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Abstract 
Purpose: The purpose of current study is to investigate the impact of tissue heterogeneity corrections in Acuros XB 
algorithm (AXB) and Anisotropic Analytical Algorithm (AAA) on RapidArc esophageal cancer treatment plans using 
equivalent uniform dose (EUD) calculations and tumor control probability (TCP). 

Methods: Ten esophageal cancer cases were selected for the current study. All cases were planned using RapidArc 
technique in Eclipse treatment planning system (10.0.28).  The treatment plans were inversely optimized using progressive 
resolution optimizer and each optimized plan was calculated using AAA with tissue heterogeneity correction. The AAA 
plans were then normalized such that prescription dose covered 95% of the planning target volume (PTV). The AXB plans 
were generated by recalculating the normalized AAA plans using AXB with tissue heterogeneity correction for identical 
monitor units and beam parameters as in the corresponding AAA plans. The EUD and TCP calculations were then 
performed on the AAA and AXB plans.   

Results: For PTV, the EUD values in AXB plans were always lower than in AAA plans with an average difference of 
1.3%. Similarly, AXB calculations produced smaller magnitude of EUD for the organs at risk (OARs) compared to AAA 
calculations. On average, in AXB plans, the lung EUD was lower by 3.5%, the liver EUD was lower by 2.3%, the heart 
EUD was lower by 2.8%, and the spinal cord EUD was lower by 1.8%. The TCP of AXB plans was lower by average 
difference of 7.1% compared to that of AAA plans.  

Conclusion: In comparison to AAA calculations, the preliminary results presented in the current study showed that AXB 
calculations produced lower EUD and TCP for the PTV as well as lower EUD for OARs in the esophageal cancer 
treatment plans created by RapidArc planning technique.  
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1 Introduction 
Currently, there are an increasing number of radiation oncology departments that are implementing and using volumetric 
modulated arc therapy (VMAT) technique for external beam radiation therapy. RapidArc (Varian Medical Systems, Palo 
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Alto, CA) is an example of volumetric modulated arc therapy (VMAT) technique, which delivers modulated radiation 
beams with simultaneous adjustment of multi-leaf collimator (MLC) field aperture, dose rate and gantry rotation speed [1]. 
The main goal of RapidArc treatment is to deliver a conformal radiation dose distribution to the target while minimizing 
the dose to the organs at risk (OARs) [1, 2]. However, dose distribution depends on several factors such as treatment 
planning method and dose calculation algorithms employed in treatment planning systems (TPS). Furthermore, dose 
calculation algorithms face challenge in predicting accurate dose when inhomogenous media are encountered along the 
photon beam path. For example, in the case of esophageal cancer treatment, there is an involvement of lung (low-density 
medium), which causes the electronic disequilibrium effect near the air/tissue interfaces. Thus, when an esophageal target 
is to be irradiated using external beam radiation therapy, dose calculation algorithms must apply tissue heterogeneity 
corrections that will account accurately for the electron transport near tissue heterogeneity interface. 

Recently, a new dose calculation algorithm called Acuros XB (AXB) was implemented in the Eclipse TPS (Varian 
Medical Systems, Palo Alto, CA). A number of studies have evaluated the dosimetric impact of AXB for different clinical 
sites [3-8] by comparing the dosimetric results of AXB with that of Anisotropic Analytical Algorithm (AAA). Most of the 
previous dosimetric studies on AXB [3-8] were based on physical dose-volume statistics, which can characterize only the 
certain aspects of the 3D dose distribution. Furthermore, other researchers [9-11] have investigated the use of RapidArc 
technique for esophageal cancer, but the evaluation of Varian's most recent dose calculation algorithm AXB using 
radiobiological parameters for esophageal cancer remains to be done.  

The main purpose of this study was to perform the radiobiological response model comparison between AXB and AAA 
for esophageal cancer treatment plans. The radiobiological evaluation was done using tumor control probability (TCP), 
which provides a quantitative biophysical measure of tumor dose [12]. The TCP was estimated using the numerically 
calculated equivalent uniform dose (EUD) [13] obtained from the dose distributions of esophageal cancer treatment plans 
created by RapidArc technique.  

2 Methods 

2.1 Dose Calculation algorithms 
Since the validation of AXB has already been by several researchers [14-17], no comparisons between the AXB calculations 
and measurements were done in this study. The AAA is based on a pencil-beam convolution/superposition technique, and 
the primary photons, scattered photons and electrons scattered from the beam limiting devices are modeled separately in 
AAA [18]. The tissue heterogeneity in the AAA is handled by scaling of primary photons and photon scatter kernel scaling 
in lateral directions according to local electron density [18-20]. A more detailed description of the AAA is presented 
elsewhere [18-20]. The AXB solves numerically Linear Boltzmann Transport Equation which describes the macroscopic 
behavior of radiation particles as they travel through and interact with matter [14]. The AXB is considered to be similar to 
classic Monte Carlo methods for accurate modeling of dose deposition in heterogeneous media [14]. A more detailed 
description of the AXB is presented elsewhere [14, 15]. 

