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Aim: The accuracy of the dose calculation is vital in the stereotactic ablative body radiotherapy (SABR) technique to achieve clinically
effective dose distribution for better tumor control. Multiple commercial radiotherapy treatment planning systems (TPS) were imple-
mented with different algorithms, such as Acuros XB in Eclipse and Superposition in XiO. The aim of this study is to investigate five
different dose calculation algorithms, namely, pencil beam convolution (PBC), Acuros XB, AAA implemented in an Eclipse system,
collapsed cone convolution (CCC) algorithm implemented in Mobius3D and superposition algorithms implemented in the XiO system,
and then validate the results against measurements using an Institute of Physical Sciences in Medicine (IPSM) phantom with different
density materials for in-field and out-of- field conditions. Material and Methods: The IPSM phantom was used to investigate the dose
calculation algorithm performances in four different densities (water, lung, ribs, and dense bone) using different beam configurations,
including small beam fields utilised in lung SABR. Five commercial algorithms implemented in two TPS (Eclipse and XiO) and one plan
check (M3D) system were used for in-field and out-of-field measurement. Results: In the in-field condition, the Acuros XB algorithm
had lower mean differences than the measured dose by the IC ranging from —0.46 to 0.24 for all the densities. In the out-of-field con-
dition, the results of eclipse system: AAA, PBC and Acuros XB algorithms demonstrated underdose point’s measurements by —40%
for all densities except for AAA calculations in lung density (overdosed by 40%). The measured points of the superposition algorithms
were overestimated to the actual dose less than 30% in water, lung and dense bone. At the same densities, the CCC algorithms showed
relatively the lowest differences in percentage compared to the superposition algorithms. Conclusion: Our results showed that the Acuros
XB and superposition algorithms are closer to the actual measured dose than AAA, PBC and CCC for majority of the field conditions
for water-equivalent, lung, rib and dense bone densities. The CCC algorithm resulted in a better agreement with the measurement
of the out-of-field points compared with the other algorithms.

Key Words: 3D conformal radiotherapy, stereotactic ablative body radiotherapy, collapsed cone convolution algorithm, in-field
condition, out-of-field condition.

Dose calculation algorithms play an important role
in delivering the precise dose to the target volume.
Prior to clinical use, the accuracy of dose calculation
algorithm needs to be validated against measurements
for different inhomogeneous conditions. The ideal
dose calculation algorithms should perfectly reflect
the actual dose distribution in the patient to help as-
sess treatment plans with low uncertainty. According
to the International Commission on Radiation Units and
Measurements (ICRU) recommendations, the delivered
dose should have an error of less than 5% [1], which
suggests that every step of dose calculation and patient
positioning, among others, should be performed far
better than this percentage. Moreover, the required
accuracy for the dose calculation step should be in the
range of 2-3% [2].

At present, Monte Carlo (MC) simulations are
considered the most accurate algorithms by simulat-
ing large numbers of primary photon histories [3].
However, the main disadvantage of such algorithms
is their relatively long processing time, which makes
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them less attractive in daily clinical applications [4].
Consequently, many treatment planning system (TPS)
vendors have attempted to develop clinical algorithms
that can calculate the dose distribution with a reason-
able processing time. Semi-analytical algorithms for
the dose calculation of photon beams, including pencil
beam convolution (PBC) [5], anisotropic analytical
algorithms (AAA) [5] and superposition/convolution
algorithms such as superposition [4] and collapsed
cone convolution (CCC) [6], are widely used in radiation
therapy centres. These algorithms can provide relatively
accurate measurements of the dose distribution of the
target volume with less processing time [7]. Several
previous studies investigated the performances and
limitations of these algorithms in phantoms composed
of water or water — air interfaces (large inhomoge-
neities) to mimic lung cases [7-11]. According to the
existing literature, no study has yet examined the per-
formances of different algorithms using four different
densities in a phantom using a number of beam geome-
tries with different field sizes, including symmetric and
asymmetric fields.

