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Abstract
Purpose: To systematically investigate the performance of the analytical
anisotropic algorithm (AAA) within the extremes of small tumor volumes and
near-minimum lung and tumor tissue densities in order to identify combinations
of these parameters where the use of AAA could result in a therapeutically
unacceptable loss of tumor coverage on an energy and fractionation-specific
basis.
Methods: Clinically appropriate volumetric modulated arc therapy (VMAT) treat-
ment plans were generated with AAA for 180 unique combinations of lung den-
sity (0.05–0.30 g/cm3), tumor density (0.30–1.00 g/cm3), tumor diameter (0.5–
2.5 cm), and beam energy (6 and 10 MV) and recomputed using the AcurosXB
algorithm. Regression analysis was used to identify the strongest predictors of
a reduction in biologically effective dose at a clinically relevant level (100 Gy
BED10) for commonly utilized 1–5 fraction treatment regimens. Measurements
were performed within a phantom mimicking the lower extremes of lung and
tumor densities to validate AcurosXB as the approximate ground truth within
these scenarios.
Results: The strongest predictors of a statistically significant reduction in tumor
coverage were lung density ≤0.15 g/cm3,tumor diameter ≤10 mm,tumor density
equal to 0.30 g/cm3, and a beam energy of 10 MV. Overestimation of clinical
target volume (CTV) D95% and CTV V100Gy (BED10) by AAA can exceed
30%–40% in some scenarios. Measurements supported AcurosXB as highly
accurate even for these challenging scenarios.
Conclusions: The accuracy of AAA rapidly diminishes near the minima of
clinical lung density, particularly in combination with small tumors and when
using a photon energy of 10 MV. The magnitude of the effect can be more
dramatic than previously reported data suggests and could potentially compro-
mise the ablative qualities of treatments performed within these environments,
particularly with less aggressive fractionation approaches.
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1 INTRODUCTION

Stereotactic body radiation therapy (SBRT) or stereotac-
tic ablative radiotherapy (SABR) is a commonly utilized
technique for the therapeutic management of early-
stage non-small cell lung cancer. It combines precise
tumor targeting with the delivery of an ablative dose of
highly conformal radiation that rapidly falls off at the tar-
get boundary to minimize treatment-related toxicity,gen-
erally delivered in five or fewer total treatment sessions.1

Among several technical factors that must be con-
sidered in the safe utilization of the SABR technique
are those related to the choice of dose calculation
algorithm utilized in the treatment planning process.
Users of the Eclipse treatment planning system (Varian
Medical Systems, Palo Alto, CA) have two primary
options for modern photon dose calculation algorithms:
the analytical anisotropic algorithm (AAA) and the
AcurosXB algorithm. Briefly, AAA is a 3D pencil beam
convolution–superposition algorithm with anisotropic tis-
sue heterogeneity handling via multidirectional photon
scatter kernels. AcurosXB is a numerical solver of the
Linear Boltzmann Transport Equation that describes the
interaction of radiation particles as they move through
matter, handling tissue heterogeneities via explicit mod-
eling of the physical radiation interactions. Detailed
specifications of each algorithm are available within the
Varian algorithm reference guides.2

Ablative radiotherapy to lung tumors combines sev-
eral challenges in accurate dose calculation, chief
among them being the use of typically small treat-
ment fields within a highly heterogenous tissue environ-
ment. Planning target volumes (PTVs) typically include
a margin of lung tissue surrounding a soft-tissue tumor
with a dramatic density transition, and the loss of
charged particle equilibrium within the tumor volume
itself can result in severe underdosage if not accounted
for appropriately.3 For relatively larger tumors, this may
be of concern primarily near the lung and tumor inter-
face, but for small tumors, this effect can encompass
most or all of the targeted volume.

