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A B S T R A C T

Purpose: To assess the dosimetric impact of switching from the Analytical Anisotropic Algorithm (AAA) to
Acuros XB (AXB) for both dose-to-medium (Dm) and dose-to-water (Dw) in VMAT for H&N patients. To study
whether it should be linked to a change in the dose prescriptions to the PTVs and in the constraints to the OARs.
Methods: 110H&N patients treated with VMAT were included. Calculations were performed with AAA and AXB.
PTV54, PTV60, PTV70, spinal cord, brainstem, brain, larynx, oral cavity, cochleas, parotid glands and mandible
were delineated. Clinically-relevant dose-volume parameters were compared. Paired t-tests were used to analyze
the differences in mean values. The Pitman-Morgan dispersion test was computed to evaluate inter-patient
variability of these differences.
Results: AAA overestimated all dose-volume parameters compared to AXB Dm (0.2 Gy to 2.4 Gy). No systematic
trend was observed in the differences between AAA and AXB Dw (-5.3 Gy to 0.6 Gy). Dose-volume parameters
were significantly higher for AXB Dw compared to AXB Dm (0.1 Gy to 6.6 Gy). In all cases, the largest absolute
differences (4%–14%) were found for maximum absorbed doses to the cochleas and the mandible. The number
of parameters with significant inter-patient variability was greater when switching from AAA to AXB Dw than
from AAA to AXB Dm.
Conclusions: There are important differences between AXB and AAA in VMAT planning for H&N cancer. The
systematic differences and their inter-patient variability identified may help to facilitate decision-making about
the dose prescriptions to the PTVs and the constraints to the OAR.

1. Introduction

Volumetric modulated arc therapy (VMAT) has become increasingly
common in recent years and appears to be slowly displacing static
gantry intensity modulated radiation therapy (IMRT). The most
common VMAT technique in head and neck (H&N) radiotherapy is dual
arc simultaneous integrated boost (SIB) [1]. The H&N VMAT technique
involves field segments that pass through areas of differing densitie-
s—air cavities, soft tissue, cartilage, and bone. Under these challenging
dose calculation conditions, the Acuros XB (AXB) algorithm [2]—a

grid-based linear Boltzmann transport equation solver implemented in
the Eclipse treatment planning system (TPS)—has been shown to
achieve accuracy rates comparable to Monte Carlo (MC) simulations,
which is considered the most accurate dose calculation method in
radiotherapy [3], and superior to the convolution/superposition algo-
rithms used in routine clinical practice today. Numerous studies have
compared AXB to measurements, MC, and convolution/superposition
algorithms in water, in slab phantoms containing heterogeneities, and
in anthropomorphic phantoms, for both simple fields and re-
presentative treatment planning setups [2,4–11].
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The main advantage of the AXB algorithm is its accuracy. In addi-
tion, because the calculation times are only weakly dependent on the
number of beams, AXB is a very efficient algorithm for VMAT even
compared to the Analytical Anisotropic Algorithm (AAA) [8,12–14], a
fast and widely-used convolution/superposition algorithm [15] that
uses the same multiple-source model [16] as AXB. AXB calculates the
energy-dependent electron fluence everywhere in the calculation vo-
lume. This enables both dose-to-medium (Dm) and dose-to-water (Dw)
to be computed by using the corresponding energy deposition cross
sections [2]. However, the optimal reporting mode (i.e, Dm vs. Dw) for
clinical practice is not yet clear [3,17,18] and this debate is beyond the
scope of this paper. Nonetheless, it is necessary to choose one of these
reporting modes if the AXB algorithm is used.

