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Aim: The purpose of this study was to investigate the dosimetric characteristics of three

stereotactic ablative body radiotherapy (SABR) techniques using the anisotropic analytical

algorithm (AAA) and Acuros XB algorithm. The SABR techniques include coplanar volumet-

ric  modulated arc therapy (C-VMAT), non-coplanar intensity modulated radiation therapy

(NC-IMRT) and non-coplanar three-dimensional conformal radiotherapy (NC-3D CRT).

Background: SABR is a special type of radiotherapy where a high dose of radiation is delivered

over  a short time. The treatment outcome and accuracy of the dose delivered to cancer

patients highly depend on the dose calculation algorithm and treatment technique.

Materials and methods: Twelve lung cancer patients underwent 4D CT scanning, and three

different treatment plans were generated: C-VMAT, NC-IMRT, NC-3D CRT. Dose calculation

was  performed using the AAA and Acuros XB algorithm. The dosimetric indices, such as
herapy (IMRT)

D conformal radiotherapy (3D-CRT)

tereotactic ablative body

adiotherapy (SABR)

conformity index (CI), homogeneity index, dose fall-off index, doses received by organs at

risk and planning target volume, were used to compare the plans. The accuracy of AAA and

Acuros XB (AXB) algorithms for the lung was validated against measured dose on a CIRS

thorax phantom.

Results: The CIs for C-VMAT, NC-IMRT and NC-3D CRT were 1.21, 1.28 and 1.38 for the AAA,

respectively, and 1.17, 1.26 and 1.36 for the Acuros XB algorithm, respectively. The overall
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dose computed by AcurosXB algorithm was close to the measured dose when compared to

the  AAA algorithm. The overall dose computed by the AcurosXB algorithm was close to the

measured dose when compared to the AAA algorithm.

Conclusion: This study showed that the treatment planning results obtained using the Acuros

XB  algorithm was better than those using the AAA algorithm in SABR lung radiotherapy.

©  2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.
1.  Background

Stereotactic ablative body radiotherapy (SABR) is a specialised
form of radiotherapy treatment which delivers a high radia-
tion dose using a small number of fractions, generally equal
to or fewer than five fractions.1,2 SABR is becoming more  pop-
ular for the treatment of patients with lung cancer.3,4 In recent
years, the incidence rates of lung cancers have increased
worldwide.5 For early-stage inoperable non-small cell lung
cancer,6,7 SABR involves the use of different treatments, which
are delivered via various methods, such as three-dimensional
conformal radiation therapy (3D-CRT),8 intensity modulated
radiation therapy (IMRT) 9 and volumetric modulated arc ther-
apy (VMAT).10 VMAT  is an arc-based IMRT  technique, which
has the ability to modulate the beam intensity as it rotates
around the patient.11 In VMAT,  fewer monitor units (MU) are
generated, and it offers faster delivery times and superior dose
distributions as compared to conventional 3D-CRT/IMRT treat-
ment plans.12

SABR is typically applied to small tumours and, hence,
employs small radiation fields. However, air cavities present
in such small fields can cause electronic disequilibrium at
tissue-air interfaces.13–15 Consequently, when treating hetero-
geneous media, dose calculation algorithms have to be able
to account for tissue heterogeneities and provide an accu-
rate computation of electron transport close to the tissue-air
interface. One of the most common algorithms used in the
EclipseTM treatment planning system (Varian Medical Sys-
tems, Palo Alto,CA) is the anisotropic analytical algorithm
(AAA). The AAA, a convolution/superposition-based algorithm
is an improved pencil beam algorithm, which uses multiple
pencil beam dose kernels to determine the dose contribu-
tion from different radiation sources of a clinical beam.16,17

The limitations and the performance of the AAA have been
well documented elsewhere.16,18,19 The AAA offers significant
improvements in dose accuracy compared to single pencil
beam models. These include modelling of the penumbra, low-
dose regions and field profiles (symmetric and asymmetric)
in both open and wedged fields.16 However, the AAA also has
weaknesses, as demonstrated by the findings of Dunn et al.,
who  showed that implementing the AAA in regions distal from
lung tissue interfaces resulted in systematic under-dosing,
with an average discrepancy of 2.9 ± 1.2%.19

