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AbstrAct

background: The purpose of this study was to assess dose accuracy improvement and dosimetric impact of switching from 

the anisotropic analytical algorithm (aaa) to the acuros XB algorithm (aXB) when performing an accurate beam calibration 

in head and neck (h&N) FFF-VMaT treatments.

Materials and methods: Twenty h&N cancer patients treated with FFF-VMaT techniques were included. calculations were 

performed with the aaa and aXB algorithm (dose-to-water — aXBw– and dose-to-medium — aXBm–). an accurate beam 

calibration was used for aXB calculations. Dose prescription to the tumour (pTV70) and at-risk-nodal region (pTV58.1) were 70 

Gy and 58.1 Gy, respectively. a pTV70_bone including bony structures in pTV70 was contoured. Dose-volume parameters were 

compared between the algorithms. statistical tests were used to analyze the differences in mean values and the correlation 

between compliance with the D95 > 95% requirement and occurrence of local recurrence.

results: aaa systematically overestimated the dose compared to aXB algorithm with mean dose differences within 1.3 

Gy/2%, except for the pTV70_bone (2.2 Gy/3.2%). Dose differences were significantly higher for aXBm calculations when including 

accurate beam calibration (maximum dose differences up to 2.8 Gy/4.1% and 4.2 Gy/6.3% for pTV70 and pTV70_bone, respec-

tively). 80% of aaa-calculated plans did not meet the D95 > 95% requirement after recalculation with aXBm and accurate 

beam calibration. The reduction in D95 coverage in the tumour was not clinically relevant.

conclusions: Using the aXBm algorithm and carefully reviewing the beam calibration procedure in h&N FFF-VMaT treatments 

ensures (1) dose accuracy increase by approximately 3%; (2) a consequent dose increase in targets; and (3) a dose reporting 

mode that is consistent with the trend of current algorithms.
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Introduction

The recent trend in radiotherapy has been to treat 
head and neck (H&N) cancer patients via intensity-
modulated radiation therapy (IMRT) techniques. 
Treatments of this type are being replaced by volu-

metric modulated arc therapy (VMAT) techniques 
which are faster and, consequently, more favourable 
to the patient. In addition, for these techniques, the 
use of flattening filter free (FFF) beams is a superior 
choice, as the treatment time can be reduced by 
a factor of 2–4 [1]. While this reduction in treatment 
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time associated with FFF beams was initially found 
to be particularly useful for small field stereotactic 
radiosurgery (SRS) and/or stereotactic body radio-
therapy (SBRT) procedures [2], it was later found to 
be useful for a wide range of fields and treatments 
as well [3, 4]. However, the unique characteristics of 
unfiltered beams, which provide much higher dose 
rates than conventional beams, may impact the ac-
curacy of the dose determination in radiotherapy 
treatments that use such beams [1, 3]. 

Additionally, dose calculation in areas of vari-
ous densities, such as bone, soft tissue, cartilage 
and air in head and neck (H&N) cancer patients, 
poses a challenge for dose calculation algorithms. 
Therefore, in addition to the uncertainties that are 
associated with FFF beam absolute dose calibration, 
errors in the overall dose determination in these 
treatments may also originate from inaccuracies 
in the dose determination by treatment planning 
system (TPS) algorithms [5, 6]. 

The dose calculation algorithms implemented in 
TPS can be divided into three categories [7, 8], based 
on their degree of complexity in the management 
of charged particle transport. Type “a” algorithms 
are usually based on pencil beam convolution prin-
ciples; more advanced type “b” algorithms, based on 
superposition-convolution principles, provide in-
creased accuracy over type “a” algorithms, especially 
in the presence of tissue heterogeneities. However, 
type “b” algorithms, are of limited accuracy in dose 
distribution calculation in heterogenous areas, and 
the error can reach 20% in extreme cases [5]. Type 
“c” algorithms, are grid-based linear Boltzmann 
transport equation solvers and represent the most 
recent class of dose calculation algorithms with in-
creased accuracy over type “b” algorithms.

The shortcomings of the anisotropic analytic al-
gorithm (AAA), a type “b” algorithm that is com-
monly used in current clinical practice [9], are well 
documented [10–14]. For treatments of areas of 
high heterogeneity, such as H&N treatments, Rob-
inson [14] showed that the AAA algorithm is unable 
to correctly handle altered attenuation along large 
density gradients. To address these shortcomings, 
the Acuros XB (AXB) algorithm, which is a type 
“c” algorithm, was implemented in the Eclipse plan-
ning system (Varian Medical Systems, Inc., Palo 
Alto, CA, USA) in 2010 [15]. Since then, several 
studies [10, 16–20] have shown that the accuracy of 
the AXB algorithm in heterogeneous media is com-

parable to that of the Monte Carlo methods, which 
are considered the most accurate dose calculation 
methods in radiotherapy [21]. All this has raised 
awareness of the need to accurately determine the 
dose distribution in current H&N treatments [12, 
22–29]. Consequently, several authors [12, 23–28] 
have shown that the AAA algorithm systematically 
overestimates the dose that is delivered to the tu-
mour compared to the AXB algorithm.

