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Abstract

Background: The study aimed to appraise the dose differences between Acuros XB (AXB) and Anisotropic
Analytical Algorithm (AAA) in stereotactic body radiotherapy (SBRT) treatment for lung cancer with flattening filter
free (FFF) beams. Additionally, the potential role of the calculation grid size (CGS) on the dose differences between
the two algorithms was also investigated.

Methods: SBRT plans with 6X and 10X FFF beams produced from the CT scan data of 10 patients suffering from
stage | lung cancer were enrolled in this study. Clinically acceptable treatment plans with AAA were recalculated
using AXB with the same monitor units (MU) and identical multileaf collimator (MLC) settings. Furthermore,
different CGS (2.5 mm and 1 mm) in the two algorithms was also employed to investigate their dosimetric impact.
Dose to planning target volumes (PTV) and organs at risk (OARs) between the two algorithms were compared. PTV
was separated into PTV_soft (density in soft-tissue range) and PTV_lung (density in lung range) for comparison.

Results: The dose to PTV_lung predicted by AXB was found to be 1.33 +1.12% (6XFFF beam with 2.5 mm CGS),
233+ 1.37% (6XFFF beam with 1 mm CGS), 2.81 £ 2.33% (10XFFF beam with 2.5 mm CGS) and 3.34 + 1.76%
(10XFFF beam with 1T mm CGS) lower compared with that by AAA, respectively. However, the dose directed to
PTV_soft was comparable. For OARs, AXB predicted a slightly lower dose to the aorta, chest wall, spinal cord and
esophagus, regardless of whether the 6XFFF or 10XFFF beam was utilized. Exceptionally, dose to the ipsilateral lung
was significantly higher with AXB.

Conclusions: AXB principally predicts lower dose to PTV_lung compared to AAA and the CGS contributes to the
relative dose difference between the two algorithms.
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Introduction

The Anisotropic Analytical Algorithm (AAA), a convo-
lution/superposition method, is widely utilized for dose
calculation in Eclipse treatment planning system [1,2].
However, AAA was reported to significantly overestimate
the dose near air-tissue interfaces [3]. Recently, a new dose
calculation algorithm named Acuros XB (AXB) has been
implemented for clinical use. This new algorithm expli-
citly solves the linear Boltzmann transport equation that
describes the macroscopic behavior of radiation particles
as they travel through and interact with matters [4]. AXB
was found to provide good agreement with Monte Carlo
(MC) algorithm [5-7] and achieved more accurate dose
prediction than AAA in heterogeneous phantom [2,6-10].

The dose difference between the two algorithms has
became an issue of concern in the past few years and
several publications have investigated the dosimetric im-
pact of AXB in breast cancer, non-small cell lung cancer
(NSCLC) and nasopharyngeal carcinoma with AAA as a
benchmark [4,11,12]. The dose difference between the
two algorithms was reported to be closely related to the
beam energy, field size and the density of the materials
[6]. However, they failed to consider the potential impact
of the calculation grid size (CGS), which was reported to
be associated with dose variation [13,14]. So far, the dose
difference between AAA and AXB due to the use of dif-
ferent CGS in lung stereotactic body radiotherapy
(SBRT) treatment remains unknown and the effect of it
requires further investigation.

On the other hand, although two studies have evaluated
the dosimetric impact of AXB in SBRT plan for lung can-
cer [15,16], little information has been focused on the
dose difference generated from flattening filter free (FFF)
beams, which was widely used in lung SBRT treatment for
its improved treatment efficiency [17,18]. Because FFF
beams provide softer spectrum than flattened beams [19],
investigation of their impact is also essential.

Therefore, the aim of this study is to quantitatively de-
termine the dose differences between AXB and AAA in
SBRT treatment for lung cancer with FFF beams. Fur-
thermore, the potential role of the CGS on the dose dif-
ferences between the two algorithms was also discussed.

Methods

Beam configuration

The same set of beam data (including percentage depth
dose curve, profiles and output factors) used by AAA
and measured in a three-dimensional water scanning
system (PTW, Germany) for field sizes from 3 x 3 to
40 x 40 cm® were imported in Eclipse treatment plan-
ning system (Version 10.0, Varian Medical Systems,
Palo Alto, CA) for the configuration of AXB. All data
presented in this study were collected from a commis-
sioned Varian Truebeam™ accelerator equipped with a

Page 2 of 8

Millennium 120 multileaf collimator (MLC, with spatial
resolution of 5 and 10 mm for the central and outer 20
cm, respectively.

