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Abstract

Objective: The present study aimed to investigate the dose differences and radiobiological assessment between Anisotropic
Analytical Algorithm (AAA) and Acuros External Beam (AXB) with its 2 calculation models, namely, dose-to-water (AXB-Dw)
and dose-to-medium (AXB-Dm), on esophageal carcinoma radiotherapy treatment plans.

Materials and methods: The AXB-Dw and AXB-Dm plans were generated by recalculating the initial 66 AAA plans using
the AXB algorithm with the same monitor units and beam parameters as those in the original plan. The dosimetric and
radiobiological assessment parameters were calculated for the planning target volume (PTV) and organs at risk (OARs). The
gamma agreement for the PTV and the correlation between it and the volume of the air cavity and bone among the different
algorithms were compared simultaneously. The dose discrepancy between the theoretical calculation and treatment planning
system (TPS) when switching from AXB-Dm to AXB-Dw was analyzed according to the composition of the structures.

Results: The PTV dose of AXB-Dm plans was significantly smaller than that of the AAA and AXB-Dw plans (P < .05), except for
D2. The difference values for AAA vs AXB-Dm (ΔDx,(AAA-AXB,Dm)) and AXB-Dw vs AXB-Dm (ΔDx,(AXB,Dw-AXB,Dm)) were
1.94% [1.27%, 2.64%] and 1.95% [1.56%, 2.27%], respectively. For the spinal cord and heart, there were obvious differences
between the AAA vs AXB-Dm (spinal cord: 1.15%, heart: 2.89%) and AXB-Dw vs AXB-Dm (spinal cord: 1.88%, heart: 3.25%)
plans. For the lung, the differences between AAA vs AXB-Dm and AAA vs AXB-Dwwere significantly larger than those of AXB-
Dm vs AXB-Dw. Compared to the case of AAA and AXB-Dw, the decrease in biologically effective dose (BED10, α=β ¼ 10 ) of
AXB-Dm due to dose non-uniformity exceeded 6.5%, even for a small σ. The average values of equivalent uniform dose in the
AAA, AXB-Dw, and AXB-Dm plans were 52.03±.39 Gy, 52.24 ± .81 Gy, and 51.13 ± .47 Gy, respectively. The tumor control
probability (TCP) results for PTV in the AAA, AXB-Dw, and AXB-Dm plans were 62.29 ± 1.57%, 62.82 ± 1.69%, and
58.68±1.88%, respectively. With the 2%/2 mm and 3%/3 mm acceptance criteria, the mean values of ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA , and

ΔγAXB�Dw
AXB�Dm were 87.24, 63.3, and 64.81% vs 97.86, 91.77, and 89.25%, respectively. The dose discrepancy between the

theoretical calculation and TPS when switching from AXB-Dm to AXB-Dw was approximately 1.63%.
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Conclusions: The AAA and AXB-Dw algorithms overestimated the radiobiological parameters when the tumor particularly
consisted of nonuniform tissues. A relatively small dose difference could cause a significant reduction in the corresponding TCP.
Dose distribution algorithms should be carefully chosen by physicists and oncologists to improve tumor control, as well as to
optimize OARs protection.
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Introduction

It is a challenge that radiation therapy dose was calculated in the
thorax region, on account of incorporating large heterogeneity
tissues including lung, bone, air, muscle and adipose tissue.
Esophageal carcinoma (EC) is one of the most common ma-
lignant tumors in the thorax region, radiation therapy plays a
crucial role in the treatment of EC, which can remarkably reduce
cardiopulmonary morbidity or total mortality.1,2 The accuracy of
the EC treatment dose calculation can be extraordinary chal-
lenging due to the presence of high-density bone structures and
low-density lung tissue surrounding tumors.

