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ARTICLE INFO ABSTRACT

Purpose: Design of experiments (DoE) provides a methodology to reveal the influence of input values on the
measured output with a limited number of trials. The purpose of this study was to describe how DoE can be used
to evaluate the performances of several dose calculation systems in heterogeneous media, including algorithms
like Pencil Beam (PB), Anisotropic Analytical Algorithm (AAA), Acuros XB (AXB), Monte Carlo (MC) and
Collapsed Cone Volume (CCV).

Method: This study was carried out using a CIRS Model 002LFC IMRT Thorax Phantom customized with a water-
equivalent heterogeneity inside the lung. The calculated dose distributions were compared to Gafchromic® EBT3
film measurements. The beam configurations were selected using DoE to study the influence of five parameters
simultaneously (energy, collimator angulation, gantry angulation, X and Y jaws) and to optimize the number of
experiments. An analysis of variance was performed over the entire irradiation field and over various regions of
interest (tumour, shadow of tumour and lungs).

Results: DoE enabled to quantify and determine the statistically significant factors, leading to an evaluation of
the dose calculation systems in the lung case. The resulting scoring could be as follow (from best to worst):
AXB_D,,, CCV, AXB_D,,, XVMC_D,,, XVMC_D,,, AAA and last PB. Differences between the algorithms were spe-
cially observed in the tumour and the shadow regions.

Conclusion: DoE is a robust statistical method to compare several dose calculation systems. The various analyses
lead to the conclusion that AXB handled more accurately most of the situations investigated in heterogeneous
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media.

1. Introduction

Design of experiments (DoE) is a body of statistical techniques for
the effective and efficient collection of data for a number of purposes.
Two significant ones are the investigation of research hypotheses and
the accurate determination of the relative effects of the many different
factors that influence the quality of a product or process. DoE can be
employed in both the product design phase and production phase [1,2].
The principle of DoE is to perform experiments by varying some inputs
for each trial, instead of varying inputs one by one. Furthermore, by
carefully choosing the input combinations to be used in experiments, it
is possible to diminish the number of trials needed to reveal the influ-
ence of input values on the measured output [1,3].

In external radiotherapy, heterogeneities can significantly influence
the dose distribution calculated inside the patient. The choice of the
algorithm is particularly important in the presence of heterogeneities
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such as lungs, air and bones [4]. In the case of stereotactic treatment of
lung lesions, Fogliata et al. [5] summarized the dose calculation accu-
racy depending on their degree of complexity in the management of
charged particle transport: algorithms belonging to the type “a” class do
not consider the changes in electron transport, while the type “b” takes
into consideration the electron transport [6]. In type “c” algorithms,
modeling of secondary electron transport is improved, taking into ac-
count the physics generating the dose absorption process [7]. Also, the
dose deposition can be calculated in biological tissues and in presence
of high-Z materials.

Many studies evaluated the performances of various algorithms
compared to Monte Carlo and/or measurements: in one dimension
(dose point) [8,9] or in two-dimensions (percent depth dose (PDD),
profiles, and dose distributions) [6,8,10-12] on heterogeneous or an-
thropomorphic phantoms. However, no comparison based on design of
experiment to study the performance of several algorithms clinically
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Gafchromic® EBT3 fim

Fig. 1. On the left, one of the sections where the insert was added to simulate the lung tumor in the CIRS phantom. On the right, the set-up of the phantom and the

Gafchromic® EBT3 film.

available on anthropomorphic phantoms was presented with the same
methodology for clinical configuration encountered in the lung case.

The aim of this paper was to explore the methodology of DoE and
apply it in medical physics for the comparison of the performances of
the dose calculation systems with five algorithms in various clinical
beams for tumors located in the lung. Dose distributions computed by
five dose calculation algorithms commercially available were compared
to film measurements in an anthropomorphic phantom. The use of a
design of experiment made it possible to select only 18 tests in order to
cover various clinical beams and to highlight potential statistically in-
fluent factors. The accuracy of the algorithms was estimated by sub-
tracting computed dose distributions and film measurements. A statis-
tical analysis was conducted and a summary of the performances of the
dose calculation systems was suggested.