CT scanning and contouring of organs at risk (OARs)

This retrospective study was approved by the ethics
committee at the Cancer Hospital of Shantou University
Medical College. Informed consent was obtained from
all subjects prior to the study. During March 2012 and
May 2013, 10 patients suffering from stage I NSCLC at
our hospital were enrolled in this study. The CT datasets
were acquired using a 16-slice CT scanner (The Philips
Brilliance CT Big Bore Oncology Configuration, Cleve-
land, OH, USA) for all patients. Four dimensional com-
puted tomography (4DCT) scanning and conventional
enhanced 3D scanning with intravenous (IV) contrast
was performed for 3 and 7 patients, respectively. Scan-
ning was acquired at a 3 mm slice thickness for both 3D
and 4DCT. CT images were then transferred to Eclipse
treatment planning system. For patients with conven-
tional enhanced scanning, gross tumor volume (GTV)
was contoured by an experienced radiation oncologist
under the CT pulmonary windows, and the planning tar-
get volume (PTV) was acquired according to the tumor
motion under fluoroscopic examination with the aid of a
simulator. For patients with 4DCT scanning, GTV ac-
counting for tumor motion on all 10 phases of the
4DCT were contoured in the same way. These 10 phases
of the GTV were then combined to form the internal
target volume (ITV). To account for set-up uncertainties
and potential baseline tumor shift, PTV was expanded
with a uniform 5 mm margin from ITV. The PTV was
then split into two substructures: PTV_soft, with a density
in the soft-tissue range (0.590-0.985 g/cm®), and PTV_lung
with a density in the lung range (0.011-0.590 g/cm3) [12].
All plans were carried out on the enhanced CT. OARs, in-
cluding the aorta, bronchial tree, chest wall, spinal cord,
esophagus, heart, ipsilateral and contralateral lung were
contoured according to the RTOG 0915 report [20].

Treatment planning

The prescription and dose constraints for the target and
OARs in this study followed RTOG 0915 criteria [20].
Prescription was set to 4 fractions of 12 Gy. Treatment
planning was designed with two volumetric modulated
arc therapy (VMAT)-based partial arcs. Rotation angles
were chosen to avoid the beams from entering the contra-
lateral lung. Collimator angles for all plans were set to 30°
in one arc and the complementary angle for another. The
same beam arrangement and optimization constraints
were employed for the 6XFFF and 10XFFF beams. Plans
of different beam energy were optimized, selecting a max-
imum dose rate of 1400 MU/min and 2400 MU/min for
6XFFF and 10XFFF beams, respectively. Plan optimization
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was performed with the progressive resolution optimizer
(PRO) algorithm implemented in Eclipse 10.0. Minimum
and maximum dose constraints to the PTV were added
during the planning optimization. Additionally, a dose-
constraining structure (2 cm away from the PTV) was cre-
ated to ensure a steep dose fall-off outside the PTV. The
final dose calculation was normalized to guarantee that
95% of PTV received the prescribed dose. Dose calcula-
tions were carried out using AAA and AXB with a CGS
of 2.5 mm and 1 mm, taking into account heterogeneity
correction. For AXB calculation, we used the same
monitor units (MU) and identical MLC settings as
AAA algorithm and the “dose-to-medium” dose report-
ing mode was employed [12,21]. Accordingly, treatment
plans of AAA with 2.5 mm and 1.0 mm CGS and AXB
with 2.5 mm and 1.0 mm CGS were performed for each
patient, respectively.
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Evaluation of the plans and statistical analysis

For the PTYV, the evaluation parameters included the
minimum, maximum and the mean dose. For the OARs,
the analysis included the maximum, mean dose and a
set of appropriate V, values. V, was the volume of the
organ receiving a dose of x or more. For example, Vg
was the volume of organ receiving a dose of 40 Gy or
more. The absolute doses in this study were presented in
Gy and all the data were rounded to the nearest tenth. To
determine the difference between plans, Wilcoxon signed-
rank tests were performed using SPSS 17.0 (Chicago, IL).
Differences were considered statistically significant when
p<0.05.