The Analytical Anisotropic Algorithm (AAA) which im-
proved accuracy compared to the previous pencil beam Algo-
rithm has been now routinely available in the Eclipse treatment
planning system.3,4 Nevertheless, numbers of researches con-
firmed that AAA has been significantly overestimated by the
dose near air and lung tissue interfaces.5 A novel dose calculation
algorithmAcuros External Beam (AXB) is introduced to address
limitations of AAA in heterogeneous regions.6 It is seen that the
dose calculation areas with artefact generated heterogeneity leads
to higher dose deviations. According to previous studies,7-11 it is
sufficient to show that the accuracy of AXB almost agree with
that of Monte Carlo simulation, both for heterogeneous phantom
and clinical cases. And it exhibits more accuracy than AAA,
especially in heterogeneous media.6,12-14 Acuros External Beam
has 2 calculation models: dose-to-water (AXB-Dw) and dose-to-
medium (AXB-Dm). The AXB-Dw has been widely used in
conventional radiotherapy, its energy dependent fluence-to-dose
response functions are based on homogeneous water.15 Never-
theless, the AXB-Dm are based on heterogeneous material, for
instance, air, lung, bone, etc. AXB-Dm can be rescaled to AXB-
Dw using the stopping-power ratio of water-to-medium. It is a
highly debatable point that which mode is chosen optimally for
clinical treatment.16-19 Some researchers contend that the dif-
ference between 2models was small inmost of organs, except for
bone, the discrepancy can reach to about 15%.20 Liu, H.H16 and
Walters, B.R21 demonstrated that compared to the AXB-Dm,
AXB-Dw could provide a better evaluation of the dose to
sensitive tissue in the bone. Some researchers clarified that the
largest dosimetric differences always occurred in the highest
density region, where AXB-Dw predicted higher dose values
than AXB-Dm.4,20

The EC located in the thorax region, including an abundant
low-density tissue (i.e., air) and high-density tissue (i.e., bone),
consequently generating 3 nonuniformity interfaces: air-tissue,
air-bone and tissue-bone. The electronic disequilibrium and dose
perturbations will be happened when radiation beams passing
through these 3 heterogeneous interfaces.22 The differences
between AAA and AXB in esophageal carcinoma were explored
by some researchers.23,24 However, all of them only assessed the
dose differences between AAA and AXB-Dm, without con-
sisting of AXB-Dw in their relevant literature, and the cohort
used in their study was small. Thus, the primary aim of our
research is to ascertain the dose differences and radiobiological
assessment between the Eclipse treatment plan system version
15.6 of AAA and AXB, with its 2 dose reporting modes AXB-
Dw and AXB-Dm. Because the accuracy of AXB calculations is
affected by the structure to be calculated (bone, metal, etc.). The
secondary aim is to compare the correlation between the gamma
agreement and the volume of the cavity (Vcavity) and bone
structures (Vbone). And finally, we examine the feasibility of
switching from AXB-Dm to AXB-Dw and the impact of dose
inhomogeneity of AAA and AXB on BED of tumor. This was
the first large-scale study proposing a radiobiological approach
for the choice among AAA, AXB-Dw, and AXB-Dm. These
results can provide guidance for selecting appropriate algorithms
for Eclipse TPS in esophageal cancer clinical planning.

Methods

Patient Selection and Treatment Planning

Sixty-six patients with esophageal carcinoma at Fujian Medical
University Union Hospital were included in this study, the details
of which are listed in Table 1. The computed tomography (CT)

Table 1. Patient details in this study.

Characteristics n = 66

Age
Median (range) 65 (41–92)

Gender
Male/female 58/8

PTV volumes (cm3)
Median (range) 426.15 (35.03–657.50)
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scans of all cases were acquired using a multi-slice CT scanner
(Brilliance CT, Big Bore, Philips Medical Systems, Amsterdam,
The Netherlands) at a 5 mm slice thickness. The clinical target
volume (CTV) and organs at risk (OARs) on the planningCTwere
delineated by professional radiation oncologists according to the
National Comprehensive Cancer Network Guidelines, version
2.2019. The planning target volume (PTV) was created from the
CTV by expanding with a uniform margin of .5 cm separately.

The material table was established based on the scan of
standard CT phantom (Model 467, Tissue Characterization
Phantom, Gammex Inc, USA) and the mass density table was
supplied by manufacturer. The treatment plans for each patient
were initially optimized using the Eclipse TPSAAA algorithm
(version 15.6.8, Varian Medical Systems, Palo Alto, CA,
USA), and for clinical acceptability, at least 95% of the PTV
received a prescription dose of 50.4 Gy in 28 fractions. The
AXB-Dw and AXB-Dm plans were generated by re-
calculating the final AAA plan for identical monitor units and
beam parameters as in the corresponding AAA plan. The
calculation grid was set to 2.5 mm for all cases.