Because both AXB and AAA algorithms are implemented in Eclipse,
comparing them is relatively straightforward. Numerous studies have
assessed the implications of using AXB for clinical dosimetry and their
potential impact on clinical outcomes. Several of these studies have
specifically examined how AXB impacts H&N treatment planning
[8–10,19,20] while others have included only a subgroup of H&N pa-
tients as part of a more general evaluation of this algorithm [21,22].
Despite the availability of the aforementioned studies in H&N cancers,
all of these studies present the same drawbacks: small sample sizes and
a limited number of dose-volume parameters. Consequently, the sta-
tistical significance of the findings of those studies with regard to sys-
tematic differences between the compared algorithms is limited.
Moreover, none of these studies has provided a statistical test to eval-
uate the inter-patient variability in the distribution of such differences,
a key aspect that must be considered before switching to AXB for
clinical use. Finally, several of those studies evaluated an older version
of AXB (version 10) [9,10,19,21], which differs in many respects from
more recent versions, most importantly with regard to CT-to-material
conversions [23,24].

In this context, the aim of the present study was to assess the do-
simetric impact of using AXB instead of AAA for AXB Dm and Dw re-
porting modes. Specifically, we examined whether moving from AAA to
AXB should be linked to a change in the dose prescription and dose-
volume reporting to the planning target volumes (PTV) and in con-
straints for organs at risk (OAR) in a large cohort of H&N patients. Here
we report our findings on the systematic differences between these al-
gorithms and their inter-patient variability for a wide range of dose-
volume parameters in this cohort and we warn about the limitations on
establishing universal recommendations for dose prescription as dif-
ferences obtained between Dm and Dw will depend on the structures
contained in the PTVs of the patient in particular.

2. Material and methods

2.1. Patient selection, contouring and prescription

The study population included 110 patients diagnosed with H&N
cancer (oral cavity, larynx, oropharynx, nasopharynx, or hypopharynx)
and treated with dual-arc VMAT at our institution between October
2013 and May 2015. The CT scans were performed with a GE Optima
CT580 W CT Scanner (GE Healthcare, Chicago, IL, USA). Slice thickness
was 2.5 mm. A QFIX Curve board (Qfix; Avondale, PA, USA) and a
thermoplastic head and shoulder mask were used for immobilization.

Conventional or accelerated SIB was delivered in 33 or 35 fractions
using a Clinac iX accelerator (Varian Medical Systems; Palo Alto, CA,
USA). The PTV54, PTV60 and PTV70 (receiving 54, 60 and 70 Gy, re-
spectively) were delineated by the radiation oncologist to encompass
the tumour plus the at-risk nodal regions, the tumour and high risk
nodal regions, and the tumour alone [25–28]. GTV-to-CTV and CTV-to-
PTV isotropic margins were 0.5 cm. The following OARs were con-
toured in accordance with international guidelines: spinal cord, brain-
stem, brain, larynx, the oral cavity as a surrogate for the oral mucosa,
cochleas, parotid glands, and mandible [26,29].

2.2. Treatment planning and dose calculation

Plans were created for a 6 MV photon beam with a Millennium 120
multileaf collimator (MLC) using RapidArc VMAT technique in the
Eclipse TPS, version 13.0.33 (Varian Medical Systems; Palo Alto, CA,
USA). All plans had two complete arcs.

The VMAT was optimized using the Progressive Resolution
Optimizer of RapidArc until the plan was clinically acceptable ac-
cording to the following criteria: 1) minimum dose (Dmin) to the
PTVs≥ 95% of the prescription dose; 2) maximum dose
(Dmax)≤ 107%; 3) maximum dose to the spinal cord and
brainstem<45 Gy and 50 Gy, respectively; volume of brain receiving
60 Gy < 1 cc; and mean doses to the oral cavity and parotid glands
≤35 Gy and 25 Gy, respectively.

Dose calculations were performed with the AAA and AXB (Dw and
Dm) algorithms for the same number of monitor units, with identical
beam and MLC setup. Calculation grid resolution was set to 2mm in all
cases. The same version (13.0.26) of AAA and AXB was used. Note that
version 11 of AXB introduced an important change from version 10
with regard to the determination of tissue types from CT images
[23,24]. AXB needs the macroscopic cross-section in each element of
the computational grid. Eclipse provides AXB with a mass density and
material type in each voxel of the image grid. In version 11 and above,
if the mass density derived from the Hounsfield Units (HU) is within the
range of two materials that are used in automatic CT to material con-
version, then a linear mixture of these two materials is assigned to the
voxel as shown in Fig. 1. It is important to note this difference because
the version of AXB used in this study could assign different material
compositions and thus produce different results than those previously
obtained in studies that used version 10 [9,10,19].