2.2 Treatment planning  
Ten esophageal cancer cases treated at Arizona Center for Cancer Care were selected for the current study. This study was 
approved by the research committee of the institution. The computed tomography (CT) scans of all cases were acquired 
with 512×512 pixels at 0.25 cm slice spacing on a flat tabletop of a GE LightSpeed CT Scanner. The planning target 
volume (PTV) was created using a 5 mm wide isotropic expansion of the clinical target volume (CTV). The organs at risk 
(OARs), such as the lungs, heart, liver, and spinal cord, were delineated based on the axial CT images. All cases were 
planned using RapidArc technique with two arcs (Figure 1) and 6X mode of the 600 MU/min dose rate in the Eclipse TPS 
(version 10.0.28). The treatment plans were inversely optimized using progressive resolution optimizer (PRO), version 
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10.0.28, such that at least 95% of the PTV received the prescription dose of 50.4 Gy in 28 fractions. The optimized plans 
were calculated using AAA with tissue heterogeneity correction, and each calculated plan was then normalized such that 
100% of the prescribed dose covered 95% of the PTV. The final plan generated after plan normalization was referred as 
the AAA plan. The AXB plan was generated by recalculating the final AAA plan using AXB with tissue heterogeneity 
correction 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. 

 

 

 

 

 

Figure 1. A transversal view of RapidArc plan 
setup in the Eclipse treatment planning system for 
esophageal cancer (case #8). The planning target 
volume (PTV) is shown in the above figure.  

 

2.3 Equivalent uniform dose 
The EUD is defined as the dose which causes the same biological effect if distributed homogeneously throughout the 
entire volume of the structure of interest as the inhomogeneous dose distribution [13, 21]. 

According to Niemierko’s phenomenological model, the equation for EUD [13, 21, 22] is given as   

  
1

1

aaEUD v EQDi ii
 

                                                                            (1) 

In equation (1), a is a unit less model parameter that is specific to the normal structure or tumor of interest, and vi is unit 
less and represents the i’th partial volume receiving dose Di in Gy [13, 21, 22]. Since the relative volume of the whole structure 
of interest corresponds to 1, the sum of all partial volumes vi will equal 1 [13, 21, 22]. Furthermore, in equation (1), the  
EQD [22] is the biologically equivalent physical dose of 2 Gy and defined as:  
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Where, nf and df = D/nf are the number of fractions and dose per fraction size of the treatment course, respectively. The α/β 
is the tissue-specific linear-quadratic (LQ) parameter of the organ being exposed [13, 21]. The EUD calculations were 
performed using the MATLAB and Simulink Student Version-R2012a (The MathWorks, Inc., Natick, Massachusetts). 
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First, the cumulative dose-volume histograms (DVHs) of AAA and AXB plans were exported from the Eclipse TPS using 
dose bin size of 40 cGy. Second, we utilized the MatLab program [21] to calculate the EUD with the Niemierko  
method [13, 21]. For the esophageal cancer, the EUD was calculated using alpha-beta ratio of 10 [22]. The alpha-beta ratio for 
lung, liver, heart, and spinal cord were 3, 1.5, 2, and 2, respectively [22, 23]. For complete list of EUD parameters, please 
refer to Table 1.    

2.4 Tumor control probability 
The concept of TCP is important in radiobiological modeling, which can be used in raking different treatment plans that 
lead to same biological endpoint. The TCP model was developed on the basis that after irradiation of target, some cells 
received one or more hits and die, whereas some cells do not get any hit and survive [12]. This random killing of clonogenic 
cells by radiations is well described by Poisson statistics [22]. Using LQ expression for cell survival, TCP was calculated as:
                      

α D
 + 
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β
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                                                                  (3) 

Where, N = the number of clonogen tumor cells, calculated by multiplying clonogenic cell density (CCD) by tumor 
volume, alpha/beta = 10 was used, where alpha and beta are radiosensitivity parameters related to cell killing from single 
hit or multiple hit events respectively. D equals EUD, n equals the number of treatment fractions, and SF2 is the surviving 
fraction after irradiation at a reference dose (Dref) of 2 Gy. The probability of cells surviving at 2 Gy was assumed to be 0.5, 
and TCP calculations were based on CCD of 10M/cc.  