This study investigated five different dose calculation
algorithms, namely, PBC, Acuros XB, AAA implemented
in an Eclipse system, CCC algorithm implemented
in Mobius3D and superposition algorithms implemented
in the XiO system, and then validated the results against
measurements using an Institute of Physical Sciences
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in Medicine (IPSM) phantom with different density ma-
terials for in-field and out-of- field conditions.

MATERIALS AND METHODS

A phantom designed by the IPSM Radiotherapy
Topic Group [12] was used to study the accuracy of dose
calculation algorithms. Itis made of epoxy-resin (water-
equivalent material) and it consists of six removable
water-equivalent rods that are 3 cm in diameter and
that can be substituted by ion chamber (IC) [12]. In this
study, the rods were substituted with the IC for all mea-
surements (Fig. 1). The phantom also has a 9-cm water-
equivalentinsertthat can be replaced by other material
inserts that are equivalent to the lung, rib and dense
bone (Fig. 1, a—d). In this study, the dose measurements
were conducted usinga 0.6 cc IC.

Each density insert simulates real clinical densities
with a similar CT number. The CT number was assigned
as follows: water insert (CT number = 0), lung insert
(CT number = =740 to —770), rib insert (CT number =
400) and dense bone insert (CT number = 1000). The

Fig. 1. Images of different density inserts for the IPSM phantom:
(a) lung density insert; (b) water density insert; (c) dense bone
insert; and (d) rib density insert. The IPSM phantom isillustrated
in e and f. (e) The IPSM phantom with the dense bone insert
and the gantry angle of 90°. The IC is placed at the ISO point.
(f) A computed tomography (CT) image of the IPSM phantom
with the lung density insert displayed in Eclipse-TPS; it has six
points: ISO, POI1, POI2, POI3, POI4 and POI5. The CT image
demonstrates the beam field of 10 x 10 with gantry angle 90°

IC was placed at six different positions, and three differ-
ent field sizes of 3 x 5, 5 x 5 and 10 x 10 were defined
to provide both in-field and out-of-field measurements.
The in-field measurements were represented by the
calculated point (ISO), and the out-of-field measure-
ments were allocated for (POI5) for beams 1-12. These
measurements were performed for different beam
configurations as follows: open, physical wedge (Phy)
and enhanced dynamic wedge (EDW) fields at 90° and
270° gantry angles with a collimator angle of 90°. The
applied monitor unit (MU) for all points and beams geo-
metries was 100 MU. All calculations were performed
for Varian 21iX linear accelerator 6 MV photons (Varian
Medical System, Palo Alto, CA). The beam configura-
tions of the gantry, collimation and MU were consistent
in all calculations.

The clinical treatment plans were initially created
using the Eclipse TPS (v13.6, Varian Medical Sys-
tems) with the same beam configurations utilised
in the IC measurements. In the Eclipse system, the
doses were recalculated by AAA (v13.6.23), PBC
(v11.0.31) and Acuros XB (v13.6.23) algorithms. The
AAA algorithm utilises pencil-beam energy deposi-
tion kernels produced from the MC simulation [5, 6].
These algorithms represent the kernels analytically and
adopt a scaling based on local density variations using
specific analytic kernels for build-up or down effects
at density interfaces [5, 6]. In the PBC algorithms, the
dose kernels at a point are summed up along a line
in a phantom to acquire a pencil-type beam (or dose
distribution) [13]. Using a convolution method, the
pencil beam computes the dose distribution around
aninfinitely small beam in water. Unlike the AAA, the PBC
algorithms cannot consider the variation of lateral scat-
tering effects [13]. The Acuros XB algorithm has been
implemented recently in the Eclipse system [14]. They
are based on the explicit solution of linear Boltzman
transport equations (LBTEs) to demonstrate the dose
calculations [14]. The main difference between the
MC simulation and the Acuros XB is that the former
method solves the coupled system of LBTEs stocha-
stically using the histories of the photon and electron
transportation, whereas the latter uses grid-based
LBTE solutions to separate the photon and electron
influences in energy, space and angle and determines
a solution for the radiation transport through mat-
ter [15]. The Acuros XB algorithms have a relatively less
processing period when calculating the dose than the
MC simulation, and their results are comparable with
those of the MC [16].

