 and the null hypothesis was accepted. For normally distributed parameters,
a one-way analysis of variance (ANOVA) was computed to find significance, followed by a
Tukey’s post hoc test to check for between-subjects significances.

lll. RESULTS

Dose distribution for the eight various IMRT techniques compared in this study are displayed
in Fig. 1 for one patient, and the corresponding DVH of the PTV and normal lung tissue, the
lung tissue minus the ITV, are provided in Fig. 2. In the axial slice for all HT plans (Fig. 1),
the contralateral lung is covered by the 5 Gy or higher isodose volume. As the width of the fan
beam in HT increases to the 5 cm plan, an increase in the low dose spillage is noticed in the
superior—inferior direction shown in the coronal slice. HT planning achieved dose homogene-
ity in the PTV surpassing other techniques, as can be found in the cumulative DVH (Fig. 2);
however, for SABR treatment, dose uniformity and lack of hot spots within the target is not
an essential priority for ablative radiotherapy. Although hypoxic regions are irradiated with all
IMRT techniques, the increased heterogeneity within the PTV is regarded as clinically desirable,
and provides the ability to deliver inherently higher doses to potential hypoxic regions.(>4-2%)

Table 2 summarizes the average and SD of the 10 patients for each of the parameters
described in this study. Parameters for dose conformality, DVH related statistics, and treatment
efficiency amongst different planning modalities are displayed, along with the between- and
within-subject significance. Although every plan met the SABR COMET criteria,!” all HT
techniques showed a significance decrease in the PTV D, and mean dose compared to all
other modalities in this study. This is further supported by the dose homogeneity seen in the
PTV in Fig. 2. On the contrary, there was a significant increase in conformality index, CI
Cly,, observed for the HT 5 cm plan compared to all other modalities, other than HT 2.5 cm
for Cly,; RA&SA plans resulted in the most conformal to the PTV. A significant increase in
contralateral VSGy was observed for all HT plans (p = 0.002) compared to SS and VMAT. A
significant increase in mean lung dose was attained for the HT 5 cm plan (p = 0.002). In both
scenarios, RA&SA achieved the lowest values.

To further emphasize estimated treatment delivery time amongst all techniques, a signifi-
cant increase was observed in all HT and SS plans compared to SA; however, a statistically
significant difference is not found between RA&SA (p = 0.393) (Fig. 3).

In the overall MLC travel comparison, SS-HM required significantly more MLC motion
than all other modalities compared, as shown in Fig. 4. SA resulted in the lowest MLC travel

80%>
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SS-HMFB SWFB SA-VMAT

FiG. 1. Dose distributions of the axial and coronal slice for each of the eight different planning techniques for Patient 4,
from top left to bottom right: SS-LM FB, SS-HM FB, SW FB, SA, RA, HT 1 cm, HT 2.5 cm, and HT 5 cm.

100 ——HT1cm
——HT2.5em
HT 5 cm
= RA-VMAT
— SA-VMAT
SS-HM FB
——SS-LMFB
—SWFB

80

60 [

PTV volume

|- ——=— Lung volume

40 %

Normalized Volume (%)

20F N\
R

0 10 20 30 40 50 60 70 80
Dose (Gy)

FiG. 2. Cumulative DVH for Patient 4 for the PTV (solid lines) and the normal lung tissue (dashed lines) obtained from
the eight techniques used. All plans are normalized such that 95% of the PTV receives 54 Gy or more.

time and, therefore, least amount of potential degradation on the MLC track, compared to all
other techniques, albeit, significance was not detected.

In the two VMAT techniques, RA displayed significantly superior D, , dose falloff parameter,
to SA (p = 0.011), whereas total monitor units significantly increased (p = 0.043). However,
VMAT showed improved overall treatment quality and efficiency compared to all other modali-
ties with SA achieving optimum efficiency.

Further analysis to identify main difference amongst fixed beam, VMAT, and HT was com-
pleted by grouping the SS-LM and SS-HM plans, RA and SA VMAT plans, and HT 2.5 cm
and HT 5 cm plans (Table 3). SW and HM 1 cm treatment plans were not included in this
analysis based on poor performance in efficiency parameters, while dose distribution was not
improved, as observed in Table 2. A significant reduction in maximum dose to the spinal cord
was observed in the VMAT plans (p = 0.017) compared to the SS. Although not statistically
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TABLE 2. Mean values + standard deviation of all parameters compared. A p-value < 0.05 determines significance.