2. Materials and methods
2.1. Design of experiment

Design of experiments is a multivariate optimization technique,
used in various fields, such as biology [13], space industry [14] or
radiology [15] and more recently medical physics [16,17]. Statistical
DoE were introduced in the 1920s, in order to efficiently reveal the
influence of some inputs (referred to as factors) on outputs of interest
[18]. Usually, in order to investigate the output variance with different
input values, experiments are performed by varying inputs one by one
for each trial. Therefore, when having many inputs, the number of
experiments quickly increases greatly. Efficient experimental design
uses the best combination of factors levels (i.e. input values) in order to
diminish the number of trials. They are referred to as fractional factorial
experiments, since they use only a portion of the total possible com-
binations of factors levels to estimate the main factor effects and some
of the interactions [1,19].

Dr. G. Taguchi developed a family of highly fractional factorial
experiments, known as orthogonal arrays. Orthogonality means that
factors can be evaluated independently of one another; estimating the
effect of one factor is statistically independent of the estimation of the
effect of another factor [3,20]. These designs can be used to estimate
main effects using only a few experimental runs. The orthogonal arrays
proposed by Taguchi give the best combination of factors levels to use
in the experiments, in order to insure the independency of effects es-
timation [3,20]. Since Taguchi arrays are fractional factorial experi-
ments, the choice of these combinations is very important in order to
correctly estimate the effects of the factors on the measured output.
Combinations are tabled in arrays which can be found in the literature
[1,3,20] or on the internet. The choice of an orthogonal array is made
with regard to the number of factors and interactions to be evaluated
and the number of levels considered for each factor [1,3]. Taguchi
designs allow investigating main effects for mixed level experiments
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where the factors included do not have the same number of levels.

The factors’ effects are estimated for each level of each factor se-
parately and their significance is interpreted by analysis of variance
[18]. DoE allows having more values of the measured output for each
level of a factor, diminishing thus the uncertainty in the estimation of
the effects of the factors taken into account [18].

Our use of DoE consisted in optimizing the organization of experi-
ments to maximize the information with a minimum of beam config-
urations and to highlight the influence of factors on the dose deviation
between dose distribution calculations and measurements.

2.2. Film measurements in an anthropomorphic phantom

The algorithm comparison was realised in a heterogeneous phantom
for various irradiation beams. A CIRS Model 002LMFC Thorax Phantom
representing an average human torso in proportion and density was
used. It represents a thorax with the presence of heterogeneities: lung
(p = 0.21 g/cm?>), bone (p = 1.60 g/cm>) and muscle (p = 1.04 g/cm?).
In order to simulate a lung tumour, a water-equivalent insert
(p=110 g/cms) was inserted in the lung region for two slices (Fig. 1).
Gafchromic® EBT3 films were inserted between these two slices. A tu-
mour was thus modelled with a total length of 2 cm and a diameter of
2cm. The plan treatment was performed on the anthropomorphic
phantom CT scan, with the film placed between two slices as the one
described in Fig. 1.

A film calibration was performed in a water-equivalent phantom
under reference conditions. Films were scanned 24 h after irradiation
using an Epson Expression 10000 XL [US Epson, Long Beach, CA, USA],
with transmission mode, 48 bits RGB (16 bits per channel color) and a
resolution of 200 dpi (0.35 mm/pixel). The methodology described in
reference [21] was followed and self-attenuation in the film neglected.
Measurements were repeated 3 times for each selected beam config-
uration in order to take into account the uncertainty originating from
the measured response of the film to radiation which is expected to be
the main contributor to the total uncertainty [22].

2.3. Dose calculation algorithms

Five dose algorithms commercially available in different Treatment
Planning System (TPS) were included in this study. The classification
summarized by Fogliata et al. [5] (type “a”, “b” or “c” depending on the
way electron transport is taken into account) is reported below. The
types “a”, “b” were the first time suggested by Knoos et al [6] and the
type “c” was added the first time as an extension of the coding by Ojala
et al. [7].

- Varian Eclipse TPS:
m AAA: Anisotropic Analytical Algorithm (version 13.7, type “b”).
This algorithm is a pencil-beam, convolution/superposition model
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described in [23,24]. The AAA accounts for heterogeneities by
correction of the photon scatter kernel according to the three-di-
mensional anisotropic changes in electron density in the neigh-
borhood of an interaction point [12].