Recently, Varian has introduced the Acuros XB dose calcu-
lation algorithm for external beam treatment planning. This

algorithm utilises the linear Boltzmann transport equation
(LBTE) to solve and describe the macroscopic behaviour of
radiation particles, such as electrons and neutrons, numeri-
cally as they travel and interact with matter.20 For matter with
a known volume in a given domain, the LBTE can be used to
accurately describe the dose inside this domain.20,21

Several studies have shown that the Acuros XB algorithm
is comparable to the Monte Carlo method and that both
these methods are convergent and provide solutions closer
to the measurements.20–22 These studies also showed that the
Acuros XB algorithm was more  applicable to inhomogeneous
media (i.e. it performed better) than the AAA algorithm. More-
over, the Acuros XB was reported to provide a faster calculation
time compared to the Monte Carlo method and a relatively
shorter computation time compared to the AAA for treatment
plans involving a large number of fields.23

According to our review of the literature, although there
are several studies comparing AAA and Acuros XB dose cal-
culation algorithms, only limited studies involve multiple
treatment techniques. In this study, we aim to: (1) inves-
tigate the dosimetric variation among three different SABR
techniques: coplanar volumetric modulated arc therapy (C-
VMAT), non-coplanar intensity modulated radiation therapy
(NC-IMRT) and non-coplanar three-dimensional (3D) confor-
mal  radiotherapy (NC-3D CRT) and (2) conduct a phantom
study to validate the accuracy of Acuros XB and AAA dose
calculation algorithms in a thorax phantom.

2.  Materials  and  methods

Twelve lung cancer patients treated by SABR were selected
for this study. Of these patients, seven had lesions in the right
lung, and five had lesions in the left lung. The prescription
dose was 26 Gy in one fraction, and the plans were normalised
to deliver the prescription dose to 99% of the PTV. The patients
were positioned in a Bodyfix

®
blue bag, with their arms above

their heads. All the patients underwent 4D-CT scanning using
the bellows system on a Philips BrillianceTM CT scanner.
The pulmonary wave  trace was edited to ensure the tags
were located at the peak of each wave before reconstructing
the scan. Maximum intensity projection (MIP) images and
average intensity projection (AIP) images were generated
from multiple respiratory phases acquired during 4D imaging
for contouring and dose calculation, respectively. The CT
DICOM datasets were transferred to the Eclipse treatment
planning system for contouring and treatment planning. In
Eclipse, both the AIP and MIP images were used for treatment
planning. The internal target volume (ITV) was delineated on
the MIP  images. A planning target volume (PTV) was gener-

ated from the ITV by applying a 5-mm margin to account for
patient setup error. OARs, such as the lungs, heart, oesopha-
gus, spinal cord and liver, were delineated on the AIP images.
The AIP images were also used for dose calculation. As part of
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he contouring process, internal skin or rind skin of OAR was
efined as a 5-mm rim of tissues inside the body contour.

For each SABR patient, three different types of plans were
reated: (1) C-VMAT, (2) NC-IMRT and (3) NC-3D CRT. In the
C-3D CRT plans, a minimum of nine beams were used, and
tmost care was taken to ensure the field size was no less
han 3 cm × 3 cm,  as defined by the X and Y jaws. Of these
ine beams, two were non-coplanar, with a couch angle of 90
nd 270◦ to reduce the dose to the chest wall; six were placed
psilateral, and one (the ninth beam) entered from the con-
ralateral side to compensate for the dose gradient. The beam
rientations were optimised according to the location of the
TV. As a starting point, the multileaf collimator (MLC) was
onformed to zero margins on the PTV using the outbound
ethod of leaf positioning, and the MLC  leaf positions were

ndividually adjusted to provide adequate target coverage.
Two plans were generated using the AAA and Acuros XB