SS-LM  SS-HM N4 RA SA4 HT1cm HT25cm HTS5cm  p-value
PTV D, 738 658  TL7& 712 743 629+ 6% 6dlx oo
(Gy) 41feh  232feh  33feh  3gfeh  pofeh ) gabede §gabede 7g4abede <O
Mean 626+ 625+  62.5+ 626 6l4E  SB7E  SR6E SR8k _ oo
dose 19feh  [gfeh  [4feh  [5feh  [feh | gabede 34abede 4 pabede = O-
(Gy)
D, 586+ S84+ 624+ 532+ 605+ 572+ 587+ 609+
%) 8 6.8° 5554 43cch 6 6 6.6 670 005
Cl, 128+ 128+ 13+ 123+ 123 1376 1355 143 o
008" 008" 009  009%h 006eh 013 014 o oubde =0
Clyy, 196+ 197+ 188+ 178 189+ 196+ 207+ 235+ _ .
023" 024h Q.18 0.8 019" 021 031 0470bedes <0
Cly, 475 473  475: 431+ 456 443 492s 603
077" 077 072 075" 084" 057 083 138 :
Cord D, 143+ 133 I8  112¢ 12+ 139 137+ 138 _
Gy 4 3.9 7.1 32 1.4 52 5.5 52 :
Bronchus D 13.2+ 13.4+ 15.5+ 16.2+ 17+ 17.2+ 18.7+ 19.6+ ~0.05
Gy) 93 8.7 10.8 9.2 1.1 11.9 13.9 14 :
Esophagus D, 141+ 141 162+ 149+ 162+ 156+ 14le  l4ds o
Gy 63 6.2 8.5 5.5 6.4 5.4 3.9 5.7 :
Heart D, 145¢  15& 179+ 171+ I8 192+ 184r 176
Gy) 64 6.7 7.6 72 6.4 10.9 113 10.2 :
Trachea D 2.4+ 2+ 1.5+ 11+ 15+ 14 17+ 27+
@Gy) 52 43h 27 210 26 24 24 quba 7005
Total MLD 48t 48+ 49+ 4.7+ 46 51+ 58 7T+
lung  (Gy)  1.3b 1.30 1.40 120 1h 1.3 16  1.73bcder <001
Vi, 191& 1895 18Se 1T 173 1796 2006 2505 o
m) 78 80 77 66 67 75 83 108 :
Vi, 41 4+ 4t 3.7+ 376 38k 43: 53 oo
o 16 1.6 15 1.4 13 1.6 1.7 2
Vi, 63: 62+ 62 5.9+ 6t 596 675 B3 o
oy 23 22 24 22 2.1 23 26 2.9 :
v 1206 128 143=  139: 123+ I4l= 167+ 207+
0 46h  44h 5 44 2.7h 438 6 7abe <001
Vi, 2358 237¢  247%  220¢ 22 206 334r 408E oo
) 69h  e9h  77b 680 628h  82h  9qe 1gubeder =0
Cont. Vi, 09+ 08 28+ 0.4+ N
wng (%) 17 1.4 41 1 0.7 2 21 25 :
Vio, 79t  84¢ 108+ 66t 74+ 189+ 19+ e oo
o) 6.6eh  61eh 8 7.6fh  7feh  jggubde ] abde |5pabde <O

Efficiency MLC
Motion
(cm)

Monitor 3823+ 4946+ 8288+ 4782+ 4023+ 11208+ 7047+ 5457+

837+ 3170+ 1279+ 1184+ 960+

5000 1475%ede 5630 410 310 A NA NA<0.001

Units 79206458 1226oeef 3410ebdef  gS5acel  G7gbeds 15jgbeden 44070 34510 < 0001
Delivery 5 5., 3+ 4.4+ 2 19+ 132+ 83 6.4+  <0.001
(tlme) 0.3i O.Si 1.4a,b,d,e,f,g 0‘3a,b,c,f,g,h 0.23,b,c,f,g,h llga,b,c,d,e,h 5_2u,b,c,d,e 4.1el,b,d,e,f

min

Significance was found when variables are compared to *SS-LM, *SS-HM, °SW, 9RA, °SA, HT 1 cm, ¢HT 2.5 cm,
"HT 5 cm; iSignificance found in comparison to all techniques.
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HT 5cm
HT 2.5 cm
HT 1cm
SA-VMAT
RA-VMAT
SW FB
SS-HM FB
SS-LM FB

012 3 4 5 6 7 8 9 10 1112 13 14 15
Treatment delivery time (min)

FiG. 3. The mean estimated treatment delivery time for each treatment planning technique over all patients.