However, to the best of our knowledge, there are 
no studies published which have evaluated the per-
formance of the Acuros algorithm against AAA in 
H&N VMAT treatments that are produced by FFF 
beams. In this context, we conducted a retrospective 
study with H&N patients who were previously treated 
in our centre via the FFF-VMAT technique and the 
AAA algorithm was used to compute the treatment 
plans. These plans were compared with the Acuros 
recalculated plans with the two reporting modes of 
AXB (dose-to-water and dose-to-medium), which 
included a more robust calibration of the unfiltered 
beam than recommended in the IAEA/AAPM TRS-
483 [30] and AAPM TG-51 addendum [31] proto-
cols for reference dosimetry. This calibration mainly 
consisted in considering the significant impact of the 
ion recombination effect on relative dosimetry of FFF 
beams for certain chamber models [32–35], which 
may affect the absolute dose calibration [32].

The objective of this study was, therefore, to as-
sess dose accuracy increase and dosimetric impact 
of switching from the AAA to the AXB algorithm in 
H&N FFF-VMAT treatments when performing an 
accurate FFF beam calibration. Furthermore, based 
on the results of this work, we aimed to determine 
whether it was essential for us to switch to one of 
the two modes of the Acuros algorithm in our H&N 
treatments and to perform such characterization of 
the unfiltered beam. 

Materials and methods

Ion chamber measurements 
The ion chambers that were used in this study 

were: a Farmer-type chamber (PTW 30013 with SN 
003265), a small-volume Semiflex 3D-type cham-
ber (PTW 31021 with SN 142013) and a scanning 
chamber (IBA CC13 with SN 15496), with nominal 
volumes of 0.6, 0.07 and 0.13 cm3, respectively.

All measurements were conducted on a Siemens 
Artiste linear accelerator (Siemens AG, Erlangen, 
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Germany) using an unflattened X-ray beam with 
a nominal energy of 7 MV UF (hereinafter 7XFFF, 
with a measured dose per pulse of 1.5 mGy/pulse at 
the depth of the maximum dose, namely, dmax, and 
a nominal dose rate of 2000 MU/min). Ion chamber 
measurements were conducted in a water phantom 
(MP1, PTW-Freiburg) of dimensions 32 cm × 32 
cm × 37 cm, with a 10 × 10 cm2 field for a 100 cm 
source-to-surface distance (SSD) setup. Variations 
in the accelerator output were considered using an 
external monitor chamber, which was positioned 
in water, within the field, at a measurement depth 
of approximately 4 cm lateral to the chamber that 
was being tested, as recommended in the IAEA  
TRS-398 Code of Practice [30].

FFF beam calibration method
We investigated the dosimetric errors in the ab-

solute dose calibration of the unflattened beam that 
were due to two main effects: (1) ion recombination 
effects that were due to the higher dose per pulse in 
FFF beams and (2) volume-averaging effects for the 
peaked profile of the unflattened beam. 

To assess the error in the measurements that 
was due to ion recombination effects in the un-
flattened beam, the impact of this effect on the 
percentage depth dose (PDD) curves was inves-
tigated. The accuracy of the measurement of per-
centage depth dose at 10 cm depth (PDD(10)) 
was assessed, as this value is relevant for the de-
termination of the absorbed dose to water at dose 
maximum according to the TRS-398 protocol for 
absolute dosimetry.

The relative error between the uncorrected 
PDD(10)u and the corrected PDD(10)c was calcu-
lated as follows [33]:
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���(��)�

  

 

∆���� = 100 × (1 − 𝑃𝑃��) 

 

(�����������)
����

 100 

      (1)

Furthermore, the relative error in the measure-
ments for the determination of the absorbed dose 
to water that was due to volume-averaging effects in 
the unflattened beam was calculated as follows [32]:
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���(��)�
  

 

∆���� = 100 × (1 − 𝑃𝑃��) 

 

(�����������)
����

 100 

      (2)

Where Prp accounts for any off-axis variation in 
the intensity profile of the radiation field over the 
sensitive volume of the ionization chamber [31].

Additional details on the measurements and for-
mulation required to obtain equations (1) and (2) 
are provided in Appendix A.

patient selection  
and prescription

This study was conducted under the approval 
of the Committee for Ethical Research (19/32) of 
the hospital. All patient data that were used in this 
study were anonymized. Twenty patients who were 
diagnosed with H&N cancer and were treated with 
the FFF-VMAT technique with concomitant che-
motherapy in our institution, from September 2016 
to September 2017, were reviewed. The average age 
of the patients was 63 years old (52–78), with 80% 
men and 20% women. Additional patient charac-
teristics are provided in Supplementary Table 1. CT 
scanning was conducted using a Siemens Somatom 
CT scanner (Siemens AG, Erlangen, Germany), and 
all patients were immobilized with a thermoplastic 
head and shoulder mask.