Results
The dose difference between the AAA and AXB algo-
rithm for SBRT plans of 10 lung cancer patients were

Table 1 Summary of the dose differences calculated by the AAA and AXB algorithm with 2.5 and 1 mm CGS for the

6XFFF beam
Structures Metrics Unit AAA3 5mm AXB3.5mm AAA M AXB1mm
PTV_lung Drmin Gy 440+08 420+13° 446+ 06 422+20°
Drnax Gy 572417 576+17 585+15 580420
Drmean Gy 51.9+08 512+1.2° 529+08 516+12°
PTV_soft Drmin Gy 469431 465+33 466+25 465+30
Drmax Gy 572418 574421 581421 579+19
Drmean Gy 53.1+18 529+17 529420 529+17
Aorta Drnax Gy 129497 126+98° 129496 124+93°
Drmean Gy 26422 25+21° 26+22 25+21°
Bronchial tree Drmx Gy 1434104 1444106 1444104 1444106
Drmean Gy 35+25 35425 36+26 35425
Chest wall Vs % 12419 11417 13419 12+18°
V30 % 73+89 70+84 74+89 70+84°
Voo % 363+312 34.1+299° 3724313 348+30.1
Drmean Gy 55+24 54+24° 55+24 54+24°
Spinal cord Drmax Gy 80+29 75+27° 82+29 77+28°
Drmean Gy 15+05 14+04° 15+05 14+04°
Esophagus Drmax Gy 92+34 89+34° 93+34 89+34°
Drmean Gy 20+07 19+07° 20+07 19+07°
Heart Drnax Gy 181+105 1784106 182+104 180+105
Drmean Gy 14+12 14+12 14412 14412
Ipsilateral lung Vs % 245+79 25.1+80° 244+78 250+80°
Vio % 170476 171477 171476 171476
Vao % 77 +47 76+42 77+42 76+42
Drmean Gy 50+19 50+20 50+20 50+20
Contralateral lung Vs % 06+09 06+09 0.7+09 06+09°
Drmean Gy 09+04 09+03 09+04 09+03

Abbreviations: PTV_lung = PTV with a density in the lung range; PTV_soft = PTV with a density in the soft-tissue range; Dmin = minimum dose; D2 = maximum
dose; Diean = Mean dose; V, was the volume of the organ receiving a dose of x or more; *Wilcoxon signed-rank tests with p value <0.05 between AXB and AAA
plan with 2.5 mm CGS; "Wilcoxon signed-rank tests with p value <0.05 between AXB and AAA plan with 1 mm CGS.
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summarized in Table 1 (6XFFF beam) and Table 2 (10XFFF
beam). A considerable difference between the two algo-
rithms was observed in PTV_lung, particularly when the
10XFFF beam plan with 1 mm CGS was used. A lower
minimum dose and mean dose to PTV_lung were esti-
mated by AXB than by AAA, regardless of whether 6XFFF
or 10XFFF beam was used. Specifically, the dose directed
to PTV_lung predicted by AXB was 1.33 + 1.12% (6XFFF
beam with 2.5 mm CGS) and 2.81 + 2.33% (10XFFF beam
with 2.5 mm CGS) lower compared with AAA. Further-
more, the dose difference between the two algorithms be-
came larger by using 1 mm CGS (Figure 1). It was 2.33 £
1.37% (6XFFF beam with 1 mm CGS) and 3.34 + 1.76%
(LOXFFF beam with 1 mm CGS) lower compared with
AAA. However, the minimum, maximum and mean dose
directed to PTV_soft was comparable for the two algo-
rithms, regardless of whether the 6XFFF or 10XFFF beam
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was used. When OARs were concerned, AXB always pre-
dicted a slightly lower dose than AAA. For example, AXB
predicted a slightly lower dose to the aorta, chest wall, spinal
cord and esophagus for the 6XFFF and 10XFFF beams. All
of the dose change was statistically significant with p < 0.05.
However, V5 and Vi of the ipsilateral lung were statistically
higher with the AXB algorithm compared to the AAA.
Figure 2 displayed the mean dose volume histograms
(DVHs) of PTV and OARs at 6XFFF beam with 2.5 mm
CGS, 6XFFF beam with 1 mm CGS, 10XFFF beam with
2.5 mm CGS and 10XFFF beam with 1 mm CGS, respect-
ively. The dose distribution between the two algorithms
from one representative case was illustrated in Figure 3.

Discussion
The International Commission on Radiation Units (ICRU)
recommended an overall accuracy of 5% in the delivery of

Table 2 Summary of the dose differences calculated by the AAA and AXB algorithm with 2.5 and 1 mm CGS for the