Both AAA and AcurosXB are considered to have
acceptable heterogeneity handling capabilities for insti-
tutional credentialing of ablative lung radiotherapy clin-
ical trials.4 Data on the current extent of AAA utiliza-
tion within clinics performing lung SABR is not readily
available, but it has been shown by Glenn et al. that the
self -reported use of AAA was approximately 3.5 times
greater than AcurosXB as recently as 2018–2019, sug-
gesting that AAA is still commonly utilized within the radi-
ation oncology community, likely including many centers
that do perform lung SABR.5

AAA and AcurosXB have been extensively reported
on in the literature through intercomparisons of algo-
rithm output under various calculation conditions, com-
parison with robust Monte Carlo techniques, and
through direct comparisons with measurements. Within

the context of ablative lung radiotherapy, the generalized
findings are that AAA tends to overestimate the deliv-
ered dose to the target volume by approximately 10%
or less, with the severity of overestimation increasing as
tumor size decreases.6–16

However,our own institutional experience is that there
is a subset of lung SABR patients for whom this assump-
tion of only a modest overestimation of dose by AAA is
not valid. Patients who present with atypically low lung
densities (due to severe pulmonary emphysema or cys-
tic disease local to the lung tumor, for example) routinely
demonstrate a much larger than expected difference in
calculated dose between the two algorithms, well above
the commonly reported 10% value.We echo the findings
of other researchers that the magnitude of the effect is
exacerbated for small tumors and hypothesize that low
tumor density may also be a contributing factor.

Our internal experience is similarly reported in Liu
et al.’s study of 77 lung SABR patients where they found
correlation between AAA dose calculation accuracy and
forced expiratory volume in 1 second (FEV1),16 which
itself can be correlated with lung density.17 Specifically,
the authors reported that lower FEV1 values (indica-
tive of reduced pulmonary function) correspond with
larger discrepancies in tumor dose between AAA and
AcurosXB, with one presented case showing a nearly
13% reduction in PTV coverage at the prescribed dose
level.

Currently, there does not appear to be a systematic
investigation of the performance of the AAA specific to
the clinically possible extremes of lung density, tumor
volume, and tumor density. Our goal is to fill this gap
and identify clinical scenarios that could compromise
the therapeutic intent of a prescribed course of abla-
tive lung radiotherapy when planned using AAA.Further,
we intend to determine this information as a function
of common fractionation schemes and common photon
beam energies utilized for lung SABR treatment delivery.

2 MATERIALS AND METHODS

2.1 AcurosXB validation at density
minima

In this study, a number of treatment plans generated
using AAA are recomputed using AcurosXB in order
to expose an underlying dose distribution that is closer
to the physical reality. Congruency of AcurosXB with
measurement and Monte Carlo simulation has been
extensively documented for heterogeneous tissue envi-
ronments, including applications in lung radiotherapy.
However, the validation of clinical treatment plans using
AcurosXB specifically for scenarios involving densities
at extreme minima is limited. As the validity of much of
the data in this study relies on the AcurosXB calculations
representing an approximate “ground truth”under these
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F IGURE 1 Phantom geometry used for film and point-dose measurements: (a) assembled phantom with inserted scintillator, (b) bisected
“lung” and “tumor” inserts with film, (c) coronal view of CT dataset with scintillator inserted into the tumor surrogate, (d) TPS model of phantom
and treatment couch

scenarios, validation measurements at those extremes
were warranted.Descriptions of the measurement tech-
niques follow in Sections 2.1.1 and 2.1.2, with Figure 1
showing the geometry of the measurement phantom.

All treatment planning calculations in this study were
performed with either the AAA 15.5.11 or AcurosXB
15.5.11 algorithms using a 1-mm dose calculation grid
and with heterogeneity corrections enabled.For calcula-
tions,using AcurosXB dose was reported to the medium.
The slice thickness of all computed tomography (CT)
datasets used in this study was 1 mm. All fluence opti-
mizations relevant to this study were performed using
the Photon Optimizer 15.5.11 with structure resolution
set to Fine, Convergence Optimization Mode set to On,
Dose Calculation Resolution of the optimization engine
set to High, and Intermediate Dose performed.

2.1.1 Point-dose verification

The phantom used for point-dose verification was the
QUASAR Respiratory Motion Phantom (Modus Medical
Devices, London, Ontario), which consists of an acrylic
body (30-cm width,20-cm height,and 12-cm length) that
accepts cylindrical inserts centrally and laterally.For this
study, the left lateral opening was filled with a moderately
low-density cedar insert, and the central opening was
filled with an acrylic plug.

The right lateral opening was filled with a custom foam
insert of density 0.04 g/cm3, designed to mimic a near

minimum-possible density of lung tissue. Embedded
centrally within the foam was a 2.5-cm long and 2.5-cm
diameter tumor surrogate constructed from 0.31-g/cm3

LN-300 tissue characterization material (Sun Nuclear
Corporation, Melbourne FL), approximately matching
the minimum lung tumor density encountered in our
institution. The tumor surrogate was drilled to accept a
1 mm × 1 mm Exradin W2 plastic scintillating detector
(Standard Imaging Inc., Middleton WI) for the point veri-
fication of dose at the tumor center.