2.3. Dose-volume parameters

Dose-volume histograms (DVH) were obtained using the Eclipse
scripting API and exported to MATLAB (The Mathworks, Natick, MA,
USA) to obtain the desired parameters for the PTVs and OARs for all
patients.

ICRU report No. 83 [30] provides the data needed to harmonize
prescribing, recording, and reporting of IMRT. The QUANTEC reviews
[31] provide focused summaries of the dose/volume/outcome in-
formation for many organs.

The ICRU 83 recommended parameters were compared: near
minimum absorbed dose D98, D95, median absorbed dose D50, and
near maximum absorbed dose D2 to all PTVs, and homogeneity index
[HI]=(D2-D98)/D50 for PTV70, where DX is the dose covering X%
volumes.

Parameters collected in the QUANTEC reviews and other clinically-
relevant dose-volume data for the OARs were compared: 1) Dmax to the
spinal cord, brainstem, brain, cochleas and mandible; 2) Dmean for
brain and larynx; and 3) Dmean to the oral cavity and parotid glands.
D2 was also reported as an alternative to Dmax in the spirit of ICRU 83.
Vx type parameters were discarded because they would have in-
troduced biases in those cases in which the volume covered was 100%
for all the algorithms and reporting modes.

2.4. Data analysis

Mean values, standard deviation (SD) and range (min–max) of the
dose-volume parameters were calculated for each sample. Paired t-tests
were used to analyze the differences in mean values between AAA and
AXB Dm, AAA and AXB Dw, and AXB Dw and AXB Dm. Mean differ-
ences and 95% confidence intervals (CI) were also reported using the
Statistical Package for Social Sciences, version 24 (IBM-SPSS, Chicago,
IL).

To determine whether universal recommendations can be given for
the treatment prescription when switching from AAA to AXB, it is
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necessary to know if these differences remain constant across all pa-
tients. For this purpose, the Pitman-Morgan dispersion test was com-
puted using the R software, version 3.4.2 (R Core Team, 2017. R: A
language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.). The test determined if the
ratios of the variances of each dose-volume parameter distributions
were equal to one, comparing AAA and AXB Dm, AAA and AXB Dw, and
AXB Dw and AXB Dm.

Both central tendency and dispersion tests were two-sided. P va-
lues< 0.05 were considered statistically significant.

According to the proposed methodology, two scenarios can be
identified when switching from AAA to AXB (Dw or Dm) to help de-
cision-making:

a) Inter-patient variability in a dose-volume parameter is non-sig-
nificant: the related dose prescription parameter or constraint can
be maintained or adjusted using a simple conversion factor de-
pending on the significance of the systematic difference between the
two algorithms.

b) Inter-patient variability in a dose-volume parameter is significant:
AXB is not a simply scaled version of AAA in this case. No simple
recommendations can be made.

Kernel densities for each algorithm and individual patient differ-
ences between AAA and AXB Dm, AAA and AXB Dw, and AXB Dw and
AXB Dm were plotted for D50 to PTV70 and Dmax to the mandible as
representative examples. Density plot is a variation of a histogram that

uses kernel smoothing to plot values, allowing for smoother distribu-
tions by smoothing out the noise. An advantage density plots have over
histograms is that they are better at determining the distribution shape
because they are not affected by the number of bins used.

3. Results

Table 1 summarizes the mean, SD, and range of the PTVs and OAR
dose-volume parameters across the 110 patients for the AAA, AXB Dm
and AXB Dw algorithms. It also shows the statistical significance of the
differences between the mean values and between the variances in the
samples. Fig. 2 completes this information by graphically depicting the
mean differences with 95% CIs.