AXB: Acuros XB (version 13.7, type “c”). This algorithm solves the
Linear Boltzman Transport Equation numerically (LBTE) [25,26].
The calculation method of Acuros XB requires mass densities and
atomic composition to evaluate the macroscopic interaction cross-
sections for each voxel (unlike the AAA dose calculation that used
relative electron density). The determination of the material
composition uses a method based on the conversion of Hounsfield
Unit (HU) values into mass density from the CT calibration curve
which can be configured by the users for their specific CT scanner.
Once mass density is known in a voxel, the material is determined
based on a library of materials stored in the system. This algo-
rithm supports two dose reporting option: dose-to-medium (D)
and dose-to-water (D,,). When D, is calculated, the energy de-
pendent response function is based on the material properties of
that voxel. When D,, is calculated, in non-water materials, the
dose calculation is similar to the one received by a volume of
water. For both reporting modes the energy dependent electron
fluence is calculated based on the material properties of the pa-
tient. The dose to medium or to water is then computed using the
specific electron energy deposition cross sections and densities.

- BrainLab iPlan TPS:

m PB: Pencil Beam (version 4.5.5, type “a”) described in [27]. This
algorithm calculates dose by scaling pencil beam dose distribution
kernels in water to take into account tissue heterogeneities, but
this method showed limited accuracy in these regions [4] because
the lateral scattering is not taken into account in the dose calcu-
lation of this algorithm. Differences between calculated and
measured dose distributions are primarily due to changes in
electron transport in the lung which are not adequately taken into
account by the simple tissue inhomogeneity correction algorithms.
As a consequence, PB may over-estimate the dose to the tumor.
XVMC: X-ray Voxel Monte Carlo (version 4.5.5, type “c”). Details
of this Monte Carlo algorithm adapted for clinical use can be
found in [28,29]. The algorithms based on Monte Carlo are sta-
tistical methods for solving the LBTE by simulating all particle
interactions in detail, taking into account heterogeneities accu-
rately. The method for material assignment uses a function re-
lating a Compton cross-section ratio versus mass density for all
materials of ICRU report 46. This function is used by XVMC to
calculate the Compton cross-section and cannot be modified by
the user. The mass density is derived from the CT HU calibration
curve, providing a HU to mass density mapping function. This
algorithm allows the calculation of 2 different dose types: dose-to-
medium (D,,,) and dose-to-water (D). The defaults setting is the
D,, which represents the energy absorbed in a small tissue element
divided by the mass of the tissue element. D,, means energy ab-
sorbed in a small cavity of water divided by the mass of that
cavity. Dy, is obtained by multiplying D, by the stopping power
ratio for water to that for the medium.

- Mobius Medical System:

m CCV: Collapsed Cone Volume (version 2.0.1, type “b”). Mobius
uses a collapsed cone (CC) convolution/superposition (CS) algo-
rithm developed by the manufacturer. The dose calculations are
conceptually similar to the algorithm developed by Philips in the
Pinnacle3 software [30]. Both are rooted in the principles of the
original collapsed cone [31,32] and have been updated with en-
hancements based on subsequent research [33,34].

Dose calculations were performed for a Varian Novalis TrueBeam
STx linear accelerator using the smallest calculation grid available:
1 mm for the Varian and Mobius algorithms; 2 mm for the iPlan algo-
rithms.
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2.4. Validation of algorithms in a water phantom

All algorithms were first validated in a water phantom using ex-
perimental designs: computed dose was compared to measurements
with an ionization chamber (CC04, IBA) in various configurations. The
following factors were selected: energy (2 levels: 6 MV and 16 MV),
presence of MLC (2 levels: “yes”: field is defined by the MLC and “no”:
field is defined by the jaws), depth (3 levels: Zyx, 10 cm and 20 cm), X
jaws (3 levels: 4 cm, 10 cm and 22 cm), Y; jaw (3 levels: 2 cm, 5 cm and
10 cm), Y, jaw (3 levels: 2 cm, 5cm and 10 cm), off-axis (3 levels: on
the axis, at 50% and 150% of the field size defined by Y;). Details of the
methodology and results for the AAA algorithm can be found in the
literature [16].

Considering the number of factors and levels for this study, a
Taguchi L (2! x 3!2) array was chosen. This array is a mixed level
design, giving the level combinations to be used in trials (by the as-
signment of factors to the columns of the array), in order to in-
dependently estimate the effects. It can be used to investigate the effects
of up to 11 two-levels factor 2 and a maximum of 12 three-levels
factors (3'?) [3,33]. 36 tests provide enough information to estimate
the main effects of the factors.