Accelerated radiotherapy with simultaneous 
integrated boost (SIB) fractionation was de-
livered in 35 fractions using the VMAT tech-
nique with the 7XFFF beam. The total doses that 
were prescribed to the planning target volumes 
(PTVs) were 70 Gy and 58.1 Gy with daily doses 
of 2 Gy and 1.66 Gy, respectively. PTV70 and 
PTV58.1, which correspond to the prescribed 
doses of 70 and 58.1 Gy, respectively, were de-
lineated by the radiation oncologist, and a 0.5 
cm isotropic margin was applied to their appli-
cable clinical target volumes (CTV). CTV70 for 
PTV70 included gross tumour, and CTV58.1 for 
PTV58.1 included at-risk nodal regions. In ad-
dition, to assess the dosimetric impact to PTVs 
due to materials of different densities, a new 
PTV70_bone was contoured which included bony 
structures in PTV70. We did not assess similarly 
a PTV58.1_bone because of the low proportion of 
bone that was found in at-risk nodal regions. 
The dosimetric impact to PTVs due to materials 
of different densities other than bone was not 
evaluated either, as previous studies proved that 
only bony structures impacted dose differences 
when comparing Acuros with type b algorithms 
in H&N cancer [24–26]. The brainstem, spinal 
cord, larynx, brain, cochleas, parotid glands, thy-
roid gland and mandible were delineated as or-
gans at risk (OARs). 

https://journals.viamedica.pl/rpor/article/view/RPOR.a2021.0014#supplementaryFiles
https://journals.viamedica.pl/rpor/article/view/RPOR.a2021.0014#supplementaryFiles
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planning and dose calculation
Treatment plans were created using the Eclipse 

TPS (version 15.5, Varian Medical System, Palo 
Alto, CA, USA). The plans were generated with the 
7XFFF beam using a two-full-arc, mArc technique, 
which is the Siemens solution for VMAT treat-
ments. All plans were optimized until they cov-
ered at least 95% of the two PTVs with 95% of the 
prescribed dose (D95 ≥ 95%). In addition, a plan 
was clinically acceptable if the maximum dose to 
both PTVs was ≤ 107% of the prescribed dose and 
the dose-volume constraints for OAR met the fol-
lowing criteria: maximum dose to the spinal cord 
and thyroid gland < 45 Gy; maximum dose to the 
mandible and larynx < 70 Gy; maximum dose to 
the brainstem and Cochleas < 53 Gy and 50 Gy, 
respectively; volume of brainstem receiving 60 Gy 
≤ 30%; and volume of parotid glands receiving 30 
Gy ≤ 50% with mean doses ≤ 26 Gy.  

All H&N mArc plans were calculated using the 
AAA algorithm and recalculated using the Acuros 
XB algorithm for the dose-to-medium (AXBm) and 
dose-to-water (AXBw) reporting modes and the 
same number of monitor units (MU). A grid size 
of 2.5 mm was adopted for all plans. A new dose 
per MU factor, which included the corrections for 
the absolute dose calibration of the FFF beam, was 
introduced into the TPS to conduct the AXB calcu-
lations. AXBw,FFF and AXBm,FFF represent the recalcu-
lated plans that include these corrections.

Dosimetric parameters
The Eclipse Visual Scripting v15.1 tool was used 

to obtain the desired dosimetric parameters for the 
PTVs — this study does not focus on the OAR 
doses — for all patients for each calculation mode 
(AAA, AXBm, AXBw, AXBw,FFF and AXBm,FFF). 

According to the recommendations of ICRU 83, 
the following PTV dose-volumetric parameters 
were obtained for all plans: near minimum ab-
sorbed dose D98 and D95, median absorbed dose 
D50, near maximum absorbed dose D2 and the ho-
mogeneity index (HI = (D2–D98)/D50) for PTV70.

Data analysis of aaa versus aXBm 
and aXBw modes

The mean value and standard deviation (SD) of 
every dose-volumetric parameter for all PTVs were 
calculated for each calculation mode. To investi-
gate the statistical significance of the differences in 

the mean values of each dose-volume parameter 
that were calculated with AAA versus AXBm and 
AXBw, p-values were calculated using the student’s 
t-test with 95% confidence intervals. The statisti-
cal analysis was conducted using the R software, 
version 3.5.3 (R: A language and environment for 
statistical computing. R foundation for Statistical 
Computing, Vienna, Austria). The test determined 
whether the difference in the means for each con-
sidered dose metric was equal to zero. Additionally, 
the Fisher exact test was also used to investigate the 
statistical significance between complying with the 
requirement of D95 ≥ 95% of the prescribed dose 
for the tumour and the occurrence of local recur-
rence. A statistically significant p-value indicates 
that not achieving the stipulated minimum dosage 
of the D95 ≥ 95% requirement was related to the 
occurrence of local recurrence for a given calcula-
tion mode (AXBm or AXBw). For both cases, values 
of p < 0.05 were considered statistically significant. 