Fig. 3a shows that differences in the mean values of D50 to PTV70
are statistically different (t test) from 0 except for AAA-AXB Dw
(p= 0.525), which is reflected in the graph as fluctuations in the in-
dividual differences around the horizontal axis. Fig. 3b complements
this information, showing the similarity of the variances identified by
the Pitman-Morgan test. Fig. 3c shows that the ratio of the variances of
Dmax to the mandible is statistically different (Pitman-Morgan test)
from 1 except for AAA-AXB Dm (p= 0.348), which is reflected as a
small inter-patient variability. The difference in the variances is due to
the widening of the distribution for AXB Dw (Fig. 3d).

3.1. AAA versus AXB Dm

Fig. 2a shows that AAA statistically overestimated all dose-volume

Fig. 1. Default HU-to-density calibration curve and graphic representation of density-to-material conversion tables versions 10 and 11. Each material is depicted by a
color. In version 11, the overlapping region is represented by the ascending line separating the two materials, and for a given density the resulting composition is
obtained by the relative amount of each material on both sides of the line.
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parameters compared to AXB Dm.
Regarding the PTVs, the dose increase calculated by AAA was si-

milar for all dose-volume parameters, with a mean of 1.05 Gy (1.7%).
The HI of PTV70 predicted by AAA was 4% lower than the HI obtained
with AXB Dm. Dispersion among patients was not significant (Table 1)
except for the coverage represented by D98 to PTV60 and PTV70, for
D95 to PTV70, for median dose D50 to PTV54, and for the HI.

The largest absolute difference between the two algorithms for
OARs was observed in the D2 to the mandible (2.38 Gy, 4.0%). The
largest percentage differences were found for the parameters of the
cochleas, ranging from 6.8% (1.56 Gy) for Dmax to the left cochlea to
7.5% (1.66 Gy) for D2 to the right cochlea. There was a significant
inter-patient variability in most cases, except for Dmax to the brain and
mandible and Dmean to the oral cavity and the right parotid.

3.2. AAA versus AXB Dw

As Fig. 2b shows, no systematic trend in the differences between the
two algorithms was observed.

The PTV values obtained by both algorithms were similar, with the
largest difference being the D2 to PTV70 (−0.88 Gy, −1.2%). The HI
calculated by AAA was 8% lower than the AXB Dw HI. Differences in
D98 and D50 to PTV60 and D50 to PTV70 were not significant. Inter-
patient variability was significant except for D98 and D50 to PTV60,
and D50 to PTV70 and the HI.

The largest differences between the AAA and AXB Dw algorithms for
OARs were observed in the mandible and the cochleas, similar to the
comparison described above for AXB Dm. Specifically, Dmax to the
mandible and Dmax to the right cochlea predicted by AAA were 5.31 Gy
(7.3%) and 1.54 Gy (5.8%) lower than those predicted by AXB Dw. For
the other organs and parameters, the differences were<1.23 Gy or
2.4%. All differences were statistically significant except for Dmax to
the brainstem. Variability among patients was also significant except
for Dmax to the brainstem and D2 to the brain.

3.3. AXB Dw vs AXB Dm

All dose-volume parameters were significantly higher (Fig. 2c) for
AXB Dw compared to AXB Dm.

For the PTVs, the dose increase when using AXB Dw was similar for
all dose-volume parameters, with an average of 1.19 Gy (1.9%). The HI
of PTV70 reported in the medium was 5.5% lower than in water. Inter-
patient variability was significant, except for D95 and D50 to PTV70
and for D98 to all the PTVs.

As in the previous comparisons, the largest differences for the OARs
were found for the cochleas and the mandible. Both D2 and Dmax to the
cochleas and mandible calculated with AXB Dw were, respectively,
approximately 3 Gy (13%–14%) and 6 Gy (9%–10%) higher than those
obtained with AXB Dm. Differences for the other OARs were smaller,
with the most notable being the brain Dmax (1.86 Gy, 3.6%).
Dispersion was significantly different between the two reporting modes,
except for Dmax to the spinal cord.

Table 2 summarizes the classification of the dose-volume para-
meters according to the significance of the two statistical tests when
switching from AAA to AXB. Upper rows correspond to scenario a)
while lower rows correspond to scenario b).