The LN-300 tumor surrogate was labeled clinical tar-
get volume (CTV) and expanded uniformly by 5 mm to
create the PTV. Optimization parameters were selected
to deliver 1250 cGy to 95% of the PTV using a VMAT
technique with a pair of 225-degree coplanar partial
arcs,spanning from the phantom posterior to 45 degrees
contralaterally, with isocenter positioned in the centroid
of the CTV. The optimized treatment plan had initial
dose calculation performed using AAA 15.5.11 with a 1-
mm isotropic calculation grid and was then recalculated
using identical parameters with AcurosXB 15.5.11.

Calibration of the scintillator was performed imme-
diately prior to treatment delivery using the manu-
facturer’s suggested workflow for Cerenkov light ratio
determination along with an absolute dose cross-
calibration against an ADCL-calibrated Farmer-type ion-
ization chamber. The measured dose from plan delivery
was directly compared against the mean dose to the
scintillating volume calculated by the treatment planning
system.
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2.1.2 2D dose verification

Radiochromic EBT-XD film (Ashland Advanced Materi-
als, Bridgewater, NJ) was utilized for spatial dose verifi-
cation in the coronal plane of the phantom.The phantom
geometry was similar to the described geometry for
point dose measurement, with the difference being that
the tumor surrogate was bisected for the placement of
an 8 × 12-cm2 sheet of the film.Therefore, the measure-
ment plane consisted of the coronal cross-section of
the LN-300 tumor surrogate and low-density foam lung
surrogate. Calibration and handling of the film was per-
formed consistent with published recommendations.18

The irradiated film was digitized using an Epson
10000XL flatbed scanner (Epson America Inc., Long
Beach, CA) at 300-dpi and 48-bit color depth. Optical
density was extracted from the RGB file using the green
color channel and imported into RIT V6.9 (Radiological
Imaging Technology Inc., Colorado Springs, CO) for the
application of the batch-specific film calibration and reg-
istration with the exported dose planes.

2.2 Simulated tissue characteristics

To systematically evaluate the effect of tissue charac-
teristics on the difference in calculated dose between
AAA and AcurosXB,a representative clinical lung SABR
case was selected to serve as the CT dataset for simu-
lated tests. A synthetic CTV was centrally placed within
the right mid-lung and was represented as a homoge-
neous spherical contour with diameters of 0.5, 1.0, 1.5,
2.0, and 2.5 cm. The ipsilateral lung was assigned den-
sities of 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 g/cm3 with
a fixed material assignment of “Lung Tissue.” The CTV
was separately assigned densities of 0.30, 0.65, and
1.00 g/cm3. The CTV was uniformly expanded by 5 mm
to create the PTV.

For each combination of lung density, tumor density,
and tumor diameter, a clinically appropriate VMAT treat-
ment plan was optimized and calculated using AAA
with a pair of 225-degree coplanar arcs and isocenter
positioned in the CTV centroid,normalized such that the
dose delivered to 95% of the PTV (D95%) was equal
to 100% of the prescribed dose (1250 cGy) and then
recalculated with fixed parameters using AcurosXB.
This process was performed for both 6 and 10-MV
photon energies, resulting in 180 unique scenarios for
each algorithm.

Dose coverage statistics for the CTV and PTV were
recorded for each of the 180 treatment plans and were
tabulated as both percentages and biologically effective
doses (BED) with an assumed alpha-beta ratio of 10
(BED10). It should be noted that reduction in tumor cov-
erage by an arbitrary percentage cannot necessarily be
assumed to compromise the efficacy of the treatment.
For example, if a plan generated using AAA yields a CTV

that is covered by the 120% isodose line but the true
dose distribution reveals that the CTV is actually covered
by the 95% isodose line, this may still be a sufficiently
ablative dose to achieve the desired therapeutic out-
come. The point at which the dose reduction becomes
unacceptable depends on the nominally prescribed BED
(BEDRX),which is a function of the fractionation scheme
being utilized.