lgorithms. NC-IMRT plans were generated by maintaining
he same beam angle arrangements defined for 3D-CRT for
oth the AAA and Acuros XB algorithms. Similarly, C-VMAT
lans were generated for both the AAA and Acuros XB algo-
ithm using the same dose constraints as those employed for
C-IMRT. The C-VMAT plans were composed of two arcs. The
rst arc was defined with the gantry start angle at 181◦ and
he stop angle at 0◦ clockwise for right-sided lesions. For left-
ided lesions, the start angle was 0◦, and the stop angle was
79◦. The second arc was defined with the gantry start angle at
◦ and the stop angle at 181◦ counterclockwise for right-sided
esions. For left-sided lesions, the start angle was 179◦, and the
top angle was 0◦. The collimator angles were 30◦ and 330◦ for
rc 1 and arc 2, respectively. The maximum gantry speed was
.8◦/s, and the maximum dose rate was 600 MU/min. All the
lans were planned using 6 MV  X-rays. In the case of Acuros
B, the dose was prescribed to medium. A cumulative dose
olume histogram was used to quantify the dosimetric varia-
ions among the three SABR techniques.

The tumour dosimetry was evaluated using the conformity
ndex (CI), dose fall-off index and homogeneity index (HI). The
I indirectly indicates the prescription dose spillage outside

he target volume and, ideally, it should be close to 1. The dose
onformity to the target volume was assessed using the CI as
escribed below24:

I = Percentage volume of the body receiving the presciption dose
Volume percentage of the PTV receiving the prescription dose

(1)

The dose fall-off index and HI, as recommended by the
merican Association of Physicists in Medicine (AAPM) Task
roup 101 protocol,25 were used to assess the dose gradi-
nt around the tumour and dose inhomogeneity inside the
umour volume.

The dose fall-off index was defined as follows:

ose fall-off = Volume of50%  presciption isodose
Planning target volume (PTV)

(2)
The HI was defined as follows:

I = Highest dose received by5% of PTV (D5)
Lowest dose received by95% of PTV (D95)

(3)
therapy 2 4 ( 2 0 1 9 ) 399–408 401

The dose fall-off index explains the dose spillage around
the PTV and, therefore, a lower dose fall-off index indicates
less dose spillage outside the PTV. When the HI is close to 1,
there is better dose homogeneity inside the PTV and, hence,
a high index represents higher dose heterogeneity of the PTV.
The maximum dose (Dmax) and the dose received by 2 cm3 of
OAR were recorded for the heart, oesophagus and spinal cord.
Also, the percentage volume of the right, left and the whole
lung that received 5 Gy (V5) and 20 Gy (V20) were recorded for
all studied cases. Right lung V5 and V20 were calculated for
right lung tumours, and Left lung V5 and V20 were calculated
for left lung tumours.

To validate the dose calculation algorithms used in this
study, a CIRS Thorax phantom (Model 002LFC)26 with a cus-
tomised insert to accommodate a Diamond detector was
scanned in a Philips Brilliance CT scanner. The insert was
designed in Perspex precisely machined to house a PTW
60019TM waterproof detector with a sensitive volume of
0.004 mm3. To simulate a centrally located tumour volume,
the Diamond detector was placed at the centre of the left lung
(Fig. 1). Three plans that include AAA, Acuros XB Dw  (Dose
to Water) and Acuros XB Dmed (Dose to Medium) were gener-
ated in Eclipse with nine fields spaced uniformly in steps of 40◦

degree gantry angle commencing at 0◦. All 6 MV beams were
set to 100 MU with a fixed field size of 3 × 3 cm2 to simulate the
minimum field size used in this study. The Diamond detec-
tor was calibrated against a secondary standard calibrated
ionisation chamber and also characterised for reproducibility,
angular response, energy, field size and dose rate dependence.
The dose was measured on a Clinac 21iX linear accelerator,
and the measured dose was compared to the calculated dose
obtained from the treatment planning system for all three
treatment plans. The measurements were conducted on an
IGRT couch to avoid any dose influence with couch rails.