Dosimetric Evaluation and Data Analysis

To evaluate the dosimetric and radiobiological parameters, cu-
mulative dose-volume histograms (DVHs) were acquired using
the Varian TPS for each plan. Dosimetric parameters such as
volume, Dmean, D98, D95, D50, and D2 for PTV were analyzed,
where Dmean, D98, D50, and D2 represent the dose to mean, 98,
95, 50%, and 2% volume for the PTV, respectively. Additionally,
OAR dose metrics including the volume, Dmean, D2, and a set of
Vx%, which were the volume of the organ receiving x% or more
of the prescription dose, were recorded. The variances of dose 
σ
�
D

!
were also extracted and analyzed using the TPS built-

in tools to reveal the effect of dose non-uniformity on the bi-
ological effect dose (BED) in the 3 algorithms.

The equivalent uniform dose (EUD) was explained as the
homogeneous dose that caused the same biological effect if
heterogeneity was distributed over the entire volume of the
structure. In the EUD model first proposed by Niemierko,25

the logistic function25,26 was given as follows

EUD ¼
 X

i¼1

�
viD

a
i

�!1
a

(1)

where parameter a was a unit less parameter derived spe-
cifically from OARs or tumor properties; here, it was equal to
�9 (range: �8 to �10)(27,28) for PTV. vi represented the
fractional subvolume receiving a dose Di, in Gy.

Tumor control probability (TCP) was calculated using the
LQ model, and TCP was used to evaluate the tumor control
effect with different algorithms. Tumor control probability
could be defined as26

TCP ¼ 1

1þ
�

TCD50
EUD

�4γ50
(2)

where TCD50 was the dose to control 50% of the cancer, EUD
was obtained from the previous calculation, and γ50 was a pa-
rameter describing the slope of the dose-response curve. They
were published in a previous report equal to TCD50= 49.09 Gy23

and γ50 = 2.1627, respectively. The radiobiological parameters
EUD and TCP were calculated using an open-source free
program.26

The gamma agreements for PTVamong the AAA, AXB-Dw,
and AXB-Dm plans at the criteria of 3%/3 mm and 2%/2 mm
were calculated using the open-source program CERR.29 In this
study, we divided the patients into 3 groups: AAAvs AXB-Dw,
AAA vs AXB-Dm, and AXB-Dw vs AXB-Dm. ΔγAXB�Dw

AAA ,
ΔγAXB�Dm

AAA , and ΔγAXB�Dw
AXB�Dm represented the gamma agreements

in the PTV among the 3 different algorithm plans.

Composition-Related Dose Differences Between
AXB-Dw to AXB-Dm

To investigate the discrepancy between AXB-Dw and AXB-
Dm and their interpatient variability, we employed a method
based on the composition of the structures, an expression and
its associated rationality of converting Dm to Dw for a 6-MV
photon beam when using Acuros XB fitted with the work of
Jurado-Bruggeman et al30 The author proposed a new dose
quantity called “dose-to-water-like medium,” which could
yield a non-uniform dose distribution because of its hetero-
geneous composition. Instead of calculating the dose distri-
bution from scratch following the considerations, a more
straightforward approach was to apply a correction factor (CF)
to each voxel. This CF depended on the medium atomic
composition, beam spectrum, and the dose reporting mode of
the original dose distribution, which were illustrated in30 for
converting a volume medium into water

Dw,vol ¼ Dm,vol �
X
mAXB

fi �
CF6MV

mAXB,Dm

CF6MV
mAXB,Dw

(3)

where Dw,vol and Dm,vol represented the dose-to-water and dose-
to-medium volume, respectively; fi was the fraction corre-
sponding to material i in the volume composition; CF6MV

mAXB,Dm
was the value of CF for the tissues of AXB (mAXB), 6-MV
photon beam, and dose-to-medium. Previously published liter-
ature31 listed the values of CF for AXB human tissues.