4. Discussion

The aim of this study was to evaluate the dosimetric impact of using
the AXB versus the AAA algorithm in a large series of patients diag-
nosed with H&N cancer and treated with VMAT. Our main findings
were as follows: 1) the AAA algorithm statistically overestimated all
dose-volume parameters compared to AXB Dm, 2) no systematic trend
was observed in the differences between AAA and AXB Dw, and 3) all
dose-volume parameters were significantly higher for AXB Dw versus

Fig. 2. Mean differences and 95% CI of the dose-volume parameters to the PTV
and OARs for the whole sample for (a) AAA-AXB Dm, (b) AAA-AXB Dw, and (c)
AXB Dw-AXB Dm.
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AXB Dm. In all cases, the largest differences were found for the dose-
volume parameters for the cochleas and the mandible. The number of
parameters with significant inter-patient variability of the differences
was greater when switching from AAA to AXB Dw than from AAA to
AXB Dm.

To our knowledge, our study—which included 110 patients—is the
largest to date to compare the AXB (Dm and Dw) and AAA algorithms in
H&N patients treated with VMAT. Previous studies evaluated samples
of up to 15 patients [9,10,19–22]. Moreover, they were all based on
static gantry IMRT techniques [9,20,22], an older version (v. 10) of
AXB [9,10,19,21], or presented results only for the Dm mode
[9,19–21].

In terms of systematic differences, the AAA algorithm overestimated
PTV dose-volume parameters compared to AXB Dm, a finding that is

largely consistent with the results of the aforementioned studies.
Published data on differences between the AAA and AXB algorithms
with regards to dose-volume parameters to OARs in H&N are scant
[9,19–22]. Only the study by Kathirvel et al. [21] evaluated the oral
cavity, and only Kan et al. [19] included the mandible and the inner ear
in their evaluation. Overall, our findings agree with published results
and provide relevant additional information on dose-volume para-
meters for several OARs. It is interesting to point out that the magnitude
of the systematic differences found between AAA and AXB Dm for both
PTVs and OARs are close to the dosimetric changes in H&N plans due to
linac composite miscalibration at general tolerance level [32].

Two previous studies have compared AXB Dw to AAA in H&N pa-
tients [10,22], with both studies finding that the mean doses to the
PTVs were similar for the two algorithms, a finding that is consistent

Fig. 3. (a) PTV70 D50 individual patient differences, (b) PTV70 D50 kernel density plots, (c) mandible Dmax individual patient differences, and (d) mandible Dmax
kernel density plots.
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with our observations for D50. However, only the most recent of those
studies (Zifodya et al.) [22] included OARs (spinal cord and parotid
glands). The results of that study, in terms of systematic differences,
were similar to ours. They also reported parameters for PTVs such as
D98, D95 and D2, with the most notable result being that D2 was sig-
nificantly higher when calculated with AXB Dw. Our results pointed on
the same direction. We could correlate this effect to the random pre-
sence of portions of cartilage or bone in the PTVs.

For bone, when the AAA conventional photon dose calculation is
performed using water with relative electron densities, this results in
dose distributions that are much closer to Dm distributions than to Dw
distributions converted using mass stopping-power ratios of water to
bone [17]. This explains the observed systematic higher doses in vo-
lumes composed of high Z materials such as the cochleas or the
mandible, and the “hot spots” in the PTVs containing bone or cartilage,
that increase the average Dmax and D2, when the AXB Dw reporting

mode was used compared to AXB Dm or AAA. Fig. 4 shows an example
of a “hot spot” in a PTV containing bone. The opposite happens with the
presence of air, but to a lesser extent. Several of the studies described
above segmented the PTVs into subvolumes composed solely of soft
tissue, air, bone or cartilage to quantify the systematic differences in-
troduced when reporting the dose in water [10,19,20], but none did so
for OARs.