The statistical analysis was performed by Graph Pad PRISM
6 software, v. 6.03. A one-way ANOVA, with repeated measures
utilising multiple comparison was used to investigate the sta-
tistical significances (p < 0.05) and mean differences between
the three treatment techniques (C-VMAT, NC-IMRT and NC-3D
CRT).

3.  Results

The dose distribution of the three treatment techniques (C-
VMAT, NC-IMRT and NC-3D CRT) for a typical case is illustrated
in Fig. 2. The two upper rows demonstrate the beam orienta-
tions of each technique, calculated by the Acuros XB algorithm
and AAA, and the lower two rows illustrate the isodose lines
for the PTV of the three techniques obtained using the AAA
and Acuros XB. Figs. 3 and 4 depict the dose volume histograms
of the right and left lungs, heart and PTV obtained using the
three different treatment techniques (NC-3D CRT, NC-IMRT
and C-VMAT) and the AAA and Acuros XB algorithms, respec-
tively.

The CIs for C-VMAT, NC-IMRT and NC-3D CRT were 1.21,

1.28 and 1.38, respectively, for the AAA, and 1.17, 1.26 and 1.36,
respectively, for the Acuros XB algorithm (Table 1). An opti-
mum treatment plan should have a low index, ideally close to
one. The one-way ANOVA revealed a significant difference in

https://doi.org/10.1016/j.rpor.2019.02.008
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Fig. 1 – Beam arrangements on a CIRS lung phantom.
the CI between C-VMAT and NC-3D CRT plans using the AAA,
whereas the Acuros XB algorithm showed statistically signifi-
cant differences between all the three plans. There were also
statistically significant differences in all three plans accord-
ing to the HI, using both the AAA and Acuros XB algorithm.
The dose spillage outside the target volume was determined
by the calculation of the dose fall-off index (Eq. (2)). The mean
dose fall-off index for C-VMAT, NC-IMRT, NC-3D CRT using the
AAA was 5.25 ± 0.4, 5.36 ± 0.51, and 6.06 ± 0.44, respectively,
and the Acuros XB was 5.15 ± 0.39, 5.18 ± 0.34 and 5.66 ± 0.63,
respectively. Table 1 illustrates the dose received by 2% of the
target volume (D2), 5% of the target volume (D5), 95% of the
target volume (D95), 98% of the target volume (D98) and the
target mean dose for all three plans planned with the AAA
and Acuros XB algorithms. For the AAA, the statistical anal-
ysis using Graph Pad PRISM 6 software showed no significant
differences in D95 and D98 among the three treatment tech-
niques. The CI for C-VMAT was significantly lower than the CI
for the NC-3D CRT. The Acuros XB algorithm revealed signif-
icant variation between treatment techniques for a majority
of the above parameters, except for D95 and D98 PTV. These
findings showed that C-VMAT resulted in a better CI and lower
dose spillage, with more  homogeneity inside the PTV as com-
pared to the NC-IMRT and NC-3D CRT techniques using both
the AAA and Acuros XB algorithm. On the other hand, the NC-
3D CRT treatment technique resulted in a higher CI, HI and
dose fall-off, representative of poor dosimetry as compared to
the other two  treatment plans using both the AAA and Acuros
XB algorithm.

Table 2 shows the V5 and V20 for the right, left and whole
lungs calculated by the AAA and Acuros XB algorithm for the
C-VMAT, NC-IMRT and NC-3DCRT plans. It clearly shows that
statistically significant (p < 0.05) amount of the right lung vol-

ume  receives the 5 Gy (V5) and 20 Gy (V20) doses with C-VMAT
compared to the NC-IMRT and NC-3DCRT methods, using both
the AAA and Acuros XB algorithm. The V5 and V20 for the left
and whole lungs with C-VMAT plan are relatively higher than
the NC-IMRT and NC-3D CRT. The liver, ribs and chest wall vol-
umes that received the 20 Gy and 30 Gy doses were almost zero
in all cases. Table 3 shows the maximum dose delivered to the
heart, oesophagus and spinal cord with the C-VMAT, NC-IMRT
and NC-3DCRT methods using both the AAA and Acuros XB
algorithm. These results clearly indicated that the C-VMAT
treatment method planned using both the AAA and Acuros
XB algorithm delivered a statistically significant dose to the
oesophagus and spinal cord as compared to the NC-IMRT and
NC-3D CRT treatment plans. Table 4 illustrates the mean dose
delivered to internal skin via the C-VMAT, NC-IMRT and NC-
3DCRT techniques. The mean internal skin dose was relatively
lower using the NC-IMRT and NC-3D CRT methods as com-
pared to the C-VMAT technique by 34% and 28%, respectively,
for the AAA algorithm, and by 32% and 29%, respectively, for
the Acuros XB algorithm.