The material assignment of the tumor comprises air, lung,
adipose tissue, muscle, cartilage and bone, and the corresponding
proportion of each composition followed the steps below. Firstly,
the mass density of each composition was determined according
to the published data of Jurado-Bruggeman’s work.30 Then, the
CT value of each composition was determined using the CT-
number-to-density calibration curve of the treatment planning

Wang et al. 3



system (TPS). Thirdly, the range of each material was contoured
based on the CT number with the TPS automatic segmentation
built-in tools. Finally, the statistics of the proportions of different
materials were summarized in Table 2. In this study, the cal-
culation parameters of OARs were obtained from the study of
Carles Munoz–Montplet et al31 The theoretical Dw ðDT

w,volÞ was
predicted based on the AXB-Dm DVH parameters using
equation (3), and the difference between ðDT

w,volÞ and Dw was
calculated as follows

ΔDT
AXBDw�AXBDw ¼ DT

w,vol � Dw,vol

Dw,vol
� 100 (4)

Results

Dosimetric Comparison

The dosimetric plan parameter comparisons were depicted in
Figure 1 (a) to (e). The PTV dose of AXB-Dm plans was
significantly smaller than that of the AAA and AXB-Dw plans
(P<.05), except for D2. Table 3 showed the difference values
for ΔDx, ðAAA�AXB,DmÞ and ΔDx,ðAXB,Dw�AXB,DmÞ as 1.94%
[1.27%, 2.64%] and 1.95% [1.56%, 2.27%], respectively.
However, the difference between AAA and AXB-Dw
ðΔDx, ðAAA�AXB,DwÞÞ plans was generally equal, except for
D2, which showed a discrepancy of more than 2.09% (P<.05).
Overall, significant differences existed between the AXB-Dm
vs AAA plans and the AXB-Dm vs AXB-Dw plans.

For the spinal cord and heart (Figure 1 (f, k, l)), there was an
obvious difference between the AAA vs AXB-Dm plans
(spinal cord: 1.15%, heart: 2.89%) and the AXB-Dw vs AXB-
Dm plans (spinal cord: 1.88%, heart: 3.25%). The difference
was not statistically significant because the value of p was
greater than .05. For the lung (Figure 1 (g) to (j)), the dif-
ferences between the AAAvs AXB-Dm plans and the AAAvs
AXB-Dw plans were significantly larger than those between
AXB-Dm vs AXB-Dw (i.e., the former 2 V10(%) ≈ 6%, the
latter ≈ 0.2%) (See Table 3). In conclusion, the dose data of
the AAA and AXB-Dw plans were larger than those of the
AXB-Dm plans, regardless of the target or OARs. For the

difference between AAA and AXB-Dw, sometimes in large of
AAA, sometimes in large of AXB-Dw.

As shown in Figure 2, the BED10 (α=β ¼ 10) decreased
with increasing variance of the target dose. In particular,
compared to the case of AAA and AXB-Dw, the decrease in
BED10 of AXB-Dm due to the dose non-uniformity could
exceed 6.5% even for a small σ (i.e., σ=D ≈ 0.02-.03).

EUD and TCP Analysis

Figure 3 showed the EUD results for PTV in the AAA, AXB-
Dw, and AXB-Dm plans. The average values of EUD in the
AAA, AXB-Dw, and AXB-Dm plans were 52.03 ± .39 Gy,
52.24 ± .81 Gy, and 51.13±.47 Gy, respectively. It was ob-
viously observed that the mean EUD values in the AXB-Dm
plans were always lower than those in the AXB-Dw and AAA
plans, except for some patients. The mean value of EUD for
the AAA plan was less than that in the AXB-Dw plan with an
average difference of .4%, and the mean value of EUD in the
AXB-Dm plan was lower than that of AAA by 1.73%, si-
multaneously showing a difference of greater than 2.13% of
the AXB-Dw plans.