The L3¢ Taguchi array previously used was adjusted to validate FFF
beam models which were validated in a second time. Factors and as-
sociated levels were defined as follows: presence of MLC (2 levels:
“yes”: field is defined by the MLC and “no” field is defined by the jaws),
depth (3 levels: Zy,x, 10 cm and 20 cm), X jaws (3 levels: 2 cm, 5 cm and
10 cm), Y7 jaw (3 levels: 1 cm, 2.5 cm and 5 cm), Y» jaw (3 levels: 1 cm,
2.5 cm and 5 cm), off-axis (2 levels: on the axis and at 50% of the field
size defined by Y3).

For each trial, the following quantity of interest was used:

Dcal -D meas

5[%]:( )xlOO

meas

where D, is the absorbed dose calculated by the TPS and Dy is the
measured absorbed dose.

2.5. Comparison of the performances in a heterogeneous media

Considering the potential clinical configurations encountered in the
case of lung tumours, the following factors were selected:

= Gantry angulation (3 levels): 0°, 90° and 160°. This last angulation
was chosen in order to evaluate the table attenuation estimation.

= Collimator angulation (2 levels): 0° and 90°

m Energy (3 levels): 6MV, 6 MV FFF and 16 MV

m X jaws (3 levels): 2, 5 and 8 cm

m Y jaws (3 levels): 2, 5 and 8 cm.

For each factor, the choice of the different levels was made according
to the clinical configurations most often encountered in our clinical
practice (gantry angulation, collimator angulation, X and Y jaws), or the
available parameter (energy). All beams were static beams with no in-
tensity modulation. The size of the smallest field in the X and Y directions
was clinically significant for stereotactic pulmonary treatments. It should
also be recalled that the tumour had a total length of 2 cm and a diameter
of 2 cm. Similarly to clinical practice, the MLC defined the shape of the
beam. Jaws were positioned 0.8 cm (respectively 0.2 cm) behind the
extremity of the leaves in the X direction (respectively Y direction). For
each test and algorithm, 300 monitor units were planned in order to
deliver approximately 2 Gy at the isocenter.

Considering the number of factors and levels for this study, a
Taguchi Lig (2' x 37) design of experiment was chosen, requiring 18
tests. Since one two-level factor and four three-level factors were se-
lected, if all level combinations were to be used, a total of 162 trials
would have to be conducted. The description of the 18 trials is given in
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Table 1
Description of the 18 trials defined by design of experiment.
Trials Collimator Gantry Energy X jaws Y jaws
#1 0° 0° 6 MV 2cm 2cm
#2 0° 0° 6 MV FFF 5cm 5cm
#3 0° 0° 16 MV 8cm 8cm
#4 0° 160° 6 MV 8cm 8cm
#5 0° 160° 6 MV FFF 2cm 2cm
#6 0° 160° 16 MV 5cm 5cm
#7 0° 90° 6 MV FFF 5cm 8cm
#8 0° 90° 16 MV 8cm 2cm
#9 0° 90° 6 MV 2cm 5cm
#10 90° 0 16 MV 5cm 2cm
#11 90° 0 6 MV 8cm S5cm
#12 90° 0 6 MV FFF 2cm 8cm
#13 90° 160° 6 MV FFF 8cm 5cm
#14 90° 160° 16 MV 2cm 8cm
#15 90° 160° 6 MV Scm 2cm
#16 90° 90° 16 MV 2cm 5cm
#17 90° 90° 6 MV 5cm 8cm
#18 90° 90° 6 MV FFF 8cm 2cm
Table 1.
2.6. Analysis

For each trial, the evaluation of the performances of the dose cal-
culation systems was assessed by calculating the difference between the
calculated dose and the measured dose. The dose differences (8) were
calculated for each pixel of the film image using home-made software
based on ImageJ [35], according to the equation given in Section 2.4.
Calculated dose was interpolated to match the film resolution.

For each trial and each of the three films, signal-to-noise ratio (S/N)
was calculated as:

Mean dose difference inside the ROI

- Standard deviation of dose difference inside the ROI

The ROI was first defined as the intersection between the irradiation
field and the phantom (Fig. 2). The beam and phantom intersection was
then segmented into three regions of interest (Fig. 2): the tumour, the
shadow of the tumour and the intersection between the lung region and
the irradiation field (minus the shadow region).