Table 1. Parameters used to calculate EUD using Niemierko's method 

Tissue Volume Type 100% dpf #f a Dpf (Gy) α/β (Gy) 

Esophagus (PTV) Tumor 1.8 28 -13 2 10 
Lung Normal 1.8 28 1 2 3 
Liver Normal 1.8 28 3 2 1.5 
Heart Normal 1.8 28 3 2 2 
Spinal Cord Normal 1.8 28 13 2 2 

100% dpf = 100% dose per fraction; # f =number of fractions; α/β = alpha-beta ratio; and dpf= parameters’ source data’s dose per fraction; EUD = Equivalent Uniform Dose, PTV=planning target volume. 
(The parameters are obtained from published papers of Oinam et al. [22], Kehwar [23], and Okunieff et al. [25])

 

2.5 Analysis 
For the purpose of comparison, the percent difference, D (%), in the EUD or TCP values between the AXB and AAA plans 
was calculated using equation (4). 

          AXB AAA
D(x) = 100

AAA
–  

 
                                                                     (4) 

where x is the EUD or TCP value in the AXB and AAA plans for the same case.  

3 Results 
Tables 2-6 shows the EUD values of ten cases of esophageal cancer for the PTV and OARs in the AAA and AXB plans. In 

this section, the EUD results from AAA and AXB calculations are expressed as average ± standard deviation inside the 

parentheses. 
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Table 2. EUD for the PTV in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
EUD (Gy) 

D (%) 
AXB AAA 

1 50.3 51.1 -1.5 
2 50.4 51.2 -1.5 
3 50.4 51.1 -1.3 
4 50.2 51.1 -1.8 
5 50.8 51.3 -0.9 
6 50.3 51.1 -1.7 
7 52.2 52.6 -0.9 
8 52.1 52.5 -0.7 
9 51.3 52.2 -1.6 
10 50.5 51.2 -1.3 
Avg. 50.9 51.5 -1.3 
SD. 0.8 0.6 0.4 
EUD = Equivalent Uniform Dose, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 

 

Table 3. EUD for the lung in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
EUD (Gy) 

D (%) 
AXB AAA 

1 4.6 4.8 -4.6 
2 6.6 6.9 -4.4 
3 6.4 6.6 -4.1 
4 7.1 7.3 -3.2 
5 4.6 4.8 -3.6 
6 3.6 3.8 -4.9 
7 5.5 5.7 -2.5 
8 4.5 4.6 -2.5 
9 4.1 4.2 -2.4 
10 7.2 7.4 -2.6 
Avg. 5.4 5.6 -3.5 
SD. 1.3 1.3 1.0 

EUD = Equivalent Uniform Dose, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 

 

Table 4. EUD for the liver in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
EUD (Gy) 

D (%) 
AXB AAA 

1 11.1 11.3 -2.3 
2 11.8 12.2 -3.1 
3 8.1 8.3 -2.3 
4 6.9 7.1 -2.6 
5 15.8 16.0 -1.4 
6 13.8 14.2 -3.1 
7 15.1 15.4 -1.8 
8 9.5 9.7 -1.9 
9 10.8 11.1 -2.5 
10 5.6 5.7 -1.9 
Avg. 10.8 11.1 -2.3 
SD. 3.4 3.5 0.5 

EUD = Equivalent Uniform Dose, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 
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For the PTV, the EUD values in the AXB plans (50.9 ± 0.8 Gy) were always lower than in the AAA plans (51.5 ± 0.6 Gy) 

with an average difference of 1.3%. Similar to the results for the PTV, the AXB calculations produced smaller magnitude 

of EUD for the OARs compared to the AAA calculations. On average, in the AXB plans, the lung EUD was lower by 3.5% 

(5.4 ± 1.3 Gy vs. 5.6 ± 1.3 Gy), the liver EUD was lower by 2.3% (10.8 ± 3.4 Gy vs. 11.1 ± 3.5 Gy), the heart EUD was 

lower by 2.8% (20.7 ± 6.7 Gy vs. 21.3 ± 6.8 Gy), and the spinal cord EUD was lower by 1.8% (18.7 ± 6.8 Gy vs.  

19.1 ± 6.9 Gy).  

Table 5. EUD for the heart in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
EUD (Gy) 

D (%) 
AXB AAA 

1 24.0 24.5 -2.2 
2 20.7 21.3 -2.8 
3 23.6 24.2 -2.7 
4 28.4 29.2 -2.9 
5 27.0 27.4 -1.5 
6 14.7 15.1 -2.6 
7 12.1 12.6 -3.6 
8 10.7 11.0 -3.3 
9 17.2 17.7 -3.0 
10 28.7 29.6 -3.1 
Avg. 20.7 21.3 -2.8 
SD. 6.7 6.8 0.6 

EUD = Equivalent Uniform Dose, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 

 

The analysis of TCP also showed different results for the AXB (74.2 ± 5.9 %) and AAA (79.8 ± 4.1 %) plans (Table 7). For 

each case, the TCP in the AXB plan was always lower than in the AAA plan. On average, the TCP of AXB plans was 

lower by 7.1% (range, 2.5% − 10.6%) compared to that of AAA plans.  