In order to address this, the percentage of CTV
receiving a commonly utilized minimum BED for abla-
tive treatment of lung tumors (100-Gy BED10)19–25

was tabulated for a number of common fractionations:
3400 cGy/1 Fx (BEDRX = 149.6 Gy), 5400 cGy/3 Fx
(BEDRX = 151.2 Gy), 5000 cGy/4 Fx (BEDRX =

112.5 Gy), 4800 cGy/4 Fx (BEDRX = 105.6 Gy),
6000 cGy/5 Fx (BEDRX = 132.0 Gy),and 5000 cGy/5 Fx
(BEDRX = 100.0 Gy). This data was extracted from the
same set of 180 unique combinations of lung density,
tumor density, and tumor size previously described, with
consistent methodology for treatment plan design using
AAA and recalculation using AcurosXB. The resulting
data was expected to highlight the relative sensitivity of
these fractionation schemes to overprediction of dose
by AAA specifically in the context of achieving 100 Gy
(BED10) coverage of the tumor.

2.3 Application to clinical cases

In order to validate the applicability of the data derived
from the simulated tissue characteristic tests to clini-
cal CT datasets and their associated treatment plans,
a sample of five clinical lung SBRT plans with unal-
tered anatomy were similarly evaluated for changes in
coverage metrics between AAA and AcurosXB. Recent
cases with mean local lung density <0.20 g/cm3 were
replanned using AAA and subsequently recalculated
using AcurosXB using the same methodology previ-
ously described in this study. The resulting changes in
CTV and PTV D95% values were tabulated against
those predicted by the set of data generated from the
simulated tests.

Lung tumor location in these clinical cases was the
periphery of the right middle lobe (Cases 1 and 2),
the periphery of the left middle lobe (Case 3), centrally
within the left middle lobe (Case 4), and the periphery
of the right upper lobe (Case 5). All five cases involved
patients with diagnosed pulmonary diffuse or bullous
emphysema.

2.4 Institutional patient lung density
distribution

In order to determine the relevance of each lung
density data point within our patient population, lung
density statistics were collected from our most recent
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F IGURE 2 Film measurement results along the IEC-X and IEC-Y axes for 6 MV (top) and 10 MV (bottom)

55 lung SABR patients. For each patient, lung density
was determined for the treated lung, excluding gross
tumor volume and major central vasculature, using an
automated region-growing segmentation utility that
flood-fills the lung with an upper HU limit of −400 HU,
returns the mean HU value, and converts it to physical
density using our clinical CT calibration tables.

3 RESULTS

3.1 AcurosXB validation at density
minima

3.1.1 Point-dose verification

For 6 MV, the measured dose using the scintillating
detector was 1362.4 cGy and the calculated dose was
1397.2 and 1357.0 cGy for AAA and AcurosXB, respec-
tively.AAA overpredicted the delivered dose to the tumor
center by 2.6%, whereas AcurosXB underpredicted the
delivered dose by 0.4%. Similarly for the 10-MV plan,
the measured dose was 1322.2 cGy and the calculated
dose was 1448.0 cGy for AAA (9.5% overprediction) and
1310.1 cGy for AcurosXB (0.9% underprediction).

3.1.2 2D dose verification

Measured coronal film profiles in the IEC-X and IEC-
Y directions are overlaid with computed AAA and
AcurosXB dose profiles in Figure 2. AcurosXB exhib-
ited uniformly superior agreement with measurement in
both central dose magnitude and profile shape, with a

mean magnitude of percentage dose difference in the
6-MV plan of 2.83% ± 2.56% for AcurosXB compared to
13.13% ± 7.73% for AAA. For 10 MV, these results were
2.47% ± 2.04% for AcurosXB compared to 14.44% ±

7.96% for AAA.

3.2 Simulated tissue characteristics

Plots of CTV D95% values for all tissue characteris-
tic scenarios are provided in Figure 3, with subplots
highlighting specific data features and their associated
trends. Figure 3a presents the dataset as a function of
lung density and stratified by calculation algorithm (AAA
base plan data points and AcurosXB recalculated data
points). For reference, the entire baseline AAA dataset
had a mean CTV D95% result of 116.0% ± 5.8% (2σ).
Figure 3b–d presents only the AcurosXB data points and
stratifies the data based on tumor diameter, tumor den-
sity, and beam energy, respectively.

