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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: In radiotherapy dose calculation, advanced type-B dose calculation algorithms can
Dose to medium calculate dose to medium (D,,), as opposed to Type-B algorithms which compute dose to varying densities of
Acuros water (D,,). We investigate the impact of D,, on calculated dose and target coverage metrics in head and neck
Dose calculation cancer patients.

IMRT

Methods and materials: We reviewed 27 successfully treated (disease free at two-years post-(chemo)radio-
therapy) human papillomavirus-associated (HPV) oropharyngeal cancer (ONC) patients treated with IMRT.
Doses were calculated with Type-B and Linear Boltzman Transport Equation (LBTE) algorithms in a commercial
treatment planning system, with the treated multi-leaf collimator patterns and monitor units. Coverage for
primary Gross Tumour Volume (GTVp), high dose Planning Target Volume (PTV) (PTV_High), mandible within
PTV_High (Mand nPTV) and PTV_High excluding bone (PTV-bone) were compared between the algorithms.
Results: Dose to 95% of PTV_High with LBTE was on average 1.1 Gy/1.7% lower than with Type-B (95%CI
1.5-1.9%, p < 0.0001). This magnitude was inversely linearly correlated with the relative volume of the
PTV_High containing bone (pearson r = —0.81). Dose to 98% of the GTVp was 0.9 Gy/1.3% lower with LBTE
compared with Type-B (95%CI 1.1-1.5%, p < 0.05). Dose to 98% of Mand n PTV was on average 3.4 Gy/5.0%
lower with LBTE than with Type-B (95%CI 4.6-5.4%, p < 0.0001).

Conclusion: In OPC treated with IMRT, D,, results in significant reductions in dose to bone in high dose PTVs.
Reported GTVp dose was reduced, but by a lower magnitude. Reduced coverage metrics should be expected for
OPC patients treated with IMRT, with dose reductions limited to regions of bone.

Head and neck cancer
Linear boltzman transport equation

1. Introduction calculated based on water of varying densities [2]. Variation exists in

the calculation of primary attenuation based on material specific at-

Dose calculation algorithms in contemporary radiation therapy are
typically model based, where a beam model is used to calculate the
fluence entering the patient through modelling of the components of
the delivery system [1]. Following calculation of incident fluence, a
dose calculation algorithm then calculates particle transport and de-
posited energy in the patient [1,2]. Energy deposition varies in com-
plexity with respect to heterogeneities in patient composition and their
impact on primary and scattered photon and electron fluence. Type B
algorithms, which take into account the effect of heterogeneities on
primary and scattered photons and electrons [3], typically report dose
to water (D,), as the electron deposition kernels/equations are

tenuation coefficients used, leading to Type B algorithms reporting ei-
ther purely D,,, or a combination of D,, and dose to medium (D,,) [4].
More advanced Type B algorithms (Monte Carlo and deterministic
solving of the linear Boltzmann transport equations (LBTE)) however,
calculate the transport of photons and electrons within the specific
media assigned from the CT, and then compute energy deposition
within specific materials, thus can inherently report D,, [2]. In the case
of Monte Carlo, D,, is inherently computed, and to achieve D,,, the
stopping power ratios between the medium and water are used. In the
case of the LBTE, the energy fluence is computed in each voxel, but
deposition of dose is computed by multiplication of the electron fluence
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spectrum by the energy deposition cross section (restricted electron
stopping power for the medium) integrated over energy, divided by the
mass density at the given location. Therefore D,,, within the specific
medium, or D,,, within the specific medium is inherently reported [5].