In addition, the relative dose differences between 
the dose-volumetric parameters of the AXBm or 
AXBw-based plans and the AAA-based plans for 
each patient case were calculated via the following 
equation:

Rel. dose diff. from AAA(%) = 

∆����(��) =  100 (���(��)�����(��)�)
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where y correlates with the selected calculation 
mode for AXB (AXBm or AXBw) and x is the cor-
responding dose-volumetric parameter (D98, D95, 
D50 or D2). The mean value and the standard de-
viation of the relative dose differences for every 
dosimetric parameter were plotted and analysed.

Data analysis of aaa versus aXBm,FFF 

and aXBw,FFF modes
A data analysis similar to that of the previous 

section was conducted for the comparison between 
AAA and those AXB modes which included the 
corrections for the absolute dose calibration of the 
FFF beam (AXBm,FFF and AXBw,FFF)

results

systematic errors in the absolute output 
dosimetry of the FFF beam

According to our measurements, the reduced 
ion collection efficiency influences the measured 
PDD(10). In addition, non-negligible volume-av-
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eraging effects were observed for the Farmer-type 
chamber in the FFF beam. Table 1 presents the rela-
tive systematic errors that were due to these effects 
for the chambers that were used in this study; the 
largest errors for the uncorrected PDD(10) and the 
volume-averaging effect were obtained for the IBA 
CC13 ion chamber and Farmer PTW 30013 cham-
ber, which showed a ∆%PDD(10) of –0.7% and ∆%vol of 
–0.3%, respectively. Therefore, when the IBA CC13 
ion chamber is used to measure the PDD(10) and 
the Farmer PTW 30013 is used for the absolute 
output dosimetry, the overall systematic error is 
–1%. We used this worst-case scenario to assess the 
largest dosimetric impact of the overall systematic 
error. The ‘FFF’ subscript in AXBw,FFF and AXBm,FFF 

indicates that this –1% systematic error has been 
included in the TPS calculations.

aaa versus aXB calculations
The means and SDs of the PTV dose-volumetric 

parameters for the AAA, AXBm, AXBw, AXBw,FFF 
and AXBm,FFF calculations for the 20 H&N cases are 
listed in Table 2. It also shows the statistical signifi-
cance of the differences in the mean values of the 
PTV dose-volume parameters between the AAA 
and AXB calculations. The differences in the mean 
values of all dose-volumetric parameters of PTV70, 
PTV70_bone and PTV58.1 were significantly different 
from 0 (p < 0.05), except for the near maximum 
absorbed dose D2 to PTV70 for AAA vs. AXBw 
and D98, D95 and D50 to PTV70_bone for AAA vs. 
AXBw,FFF. Additionally, the AAA plans showed sig-
nificantly lower HI values (p < 0.05) compared to 
the two AXB modes for PTV70 and PTV70_bone as 
had been previously reported [25, 27, 28], indicat-
ing that AAA produced more homogeneous plans.

Figure 1 completes this information by graphi-
cally depicting the average differences and standard 
deviations in the PTV dose-volume parameters 

between the AAA and AXB calculations, which 
are computed via equation (5). The 2% maximum 
recommended uncertainty of the computed dose 
distributions [36] is presented in plots (a) and (b) 
of Figure 1. 

aaa versus the aXBm and aXBw modes
As expected, Figure 1 supports our previous re-

sults: for all plan dose comparisons, AAA statis-
tically overestimated the dose to PTV, except for 
D2 (Fig. 1B), for which AAA underestimated the 
dose relative to AXBw. All dose-volume parameters 
that were linked to a specified value of PTV70 and 
PTV58.1 coverage (D98, D95 and D50) were sys-
tematically lower for any AXB mode compared to 
AAA, particularly in PTV70 for the AXBm mode. 
The maximum dose differences in D98, D95 and 
D50 in PTV70 were –3.1%, –2.9% and –3%, respec-
tively, for AAA vs. AXBm. For AAA vs. AXBw, these 
differences were –2%, –1.7% and –1.6%, respec-
tively. Nevertheless, the average dose differences 
between AAA and the AXB modes were all within 
the 2% threshold (Fig. 1A, B). 

Furthermore, the reduction of doses predicted by 
AXBm in PTV70_bone was notably higher than that in 
PTV70 (Fig. 1A), while higher doses were found in 
PTV70_bone for AXBw (Fig. 1B). The maximum dose 
differences in D98, D95, D50 and D2 in PTV70_bone 
were –5.2%, –5.4%, –4.3% and –3.5%, respectively, 
for AAA vs. AXBm, whereas the maximum dose 
difference in D2 of PTV70_bone was 6.7% for AAA 
vs. AXBw.