Regression analysis reveals that the strongest pre-
dictors of a statistically significant reduction in tumor
coverage relative to treatment planning prediction were
lung density ≤0.15 g/cm3 (p < 0.001), tumor diameter
≤10 mm (p < 0.001), tumor density equal to 0.30 g/cm3

(p < 0.001), and a beam energy of 10 MV (p < 0.001).
Of the 38 data points with CTV D90% ≤95%, 100%
were associated with a lung density of ≤0.15 g/cm3,
58% with tumor diameter ≤10 mm, 40% with tumor den-
sity of 0.30 g/cm3, and 66% with a beam energy of
10 MV.

Energy-specific contour plots showing changes in
D95% values for the CTV and PTV between AAA
and AcurosXB are shown in Figure 4 as a function
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F IGURE 3 Plots of CTV D95% values for 180 AAA-generated treatment plans showing (a) data points stratified by algorithm, (b) AcurosXB
data points stratified by CTV diameter, (c) AcurosXB data points stratified by tumor density, and (d) AcurosXB data points stratified by beam
energy. AAA data points are only included in (a) for comparative purposes and have been removed from (b), (c), and (d). AAA, analytical
anisotropic algorithm; CTV, clinical target volume

F IGURE 4 Change in D95% values when recalculating AAA-designed treatment plans using AcurosXB as a function of lung density and
tumor diameter. AAA, analytical anisotropic algorithm

of lung density and tumor diameter. For a 6-MV pho-
ton energy, the agreement between the algorithms is
within 10% for both the CTV and PTV when lung den-
sity is ≥0.15 g/cm3. Below 0.15 g/cm3, there is a sharp

divergence between the algorithms, with discrepancies
exceeding 30% when lung density and tumor diame-
ter are both near their minimum values. For 10 MV, the
magnitude of dose overestimation by AAA is greater
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F IGURE 5 Percentage of CTV receiving 100 Gy (BED10) as a function of lung density and tumor diameter for various fractionations.
Values here reflect treatment plans initially designed using AAA (95% PTV coverage at the displayed prescribed dose level) and subsequently
recalculated with AcurosXB using identical parameters. AAA, analytical anisotropic algorithm; CTV, clinical target volume; PTV, planning target
volume

overall with discrepancies ≥10% beginning for the small-
est tumors just below a lung density of 0.25 g/cm3

and increasing to ≥40% as lung density decreases to
0.10 g/cm3.

Energy-specific contour plots of CTV V100Gy
(BED10) values for multiple fractionation schemes
are shown in Figure 5. For all fractionations, there is
a variable sized region in these plots where the per-
centage of CTV receiving a BED10 of 100 Gy falls
below the full tumor volume. Various reasonably com-
mon combinations of lung density, tumor diameter, and
fractionation result in 100-Gy (BED10) tumor coverage
values of ≤80%, and there are other less common

but still encounterable combinations where this value
decreases to 60% or lower.

3.3 Application to clinical cases

Changes in CTV and PTV D95% values between AAA
and AcurosXB for a sample of recent 10-MV FFF clinical
cases is provided in Table 1. All results for CTV ∆D95%
and all but two results for PTV ∆D95% fell within the
range of values predicted by the simulated tests. The
two outlier results were both slightly above the upper end
of the predicted range (51.9 vs. 50.8 and 16.0 vs. 15.5),
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TABLE 1 Change in CTV and PTV D95% values between AAA and AcurosXB for a sample of recent clinical treatment plans compared to
predicted result ranges

Application of results to clinical datasets

Case
ρ-Lung
(g/cm3)

ρ-GTV
(g/cm3)

GTV-diam
(mm)

CTV
∆D95%
predicted

CTV
∆D95%
actual

PTV
∆D95%
predicted

PTV
∆D95%
actual

1 0.07 0.98 10 24.8–42.9 40.5 31.4–50.8 51.9

2 0.11 0.81 19 1.8–9.0 3.9 13.1–22.6 17.3

3 0.13 1.00 09 19.4–29.8 26.9 25.4–32.9 29.0

4 0.13 0.92 14 13.1–26.8 26.3 20.7–31.7 28.8

5 0.17 0.76 15 3.5–11 9.2 8.7–15.5 16.0

Abbreviations: AAA, analytical anisotropic algorithm; GTV, gross tumor volume; CTV, clinical target volume; PTV, planning target volume.