Figure 4 showed the TCP results for PTV in the AAA,
AXB-Dw, and AXB-Dm plans, which were 62.29 ± 1.57%,
62.82 ± 1.69%, and 58.68 ± 1.88%, respectively. In com-
parison to the AAA plan, the AXB-Dw plan showed an in-
crement in TCP by an average difference of .84%, whereas the
AXB-Dm plan consistently showed a reduction by an average
difference of 5.8%. It appeared that the greatest difference
between the 3 different algorithms was between the AXB-Dw
and AXB-Dm plans, while the difference between the AXB-
Dm and AXB-Dw plan was in excess of 6.59%.

Gamma Index

Figure 5 summarized the gamma agreement in the PTV ac-
cording to the AAA, AXB-Dw, and AXB-Dm plans. Dose
difference and distance-to-agreement were selected as 2 ac-
ceptance criteria 3%/3 mm and 2%/2 mm. With the 2%/2 mm
acceptance criteria, the mean value of ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA ,

Table 2. Descriptive statistics of different materials for AXB in PTV.

Materials

Mass Density (g/cm3) CT Number (HU) CF6MV
mAXB,Dm

CF6MV
mAXB,Dw

Composition (%)

Min Max Min Max Mean ± SD Min Max

Air 0 .0012 �1000 �900 1.002 6.61 ± 2.70 .23 15.32
Lung 0 .554 �1000 �458 1.002 28.17 ± 9.51 14.92 68.91
Adipose .624 .970 �393 �20 .980 4.49 ± 2.26 .00 11.26
Muscle 1.001 1.056 0 70 1.014 36.76 ± 7.31 4.87 53.03
Cartilage 1.093 1.1 70 90 1.025 7.04 ± 2.39 1.30 13.49
Bone 1.6 3.0 840 3667 1.150 16.92 ± 8.49 3.48 42.27
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and ΔγAXB�Dw
AXB�Dm was 87.24, 63.3, and 64.81%, respectively.

The median values were 88.76, 63.87, and 65.48%, respec-
tively. For the target, the gamma agreement had a significant
diversity in different algorithms, and a comparison of AXB-
Dw with AXB-Dm showed slightly higher gamma agreement

values relative to a comparison of AXB-Dm with AAA, but it
was distinctly lower than that in the comparison of AXB-Dw
with AAA. Under the 3%/3 mm acceptance criteria standard,
the gamma agreement was enhanced tremendously, and the
mean values of ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA , and ΔγAXB�Dw

AXB�Dm were
97.86, 91.77, and 89.25%, respectively. The corresponding
median values were 98.57%, 92.56%, and 88.86%, respec-
tively. The comparison of AXB-Dw with AAA was found to
be the smallest, and as before, AXB-Dm varied greatly from
the AXB-Dw and AAA plans.

We also investigated the correlation between the gamma
agreement and the volume of the air cavity and bone, with 2
acceptance criteria of 3%/3 mm and 2%/2 mm. Figure 5 (a) to
(j) showed scatter plots with fitted curves for the gamma

Figure 1. Comparison of AAA, AXB-Dw, and AXB-Dm plans regarding dosimetric parameters for PTV (a–e) and OARs (f–l). Every point
represented a plan parameter for one of 66 patients. The major diagonal showed the equal value of three types of algorithms.

Table 3. Dw discrepancy between theoretical calculation and TPS.

ΔDT
AXBDw�AXBDw

PTV 1.48%
Heart �1.63%
Lung �.024%
Spinal cord �.34%

Wang et al. 5



Figure 3. Comparison AAA, AXB-Dw, and AXB-Dm plans regarding EUD parameter of target. Every point represented a plan parameter for
one of 66 patients. The major diagonal showed the equal value of three types of algorithms.

Figure 2. Relationship between BED10 (Gy) and variance of target dose for all patients.
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Figure 4. Comparison AAA, AXB-Dw, and AXB-Dm plans regarding TCP parameter of target. Every point represented a plan parameter for
one of 66 patients. The major diagonal showed the equal value of three types of algorithms.

Figure 5. Gamma passing rates for PTV among three algorithms under the criteria of 2%/2 mm and 3%/3 mm.