Table 6. EUD for the spinal cord in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
EUD (Gy) 

D (%) 
AXB AAA 

1 22.0 22.4 -1.9 
2 19.6 19.8 -1.1 
3 26.7 27.2 -1.8 
4 27.2 27.8 -2.2 
5 17.4 17.7 -1.8 
6 16.9 17.2 -1.9 
7 11.6 11.9 -2.9 
8 7.3 7.5 -2.5 
9 13.0 13.2 -1.4 
10 25.9 26.1 -0.8 
Avg. 18.7 19.1 -1.8 
SD. 6.8 6.9 0.6 

EUD = Equivalent Uniform Dose, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 
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Table 7. TCP for the PTV in the RapidArc esophageal cancer treatment plans (AXB &AAA) 

Case # 
TCP (%) 

D (%) 
AXB AAA 

1 69.7 76.8 -9.3 
2 70.7 77.6 -9.0 
3 70.7 76.8 -8.0 
4 68.7 76.8 -10.6 
5 74.3 78.4 -5.2 
6 69.7 76.8 -9.3 
7 84.3 86.5 -2.5 
8 83.7 85.9 -2.6 
9 78.4 84.3 -7.0 
10 71.6 77.6 -7.7 
Avg. 74.2 79.8 -7.1 
SD. 5.9 4.1 2.8 
TCP = Tumor Control Probability, AAA = Anisotropic Analytical Algorithm, AXB = Acuros XB Algorithm; Avg. = Average, SD = Standard Deviation; D (%) = [(AXB-AAA)/AAA] × 100 

 

4 Discussion 
The accurate modeling of primary beam attenuation and lateral scatter is important in photon dose calculation algorithms 
in order to avoid the dose overestimation or underestimation. However, due to the difference in beam modeling approach 
within dose calculation algorithms, the discrepancies in their dose predictions exist, especially when photon beam 
traverses the inhomogenous media before it reaches the tumor. A number of studies [14-17] have reported the superiority of 
the AXB over the AAA for dose predictions when heterogeneous media are involved.  

In the current study, the highest average difference (3.5%) in EUD was seen for the lung, which involves the low density 
medium that causes the electronic disequilibrium. In previous studies [15, 17], the AAA was shown to predict the dose higher 
than the AXB in the low density air gap region. If the AXB is considered to be more accurate than the AAA, the current 
study showed that the AAA may be overestimating the magnitude of EUD for the lung. Moreover, the preliminary results 
from the current study showed the EUD values were always lower in the AXB plans compared with the AAA plans. In 
contrast, the results of AXB were not always lower in magnitude compared with those of AAA in the dosimetric study of 
esophageal cancer treatment plans [7]. Specifically, the AXB predicted lower mean and minimum PTV dose but a higher 
maximum PTV dose [7]. Similarly, the maximum doses to the OARs in the AXB plans were lower for the heart, liver, and 
spinal cord but higher for the lung compared to the AAA plans [7]. The results from current study demonstrated that 
comparison between the AXB and AAA may result different outcomes depending on the treatment plan evaluation 
method. Furthermore, all esophageal treatment plans in this study were generated using same technique (i.e., RapidArc 
planning) that we currently use at Arizona Center for Cancer Care. The use of different planning techniques may provide 
different dosimetric and radiobiological results for AAA and AXB. For example, Vivekanandan et al. [9] performed the 
dosimetric comparison between 3D-conformal radiation therapies, 4-field intensity modulated radiation therapy, and 
single-arc and double-arc RapidArc plans of esophageal cancer. It would be interesting to investigate if the discrepancies 
between the results of AAA and AXB calculations would be same for different planning techniques.  

In the current study, the radiobiological modeling analysis for tumor control showed that the AAA may be overestimating 
the TCP values compared to the AXB. In the current study, we assumed that probability of cells surviving at 2 Gy to be 
0.5; however, population of clonogenic cells may differ in their radioresistance [26]. Thus, the probability distribution of 
cells surviving at 2 Gy may vary. Furthermore, TCP was evaluated for single CCD. But, the CCD may vary from patient to 
patient and may also differ within the tumor volume of the same patient. The TCP calculation on AXB and AAA plans 
using various CCD and SF2 will be an interesting topic for future studies. 
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5 Conclusion 
In comparison to the AAA calculations, the AXB calculations produced lower magnitudes of EUD and TCP for the target 
volume as well as lower EUD for the critical structures (lung, liver, heart, and spinal cord) in the esophageal cancer 
treatment plans.  
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