F IGURE 6 Reverse-order cumulative histogram showing
percentage of institutional ablative lung radiotherapy patients having
a given mean lung density or lower

and most other results trended near the upper end of the
predicted range as well, indicating that tumor dose over-
estimation by AAA in clinical cases may be slightly more
pronounced than in the set of simulated tests described
in Section 3.2.

3.4 Lung density distribution

Lung density statistics for our institution’s lung SABR
patients is presented as a reverse-order cumulative his-
togram in Figure 6, where the percentage of our patient
population having a given mean lung density or lower
is plotted as a function of mass density. Approximately
98% of our patients had a mean ipsilateral lung density
of ≤0.30 g/cm3, 52% had a mean density ≤0.20 g/cm3,
23% had a mean density ≤0.15 g/cm3, and 2% had
a mean density ≤0.10 g/cm3. The mean and mini-
mum values for the sampled population were 0.19 and
0.07 g/cm3, respectively.

4 DISCUSSION

In this study,we have correlated combinations of various
tissue characteristics with levels of tumor dose reduc-

tion, some of which may compromise the therapeutic
intent of a course of ablative lung radiotherapy treat-
ment when planned using the AAA.Specifically,we have
investigated the interplay of lung tissue density, tumor
density, tumor diameter, and beam energy on the ability
of AAA to accurately predict the delivery of a therapeu-
tically ablative dose. As part of this, we also validated
the AcurosXB algorithm as an approximate ground-truth
representation of the underlying dose distribution even
in extremely low-density media.

The practical difference in tissue heterogeneity han-
dling between AAA and AcurosXB becomes negligi-
ble for a mean lung density of 0.25–0.30 g/cm3, above
which their dose calculation converges within a 2σ range
for all studied variables.A lung density of 0.20 g/cm3 is a
transitional point where deficits in tumor coverage begin
to occur but are not likely to compromise treatment effi-
cacy. No scenarios with a lung density of ≥0.20 g/cm3

resulted in a loss of 100-Gy (BED10) coverage to the
CTV or a CTV D95% result of less than the nominally
prescribed dose, despite AAA overestimating the true
delivered dose by as much as 16% in these scenarios.
Validity of this result beyond our institution presumes the
use of a sufficiently similar treatment planning technique
that results in a coverage of the CTV at approximately
the 115% dose level.

AAA and AcurosXB calculations diverge sharply as
lung density decreases below 0.15 g/cm3, particularly
for small tumors with a diameter of ≤10 mm. Within
these tissue characteristic regions, there is an increas-
ing risk of AAA grossly overestimating the tumor dose,
with certain combinations of tissue variables resulting
in a 20%–40% or a greater loss of 100-Gy (BED10)
dose coverage to the CTV depending on the chosen
fractionation.

Tumor density was not found to be a large contribut-
ing factor to overall concerns with the use of AAA.
Although correlated with tumor dose reduction the mag-
nitude of the effect is comparatively small. A tumor den-
sity of 0.30 g/cm3 results in less than a 5% degradation
of tumor coverage compared to densities in the more
typical 0.65–1.00 g/cm3 range. Only in combination
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with a very low lung density and small tumor diameter
does the lowest tumor density lead to a tumor coverage
degradation of more than 5% relative to higher density
tumors, and in such scenarios, this contribution remains
negligible relative to the overall dose reduction.

Further, the use of a 10-MV photon beam energy
exacerbates the dose overestimation issue in
these problematic tissue regions. For lung densities
≤0.15 g/cm3 in combination with tumor diameters
≤15 mm, the use of 10-MV beam energy resulted in
an average additional 21% loss of 100-Gy (BED10)
dose coverage to the CTV compared to the same plans
generated with 6 MV.

There are compelling efficiency arguments for the
use of a 10-MV FFF beam when treating lung tumors
to a high fraction dose, particularly if respiratory gat-
ing is being utilized. For the Varian Truebeam treat-
ment platform, the choice of 10-MV FFF with a 2400-
MU/min dose rate could result in a 40%–75% reduction
in beam-on time for a dose-rate limited treatment com-
pared to 6 MV (non-FFF), 6-MV FFF, or 10-MV (non-
FFF) that have maximum dose rates in the range of
600–1400 MU/min. This time reduction could be highly
beneficial from a patient compliance, satisfaction, and
throughput perspective. However, if AAA is utilized for
planning then the choice would have to be carefully
weighed against the potential for unacceptable dosimet-
ric deficiencies given each specific patient’s tissue char-
acteristics within the volume being irradiated.