For each region of interest, mean dose differences, mean S/N ratio
and their associated standard deviation for the 18 trials were reported.
The S/N ratio metric reflects the variability in the response [36]. It is a
relative quantity which can be used for comparison purposes to
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evaluate the statistical significance of the difference between the target
and the samples’ mean. Details on the S/N ratio are provided in
Supplementary data 1. Note that in this study and contrary to what is
usually done in the frame of signal processing, the signal is a dose
difference. As a consequence, the aim is not to maximize the S/N but to
reach the expected value (zero).

To evaluate the reproducibility of the films, the measurements of
the 18 tests were performed 3 times. The performances of each algo-
rithm could thus be synthetized by a S/N ratio, derived from the mean
S/N ratio of the 18 trials and the associated standard deviation (os,n),
divided by +/3. The meaning of /3 is the following: in statistics it is well
known that if samples of size “n” are randomly taken from a population
with a standard deviation o, then the standard deviation of the means
of the samples is % In our case, n = 3 repetitions (3 films) were made
and for each film the S/N ratio was calculated for each trial. Then, the
standard deviation of the mean of the S/N ratios is 3, where o,y is

the standard deviation of the S/N ratios for the various 3trials. These two
metrics took into account the reproducibility of the film measurements
and the dispersion of dose differences inside the intersection region.

An analysis of variance (ANOVA) was performed on the intersection
between the irradiation field and the phantom to identify factors that
could influence the results. This analysis was based on the calculation of
the mean S/N ratio for the trials sharing the same value of a specific
factor. For the factor at 2 levels (collimator angulation), each level (0°
and 90°) grouped 9 of the 18 tests and was characterized by the mean
S/N ratio and associated standard deviation for the 9 tests divided by
V3. For the 4 factors at 3 levels (gantry angulation, energy, X jaws and
Y jaws), each level included 6 of the 18 trials and was represented by
the average of the S/N ratio of these 6 trials and the associated standard
deviation divided by V3. If the mean value of the S/N ratio for a con-
fidence interval of 95% intercepts the value 0, the corresponding
parameter is not considered significant. Conversely, if the S/N ratio
value does not intercept 0 within one standard deviation, the corre-
sponding parameter is considered significant.

3. Results
3.1. Validation of algorithms in a water phantom

For the 6 MV and 16 MV beam models, mean dose deviations were
0.2 = 0.5% for the AAA, —0.4 = 0.6% for the AXB D, 0.5 + 1.8%
for the PB, 0.7 *+ 0.9% for the XVMC_D,,, and 0.3 + 1.2% for the CCV
algorithms. All dose deviations were smaller than 2%. For all algo-
rithms except the CCV, the field size defined by Y, was statistically
significant with a systematic overestimation of the computed dose for

Fig. 2. Left: representation of the intersection between the irradiation field and the phantom for two trials. Right: segmentation of the region of analysis for two trials
(Red: the tumor, Green: shadow of the tumor and Orange: (Lungs — Shadow)). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Table 2
Mean difference doses and signal-to-noise ratio for all algorithms, between the
irradiation field and the heterogeneous phantom. Significant values are in bold.

Mean difference on image S/N Number of significant
[%] levels
AAA 2.2 0.4 * 0.3 10
AXB_D,, -0.6 -0.1 = 0.4 1
AXB Dy 0.5 0.2 £ 05 5
PB 19.4 1.5 = 0.1 14
XVMC_Dy, 2.0 0.5 * 0.5 6
XVMC_D,, 1.2 0.4 £ 0.6 7
CCcv -0.2 0.0 = 0.4 4

smaller field sizes. Dose computed on the axis were systematically
overestimated for all algorithms except CCV and AXB whereas out of
field doses were underestimated.

Mean dose deviation for the 6 MV FFF beam models were
—0.7 = 0.5% for the AAA, —-0.1 = 0.8% for the AXB.Dp,
1.6 = 1.5% for the PB, 1.7 = 0.8% for the XVMC.D,, and
—1.3 = 1.5% for the CCV algorithms. For AAA, AXB and XVMC al-
gorithms, dose deviations were smaller than 4%. Larger deviations (up
to 7%) were observed for the PB and CCV algorithms. Compared to
6 MV and 16 MV beam models, the agreement between computed and
measured doses is deteriorated for the FFF beam, especially for the PB,
XVMC and CCV algorithms. The adjustment of the beam models and
investigations conducted with the manufacturer gave no better results.
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3.2. Analysis on the intersection between the irradiation field and the
heterogeneous phantom

The mean dose differences between measurements and calculations,
the mean signal-to-noise ratio (S/N) were reported in Table 2, for the 18
trials and the five algorithms. The number of significant levels is also
reported. The levels are considered not significant when the mean value
of the S/N ratio intercepts the value O, for a confidence interval of 95%.
Conversely, if the S/N ratio does not intercept 0 within one standard
deviation, the corresponding parameter is considered significant. Con-
sidering the factors studied (one factor -energy- with 2 levels and 4
factors -gantry angulation, collimator angulation, X and Y jaws- with 3
levels) a maximum number of 14 significant levels can be obtained.