10XFFF beam

Structures Metrics Unit AAA3 5mm AXB3.5mm AAA M AXB1mm
PTV_lung Drrin Gy 442407 399+21° 445407 404 +29°
Drnax Gy 574412 578+20 585+09 583+18
Drnean Gy 519406 505+ 16° 527406 509+13°
PTV_soft Drrin Gy 476429 474+30 474428 469426
Drnax Gy 571+20 577 +24 578+20 583+22°
Drnean Gy 535417 533+18 535+18 534+18
Aorta Drnax Gy 1374101 1374102 138+ 10.1 138+100
Drmean Gy 28+25 27+24° 28425 27+24°
Bronchial tree Drrax Gy 148+ 100 1494101 150+ 100 1504100
Drnean Gy 39+28 39+28 39+28 39+28
Chest wall Vs % 13420 13420 14421 13420
Va0 % 81+95 794091 82+95 80+92°
Voo % 363+306 35.1+300° 3714308 359+302
Drmean Gy 55+24 54+24° 55+24 54+24°
Spinal cord Drnax Gy 94+38 91437 95+38 93+37°
Dimean Gy 16+06 16+05° 16+06 16+05°
Esophagus Drnax Gy 99+36 98+37 100435 100437
Drnean Gy 21408 21408 21408 21+08°
Heart Drrax Gy 180+ 10.1 182+110 1814108 183+109
Drmean Gy 15+13 15+13° 15+13 15+13°
Ipsilateral lung Vs % 254481 265+83° 252481 264 +83°
Vio % 177+78 180+80° 17.7+78 180+80°
Voo % 79+44 80+45 80+45 80+45
Drnean Gy 52+20 52+20° 52420 52421
Contralateral lung Vs % 16+14 15+14 1.7+15 16+15°
Drmean Gy 10404 10+04 10+04 10+ 04

Abbreviations: PTV_lung = PTV with a density in the lung range; PTV_soft = PTV with a density in the soft-tissue range; Dmin = minimum dose; D2 = maximum
dose; Diean = Mean dose; V, was the volume of the organ receiving a dose of x or more; *Wilcoxon signed-rank tests with p value <0.05 between AXB and AAA
plan with 2.5 mm CGS; "Wilcoxon signed-rank tests with p value <0.05 between AXB and AAA plan with 1 mm CGS.
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and CGS.
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Figure 1 DVH of PTV_lung calculated by different algorithms

absorbed dose [22], and the American Association of
Physicists in Medicine (AAPM) advised that the uncer-
tainty in the computed dose distribution should be less
than 2% [23]. Both of the AXB and AAA algorithms ex-
hibit similar dose prediction in homogeneous media.
However, AXB was reported to be more accurate in het-
erogeneous medium [2,5-7]. Accordingly, it is essential for
us to accurately determine the dose delivered to lung tumor
in which the water density target is always surrounded by
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low density lung tissue. For lung radiotherapy treat-
ment, PTV in the low density range is originated either
from the tumor motion uncertainty [24] or uncertainty
in patient positioning and alignment of the therapeutic
beams during the treatment [25]. We determined that
the mean dose of PTV_lung predicted by the AXB algo-
rithm was up to 3.34% lower compared to the AAA by
using the 10XFFF beam energy. Although the dose to
PTV_lung was reduced, the PTV_soft dose was not af-
fected. We acknowledged this as it was an interesting
finding. For lung SBRT treatment, the PTV_lung dose
changes were of positive significance because they could be
associated with significant changes in tumor control prob-
ability (TCP) and normal tissue complication probabilities
(NTCP) according to the AAPM Report No. 85 [23].
Therefore, determination of the dosimetric effect with AXB
on TCP will be an interesting work for our future study.
The dosimetric impact of the AXB algorithm has been
investigated in several studies. Fogliata et al. [12] com-
pared the AXB to AAA in patients with stage III NSCLC
and concluded that a lower mean dose to soft tissue and
a slightly higher mean dose in low-density lung tissue
were obtained by the 6 MV beam with the AXB algo-
rithm. Kan et al. [4] addressed this issue using IMRT
and RapidArc techniques in nasopharyngeal carcinoma
patients and found that AXB presented a 1% higher dose
in air compared with AAA. The same mean target dose
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Figure 2 Mean DVH of PTV and OARs. (A) 6XFFF beam with 2.5 mm CGS, (B) 6XFFF beam with 1 mm CGS, (C) 10XFFF beam with 2.5 mm
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1 mm CGS.