Wang et al. 7
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agreement using the AAA, AXB-Dw, and AXB-Dm plans vs
Vcavity and Vbone. Regardless of whether the criteria were 3%/
3 mm or 2%/2 mm, the ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA , and

ΔγAXB�Dw
AXB�Dm were negatively correlated with the volume of the

cavity and bone, except for the 2%/2 mm criteria of
ΔγAXB�Dw

AXB�Dm, which demonstrated that the gamma agreement
was reduced with an increase in the volume of the cavity and
bone.

Composition-Related Dose Differences Between
AXB-Dw to AXB-Dm

Table 4 showed the dose discrepancy between the theoretical
calculation and TPS when switching from AXB-Dm to AXB-
Dw, using the parameters listed in Table 2 and equtions (3)–(4).
The differences between the theoretical calculation and clini-
cally obtained values were approximately 1.63% because of the
complex composition of PTV and heart, while the values of
other structures were less than .34%.

Discussion

It is challenging to select an appropriate dose calculation
algorithm, especially when a photon beam travels through a
heterogeneous medium.14 Acuros External Beam dose
calculation algorithms agree very well with the Monte Carlo
dose calculation algorithm, even in heterogeneous media.32

In this study, we compared 3 dose calculation algorithms,

namely, AAA, AXB-Dw, and AXB-Dm, which were used to
calculate dose distributions in esophageal carcinoma
treatment plans. The air cavity was widely presented in the
esophagus, trachea, and bronchus; meanwhile, the margin
of the GTV may be generated in a region of overlap among
the PTV, air cavity, and low-density lung tissue. Generally,
the AAA estimated a higher dose to the air cavity and lung
tissue within the PTV than AXB-Dm.33 Therefore, for the
Dmean, D98, D95, and D50 of the PTV, the majority of the
AXB-Dm plans were significantly smaller than the AAA
plans, which was in accordance with the findings of similar
previous studies.34-36 For D95 and D98, the difference was
up to 2.64% and 2.49%, respectively. For AXB-Dw, there
was no clear trend; this result was consistent with that of
another study.37 Sayah4 considered that the difference in
D2% was dependent on the percentage of a high-density
material in the PTV, where the AXB-Dw plans predicted
higher dose values than the AAA plans. This may clarify our
results. Overall, AAA and AXB-Dw, which were com-
monly used in clinical practice, overestimated the PTV
dose compared to AXB-Dm (see Figure 1 (a) to (e) and
Table 3).

For the spinal cord and heart, there were obvious differ-
ences between the AAA vs AXB-Dm plans (spinal cord:
1.15%, heart: 2.89%) and the AXB-Dw vs AXB-Dm plans
(spinal cord: 1.88%, heart: 3.25%). According to the results
obtained above, the in vivo dose of irradiated patients was less
than the nominal prescription dose when AAA and AXB-Dw

Figure 6. (a)–(f) scatter plots with fitted curves for gamma passing rates at the criteria of 2%/2 mm and 3%/3 mm and volume of cavity for
ΔγAXB�Dw

AAA ,ΔγAXB�Dm
AAA , and ΔγAXB�Dw

AXB�Dm, respectively; (g)–(l) scatter plots with fitted curves for gamma passing rates at the criteria of 2%/2 mm
and 3%/3 mm and volume of bone for ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA , and ΔγAXB�Dw

AXB�Dm, respectively.
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were used to calculate the dose distribution. This was well for
OARs but not for tumors. For the lung, the dose parameters of
AAA were significantly larger than those of AXB-Dm and
AXB-Dw (i.e., the former 2 V10(%) ≈ 5:82%, the latter ≈
6.01%). Kroon et al38 reported similar results. However, there
was a slight difference between AXB-Dm and AXB-Dw for
the lung, and the reason for this phenomenon might be that the
particles passed through a uniform lung tissue rather than a
heterogeneous tissue. According to Jurado-Bruggeman’s
work, the CF factor switching Dm to Dw for the lung was the
least among the other compositions (CF=1.002, see Table 2).
In conclusion, the dose data of the AAA and AXB-Dw plans
were larger than those of the AXB-Dm plans, regardless of the
target or OARs. For the difference between AAA and AXB-
Dw, sometimes in large of AAA, sometimes in large of AXB-
Dw.