The described trend of AAA overestimating tumor
dose in these scenarios likely also has broader implica-
tions on the treatment plan’s robustness against errors
in patient setup, deficiencies in motion management, or
inaccuracies in the reproduction of the plan by the treat-
ment delivery system. If a gross overestimation of deliv-
ered dose by AAA brings the nominal treatment plan
nearer to (but not exceeding) the point of therapeu-
tic failure, then the permissible uncertainty in the deliv-
ery itself becomes correspondingly smaller. Although
these treatment delivery uncertainties should be tightly
controlled—particularly in ablative applications—they
may play an unexpectedly greater role in the therapeu-
tic outcome if the true baseline dose associated with the
plan is sufficiently degraded from expectation.

The major limitation of this study was the use of
discrete, uniform, and somewhat coarsely spaced sim-
ulated values for the various tissue variables. Actual
lung and tumor volumes are heterogeneous and may
have adjacent or embedded vasculature that impacts
the local effective density within the irradiated region.
Ideally this study could have been performed using only
clinical cases that span the range of investigated tissue
characteristics. However, this was not feasible in order
to ensure sufficient sampling throughout the range of all
studied variables. The presentation of data from clinical
cases in Table 1 demonstrates that our clinical results
largely fall within a reasonable range of this study’s pre-

dicted values, but that ultimately the presented results
must be taken as trends rather than exact results to be
extrapolated to specific clinical cases.

Additionally, it should be noted that the treatment plan-
ning methodology of this study assumed the clinical
treatment process of the author’s institution where the
GTV is immobilized via a reproducible visually coached
breath-hold rather than the generation of a motion-
encompassing internal target volume (ITV). Institutions
using the ITV approach would likely have more lung tis-
sue within the treatment field, which may change the
magnitude of the effects demonstrated in this study for
scenarios involving near-minima lung density. Further,
intrafraction tumor motion within the ITV would be an
additional confounding factor for determination of the
true tumor dose, but the underlying gross deficiencies
of the AAA calculation in these specific tissue environ-
ments would continue to be present.

It is important to note that pretreatment quality assur-
ance measurements in a commercial 2D or 3D array
would not be expected to identify these deficiencies in
the clinical treatment plan as these measurements are
generally performed in devices of higher and nearly
homogeneous density. An independent monitor unit
verification could potentially identify these issues if the
secondary algorithm had sufficiently different density
handling than AAA. However, an institution having a
secondary verification algorithm with more robust han-
dling of heterogeneous tissue environments than their
primary algorithm would be unusual, and it is not clear
how such an institution could rectify the underlying
issue if they did not have access to a more robust
primary algorithm.

Additionally, standardized phantoms used for institu-
tional credentialing for lung radiotherapy studies are
fabricated with materials that have physical prop-
erties within the convergence region of the AAA
and AcurosXB algorithms. The Imaging and Radiation
Oncology Core anthropomorphic lung–thorax phantom
uses a lung tissue surrogate with a density of approx-
imately 0.30 g/cm3 and a tumor surrogate with density
and axial-plane diameter of approximately 1.00 g/cm3

and 3 cm, respectively. Under these conditions, an
appropriately commissioned AAA beam model would
be expected to perform to the same approximate stan-
dard as AcurosXB even if there could be major defi-
ciencies in tissue heterogeneity handling for a subset
of patients enrolled in those studies. Stratification of
enrolled patients based on relevant tissue characteris-
tics may be reasonable in order to establish a safe limit
on the use of algorithms with these limitations.

5 CONCLUSIONS

The accuracy of the AAA rapidly diminishes within very
low-density lung tissue environments (≤0.15 g/cm3),
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particularly in combination with small tumors (≤15-mm
diameter) and when using a 10-MV photon energy.
Under these conditions, the delivered dose becomes
severely overestimated by AAA and, in some scenarios,
may result in a clinically unacceptable reduction in bio-
logically effective dose delivered to the CTV, particularly
with less aggressive hypofractionated regimens where
the true 100-Gy (BED10) tumor volume coverage may
be a small fraction of the treatment planning system
prediction. Although the fraction of impacted patients is
likely small, it is nonzero and therefore crucial to con-
sider. A careful review of these tissue characteristics on
the CT dataset used for planning is critical if using AAA,
and options for mitigation (such as the use of lower
photon energy) should be considered as needed.
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