*
T
1
1
1
1
1

s

o

[ 284

.

Total MLC motion {mm)

S5-LMFB S5-HMFBE SWFB RAVMAT  SAVMAT
Treatment Modalities

FiG. 4. Box plot of the total MLC traveled in each plan in millimeters for all treatment modalities compared. For each
plot, the median is displayed by the central line, the upper and lower border of the rectangle represent the 75th and 25th
percentile or the interquartile range, and the whiskers represent the extreme data points not considered outliers. Outliers
are illustrated by ‘o’ and significance is shown by “*.’

significant, for the remainder of the parameters, a reduction was found between SS and VMAT
(other than esophagus, bronchus, and heart). When comparing SS to HT, target conformality
(Clys,,) significantly improved in the SS plans (p = 0.015), at the cost of the target mean and
maximum dose which was significantly reduced in the HT plans (p < 0.001). Similarly, target
mean and maximum dose (p <0.001) showed a significantly reduction in the HT plans compared
to the VMAT plans, while all three target conformality parameters significantly improved with
VMAT (p < 0.05 for all). In the DVH parameters, maximum dose to the trachea and normal
lung, V., and Vigy contralateral lung Vigy and mean lung dose significantly reduced using
both the SyS and VMAT treatment planning compared to HT. These differences show that
patients treated with SS or VMAT may be less susceptible to radiation-induced lung toxicities
to HT-treated patients. Estimated treatment delivery time was significantly reduced with VMAT
plans compared to all other techniques (p < 0.001).
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TaBLE 3. Significance for each parameter studied between grouped SS, VMAT, and HT (significance identified when
p <0.05).

p-value
SS & VMAT SS & HT VMAT & HT

PTV D, .. (Gy) 0.957 <0.001 <0.001
Mean dose (Gy) 0.213 <0.001 <0.001

D, (%) 0.978 0.168 0.152
Clyso, 0.058 0.015 <0.001
0% 0.117 0.055 <0.001

0% 0.176 0.083 0.003

Cord D,...(Gy) 0.017 0.507 0.323
Bronchus D,...(Gy) 0.611 0.218 0.742
Esophagus D,,.«(Gy) 0.686 0.993 0.755
Heart D,..(Gy) 0.152 0.552 0.552
Trachea D,..(Gy) 0.626 0.004 0.020
Total lung MLD (Gy) 0.561 0.005 0.001
Vo, (cm?) 0.779 0.369 0.113

V0, (70) 0.756 0.341 0.093

Vaoay (70) 0918 0.247 0.119

Vioay (%0) 0.990 0.002 0.002
Vigy (70) 0.898 <0.001 <0.001

Cont. lung Vioay (0) 0.778 0.091 0.044
Vg, (%) 0.204 <0.001 <0.001

Efficiency MLC Motion 0.123 N/A N/A
Monitor Units 0.607 0.516 0.787
Delivery time (min) <0.001 <0.001 <0.001

IV. DISCUSSION

In this study, all 80 IMRT plans generated conformal dose distributions and provided clinically
acceptable plans according to the guidelines of RTOG 0618 and our in-house protocol based
on SABR-COMET. Various IMRT planning techniques for treating SABR were compared to
conclude which IMRT modality is propitious by proving the most favorable dose conformality,
DVH parameters, and treatment efficiency. In this study, VMAT planning, RA and SA, provided
for the optimal trade-off in treatment efficiency and dose coverage.