Figure 3 Dose distributions of the two algorithms from one representative case. (A) 6XFFF beam with AAA and 2.5 mm CGS, (B) 6XFFF
beam with AXB and 2.5 mm CGS, (C) 6XFFF beam with AAA and 1 mm CGS, (D) 6XFFF beam with AXB and 1 mm CGS, (E) 10XFFF beam with
AAA and 2.5 mm CGS, (F) T0XFFF beam with AXB and 2.5 mm CGS, (G) 10XFFF beam with AAA and T mm CGS, (H) 10XFFF beam with AXB and

between the two algorithms was demonstrated by Liu
et al. [15] in SBRT treatment for NSCLC patients. Kroon
et al. [16] reported that Dogy of PTV was lower using
AXB, whereas the mean dose of PTV was comparable
for the lung SBRT treatment plan. Our finding indicat-
ing that the mean dose of PTV_lung was obviously
lower with the AXB algorithm differs from the results of
these studies. These contradictions are reasonable be-
cause the differences in lung doses calculated by AAA
and AXB were influenced by many factors, such as beam

energy, field size, field number and the density of lung
tissue [4,6]. Another possibility that may lead to the in-
consistency was the use of FFF beam in our research.
Unlike flattened beams, FFF ones can provide softer en-
ergy and a cone-like profile. Moreover, some differences
in the electron contamination parameters were acquired
by removal of the flattening filter, which was not ob-
served in the flattened beams [26]. These differences
may influence the dose differences between the two
algorithms and further investigation is necessary.
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Additionally, we also determined that AXB estimated a
lower dose for most of the OARs, whereas V5 and V4 of
the ipsilateral lung were significantly higher with AXB.
The higher dose prediction in ipsilateral lung could be
explained by the shape of the profiles obtained by the
AXB algorithm. Kan et al. [4] reported that the dose
profile in air indicated a lower dose inside the field but a
higher out-of-field dose predicted by AXB. When the
gantry rotated around the patient, all OARs were inside
the treatment field at some degrees of gantry rotation
during the entire treatment process except for the ipsi-
lateral lung. This helped to explain why V5 and Viq of
the ipsilateral lung increased with the AXB algorithm.
V5 was reported to be a dosimetric factor that was pre-
dictive of radiation-induced pneumonitis (RIP) [27], how-
ever, as the dose difference was minor (0.6-1.6% higher)
with the AXB and its clinical effect could be neglected.

Our finding that the CGS also contributed to the dose
difference between AAA and AXB is interesting. CGS
was reported to be associated with dose estimation and
calculation accuracy. Chung et al [13] and Mittauer
et al. [14] found that CGS influenced dose estimation in
head and neck treatment. Ong et al. [28] found that
1.0 mm CGS improved the accuracy of dose calculation
compared with 2.5 mm for the AAA algorithm. Kan et al.
[9] also reported that AXB with 1.0 mm CGS resulted in
a significant improvement in the dose accuracy (within
3%). Smaller grid resolution reduces the averaging effect
and results in better sampling of the structure voxels to
the calculation grid [9]. Interestingly, our result demon-
strated that CGS also influenced the relative dose differ-
ence between the AAA and AXB algorithm. By using
1 mm CGS, dose difference in PTV_lung between the
two algorithms was greater compared with 2.5 mm CGS,
regardless of whether the 6XFFF beam or 10XFFF beam
was used. That’s due to the ability of AAA and AXB
algorithms to adapt the CGS to ensure the dose accuracy
in the axis perpendicular to the image slices. If the slice
thickness is larger than the defined grid size, AAA and
AXB may calculate the dose on dose planes between the
image slices. And if the slice spacing is smaller than the
defined grid size, AAA and AXB may skip calculating
the dose on some slices. Based on the fact that the AXB
algorithm predicts lower dose in each image slice, the
dose difference between the two algorithms will un-
doubtedly become larger with 1 mm CGS because it
involves more image slices in dose prediction. Compared
with previous research, our result can more truly reflect
the dosimetric difference between the two algorithms
with 1 mm CGS due to its better calculation accuracy
than 2.5 mm CGS. This was another factor that led to
the inconsistency with other previous studies. To our
knowledge, the potential impact of CGS on the dose dif-
ference between AAA and AXB has not been reported
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and analyzed and this study is the first to address this
issue.

Our study has certain limitations. Although some
recent publications have demonstrated the accuracy of
AXB algorithm, few studies have verified the dosimetric
performance of AXB algorithm in a SBRT plan produced
from FFF beams. Our further work will focus on lung
SBRT plans where small fields and air cavity are in-
volved. Additionally, Kan et al. [9] recommended the
use of 1 mm CGS instead of 2.5 mm whenever possible
for stereotactic plans using a slice spacing of 1.25 mm,
particularly when PTV contains relatively large areas of
low density tissue. Whether different slice spacing will
influence the relative dose difference between the two al-
gorithms will be another area of interest for us.

Conclusions

The use of AXB mainly presents a lower dose in
PTV_lung compared to the dose that is calculated from
AAA in SBRT treatment for lung cancer, regardless of
whether the 6XFFF or 10XFFF beam is used. The dose
differences become larger by using higher beam quality
and smaller CGS.
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