The dosimetric accuracy of LBTE has been investigated for a range
of materials and treatment geometries and techniques [6-9], the find-
ings generally indicating improved accuracy of the LBTE algorithm over
Type B algorithms. The impact of reporting to D,, and D,, has been
discussed for lung [10-12], breast [13], bone [14,15] and head and
neck [16-18]. Recommendations have also been made for reporting
dose in the routine clinical setting and in clinical trials [4,19] in the
context of both Monte Carlo and LBTE algorithms. The dosimetric im-
pact of using LBTE in head and neck cancer (HNC) has been in-
vestigated for nasopharyngeal carcinoma [20-22], showing overall ty-
pically 1% lower doses in tissue, but up to a 4% reduction in dose to
bone lying within the target volume, which could be part of clinical
target volume (CTV) due to bone invasion or merely a result of a geo-
metric expansion for planning target volume (PTV) creation. These
studies have not made any link with clinical outcome of the patients,
therefore the clinical impact of these deficiencies in dose coverage are
unknown. These results are largely consistent with planning studies in
other anatomical sites, where dose to soft tissues including muscle is
usually 1-2% lower with LBTE compared with a Type B algorithm re-
porting D,, [13].

The dosimetric differences observed when transitioning to an LBTE
algorithm reporting D,,, in the absence of clinical data, pose a clinical
conundrum. Either accept potential reductions in reported dose cov-
erage and provoke anxiety with potential loss of tumour control prob-
ability, or maintain previous target volume coverage recommendations
resulting in potential increased dose to adjacent normal tissue. In this
context, we conducted a retrospective planning study in successfully
treated HPV-OPC patients using a commercial LBTE algorithm re-
porting D,,,. Newly calculated dose distributions were compared to the
parameters accepted on previously utilised plans in order to inform on
target coverage dose constraints required with LBTE. To our knowl-
edge, this is the first time the dosimetric impact of transitioning to an
advanced Type B algorithm reporting D,, has been tied to clinical out-
comes.

2. Materials and methods

A cohort of 27 previously treated HPV-OPC patients were selected
for analysis. Patient characteristics are provided in Supplementary
Table 1. All patients were disease-free with at least two years follow up
after completion of definitive (chemo)radiotherapy. The treatment
plans that resulted in disease control were recalculated using AcurosXB
D,, (AXB Varian Medical Systems, Palo Alto, USA). Our institutional
practice at the time was a split neck technique, consisting of an upper
neck field treated with a sliding-window IMRT technique (5-9 beams),
junctioned with an elective lower neck field of 2-3 anterior-posterior
3DCRT fields [23]. All patients were planned in Eclipse and dose was
calculated with Anisotropic Analytical Algorithm v11.0 (AAA, Varian
Medical Systems, Palo Alto, USA).

For each patient, a duplicate of the treatment planning CT and
structure set was created. The physical material table was set to
AcurosXB v13.5; the mapping from CT Hounsfield Units to physical
materials is discussed in the supplementary material. All structures of
interest were reviewed for consistency of nomenclature. The primary
structures of interest were the primary GTVs (GTVp) and the high dose
PTV (PTV_high; prescription dose 70 Gy). We created two additional
structures: (1) mandible within the PTV_high (‘mand nPTV’); and (2)
PTV_high excluding mandible (‘PTV-mand’). The cartilage/bone was
defined using an automated threshold of 120 HU/1.10 gecm 3. The
original treatment plan including all IMRT and 3DCRT fields were
copied to the duplicate data set and the original monitor units and MLC
motions retained for each field. The dose distribution was calculated
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with both AAA v15.5 and AXB v15.5 (AXB v15.5), D,,. These models
were both created based on the same measured beam data and use the
same MLC parameters (dosimetric leaf gap and transmission). The
vendor recommended source sizes were used; 1 mm (X) and 0 mm (Y)
for AAA and 1.5 mm (X) and O mm (Y) for AXB, where X is the direction
of leave travel and Y is the direction orthogonal to this. We chose not to
evaluate AXB D,,, as international recommendations are to avoid use of
D,, when using Monte Carlo or LBTE [4,19,24].

To evaluate the effect of D, and D,, between the algorithms for
various materials to provide context for the patient plans, a
50 x 50 x 50 cm® water phantom was created and a 2 X 2 X 2cm®
cube placed at a depth of 10cm. A 5 X 5cm? 6 MV photon field was
placed incident on the phantom. The cube material was set to air
(HU = -1000), water (HU = 0), adipose tissue (HU = -100), skeletal
muscle (HU = 35), cartilage (HU = 103) or bone (HU = 1192), and the
dose from AAA v15.5 and AXB v15.5 was calculated for the same
number of MU for each material setting. The difference in dose at the
centre of the heterogeneity cube was compared between algorithms.