The DICOM RT plans and CT images of the IPSM
phantom were imported into the XiO TPS (v5.0, Elekta
AB, Stockholm, Sweden) and Mobius Medical System
(M3D; v2.0.1, Mobius Medical system) to recalculate
the measured points using superposition and CCC algo-
rithms respectively. The M3D uses the CCC algorithm,
which adopts the convolution of a total energy released
per unit mass (TERMA) volume with MC-derived point
spread kernels implemented in a graphic processing
unit [6, 17]. The superposition algorithm implemented
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in the XiO-TPS involves the convolution of the TERMA
volume with MC-measured point energy deposition
kernels [6]. It is characterised by density scaling of the
energy deposition kernels to consider the local density
heterogeneity [6].

The measured dose by the IC (the actual dose) was
compared with the dose calculation derived from the
TPS for the AAA, PBC, Acuros XB, superposition and
CCC algorithms. To evaluate the performance of the
algorithms, the actual dose by the IC was used as the
reference dose. The differences in percentages for all
calculated points by the five algorithms were normalised
to the reference dose. All calculated points were defined
as follows: [(the measured dose calculated by the algo-
rithms — the measured dose by the IC/the measured
dose by the IC)].

The statistical analyses were performed by Graph
Pad PRISM 6 software, v. 6.03. A one-way ANOVA,
with repeated measures utilising multiple comparisons
was used to investigate the statistical significances
(p < 0.05) and mean differences among the five algo-
rithms in four different densities (water, lung, ribs, and
dense bone).

RESULTS

The measurement points for the measured dose
by IC and the five algorithms for water, lung and dense
bone density — IPSM inserts are shownin Table 1. The
measurement points for rib density insert are shown
in Table 2. Theses tables include the beam configura-
tions, field size, gantry angle and wedge application.
The results can be divided into in-field and out-of-field
results as follows.

Table 1. Measurement points for the measured dose by IC and the five al-
gorithms (AAA, PBC, Acuros XB, Superposition and CCC) using water, lung,

and dense bone density inserts in IPSM phantom for different beam config-
urations

Beams _Gantry _ Field size Wedge Measurement points

Beam 1 90° 10 x 10 cm? None 1SO
SSD =100 cm PO

POI2

POI3

POI4

Beam 2 90° 10x10cm? EDW 25° OUT I1SO
POI

POI2

POI3

POI4

Beam 3 90° 5x5cm? None I1SO
Beam 4 90° 5x5cm?  EDW 25° OUT 1SO
Beam 5 90° 5x5cm?  45°0UT (Phy) I1SO
Beam 6 270° 5x5cm? None 1SO
Beam 7 270° 5x5cm? EDW 25° IN 1SO
Beam 8 270° 5x5cm? 45°IN (Phy) 1SO
Beam 9 90°  3Y x5Xcm? None 1SO
Beam 10  90°  3Y x5Xcm? 45°0UT (Phy) I1SO
Beam 11 270°  3Y x 5X cm? None ISO
Beam 12 270° 3Y x5Xcm?> _ 45°IN (Phy) 1SO

Note: The collimator is set to 90° for all beams. Phy — physical wedge; EDW —
enhanced dynamic wedge.

In-field condition

The water density results showed a maximum
percentage of £ 1% for all algorithms (Fig. 2, a). The
Acuros XB and superposition algorithms represented
the lowest mean values of 0.2 and 0.31, respectively
(Table 3). In the rib density material, the calculation
differences in the algorithms ranged from —1.27%

Table 2. Measurement points for the measured dose by IC and the five al-
gorithms (AAA, PBC, Acuros XB, Superposition and CCC) using a rib in-
sert — IPSM phantom for different beam configurations