Table 5 shows the discrepancies between AAA, Acuros XB
calculation algorithms and the measured dose. The overall
dose difference between the total measured dose and AAA,
AXB Dw (Acuros XB; dose prescribed to water), AXB Dmed
(Acuros XB; dose prescribed to medium) were 2.3%, 1.3%
and 0.7%, respectively. For a majority of the fields, the dose
measured with the Diamond detector shows relatively less
discrepancy when the Acuros XB is used for planning as com-
pared to the AAA algorithm.

4.  Discussion

This study compared three different SABR treatment tech-
niques for lung cancer: C-VMAT, NC-IMRT and NC-3D CRT,
utilising two algorithms, AAA and Acuros XB, integrated into
the Eclipse treatment planning system. Fig. 1 shows the com-

parison of the isodose lines for the three SABR treatment
techniques. It indicates relatively better dose conformity to
the PTV using the C-VMAT and NC-IMRT plans compared
with the NC-3D CRT plan. The prescription dose of 26 Gy

https://doi.org/10.1016/j.rpor.2019.02.008
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Fig. 2 – The dose distribution for the three treatment techniques C-VMAT, NC-IMRT and NC-3D CRT on the transversal plan.
The isodose distributions indicate better dose conformity to the PTV (zoom in of white coloured contour) for the C-VMAT
and NC-IMRT compared with the NC-3D CRT; the prescription dose of 26 Gy (zoom in of yellow coloured isodose line) is more
c oth a

(
V
r
a
D
o

onformal around the PTV with the C-VMAT technique for b

yellow contour) was more  conformal around the PTV in the C-
MAT technique using both algorithms. The one-way ANOVA
evealed statistically significant differences between the AAA
nd Acuros XB algorithm for the HI, dose fall-off index, D2 and
5. Better homogeneity, lower D2 and D5 and less dose fall-
ff were observed using the C-VMAT method. The results also
lgorithms. Minimum field size restricted to 3 cm × 3 cm.

revealed that the CI obtained using the Acuros XB algorithm
was better than that achieved using the AAA with all three

SABR techniques. This finding may be explained by  the Acuros
XB being a better dose calculation model for very low-density
models of the dose at the lung-tissue interface.27 Our  planning
study results also indicated that C-VMAT resulted in the best

https://doi.org/10.1016/j.rpor.2019.02.008
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Fig. 3 – DVH of OARs for left lung and right lung, whole lung, spinal cord and PTV of the three different techniques
calculated by AAA algorithms.

Fig. 4 – DVH of OARs for left lung and right lung, whole lung, spinal cord and PTV of the three different techniques
calculated by Acuros XB algorithms.
dose conformity around the PTV and tightest dose distribu-
tion, with low spillage, followed by NC-IMRT. The highest D2
PTV (near maximum dose) value recorded for NC-IMRT (AAA)
and NC-IMRT (Acuros XB) was 32 Gy and 33 Gy, respectively.
The D98 value (near minimum dose) was almost the same for
all the treatment techniques (∼26 Gy) calculated by the AAA
and Acuros XB algorithms. With all three treatment methods,
the dose received by 95% of the PTV was almost similar using
the AAA and Acuros XB algorithms, and the dose received by

5% of the PTV was between 28 Gy and 33 Gy.