The dose distributions calculations obtained with AXB and CCV
algorithms were closest to the measurements, followed by the XVMC,
AAA and finally PB.

3.3. Analysis of variance

An ANOVA was carried out to identify the influential factors for the
different algorithms. The number of significant levels for which the
mean S/N ratio was larger than its associated standard deviation is
given in Table 2. Figs. 3-5 graphically represents the mean S/N ratio for
some of the factors studied.

The AXB_D,, showed one significant negative S/N ratio for the
smallest field size in the Y direction highlighting a 3.4% under-esti-
mation of the dose. Interestingly, the smallest field size in the X di-
rection was not found significant, possibly because of a difference in the
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Fig. 3. Variation of the mean S/N ratio of the energy factor in the case of various algorithms.
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penumbra and scattering modelling. The AXB D,, revealed 5 levels
statistically significant: gantry at 0°, X at 8cm and Y at 2 cm, 5 cm and
8 cm. The difference between the two modalities could be explained by
the energy dependent response function, in non-water materials, which
is based on the material properties of each voxel (D,) or on the small
volume of water which has a minimal impact on this parameter (D,,).

The CCV revealed 4 levels statistically significant: X at 2cm, 8 cm
and Y at 2cm and 5cm. A very simplified modeling was used for the
CCV algorithm which could explain these results: the beam model only
requires 30 relative dose points per energy in various conditions.
Conclusions regarding the performances of the CCV algorithm must
therefore be balanced with the simplistic beam model used by Mobius.

Because the PB over-estimated the dose of nearly 20%, the S/N ratio
for all the studied levels was positive. The analysis of the AAA revealed
that 8 levels out of 14 induced a statistically significant deviation:
collimator at 0° and 90°, gantry at 0 and 90°, energy at 6 FFF and 16
MV, X at 8cm and Y at 5 and 8 cm. The overall over-estimation of 2.2%
reported in Table 2 could be explained by the over-estimation of the 6
FFF and 16 MV beam models (+3.0% and + 2.4% respectively against
+1.3% for the 6 MV). As a consequence, the S/N ratio values did not
oscillate around 0 and the fluctuations of the levels of a given factor.
Based on this ANOVA, one might conclude that the best agreement
between dose calculations and measurements for the AAA algorithm
could be achieved at 6 MV for a field size of 5 cm in the X direction and
2cm in the Y direction and with a gantry angle of 160°.

The analysis of XVMC_D,,, showed that 6 levels had a statistically
significant deviation: collimator 0°, gantry at 0°, energy at 6 FFF, X at
8cm and Y at 5cm and 8 cm. The over-estimation raised to 2.0% as
reported in Table 2. As for XVMC_D,,, 7 levels revealed a statically
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significant deviation. The additional factor compared to the modality
D,, was the Y field size at 2 cm. A strong over-estimation of the dose was
observed for the 6 FFF (+4.5% for the D, modality, +3.5% for the D,
modality) strengthening the overestimation already observed in water.

3.4. Analysis by region of interest (ROI)

The comparison on the intersection of the entire field provided an
initial assessment of algorithm performances. However, the Fig. 6
shows large dose differences within this intersection. An analysis over
the entire intersection might mask these differences due to possible
compensation for underestimations in one area with overestimations in
another area. Thus, an analysis by region of interest seemed more ap-
propriate for a detailed assessment of the performances of the algo-
rithms.

Mean dose differences and mean signal-to-noise ratio (S/N) were
reported in Table 3, for the 18 trials and the 3 regions of interest stu-
died.

According to the results obtained for all algorithms except PB, the
performances were identical in medium such as lung (Lungs — Shadow).
For all algorithms except PB, the mean S/N ratio were found similar and
the mean dose differences varied from —1.4% to 1.4%.