Beams _Gantry _ Field size Wedge Measurement points

Beam 1 90° 10x10cm? None

SSD =100 cm PON

POI2

POI3

POI4

Beam 2 90° 10x10cm? EDW 25° OUT I1SO

POI1

POI2

POI3

POI4

Beam 3 90° 5x5cm? None ISO

Beam 4 90° 5x5¢cm?  EDW 25° OUT ISO

Beam 5 90° 5x5cm?  45°0UT (Phy) I1SO

Beam 9 90°  3Y x5Xcm? None I1SO

Beam 10 90°  3Y x5Xcm? 45°0QUT (Phy) 1SO

Note: The collimator set to 90° for all beams. Phy — physical wedge; EDW —
enhanced dynamic wedge.
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Fig. 2. Percentages differences of the calculated points for five
algorithms compared with the measured dose from the IC for
(a) water and (b) rib density inserts
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Table 3. Mean differences in percentage of different densities: water, lung, rib and dense bone for gantry angles of 90° and 270°

AAA PBC Acuros XB Superposition CCC p value
Water density 0.39£0.49 0.43 £0.32 0.2+0.36 0.31+0.33 0.36 £0.39 0.0010
Lung density 1.12+1.23 0.38 £1.06 0.22 £0.91 0.36 £0.87 0.49 £ 0.69 0.0003
Rib density 0.42+0.52 0.39+1.14 0.11 £0.43 0.58 £0.48 0.52 £0.68 0.0163
Dense bone density (90° beams) 0.41£0.93 1.57+1.15 0.24+£0.88 3.2+1.44 3.01 £ 1.51 <0.0001
Dense bone density (270° beams) -0.44+0.32 -1.68 +£0.77 -0.21£0.23 0.08 +£0.36 1.34+£0.33 0.0243

Note: The data presented in this table was the result of three independent measurements (n = 3). The mean values (mean values * standard deviation) are
significantly different among the five algorithms (p < 0.05, one-way analyses of variance (ANOVA) with repeated measures).

to 1.91% (Fig. 2, b), and the mean differences did not
exceed 0.58% (Table 3).

The performance of the algorithms in dense bone
density showed significant differences between the
90° and 270° gantry angles. In 90° gantry angle, the
PBC, superposition and CCC algorithms experienced
maximum error percentages in the following points
of beam 1: POI2 = 3.55% in PBC, POI1 = 4.88%
in Superposition and POI1 =5.3% in CCC, respectively
(Fig. 3, a). These maximum error percentages were
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Fig. 3. Percentages differences of the calculated points for five
algorithms compared to the measured dose from the IC for dense
bone density at (a) 90° and (b) 270°

associated with high mean differences of 1.57 £ 1.15,
3.2%1.44 and 3.01 = 1.51 for the PBC, superposition
and CCC algorithms, respectively (Table 3). By contrast,
the AAA and Acuros XB algorithms provided better per-
formance in dense bone density with maximum error
differences only in particular points of beam 1 as fol-
lows: POI1 = 2.32% and POI2 = 1.45%, respectively
(Fig. 3, a). At 270° gantry angle, the five measured
points of all algorithms except for the PBC algorithm
showed maximum differences of (< = 1.83%) that
ranged between —0.9% and 1.83% (Fig. 3, b). The
performance of the PBC algorithm at a 270° angle was
an underestimated dose compared with the measured
dose by the farmer chamber with a maximum percent-
age of -2.87% (Fig. 3, b).

In the lung density measurements, the differences
in percentages of the five algorithms were within = 2%.
However, some points of the AAA and PBC measured
points downstream from the measured dose were be-
yond 2%. Four points of the AAA assigned to POI1 and
POI2 of beams 1 and 2 experienced high errors
at2.13%, 3%, 2.82% and 3.65%, respectively. The PBC
had two points 2.13% and 2.99% related to POI1 for
beams 1 and 2, respectively that exceeded 2% (Fig. 4).
As shownin Fig. 3, a, the calculations of Acuros XB were
close to the measured dose by the IC and associated
with the lowest mean values 0.22 and —0.46 for lung
densities (Table 3). Table 3 summarises the mean val-
ues of the five algorithms with four different densities
inserts: water, lung, ribs and dense bone. The statistical
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Fig. 4. Percentages differences of the calculated points for
five algorithms compared to the measured dose from the IC for
lung density
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analysis was significant for the mean differences among
the four densities with p < 0.05.