aaa versus the aXBm,FFF 
and aXBw,FFF modes

Figure 1 (C, D) shows the effect of consider-
ing the FFF beam systematic errors in the TPS 
calculations when switching from AAA to both 
AXB modes. AAA overestimated the dose-volume 
parameters in PTV70 and PTV58.1 more severely 
than when these errors were not considered. The 
maximum dose differences for D98, D95, D50 and 
D2 in PTV70 were –4.1%, –3.9%, –4% and –3.3%, 
respectively, for AAA vs AXBm,FFF. In addition, the 
D2 values in PTV70 that were calculated by AXBw 
and were systematically higher than those that 
were calculated by AAA, were partially compen-
sated for the systematic errors in the unflattened 
beam. As a result, the average D2 values that were 
calculated by AXBw,FFF were smaller than those that 

table 1. relative systematic errors as percentages for the 
uncorrected pDD(10), ∆%pDD(10), and the volume-averaging 
effect, ∆%vol. The uncertainties are the propagated 
coefficients of variation for these measurements from the 
calculated values of ks and prp (appendix a). The largest 
values of the systematic errors are presented in bold

Ion chamber model ∆%PDD(10) ∆%vol

pTW 30013 Farmer –0.2 ± 0.05 –0.3 ± 0.01

pTW 31021 semiflex –0.3 ± 0.05 0.0 ± 0.01

IBa cc13 scanning –0.7 ± 0.05 0.0 ± 0.01

https://journals.viamedica.pl/rpor/article/view/RPOR.a2021.0014#supplementaryFiles
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were calculated by AAA (Fig. 1D). Similarly, dose-
volume parameters in PTV70_bone were partially 
compensated for the errors in the FFF beam, re-
sulting in negligible dose differences in D98, D95 
and D50 between AAA and AXBw,FFF and mean 
dose difference of 1.6% for D2 (Fig. 1D). By con-
trast, the reduction of doses predicted by AXBm to 
PTV70_bone was relatively increased by the effect of 
the errors in the FFF beam, resulting in AXBm,FFF 

mean dose difference from AAA of approximately 
–4% for D98, D95 and D50 (Fig. 1C), with the 
maximum dose difference being D95 to PTV70_bone 

(–6.3%).

D95 dose-volume parameter in aaa 
versus aXB modes

The D95 dose-volume parameter is especially 
relevant with respect to the minimum PTV cover-
age that is required for the approval of a dosimet-
ric plan. In our service, the requirement of D95 > 
95% of the prescribed dose must be satisfied for 
a dosimetric plan to be approved by the physician. 
Figure 1 shows that AAA overestimated D95 for 
PTV70 and PTV58.1 compared to any AXB mode, 
although the highest dose overestimation occurred 
when switching from AAA to AXBm,FFF (Fig. 1C). 
The lowest average dose differences for D95 in 

table 2. Means and standard deviations of dose-volumetric parameters of pTV over the whole sample. p-values for the 
comparisons of aaa vs. aXBm, aaa vs. aXBm,FFF, aaa vs. aXBw and aaa vs. aXBw,FFF. statistically significant p-values are 
in bold

 AAA AXBm,FFF
AAA vs. 
AXbm,FFF

AXBm
AAA vs. 

AXbm   
AXBw,FFF

AAA vs. 
AXbw,FFF   

AXBw 
AAA vs. 

AXbw   

PtV70 Mean ± sD Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value

D98 (Gy)
67.45 ± 

0.86
65.17 ± 

1.47
< 0.001

65.82 ± 
1.49

< 0.001
66.05 ± 

1.05
< 0.001

66.72 ± 
1.06

< 0.001

D95 (Gy)
68.23 ± 

0.67
66.14 ± 

1.01
< 0.001

66.80 ± 
1.02

< 0.001
66.87 ± 

0.84
< 0.001

67.54 ± 
0.85

< 0.001

D50 (Gy)
70.96 ± 

0.61
68.91 ± 

0.84
< 0.001

69.60 ± 
0.85

< 0.001
69.68 ± 

0.72
< 0.001

70.38 ± 
0.72

< 0.001

D2 (Gy)
73.12 ± 

0.76
71.72 ± 

0.84
< 0.001

72.44 ± 
0.85

< 0.001
72.61 ± 

0.73
0.003

73.34 ± 
0.74

0.156

hI
0.080 ± 
0.017

0.10 ± 
0.021

< 0.001
0.095 ± 
0.021

< 0.001
0.09 ± 
0.018

< 0.001
0.094 ± 
0.018

< 0.001

PtV70_bone Mean ± sD Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value

D98 (Gy)
67.33 ± 

1.23
64.51 ± 

1.21
< 0.001

65.16 ± 
1.23

< 0.001
67.53 ± 

1.00
0.369

68.21 ± 
1.01

< 0.001

D95 (Gy)
68.12 ± 

1.05
65.28 ± 

1.06
< 0.001

65.93 ± 
1.07

< 0.001
68.19 ± 

0.91
0.728

68.87 ± 
0.92

< 0.001

D50 (Gy)
70.63 ± 

0.80
67.73 ± 

0.79
< 0.001

68.41 ± 
0.80

< 0.001
70.52 ± 

0.74 
0.597

71.23 ± 
0.75

0.008

D2 (Gy)
73.06 ± 

0.97
70.70 ± 

0.88
< 0.001

71.40 ± 
0.89

< 0.001
74.23 ± 

1.10
< 0.001

74.98 ± 
1.11

< 0.001

hI
0.081 ± 

0.02
0.09 ± 0.03 < 0.001

0.091 ± 
0.03

< 0.001 0.10 ± 0.02 < 0.001
0.095 ± 

0.02
< 0.001

PtV58.1 Mean ± sD Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value Mean ± sD p-value