For all regions of interest, the PB overestimates the dose compared
to the measurements. Mean difference doses range from 10.5% (in the
tumor region) to 29.7% (for the other two regions of interest).

In the tumor region, only the XVMC algorithm obtained a statisti-
cally significant mean S/N ratio with an average dose difference up to
3.7%. For the shadow of the tumor, the mean S/N ratio was statistically
significant for the AAA and CCV, with mean difference doses of 4.4%
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Fig. 5. Variation of the mean S/N ratio of the Y jaw factor in the case of various algorithms.

AXB_Dm XVMC_Dm

Fig. 6. Dose distribution differences for trial #2, for all algorithms. The color scale shows relative dose differences, compared to the film measurements, from —30%
up to +30% (local normalization).
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Table 3
Mean difference doses for different regions, for 5 algorithms. In bold:

Physica Medica 61 (2019) 103-111

mean values larger than the standard deviation.

Tumor Shadow Lungs — Shadow
Mean difference [%] S/N Mean difference [%] S/N Mean difference [%] S/N
AAA 2.0 0.9 + 0.9 4.4 1.7 = 0.9 1.4 0.3 + 0.4
AXB Dy, 0.0 -0.1 = 0.8 0.0 0.4 = 1.0 -1.4 -0.2 = 0.6
AXB Dy 1.3 0.6 = 0.7 0.0 0.7 = 1.0 0.8 0.1 + 0.8
PB 10.5 47 = 1.0 27.1 6.1 = 0.7 29.7 3.3 = 0.4
XVMC Dy, 3.7 2.0 = 1.0 2.4 1.4 = 1.3 0.5 0.3 + 0.9
XVMC_D,, 3.1 1.8 £ 0.9 1.7 1.2 £ 1.6 0.0 0.1 + 1.1
Cccv 1.6 09 = 14 2.8 1.6 + 1.3 1.0 0.4 = 0.6

and 2.8%, respectively.

Despite the results for the entire irradiation field close to zero for
the CCV and AXB algorithms, the difference in the dose deposition was
visible in the segmentation by region of interest: the tumor and the
shadow of the tumor. The results obtained for the AXB (all modalities)
were closer to 0 than the CCV.

4. Discussion

Predictably, the PB algorithm (type “a”) showed significant devia-
tions from film measurements. The PB over-estimated the dose relative
to measurements of 19.4%. The most important approximation in this
model concerns the modelling of the effects due to heterogeneities
encountered in the crossed medium: each “pencil” was corrected for
heterogeneity along its main axis. However, the “pencil” does not
consider the lateral scattering. This algorithm is thus strongly dis-
couraged for dose calculation in heterogeneous media [4,37].

Dose deviations reported in this study were consistent with other
studies were algorithms were compared either to Monte Carlo or
measurements: mean deviations were reported smaller than 5% for
AAA [8,38], 1.1% for AXB [8,39,40], 16% for path-length algorithms
like PB [11,41], 3.1% for XVMC [40,42] and 0.5% for CCV [43].

Results of the present analysis showed that AXB (type “c”) and CCV
(type “b”) were almost equivalent. The differences in dose for XVMC
(type “c”) and AAA (type “b”) showed a dose difference compared to
films smaller than 2.5%. These results were in agreement with the lit-
erature. Indeed, Dunn et al. [8] obtained an average dose difference by
ionization chamber of 2.9% = 1.2% in an anthropomorphic phantom,
for the AAA algorithm. In the same way, Tsuruta et al. [40] showed that
the XVMC values agreed with the film measurements within 2.2% for
PDD evaluation, in heterogeneous phantoms.

International Commission on Radiation Units and Measurements
(ICRU) [44] recommended an overall dose accuracy within 5%. Other
recommendations [4,45] advocated the overall uncertainty in the
computed dose distribution should be less than 3%. With this in mind,
the mean dose differences observed in this study were acceptable for
clinical use for the AXB (all modalities) and CCV. The clinical use of the
XVMC (all modalities) and AAA algorithms remained acceptable. As a
matter of fact, at the intersection between the irradiation field and the
phantom, their mean differences were smaller than 3% or even 2% for
the XVMC (all modalities).