In this study, the effect of dose inhomogeneity of AAA and
AXB on the BED of tumors was also discussed. As shown in

Figure 2, BED10

�
α=β ¼ 10

�
decreased with increasing

variance of the target dose. Our computations of BED10 in-
dicated that a relatively small dose heterogeneity for AXB-Dm
plans (i.e., σ

�
D ≈ 0.02-.03) could cause a significant (i.e., up to

6.5%) reduction. This result was in agreement with the
conclusion of Kuperman et al, who reported the impact of
target dose inhomogeneity on BED in the lung stereotactic
body radiation therapy regimen.39 Therefore, the target ho-
mogeneity index should be close to unity to minimize BED
reduction when the treatment plan was designed.

According to our results, the mean EUD values in the
AXB-Dm plans were always lower than those in the AXB-
Dw and AAA plans. The difference values of AXB-Dw and
AXB-Dm plans were �.4% and 1.73%, respectively, com-
pared to that in the AAA plans. Simultaneously, the AXB-
Dw plans showed a difference greater than 2.13% from the
AXB-Dm plans (see Figure 6). Suresh Rana’s23 publication
indicated that for the PTV, the EUD difference values be-
tween the AXB and AAA plans had an average of 1.3%.
However, the dose of AXB, which was calculated based on
dose-to-water or dose-to-medium, was not determined in
their work. Significantly, which algorithm (i.e., dose-to-
water or dose-to-medium) needed to be applies in clinical
practice was very important.

The differences in dose to PTV calculated using the AXB-
Dw and AXB-Dm algorithms resulted in a TCP percentage
difference of up to 6.59%. In comparison to the AAA plans,
the AXB-Dw plans showed an increase in TCP by an average
difference of .84%, whereas the AXB-Dm plans consistently
showed a reduction by an average difference of 5.8%. Pad-
manaban et al24 predicted a reduction of 3% [1.1%, 4.5%]
fromAAA to AXB-Dm. Their conclusion was less than that of
our study (3 vs 5.8%); the most likely reason was that only 10
patients were analyzed in their study. The cohort used in this
study was large (n=66). This was the first large-scale study
proposing a radiobiological approach for the selection of AAA,
AXB-Dw, and AXB-Dm. Our results indicated that a relatively
small dose difference (i.e., ΔDx,ð AXB,Dw�AXB,DmÞ ≈ 2:0%) could
cause a significant reduction in the corresponding TCP

Figure 6. Continued.
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(ΔTCPx,ð AXB,Dw�AXB,DmÞ ≈ 5:8%). Dose distribution algorithms
should be carefully chosen by physicists and oncologists to
improve tumor control, as well as to optimize OAR
protection.

In this study, the gamma agreements for PTV in AAA,
AXB-Dw, and AXB-Dm were analyzed. With the 3%/3 mm
acceptance criteria, the mean values of ΔγAXB�Dw

AAA ,ΔγAXB�Dm
AAA ,

and ΔγAXB�Dw
AXB�Dm were 87.24, 63.3, and 64.81% vs 97.86%,

91.77%, and 89.25%, respectively. For the target, the gamma
agreement had a significant diversity in different algorithms,
and a comparison of AXB-Dwwith AXB-Dm showed slightly
higher gamma agreement values relative to the comparison of
AXB-Dm with AAA but distinctly lower than those of
comparison of AXB-Dw with AAA. From Table 2, we knew
the proportion of soft tissue in PTV was much larger than that
of bone. The most of high-density tissues such as enhanced
artery and bone were distributed in periphery of the EC PTV
(see Appendix, Figure A1). According to the result of Han T,
et al,7 the calculated dose distribution of AAA, AXB-Dw, and
AXB-Dm were quite different in high-density tissue and soft
tissue. The AXB-Dw showed a large overestimation than
AAA and AXB-Dm and the dose of AXB-Dm was the least
for tissue located in the high-density region. Although in soft
tissue, AXB-Dm overestimated the dose than AAA and AXB-
Dw and the dose of AAA was the least. For the 2%/2 mm
criterion, the main dose differences were presented in high
percentage soft tissue. It resulted in ΔγAXB�Dw

AXB�Dm was greater than
ΔγAXB�Dm

AAA . on the contrary, the dose discrepancy more than 3%
mainly occurred in high density tissue such as bone and en-
hanced artery (see Appendix, Figure A1). This was the reason

why ΔγAXB�Dw
AXB�Dm was less than ΔγAXB�Dm

AAA at the criterion 3%/
3 mm.