The Eclipse Scripting API extracted dosimetric data from the ori-
ginal plan (calculated with AAA v11.0) and the recalculated plans using
AAA v15.5 and AXB v15.5. To ensure differences in calculated dose was
limited to algorithmic differences, the metrics were compared between
the two AAA versions to determine consistency of the current model
with historical version and beam models. The following parameters
were compared between algorithms: (1) Dose to 98% (D98%) of the
GTVp, (2) Dose to 95% (D95%) of the PTV high, (3) near maximum
dose (D2%) of the PTV_high, (4) dose to 98% of the mandible within the
high dose PTV (mand nPTV) and dose to 95% of the high dose PTV,
excluding bone and cartilage (PTV-Bone). We further evaluated the
change in dose to 95% of the high dose PTV as a function of the pro-
portion of bone within this contour. The doses to intermediate and low
dose PTVs were not evaluated in this study due to the much lower bone
proportion. To further elucidate any change in dose between algorithms
relative to the target and OAR anatomy, for a representative patient the
isocentre was shifted in 3mm in each direction and the dose re-
calculated.

Differences in dosimetric metrics between algorithms were eval-
uated using Estimation Statistics [25]. The metric of interest was dis-
played for each patient using swarm plots, with each patient’s data for
both algorithms displayed using a line joining the two algorithms. The
distribution on the right of each plot shows the confidence interval of
the difference in the means, with the zero location of this axis aligned
with the mean of the control algorithm.

3. Results

There was a statistically significant but clinically insignificant dif-
ference between the plans calculated with AAA v11.0 (original treat-
ment plans) and AAA v15.5 (supplementary data), therefore we present
AAA v15.5 for all comparisons with AXB v15.5 to ensure differences are
purely due to the dose calculation algorithm rather than beam model-
ling differences. For a single incident beam on a water phantom with a
cube of varying materials, the dose in the centre of the cube with AAA
v15.5 was greater than that calculated with AXB v15.5 by 0.2% (adi-
pose tissue), 0.5% (water), 1.3% (skeletal muscle), 1.3% (cartilage),
4.9% (bone) and 10.1% (air).

For a representative patient, the reduced 95% isodose coverage in
the region of bone when using AXB v15.5 is clearly visible (Fig. 1). With
AXB v15.5, the mean GTVp_High D98% was reduced by 1.3% (95% CI
1.1-1.5%, p < 0.05), compared with AAA v15.5 (Fig. 2 and Table 1).
Further, with AXB v15.5 the PTV_High D95% was reduced by a mean of
1.7% (95% CI 1.5-1.9%, p < 0.0001) and the PTV_High D2% was
reduced by a mean of 0.5% (95% CI 0.3-0.8%, p < 0.05) compared
with AAA v15.5 (Fig. 2 and Table 1).

The dose to the PTV_High with bone removed was evaluated, as was
the dose to the mandible overlapping with the PTV_High. The dose to
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Fig. 1. Example patient showing the 95% prescription dose coverage and the GTVp (red) and PTV (cyan) for (a) AAA v15.5 and (b) AXB v15.5. Note the reduced dose
in the mandible within the PTV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

95% of the PTV_High without bone was reduced by a mean of 1.1%
(95% CI 1.0-1.3% Gy, p < 0.001) with AXB v15.5 compared with AAA
v15.5 (Fig. 3 and Table 1). The dose to 98% of the mandible over-
lapping with PTV_High was however reduced on average by 5.0% (95%
CI 4.6-5.4% Gy, p < 0.0001) when calculated with AXB v15.5, com-
pared with AAA v15.5 (Fig. 3 and Table 1). These differences are
broadly consistent with that calculated in the phantom geometry.