D98 (Gy)
55.03 ± 

1.03
53.56 ± 

1.12
< 0.001

54.10 ± 
1.13

< 0.001
53.90 ± 

0.98
< 0.001

54.44 ± 
0.99

< 0.001

D95 (Gy)
56.40 ± 

0.79
54.80 ± 

0.97
< 0.001

55.35 ± 
0.98

< 0.001
55.12 ± 

0.84
< 0.001

55.67 ± 
0.85

< 0.001

D50 (Gy)
60.48 ± 

0.99
58.81 ± 

1.20
< 0.001

59.40 ± 
1.22

< 0.001
59.04 ± 

1.10
< 0.001

59.63 ± 
1.11

< 0.001

D2 (Gy)
69.57 ± 

2.61
67.47 ± 

2.72
< 0.001

68.14 ± 
2.75

< 0.001
68.11 ± 

2.75
< 0.001

68.79 ± 
2.78

0.014
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PTV70 and PTV58.1 were identified in the AAA vs. 
AXBw comparison (Fig. 1B). 

To investigate the clinical impact of our findings 
for D95, p-values for the correlation between the 
D95 > 95% requirement in PTV70 and occurrence 
of local recurrence for a given calculation mode 
(AXBm, AXBm,FFF, AXBw  or AXBw,FFF) were comput-
ed. As shown in Supplementary Table 1, none of the 

p-values were statistically significant (p  >  0.05 in 
all cases), indicating that no correlation was found 
between these parameters.

Figure 2 supplements this information by plot-
ting the percentages of patients whose dosimetric 
plans satisfied the D95 > 95% requirement for each 
recalculated AXB plan with fixed MU. The dose 
reduction in PTV coverage, which was reflected 
in lower D95 values for any AXB calculation com-
pared to AAA, resulted in a significant decrease 
in the percentage of patients whose dosimetric 
plans would have satisfied the D95 > 95% require-
ment, especially for the AXB calculations (Fig. 2). 
The most important reduction occurred for the 
AXBm,FFF calculation, for which only 20% and 25% 
of patient plans would have been approved for 
PTV70 and PTV58.1, respectively. However, de-
spite this striking result, it is important to note that 
the D95 > 95% constraint does not imply a strict 
dichotomic criterion. Other clinical factors may 
influence the approval or rejection of a given dosi-
metric plan, and the percentage of the target vol-
ume to be covered by the D95 isodosis may vary 
from centre to centre.

Figure 1. pTV70, pTV70_bone and pTV58.1 mean values and standard deviations of the relative dose differences for (A) aaa vs. 
aXBm (b) aaa vs. aXBw (c) aaa vs. aXBm,FFF and (D) aaa vs. aXBw,FFF related to all the 20 recalculated plans for each mentioned 
structure. The error bars represent one standard deviation. The black lines in figures (A) and (b) represent the 2% threshold 
value for the maximum recommended uncertainty of the computed dose distributions [36]

a B

c D

Figure 2. percentages of patients whose dosimetric plans 
satisfied the requirement of D95 > 95% of the prescribed 
dose for each recalculated acuros XB algorithm (aXB) plan 
with fixed monitor units (MU)

https://journals.viamedica.pl/rpor/article/view/RPOR.a2021.0014#supplementaryFiles
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Discussion 

The AAA algorithm predicts uncertainties in 
the dose calculation for various sites that result 
in approximately 1–2% underdosage of the tu-
mour [11, 37]. In particular, an overall typical 1% 
underdosage in tissue and up to approximately 
5% dose reduction in bone have been reported 
for H&N cancer when comparing the AXB ver-
sus the AAA algorithm [24–26, 38]. However, the 
extent to which the additional uncertainty that is 
introduced by using unfiltered beams could lead 
to significant underdosage of the tumour has not 
yet been determined. In the current study, we in-
corporated the systematic error in the FFF beam 
calibration when using the AXB algorithm in our 
head and neck FFF-VMAT plans, demonstrating 
that if we use the AAA algorithm and conduct 
an absolute dose calibration of the FFF beam ac-
cording to the TRS-398 protocol, we might, in 
the worst-case scenario, underdose the tumour by 
up to 4.1%. Additionally, if we consider the bony 
structures within the tumour, the underdosage 
within these areas might reach up to 6.3% in the 
worst-case scenario.