Several other studies have investigated the role of different IMRT treatment techniques in
the treatment of early stage NSCLC with SABR to reduce lung toxicities.?”-?®) Kannarunimit
et al.?”) compared three SABR treatment techniques, robotic surgery, RA, and HT plan, for
treatment of central lung with SABR. They concluded that HT and VMAT provided more
efficient treatment delivery and higher target dose homogeneity while robotic surgery and
VMAT provided a lower risk of radiation-induced lung pneumonitis, with VMAT yielding the
lowest risk in cases of large PTV coverage. During hypofractionated radiation treatment, sharp
dose gradients outside the PTV are desirable; hot spots in the center of the PTV are invoked
to aid a dose falloff outside the PTV,?429 alluding to dose homogeneity parameters not being
included in the study, where traditionally HT planning excels. The findings on the reduction
of radiation-induced pneumonitis during VMAT plans by Kannarunimit and colleagues were
further supported by our study where RA and SA demonstrated the lowest risk of radiation
pneumonitis by having the lowest MLD and V20Gy values. A significant reduction in MLD was
found when grouping both VMAT techniques and comparing to HT (p < 0.001); however, no
significant difference was found between the two VMAT techniques.®?) For further analysis
of radiation-induced lung toxicity, our study investigated the reduction in the risk of fibrosis
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amongst the different treatment planning techniques (V,,); VMAT achieved reduced V,,
values. However, the differences in V, were not found statistically significant.

Weyh et al.?® compared RA, HT, and fixed beam for SABR treatment to lesions in the
peripheral lung to conclude RA and fixed beam plans were equivalent, but the reduction in
treatment time with RA makes them more preferable. This study has supported their work and
furthermore, our results demonstrate a decrease in all normal lung DVH parameters in RA and
SA, albeit not significant. Weyh and colleagues executed their study in eight patients for a total
of 24 treatment plans, whereas this study expands onto validating different treatment methods
within FB, VMAT, and HT compromising of 80 treatment plans. Treatment plans in both the
Weyh® and Kannarunimit @7 studies were generated using traditional flattening filtered (FF)
beams with analytical anisotropic algorithm (AAA) dose calculation algorithm. Meanwhile, FFF
beams were utilized in all linear accelerator based plans. Studies have shown that FFF treat-
ment planning provides equivalent dose distribution to FF beams while significantly reducing
treatment delivery time and increasing dose distribution conformity.(') AXB dose calculation
algorithm, computed in this study for Eclipse treatment planning in RA and SW plans, has
been shown to generate treatment plans comparable to X-ray voxel Monte Carlo (XVMC),
developed by BrainLab (Brainlab AG, Feldkirchen, Germany).!'¥ Moreover, AXB allows for
faster computational time to XVMC, while maintaining higher accuracy when dealing with
tissue heterogeneity in the lung compared to AAA.

An important parameter when considering IMRT treatment, degradation of the MLC carriage
due to MLC motion required during treatment delivery. Even though a significance was only
found when comparing each of the techniques to SS-HM, within the VMAT techniques, there
was a reduction in MLC motion for the SA in nine of ten patients compared to RA. SA-based
treatment planning could result in a longer lifespan of the MLC carriage.

The limited number of patients used in this study may have led to insufficient statistical
power to show significance between some of the parameters analyzed. The statistical power
achieved when measured using ANOVA repeated measures in G-power v. 3.1.9.2 is 0.76.30

Although other various treatment modality comparison studies have been conducted for the
treatment of NSCLC with SABR, to the best of our knowledge there are not any other studies
comprehensively covering a wide range of different IMRT techniques from various commer-
cial vendors. In this study, the most up-to-date treatment planning using FFF beams to reduce
significantly treatment times was used for both fixed beam and VMAT planning.

V. CONCLUSIONS

In the treatment of early-stage NSCLC patients with SABR, this study has demonstrated VMAT
treatment planning techniques to have the optimal trade-off between dose conformality and
sparing normal tissue, and treatment efficiency. Although all plans were clinically acceptable,
VMAT outperformed HT in all parameters measured, and statistical superiority was observed
in 11 parameters when comparing grouped VMAT and HT techniques. In the comparison
between SS and VMAT techniques, an increase in dose to the heart, esophagus, and bronchus
was observed, although insignificant. However, VMAT was dosimetrically advantageous in
all other parameters, while providing significantly shorter treatment times than any other
modality studied.

RA and SA VMAT techniques performed comparably; RA displayed significantly sharper
dose falloff, while SA optimization was statistically more efficient.
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