The “hot spots” calculated by AXB Dw in some patients, i.e. with
PTVs containing cartilage or bone and also, for example, with mand-
ibles containing metallic implants, are random unidirectional effects
across the entire group of patients that can lead to differences in the
width of the distributions of the dose-volume parameters, preventing
the formulation of universal recommendations for the PTV dose pre-
scription and OAR constraints when switching from AAA to AXB. In
order to objectively determine if the distribution variances of the al-
gorithms were significantly different, we applied the Pitman-Morgan
test, a tool that is used as a complement to the more widely-used sta-
tistical tests for central values. As expected, the Pitman-Morgan test
predicted less inter-patient variability when switching from AAA to
AXB Dm than when switching from AAA to AXB Dw (Table 2). To en-
sure a comprehensive comparison, the test was also used to compare
the Dm and Dw reporting modes for AXB.

The results obtained in this study could facilitate decision-making
when adopting AXB for head and neck VMAT treatments. For example,
with respect to AAA, Dmax to the mandible would be approximately
1 Gy (2%) lower when using AXB Dm, and in addition this statement is
reasonably applicable to all patients, so increased probability of com-
plications is not expected if Dmax restrictions for the mandible are
maintained or even decreased by a 2% when switching to AXB Dm.
Another example regarding prescription is that D50 to PTV70 would be
approximately the same for AAA and AXB Dw, and inter-patient
variability is again non-significant, so it seems reasonable to keep the
actual prescription dose if one opts for AXB Dw. These two examples
correspond to scenario a).

Notwithstanding these results, it is important to emphasize that
inter-patient variability is too high to establish simple recommenda-
tions for most parameters (scenario b)), even for AXB Dm. In these
cases, further study is still required regarding the prediction of clinical
outcomes from the dose-volumetric parameters calculated by AXB
when they differ from the parameters calculated with AAA, on which
current clinical knowledge is based. In our center, which AXB reporting
mode to adopt is still a matter of debate. On one hand, our findings
support the use of AXB Dm in terms of traceability to the convolution/
superposition algorithms in the sense that the differences between the
two are more systematic than for AXB Dw. On the other hand, AXB Dw
might better predict clinical outcomes. Specifically, individual clini-
cally relevant differences for the maximum doses to the mandible were
obtained in a subgroup of patients. Our current research focuses on the
predictive power of AAA, AXB Dm and AXB Dw for mandible osteo-
necrosis. This information, together with the advantages and dis-
advantages of using the Dw or Dm for reporting discussed in detail
elsewhere [3,17,18], will help us make a decision. For this to be pos-
sible in H&N VMAT treatments, it is essential to implement a global
strategy to better assess the dose delivered to the patients, including in-
vivo dosimetry [33] and deformable image registration for daily dose
calculation [34].

A limitation of the present work is the use of a single 2mm calcu-
lation grid size. Smaller grid resolution reduces the averaging effect and
leads to better sampling of the structure voxels to the calculation grid
[9]. Moreover, the grid size also influences the relative dose difference
between the AAA and AXB algorithms, which is the focus of our study.
To our knowledge, the potential impact of the grid size on the dose
difference between AAA and AXB has only been assessed for stereo-
tactic and conventional lung VMAT plans [13,35]. Relative dose dif-
ferences calculated with 2.5 mm and 1mm grid sizes differed< 1% for
all dose-volume parameters analyzed. Although we decided to choose

Table 2
Classification of the dose-volume parameters according to the significance of
the statistical tests when switching from AAA to (a) AXB Dm and to (b) AXB Dw.

(a)

(b)
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the resolution used in our clinical routine, the influence of smaller grid
sizes will be another area of interest for us.

5. Conclusions

The present study shows that there are important differences be-
tween the AXB (for both the Dw and Dm reporting modes) and the AAA
dose calculation algorithms in VMAT planning for H&N cancer patients.
The systematic differences and their inter-patient variability in the
dose-volume parameters between the AXB and AAA algorithms provide
valuable information relative to the impact on the dose prescriptions to
the PTVs and on the constraints to the OAR. These findings could fa-
cilitate decision-making at radiotherapy centers considering switching
to the AXB algorithm for H&N VMAT treatments. However, further
research is needed to better assess the predictive accuracy of the dose-
volume parameters calculated by this algorithm for clinical outcomes.
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