Regarding the dosimetric impact of switch-
ing from AAA to AXB, our results, which are in 
agreement with the literature [11, 18, 27, 28, 39], 
show that the AAA algorithm systematically over-
estimated the target dose compared to AXB. Sev-
eral studies [27, 28, 40] have examined the mean 
dose differences in PTV dose-volume parameters, 
such as D98, D95, D50 and D2, when comparing 
AAA against AXB in H&N treatments, and their 
results in terms of systematic differences were simi-
lar to those that were obtained in our work. AAA 
overestimated all these dose-volume parameters 
compared to AXB, except D2 in PTV70, and all 
dose-volume parameters in PTV70_bone which were 
systematically higher when computed with AXBw 
(Fig. 1B). This result in D2 and dosimetric param-
eters in PTV70_bone have been previously explained 
in terms of the presence of high-Z materials (bone 
or cartilage) in PTV [25, 27, 28]. In addition, the 
random presence of these high-Z materials in PTV 
and the resulting “hot spots” can lead to differ-
ences in the widths of the dose distributions of the 
dose-volume parameters thereby giving rise to non-
statistically significant p-values, such as p-values 
for D2 and dosimetric parameters in PTV70_bone 

in the comparison between AAA and AXBw that is 
presented in Table 2.

In addition, our results show that the dose over-
estimation was more pronounced if we compared 
AAA with AXBm than if we compared AAA with 
AXBw, with mean dose differences in both cases of 
less than 2% (Fig. 1A,B). This is in agreement with 
the findings of Zifodya et al. [27] who reported 
a PTV dose that was lower by approximately 1.5% 
when calculated with AAA. Muñoz et al. [28] also 
came to a similar conclusion with a dose reduction 
of approximately 1.7% when using AAA. For the 
homogeneity index (HI), in Table 2, the lower HI 
values for AAA compared to those for AXB modes 
indicate that AAA produced more homogeneous 
plans, which is in agreement with the two above-
mentioned studies that also assessed differences in 
HI between AAA and AXB in H&N treatments [27, 
28]. In addition, the significant differences in the HI 
values for the comparisons of AAA with AXBm and 
AXBw, as presented in Table 2, are also in agreement 
with the findings of Zifodya et al. [27], who explain 
that these differences are due to the superior perfor-
mance of AXB in estimating doses for the heteroge-
neous media in the H&N site. 

In summary, our findings on target dose reduc-
tion when AAA is used in H&N treatments agree 
with published results; however, it is not clear 
whether there are published data on the added 
target dose reduction when a non-rigorous dose 
calibration of the unfiltered beam is conducted. 
Although two previous studies [41, 42] assessed 
the dose differences between AAA and AXB in 
VMAT treatments in heterogeneous media with 
FFF beams, they did not specify the inclusion of 
additional corrections for an accurate dose calibra-
tion of FFF beams. Our novel approach showed 
that when these corrections were included, the 
comparison of AAA with AXB yielded dose dif-
ferences of up to 4.1% in PTV70 D98 and 6.3% in 
PTV70_bone D95. This finding regarding the impact 
of using FFF beams in VMAT treatments is inter-
esting, as it differs from the results of the two pre-
viously discussed works [41, 42], which reported 
dose differences between AAA and AXB of less 
than 2%. Muralidhar et al. [41] found maximum 
dose differences between AAA and AXB of 1.7% 
for the 6XFFF beam in heterogeneous phantoms 
for lung SBRT treatments, while Huang et al. [42] 
reported a mean dose difference between AAA 
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and AXB of 1.33 ± 1.12% for the 6XFFF beam 
in lung cancer patients who were treated via the 
same technique. It is likely that these authors did 
not conduct a robust FFF beam dose calibration 
such as that conducted in our work as they did 
not discuss it and it is not addressed in interna-
tional dosimetry protocols. The different sites and 
radiotherapy techniques that were used in their 
work (lung SBRT VMAT) could also influence the 
dose differences between the two algorithms. It has 
been reported that the differences between doses 
that were calculated by AAA and AXB in hetero-
geneous media may be influenced by factors that 
are associated with the treatment technique (such 
as the beam energy, the field size, and the number 
of fields) and the site (such as the density of the 
medium) [10]. Therefore, further investigation is 
necessary for determining the reasons for this in-
consistency. 

With respect to the measurements in FFF 
beams, the results of our study are consistent with 
those of several authors [32–35] who investigated 
the influence of the uncorrected PDD(10) on the 
absolute dose determination in FFF beams. Par-
ticularly, only Sudhyadhom et al. [32] evaluated 
the impact of the overall systematic error that was 
due to volume-averaging and ion recombination 
effects in PDD(10) on the absolute dose calibra-
tion of the FFF beam using the chambers that were 
used in our work. They found errors of 1.6% and 
1% for 10XFFF and 6XFFF, respectively, which ac-
cord with our reported value of 1% for the 7XFFF 
beam.