We also investigated the correlation between the gamma
agreement and the volume of the air cavity and bone.
Regardless of whether the criteria were 3%/3 mm or 2%/
2 mm, the ΔγAXB�Dw

AAA , ΔγAXB�Dm
AAA , and ΔγAXB�Dw

AXB�Dm were
negatively correlated with the volume of the cavity and
bone. Based on the dose difference map, we found that the
difference mainly appeared in the large density or CT value
tissues (see Appendix, Figure A1). According to previous
studies,6,18,40 AXB-Dm was more accurate than AAA and
AXB-Dw and very much equal to the Monte Carlo results.
Because of the lower gamma passing rate of ΔγAXB�Dm

AAA and
ΔγAXB�Dw

AXB�Dm (<<95%), the algorithm should be carefully
selected to design a treatment plan to meet clinical re-
quirements when the tumor consists of nonuniform tissues.

Verification of theoretical dose differences between AXB-
Dw from DVH parameters and AXB-Dw switching from
AXB-Dm using a theoretical formula was performed. The
differences between the theoretical calculation and clinically
obtained values were approximately 1.63% because of the
complex composition of PTV and heart, while the values of
other structures were less than .34%. This implies that, with
the more complex the structure, the larger was the deviation.
The method proposed in this paper was a valuable tool for
allowing approximate mass conversion of dose distributions in
medium to doses in water using the theoretical equation
without recalculation. Although the differences found in our
study might be over the threshold of clinical acceptance for
some patients, it could provide a theoretical reference when an

Figure 6. Continued.
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algorithm was chosen. For example, if the composition of a
tumor was complex and some larger density or CT number
tissues were included, then the algorithms should be selected
carefully because of the large difference. The higher pro-
portion of bone and enhanced organs showed a difference of
up to 1.63% between AXB-Dm and AXB-Dw, which could
have a clinical effect. Based on these findings, physicists and
oncologists can choose a suitable algorithm mode to meet the
clinical requirements for convenience.

Conclusion

The AAA and AXB-Dw algorithms overestimated the ra-
diobiological parameters when the tumor consisted of non-
uniform tissues. To some degree, the theoretical method could
help to better assess the predictive accuracy of Dw vs Dm for
radiobiological parameters. Our results indicated that a rela-
tively small dose difference (i.e., 2%) could cause a significant
reduction in the corresponding TCP (i.e., 6.59%). Dose dis-
tribution algorithms should be carefully chosen by physicists
and oncologists to improve tumor control as well as to op-
timize OAR protection.

Limitation

The potential limitation of this study was the lack of the true
value of 3D dose distribution calculated by Monte Carlo
simulation. The reason for this was that only Eclipse TPS, in
which no MC algorithm was installed, was equipped in our
center. And the code of MC simulation such as EGSnrc/
BEAMnrc was quite hard, it involved the modelling of

linear accelerator structure and coding and so on. Acuros
External Beam ’s accuracy may not be comprehensively
evaluated in our paper. But the accuracy of AXB had been
verified by lots of researches, it does not affect the comparison
of radiobiology evaluation for esophageal carcinoma between
the version 15.6 of AAA and AXB. It also could provide
guidance for selecting appropriate algorithms for Eclipse TPS
in esophageal cancer clinical planning. We will try our best to
perform the true value of 3D dose calculations using the MC
simulation code such as EGSnrc in our next future work.
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Appendix

Figure A1. (a), (b) dose gamma agreement map of AAA vs. AXB-Dw and AAA vs. AX-Dm at 2%/2 mm criteria, respectively. (c), (d) dose
gamma agreement map of AAA vs. AXB-Dw and AAA vs. AX-Dm at 3%/3 mm criteria, respectively. The difference mainly appeared in the
large density or CT value tissues.
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