Out-of-field condition

The differences in percentages for the five algo-
rithms measurements in out-of-field condition for
four different densities were shown in Fig. 5, a-d. The
results of eclipse system: AAA, PBC and Acuros XB al-
gorithms demonstrated underdose point’s measure-
ments by —40% for all densities except for AAA
calculations in lung density (overdose by 40%). The
measured points of the superposition algorithms were
overestimated to the actual dose less than 30% in wa-
ter, lung and dense bone (Fig. 5, a, b and d). At the
same densities, the CCC algorithms showed relatively
the lowest differences in percentage compared to the
superposition algorithms. Compared to the actual
dose, most of the measured points by CCC were less
than 25% in water and lung density while the dense
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bone results showed most of the measured doses
were close to the actual dose results except for four
points were beyond —-20% (Fig. 5, a, b and d). In the
rib density, the calculated points of the superposition
and CCC algorithms were underestimated to the actual
dose by less than —30% except for two points in super-
position calculation were overestimated by 25% and
30%, respectively. Similarly to the dense bone results
of the CCC, most of the measured points of the CCC
calculation in the rib density were close to the actual
dose (Fig. 5, ¢, d). The highest discrepancies (-71%)
were allocated for beam 12 representing small field
(Y = 3, X = 5) using physical wedges (45° IN) in the
dense bone density for all calculated algorithms ex-
cept superposition algorithms (Fig. 5, d).

DISCUSSION

This study investigated the performances of five al-
gorithms, namely, AAA, PBC and Acuros XB in Eclipse,
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Fig. 5. Percentages differences of the calculated points for five algorithms in out-of-field condition of four different densities:
(a) water density, (b) lung density, (c) rib density and (d) dense bone density
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Superposition in XiO TPS and CCC implemented
in plan-checking software (Mobius3D). The com-
parison between the absolute doses from the IC (the
measured dose) and the calculated doses by the five
algorithms showed a significant variation for the diffe-
rent densities of water, lung, rib and dense bone. The
discussion section can be divided as follows:

In-field condition

In water density, the measurements of the five al-
gorithms demonstrated almost similar performances
as predicted in a homogenous medium. PBC and AAA
are considered semi-analytical algorithms [18] that
can provide a lower uncertainty (within £ 1%) in ho-
mogenous tissues than in heterogeneous tissues [4].
The calculations of the five algorithms for rib density
were within = 2%. Both water and rib densities showed
relatively small mean differences for all calculations
including in-field measurements. By contrast, the dose
calculation performances demonstrated a significant
variation in calculating dose for the lung and dense
bone densities. In the lung density, the AAA and PBC
algorithms recorded the largest differences compared
with the measured dose and exceeded 2% for beams
1 and 2, respectively. Acuros XB, superposition and
CCC provided better performances than AAAand PBC
in the calculation of lung densities with differences
less than 2%.

The dense bone density for the beams with a 90°
gantry angle showed the largest discrepancies for
PBC, superposition and CCC. As the measured doses
were located after the dense bone, these discrepan-
cies of the algorithms could be explained as a limitation
in the accuracy of the mass attenuation data utilised
in the TERMA calculations for these algorithms. The
calculation of all algorithms provided better perfor-
mances for beams with a 270° gantry angle because
of the absence of the high attenuation of the dense
bone. However, the PBC calculations of small fields,
namely, beam 6 (5 x 5) and beam 11 (3 x 5), for the
same gantry angle under-predicted the absolute dose
and exceeded —2%. AAA, Acuros XB and PBC showed
almost the same mean difference in percentage in the
90° and 270° gantry angles. For example, the mean
difference of the PBC results with a 90° (1.57%) was
almost the same as the mean difference of those with
a270°(—1.68%), but the downstream points were in the
opposite direction. This result demonstrated that PBC
provided high discrepancies within (£ 1.7%) in both
gantry angles compared with AAA and Acuros XB.