In conclusion, the overall dosimetric impact of 
switching from AAA to AXB in our H&N FFF-
VMAT treatments was significant. The reduction in 
the dose to 95% of both PTVs led to a considerable 
reduction in the percentage of approved patient 
plans after recalculation with AXB of up to 20% 
in the worst-case scenario. Figure 3 illustrates an 
example of a representative patient, which clearly 
shows a significant reduction in the tumour cover-
age by the 95% prescription dose when switching 
from AAA to AXBm,FFF. This significant reduction in 
the tumour dose coverage increases the likelihood 
of local recurrence. However, despite these striking 
outcomes, there seems to be no clinical evidence of 
local recurrence that resulted from such underdos-
age of the tumour in treatments of this type in the 
literature, nor has this been observed in our study 
(none of the p-values for the correlation between 
the D95 > 95% requirement and occurrence of local 
recurrences were statistically significant, as shown 
in Supplementary Table 1). Most of the current 
clinical experience is based on AAA or similar al-
gorithms and on calibration protocols and clinical 
trials that are dose-to-water-based. We suspect that 
this is the main reason for the lack of clinical im-
pact of these deficiencies in the dose coverage that 
are predicted by the AXB algorithm. Nevertheless, 
the key role that accurate dose reporting plays in 
clinical trials to improve their robustness must be 
considered. In this regard, both the dose reporting 
mode and FFF beam calibration procedure must 
be carefully reviewed to ensure maximum dose ac-
curacy.

Figure 3. Tumour contours (pTV70) which are represented by red lines, and dose distributions which are painted by colour 
wash from 95% to 107% isodose lines. axial, frontal and sagittal views for the 7XFFF VMaT plans that were calculated for the 
same MU using a) aaa and b) aXBm,FFF

AAA AXBm,FFF

https://journals.viamedica.pl/rpor/article/view/RPOR.a2021.0014#supplementaryFiles
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To the best of our knowledge, only one study 
has been published that links switching from AAA 
to AXBm with the clinical outcomes of the H&N 
patients. In this recently published study, Hard-
castle et al. [38] showed that although patients 
were treated with lower than appreciated doses at 
the time of plan acceptance, they were all cured 
locoregionally. They conclude that for their patient 
cohort there is no basis for accepting higher doses 
with new planning algorithms since the chances 
of long-term harm to healthy tissue will increase 
without a clear benefit in terms of the tumour 
control probability. However, notwithstanding this 
important conclusion, their study of selected pa-
tients with a specified type of H&N cancer does 
not resolve the clinical conundrum of whether 
to switch from AAA to AXBm widely in H&N pa-
tients. The decision to adopt this change, which in-
volves a dose increase without comparative clini-
cal data, is difficult to take. In the case of our study, 
in which a significant underdosage of the tumour 
was observed, the decision was clear: switch to 
the AXBm algorithm and conduct a more robust 
calibration of the FFF beam due to the likelihood 
of tumour control probability loss. The main rea-
sons for choosing AXBm instead of AXBw were its 
higher accuracy and consistency. Although the 
objective of this study is not to resolve the current 
debate on which AXB mode should be used [21, 
43, 44], we agree with Reynaert et al. [45] that it is 
fundamental to have a consensus on how to report 
doses to improve the consistency among future 
data. In this regard, the NRG has recommended 
the use of dose-to-medium values for dose speci-
fication for all its clinical trials [46]. Their main 
justifications for this recommendation were that 
the use of dose-to-medium values provides higher 
accuracy and follows the current trend in algo-
rithm development, namely, increasingly many al-
gorithms are becoming available that can calculate 
the dose-to-medium values. Furthermore, accord-
ing to the report of the AAPM Task Group 329 on 
reference dose specification for dose calculations 
[47], the use of the Acuros algorithm’s dose-to-
water reporting mode is not recommended. In 
this context, Andreo [44] conducted an in-depth 
analysis on the dosimetric impact of converting 
dose to tissue into dose to water-equivalent tis-
sue, assuming that all body tissues are water-like. 
His study showed that a retrospective conversion 

from dose-to-tissue to dose-to-water, based on 
a widely used approach, would mostly increase 
the final uncertainty of the treatment planning 
process. Therefore, he concluded that planning 
in terms of dose-to-tissue should be the preferred 
choice, always keeping in mind the approxima-
tions included in numerical transport methods 
and the difference obtained with various TPS for 
bone and adipose tissues. 

Finally, our future work will focus on the evalu-
ation of dose-volume parameters of OAR in H&N 
VMAT treatments with FFF beams and their clini-
cal impact.

conclusions

This study shows that dose differences between 
the AAA and AXB algorithms can be as large as 
6.3% in H&N FFF-VMAT treatments if the unfil-
tered beam is not accurately characterized. This 
led to a significant at-risk nodal region and tu-
mour underdosage, particularly for bony structures 
within the tumour, when using AXBm calculations. 
However, while this underdosing in targets does 
not seem to have major clinical consequences, it is 
essential to report the dose as accurately as possible 
to improve the robustness of clinical trials. In this 
context, further research is needed on the clinical 
impact of dose reductions on tumour and healthy 
tissue that are predicted by the AXBm algorithm, as 
most current clinical experience is based on AAA 
algorithms and dose-to-water dosimetry.

In conclusion, based on the results of this work, 
the authors of this study recommend switching 
to the AXBm algorithm and carefully reviewing 
the FFF beam dose calibration procedure in H&N 
FFF-VMAT treatments. This novel approach will 
ensure (1) an increase in dose calculation accu-
racy by approximately 3%; (2) a consequent dose 
increase in targets; and (3) a dose reporting mode 
that is consistent with the trend of current algo-
rithms.
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