With C-VMAT, the percentage volume that received 5 Gy
(V5) and 20 Gy (V20) doses to the right, left and whole lungs
was high as compared to the other treatment techniques using
both dose calculation algorithms. The aforementioned is a
drawback of C-VMAT, but this is offset by a reduced treat-
ment time, better dose conformity and reduced intra-fraction
motion. The dosimetric values V20 and V30 for the liver, ribs
and chest wall were close to zero in all cases. Hence, these
parameters were not considered in the data analysis in this
study. There was no significant difference in the max  dose or
dose delivered to the heart (2 cm3) with the three SABR tech-

niques and two algorithms. With respect to the dose received
by the OAR, the C-VMAT and NC-IMRT delivered the maximum
dose to the surrounding healthy tissues. Holt et al. compared

https://doi.org/10.1016/j.rpor.2019.02.008
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Table 1 – Dmean, D2, D5, D95, D98 and plan evaluation parameters for the three different techniques C-VMAT, NC-IMRT
and NC-3D CRT calculated by AAA and Acuros XB algorithms.

C-VMAT
Mean ± Std. dev.

NC-IMRT
Mean ± Std. dev.

NC-3D CRT
Mean ± Std. dev.

AAA algorithms calculation
Conforming Index 1.21 ± 0.08+ 1.28 ± 0.12 1.38 ± 0.22
Homogeneity Index 1.07 ± 0.05*,+ 1.15 ± 0.05 1.17 ± 0.04
Dose fall off 5.25 ± 0.4*,+ 5.36 ± 0.51 6.06 ± 0.44
D2 PTV (Gy) 28.99 ± 2.07*,+ 32.43 ± 1.43 32.09  ± 1.26
D5 PTV (Gy) 28.6 ± 1.97*,+ 32.26 ± 1.39 31.93 ± 1.26
D95 PTV (Gy) 27.06 ± 0.88 27.23 ± 0.28 27.31 ± 0.57
D98 PTV (Gy) 26.48 ± 0.15 26.56 ± 0.18 26.68 ± 0.21
D mean (Gy) 27.91 ± 1.16* 29.88 ± 1.27 27.18 ± 8.32

Acurous XB algorithms calculation
Conforming Index 1.17 ± 0.07*,+ 1.26 ± 0.13 1.36 ± 0.15
Homogeneity Index 1.05 ± 0.04*,+ 1.09 ± 0.03 1.1 ± 0.04
Dose fall off 5.15 ± 0.39*,+ 5.18 ± 0.34 5.66 ± 0.63
D2 PTV (Gy) 30.01 ± 1.84*,+ 33.49 ± 1.85 32.36 ± 1.37
D5 PTV (Gy) 29.82 ± 1.75*,+ 33.29 ± 1.81 32.12 ± 1.34
D 95 PTV (Gy) 27.06 ± 0.64 27.64 ± 0.42 27.39 ± 0.29
D 98 PTV (Gy) 26.56 ± 0.6 26.81 ± 0.27 26.85 ± 0.21
D mean (Gy) 28.65 ± 1.13*,+ 30.98 ± 1.18 29.9 ± 0.77

∗ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-IMRT plans.

+ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-3D CRT plans.

Table 2 – The volume percentage of the right, left and whole lungs that received 5 and 20 Gy for the three techniques
computed by the AAA and Acuros XB algorithms.

C-VMAT
Mean ± Std. dev.

NC-IMRT
Mean ± Std. dev.

NC-3D CRT
Mean ± Std. dev.

AAA algorithms calculation
Right lung V5 (%) 13.44 ± 1.06+ 12.3 ± 1.04 11.87 ± 1.52
Right lung V20 (%) 5.17 ± 0.61*,+ 3.11 ± 1.68 3.06 ± 1.44
Left lung V5 (%) 11.48 ± 1.17 11.4 ± 1.79 11.14 ± 1.22
Left lung V20 (%) 2.68 ± 1.47* 2.52 ± 1.41 2.44 ± 1.11
Normal lung V5 (%) 5.95 ± 1.68 5.69 ± 1.33 5.55 ± 1.87
Normal lung V20 (%) 1.86 ± 0.99 1.48 ± 0.74 1.44 ± 0.86