In the present study, differences were noted between AXB and
XVMC although they can be considered equivalent in terms of dosi-
metric performances. The source modeling and statistical errors derived
from the calculation process within the body might explain the sig-
nificant difference. Approximations were carried out with the XVMC
calculation process compared to a real Monte Carlo in order to make it
faster and clinically usable. However, these approximations are un-
known and could possibly explain the dose differences compared to film
measurements. Another source of deviation between the two type “c”
algorithms could be the material assignment. Indeed, as mentioned in
Section 2.2, from the same CT scanner calibration curve, the assignment
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of materials is performed by different approaches. Moreover, only
human tissues (lung, muscle, ...) were assigned for dose calculations
while measurements were performed in a film sheet placed inside two
slices of plastic material which can introduce a bias in the results.
Physical density and corresponding material are automatically assigned
to the anthropomorphic phantom, based on a CT calibration curve.
Unfortunately, with plastic material, it is only possible to fine tune the
density (HU). Thus, this material could not be forced with the different
densities composing the anthropomorphic phantom. Zavan et al [46]
faced a similar issue when comparing AXB_Dm calculations to mea-
surements with films placed in 3D printed low-density phantoms. They
estimated to 0.5% the uncertainty arising from overlapping dosimetric
quantities (dose-to-water/dose-to-film) and considered dose-to-water
and dose to most soft tissues clinically insignificant (within 2%). As
mentioned by Andreo [47], the key issue for Monte Carlo Treatment
Planning is the determination of the tissue composition and their mean
excitation energies which need to be improved in future TPS develop-
ment.

Interesting to note is that influencing factors (like the field size
defined by Y,) highlighted by the experimental design conducted in
water are not revealed by the experimental design conducted in the
thorax phantom. One possible explanation is that the deviations ob-
served in water are compensated by the heterogeneity correction of the
algorithms. However, separating the uncertainties coming from the
algorithm configuration from those arising from the dose calculation in
inhomogeneous medium remains delicate in this case because factors,
levels and dosimeter differed between the experimental designs con-
ducted in both media. Linac conditions (like jaws and MLC calibrations
for instance) at the time of measurements in water and of measure-
ments in the heterogeneous phantom were also different which could
bias the comparison of the results in both media. Dose differences ob-
served in the heterogeneous phantom encompass differences that could
possibly be observed in water (for example in small fields) and cannot
be exclusively attributed to differences in the heterogeneity correction
method.

A scoring of the algorithms can be suggested using the number of
significant levels. This approach based on 18 beams gathering various
clinical situations is complementary to the known theoretical classifi-
cations suggested by Fogliata et al. [5]. Based on these results in lung
heterogeneities, the scoring could be as follow (from best to worst):
AXB_D,,, CCV, AXB D,,, XVMC_D,,, XVMC_D,,, AAA and last PB.

The segmentation analysis allowed localizing spatially the dose
differences: in the tumor for XVMC and in the shadow for AAA and
CCV. Significant differences were found between the CCV and AXB
algorithms, particularly in the region following the tumor (shadow)
whereas these two algorithms showed similar results in Table 2. These
results confirmed that an analysis over the entire intersection masked
differences due to compensations between underestimations and over-
estimations in different areas.

Experimental designs allowed studying the influence of 5 factors
with a total of 14 levels in only 18 trials and enabled covering various
configurations often encountered in clinical practice. If all level
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combinations of the five factors considered were to be tested, 162 trials
would have been required. Up to 7 factors with 3 levels and 1 factor
with 2 levels can be studied simultaneously with the Taguchi Lig
(2! x 37) array and if necessary other arrays could be used. Designs of
experiments showed to be a powerful tool to minimize the number of
trials and at the same time to keep the possibility to conduct a detailed
statistical analysis.

5. Conclusion

DoE is a robust statistical method that was used in order to compare
several algorithms. The interest of using DoE is, on one hand, reducing
the number of trials to be done in order to estimate the main effects of
the factors and, on the other hand, improving the accuracy of the es-
timation. It was shown in this study that it is possible with just 18 tests
(instead of 162 trials if all level combinations of the five factors con-
sidered were to be tested) to compare the performances of dose cal-
culation systems with five different algorithms, by taking into account
five factors (gantry and collimator angulations, energy, X and Y jaws) at
various levels. The influential factors for each algorithm were high-
lighted and a classification of the algorithms from a clinical point of
view was suggested for the lung case. Dose differences were also spa-
tially localized. The analysis led to the conclusion that Acuros XB is the
best of the five algorithms studied for dose calculations in hetero-
geneous media for the tests investigated.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejmp.2019.04.014.
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