Hardcastle et al., 2016 [6] compared the AAA and
CCC algorithms for 10 lung cancer patients, used
the in-house MC algorithm as a reference calcula-
tion, and showed that CCC closely agreed with the
MC algorithms [6]. For the 10 patients, the calculated
doses were at the centre of the ITV [6]. The maximum
differences in AAA and CCC compared with MC were
-11.3% and 7.5%, respectively [6]. The results from
our study were consistent with those of Hardcastle
et al., 2016 [6]. CCC provided lower mean diffe-
rences in absolute dose by (0.49%) compared with

AAA (1.12%) in the lung density. Moreover, Tan et al.,
2014 [7] investigated the accuracy of six algorithms
(i.e., AAA, PBC, Acuros XB, FFT convolution, superpo-
sition and MC algorithms) in calculating the entrance
and exit doses for 6 MV in a water phantom [7]. They
found that the entrance dose measurements agreed
within 2% of the measured dose by the IC [7]. These
results were consistent with those of our investigation
using water density, as the measurements of 20 points
were close to the IC measurements and the diffe-
rences were within = 1%. However, the performances
of the six algorithms varied when computing the exit
doses in the same phantom. The exit doses computed
by the FFT convolution, superposition, Acuros XB and
MC algorithms were close to the measured dose, and
their percentages ranged from 2% to 3% [7]. By con-
trast, the exit doses computed by AAA and PBC were
higher than the measured dose (IC) by up to 4.8% and
5.3%, respectively [7]. The reason for this outcome
is that AAA and PBC assumed that the full backscat-
ter existed even at the exit level, thus resulting in the
over-prediction of exit doses [7]. Our results agreed
with the good performance results of Acuros XB and
superposition in Tan et al., 2014 [7]. Despite the high
mean difference in the superposition algorithm when
calculating the dense bone with 90° beams, superpo-
sition and Acuros XB provided the lowest mean dif-
ference and thus produced close values to the actual
dose by IC for all densities. Another study compared
superposition and AAA for four different cancer sites,
namely, brain, nasopharynx, lung and prostate, and
found that the mean dose deviation of superposition
was within 3% and was relatively more accurate than
that of AAA, especially in a heterogeneous medium [4].
Moreover, this study agreed with our results in that AAA
had relatively high mean differences (1.12%) com-
pared with the other algorithms in a lung density-IPSM
phantom. According to Stathakis et al., 2012 [16] the
dose prediction accuracy of Acuros XB in bone and
lung heterogeneities is better than those of AAA and
CCC andisin good agreement with the MC measure-
ments [16].

Out-of-field condition

In the out-of-field condition, superposition and
CCC provided lower discrepancies than AAA, PBC
and Acuros XB. The calculated doses of AAA, PBC and
Acuros XB were underestimated by less than —40% for
most of the calculated points compared with the actual
dose in the out-of-field condition for all densities. Our
results agreed with those of Howell et al., 2010 [19].
They quantified the accuracy of the out-of-field condi-
tion using the AAA algorithms and the results showed
an underestimation (about 40%) of the measured
dose compared with the actual dose [19]. The same
research group suggested that the underestimation
of the dose increased with the increasing distance
from the field edge [19]. The results from our study
showed that the beam configurations affected the
measured doses for all densities. Beams with a larger
field size without using enhanced or physical wedges
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provide fewer discrepancies in percentages than
beams with a small field size using wedges. Moreover,
these percentages increased with the physical wedges
associated with an asymmetric small field size (Y = 3,
X =5) in dense bone density (Fig. 5, d). The out-of-
field results for the previous algorithm calculations
can be usedin low doses outside the irradiation target,
which can cause acute toxicities [19]. The low-dose
information can be used for the assessment of late
effects, such as second cancers. According to Kry
et al., 2007 [20] a 50% change in low dose is suffi-
cient to cause a significant variation in second cancer
risk [20].

CONCLUSION

Our results showed that the Acuros XB and super-
position algorithms are closer to the actual measured
dose than AAA, PBC and CCC for majority of the field
conditions for water-equivalent, lung, rib and dense
bone densities. The CCC algorithm resulted in a better
agreement with the measurement of the out-of-field
points compared with the other algorithms.
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