The reduction in the dose to 95% of the PTV_High was plotted as a
function of the proportion of this volume that consisted of cartilage or
bone; As the proportion of cartilage/bone within the PTV_high in-
creases, there was a corresponding decrease in PTV_High coverage
(pearson correlation coefficient = —0.81) (Fig. 4). For a representative
patient, when the isocentre position was varied, the cold spot main-
tained its position on the mandible (Fig. 5). The static location of the
cold spot in the PTV highlights the dose reduction is due to D,, calcu-
lated in bone, rather than beam fluence.

72 70

4. Discussion

The increases in calculation speed and improvements in algorithm
efficiency have facilitated the use of advanced Type B algorithms such
as Monte Carlo and LBTE in routine radiotherapy treatment planning.
While the evolution of dose calculation algorithms provides improved
accuracy, it can also present a very real challenge to the clinicians
during the implementation phases, particularly where there are sig-
nificant differences in target volume coverage. In the current study, we
have quantified the effect observed in our head and neck IMRT plans,
demonstrating clinically significant variations in standard dosimetry
metrics as a result of a switch from a Type B to an advanced Type B dose
calculation algorithm which reports D,,.

Our results show that for the same monitor units and MLC patterns,
recalculating these with a LBTE algorithm with D,, resulted in a re-
duction in dose to both the soft tissue (by approximately 1%) and bone
(by approximately 5%) component within the high dose PTV. We have
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Fig. 2. Comparison of (a) GTVp_High D98%, (b) PTV_High D95% and (c) PTV_High D2% between AAA v15.5 and AXB v15.5.
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Table 1
Calculated metrics for target and mandible structures of interest. The p value was calculated using a Wilcoxon signed rank test.
Structure Metric AAA v15.5 (Gy) AXB v15.5 (Gy) Mean Difference (Gy/%) 95% confidence interval (Gy/%) P
GTVp_High D98% 69.97 + 1.67 69.06 = 1.58 -0.92/-1.3% -1.0- -0.8/-1.1-1.5 p < 0.05
PTV_High D95% 67.86 = 0.86 66.73 *+ 0.97 -1.13/-1.7% -1.3--1.0/-15--1.9 p < 0.0001
D2% 73.72 * 0.65 73.34 * 0.65 —0.38/-0.5% -0.6--0.2/-03--0.8 p < 0.05
mand NPTV D98% 67.32 + 0.98 63.94 = 0.96 —3.38/-5.0% -3.6 - —-3.1/-4.6- —5.4 p < 0.0001
PTV-bone D95% 67.02 * 0.87 67.24 + 0.88 -0.77/-1.1% -0.8--07/-1.0- -1.3 p < .001
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Fig. 3. (a) Dose to 95% of the PTV_High excluding bone b) and dose to 98% of the mandible within the PTV_High volume.
. . . locoregional cure. While HPV-OPC could be seen as ’low-hanging fruit’
% of PTV_High that is cartilage or bone ‘g . . . . 8ing .
0.0% . . . for this project, given 70 Gy may be in excess of what is needed, this
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Ope 5% 10% 15% 20% to the current research efforts and even small increases in dose can have
-0.5% 1 significant implications for acute and long term toxicity in the doses
:tt ° used in HNC. It is acknowledged however that this is not a compre-
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E o of the PTV that is in air. LBTE calculated a lower dose in air compared
3.0% with AAA by 10% in the phantom calculation, therefore some deviation
e ° from a clear trend line may be due to the air component in the PTV. It is
fundamental however that any dose reduction is contained in the bone
-3.5%

Fig. 4. Change in D95% for the high dose PTV as a function of the percentage of
the PTV that is cartilage or bone.

also shown that this cold spot is limited to the bone, as it does not move
with isocentre shifts. These results are consistent with that observed by
Dogan et al. for Monte Carlo calculation [18], and by others in-
vestigating LBTE in head and neck cancers [20-22]. Importantly, in the
current study we selected HPV + oropharyngeal cancer patients with
no evidence of recurrence, all of whom were at least two years post-
radiotherapy. The incorporation of long-term clinical follow up into this
study is reassuring, as all these patients were treated with lower than
appreciated doses at the time of plan acceptance, and all achieved
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components of the target; any modification of target coverage goals in
the planning process should be scrutinised to ensure the location of the
dose deficit is within bone.