Acurous XB
Right lung V5 (%) 13.41 ± 1.11+ 12.2 ± 1.04 11.78 ± 1.49
Right lung V20 (%) 5.04 ± 0.61*,+ 3.06 ± 1.66 3.01 ± 1.43
Left lung V5 (%) 11.36 ± 1.16 11.23 ± 1.8 11.06 ± 1.21
Left lung V20 (%) 2.58 ± 1.47 2.49 ± 1.42 2.44 ± 0.99
Normal lung V5 (%) 5.91 ± 1.69 5.61 ± 1.36 5.48 ± 1.9
Normal lung V20 (%) 1.78 ± 0.97 1.44 ± 0.74 1.4 ± 0.86

∗ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-IMRT plans.

ple c

c
i
V
w
I
l
s
t
i
a
N

+ Statistical significance of C-VMAT based on one-way ANOVA multi
corresponding NC-3D CRT plans.

oplanar VMAT  and NC-IMRT and reported a small increase
n the mean dose (V20) delivered to a healthy lung using C-
MAT.28 Moreover, they demonstrated that the maximal dose
as delivered to the spinal cord using C-VMAT rather than NC-

MRT in all cases, although the dose was below the acceptable
imit of 18 Gy of physical dose. The results from the present
tudy are in agreement with those of Holt et al. for healthy lung
issue (V20). The results of the current study also revealed an

ncrease in the dose delivered to the spinal cord (within toler-
nce limits) using the C-VMAT technique as compared to the
C-IMRT and NC-3D CRT methods.
omparisons with repeated measure (p-value < 0.05) compared to the

Table 4 illustrates the dosimetric impact of the C-VMAT
technique on the internal body. As shown in the table, the
mean doses received by the internal volume of the body minus
5 mm were low using the non-coplanar techniques compared
to the coplanar VMAT method. However, in all cases, it was
well below the clinically acceptable limit of 24 Gy of physical
dose. The maximal dose to the oesophagus was also tolerable,
with a clinically acceptable limit of 18 Gy of physical dose.28 As

evidenced by the tumour dosimetry; the C-VMAT technique
resulted in better CIs, HIs and dose fall-off indices. However,
this technique was also associated with relatively high doses
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Table 3 – Dose to heart, oesophagus and spinal cord with C-VMAT, NC-IMRT and NC-3D CRT.

C-VMAT
Mean ± Std. dev.

NC-IMRT
Mean ± Std. dev.

NC-3D CRT
Mean ± Std. dev.

AAA algorithms calculation
Heart (max dose) (Gy) 6.71 ± 5.46 5.94 ± 4.5 5.67 ± 4.37
Heart (2 cm3) (Gy) 6.79 ± 6.45 5.75 ± 4.93 5.18 ± 4.17
Oesophagus (max dose) (Gy) 5.08 ± 5.63*,+ 4.23 ± 5.92 3.44 ± 4.63
Oesophagus (2 cm3)  (Gy) 3.85 ± 4.52*,+ 2.63 ± 3.68 2.49 ± 3.02
Spinal canal (max dose) (Gy) 7.02 ± 3.02*,+ 4.33 ± 2.57 4.31 ± 2.53
Spinal canal (2 cm3) (Gy) 5.48 ± 2.52*,+ 3 ± 1.9 2.99 ± 1.92

Acurous XB algorithms calculation
Heart (max dose) (Gy) 6.69 ± 5.39 5.78 ± 4.47 5.37 ± 4.26
Heart (2 cm3) (Gy) 5.83 ± 5.31 5.68 ± 4.91 5.07 ± 4.12
Oesophagus (max dose) (Gy) 4.84 ± 5.18 3.7 ± 4.45 3.41 ± 4.6
Oesophagus (2 cm3)  (Gy) 3.56 ± 3.88*,+ 2.61 ± 3.66 2.45 ± 3.01
Spinal canal (max dose) (Gy) 6.96 ± 3.03*,+ 4.3 ± 2.58 4.22 ± 2.48
Spinal canal (2 cm3) (Gy) 5.34 ± 2.46*,+ 3 ± 1.93 2.9 ± 1.86

∗ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-IMRT plans.

+ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-3D CRT plans.

Table 4 – Mean dose to internal skin for three different techniques: C-VMAT, NC-IMRT and NC-3D CRT.

C-VMAT
Mean ± Std. dev.

NC-IMRT
Mean ± Std. dev.

NC-3D CRT
Mean ± Std. dev.

AAA algorithms calculation
Internal skin (Gy) 0.81 ± 0.49* 0.53 ± 0.17 0.58 ± 0.21

Acuros XB algorithms calculation
Internal skin (Gy) 0.82 ± 0.5* 0.55 ± 0.19 0.58 ± 0.21

∗ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-IMRT plans.
+ Statistical significance of C-VMAT based on one-way ANOVA multiple comparisons with repeated measure (p-value < 0.05) compared to the
corresponding NC-3D CRT plans.

Table 5 – CIRS phantom study showing the dose differences between AAA, Acuros XB (dose prescribed to water) and
Acuros XB (dose prescribed to medium) and measurement.

Fields Measured dose, MD (cGy) Percent dose difference

MD vs AAA (%) MD vs AXB DW (%) MD vs AXB Dmed (%)

Anterior 80.0 2.4 2.0 1.5
OBL 40 82.8 4.1 3.7 3.1
OBL 80 81.1 4.8 4.1 3.5
OBL 120 74.6 −2.0 −2.2 −2.8
OBL 160 77.5 0.5 −0.4 −1.0
OBL 200 72.4 0.6 −0.4 −1.1
OBL 240 44.4 1.6 −0.2 −1.1
OBL 280 47.4 5.6 1.8 1.6

OBL 320 58.3 4.3 

Total dose 618.5 2.3 

to the surrounding normal tissues. According to Cai et al., if
the delivery of a low dose to a large amount of healthy tissue
is not of clinical concern, C-VMAT can aid short-term delivery,
making this technique more  convenient and having less of
a biological effect in the presence of decreased intra-fraction
motion due to prolonged fraction delivery.29

Both the treatment planning system and algorithms used

in dose calculations can influence dosimetric results. In the
present study, the Acuros XB algorithm was better than the
AAA as regards the investigation of the three treatment
2.5 2.0

1.3 0.7

techniques. As shown by the results of the indices used to
compare the treatment plans (CI, HI and dose fall-off), the
Acuros XB demonstrated lower values for all these three
parameters. Liu et al. investigated dosimetric parameters
using the AAA and Acuros XB algorithm in 77 treatment plans
of SABR patients.30 They used two prescription doses: 48 Gy in
four fractions and 60 Gy in 10 fractions. They reported lower

CIs using the Acuros XB algorithm than using the AAA. A
study by Rana et al. recorded similar results when using the
Acuros XB algorithm in lung cancer cases treated with SABR.15
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he results of the present study are in agreement with those
f both previous studies in terms of the CI and the perfor-
ance of the Acuros XB algorithm. The phantom conducted by

ana et al. using Extradin A1 chamber clearly showed that the
curos XB algorithm is more  accurate for SBRT as compared

o AAA, which is in agreement with our phantom study using
iamond detector when the dose is prescribed to medium.

The Acuros XB algorithm provides accuracy comparable
o Monte Carlo simulation, as it attempts to simulate all
he physical processes affected by beam particles. The dose
alculation process of the Acuros XB is faster than that of
onte Carlo simulations. Therefore, it is less time consuming,

lthough the two methods have comparable accuracy.15,21,31

.  Conclusion

he C-VMAT technique provided better CIs and HIs as com-
ared to the NC-IMRT and NC-3DCRT treatment techniques.
oreover, the Acuros XB algorithm showed better CIs and HIs

ompared to the AAA algorithm. In the present study, the
ose delivered to the whole lung were high using the C-VMAT
ethod as compared to the NC-IMRT and NC-3D CRT tech-

iques. This study proves that the results obtained for the
hree treatment techniques using the Acuros XB algorithm
re superior to those obtained using the AAA, especially when
reating a heterogeneous medium, such as the lung.
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