The reduced dose to mandible shown in this study also suggests that
the threshold for mandibular osteoradionecrosis must be taken in the
context of the dose calculation algorithm. If D,, is used, the constraint
may be lower than the previously recommended dose thresholds using
D,,. There is also potential for optimisation algorithms to attempt to
increase dose to colder components of the target volume; this may re-
sult in increases in the dose to mandible above that which was pre-
viously observed, and a consequential increase in the risk of osteor-
adionecrosis. Therefore any attempt to increase target coverage to
levels previously attained with D,, based algorithms must be made with
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Fig. 5. Change in 95% isodose line with shifts of 3 mm in each direction (LR/SI/AP). The cyan contour is PTV_High, the blue is CTV_High and the red is GTVp_High.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

extreme caution [26].

While the differences to soft tissue appear relatively small, we ob-
served an impact on clinical dosimetry metrics in HNC treatment plans.
This requires the radiation oncologist to either continue to use con-
ventional minimum target volume coverage recommendations based on
D,, algorithms, or accept lower target volume coverage with the D,
algorithm. Without comparative clinical data, this poses a clinical
conundrum; the former resulting in potential increased dose to normal
tissue, while the latter provoking anxiety with a potential loss in tu-
mour control probability. This is particularly relevant in HNC owing to
both the number of complex tissue interfaces and the narrow ther-
apeutic index. Accepting even small increases in the delivered radiation
dose in HNC plans has the potential for a more-than-linear increase in
toxicity given the slope of the dose response curve for some of the or-
gans at risk in this dose region. In HNC, this is particularly pertinent to
patients with human papillomavirus-associated oropharyngeal cancer
(HPV-OPC) and accepting any increase is contrary to the considerable
research efforts currently underway to find an appropriate treatment
de-escalation schedule.

The achievable target coverage and bone OAR metrics from the
change in algorithm from D,, to D,, has implications on clinical trial
dosimetry. In current radiation therapy practice there is variation in the
algorithm reporting mode. This will result in variation of achievable
dosimetry between centres using different reporting mechanisms, as
well as variation in the actual dose received by the patients enrolled in
different centres. Despite recommendations by Ma et al. [19] and
Gladstone et al. [4] who recommend to report D, if this is inherently
reported, (instead of D,, which has been converted from D,,), or D,, if
this is what is inherently reported, there will still be residual variation
between algorithms inherently calculating D, or D,,. This is particularly
of note for the LBTE algorithm evaluated here, which can inherently
calculate either D, or D,, in the medium of interest. As more centres
convert to D, algorithms awareness of the dosimetric changes is
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important to reduce potential over-treatment of patients, particularly in
the era of a large proportion of patients being treated for HPV + tu-
mours.

The limitations of this comparative planning study are its small size
and applicability to the cohort it was studied in. Currently, there is
much research effort aimed at treatment de-escalation in HPV-asso-
ciated oropharyngeal cancer and it is possible that the dose threshold
for cure may be substantially lower for the majority of patients than
was used in this study. However, the corresponding argument for the
applicability of these results are quite clear: in a patient cohort with
excellent locoregional control, there is no rationale to accept higher
doses with new planning algorithms, as the potential for long term
harm will increase.

In oropharyngeal cancer patients who were free from local failure
treated with IMRT, the dose calculated with AcurosXB D,, is in general
lower than that calculated by AAA algorithm by 1% in tissue and up to
5% in bone. This has implications on achievable target coverage and
dose to bone OAR metrics and is clinically important for planning op-
timization and clinical trial reporting. When using AcurosXB D,,, lower
target coverage metrics are likely required compared with when using
AAA; these must be carefully reviewed to ensure dose deficits are
limited to bone.
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