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ABSTRACT

Introduction: Treatment of neoplasic lung nodules with ground glass opacities (GGO) faces two primary challenges. First, the standard practice of treating GGOs as
solid nodules, which effectively controls the tumor locally, but might increase associated toxicities. The second is the potential for dose calculation errors related to
increased heterogeneity. This study addresses the optimization of a dose de-escalation regime for stereotactic ablative radiotherapy (SABR) for GGO lesions.
Materials and Methods: We used the CT scans of 35 patients (40 lesions) with some degree of GGO component treated at our institution between 2017 and 2021. We
first assessed the dose calculation accuracy as a function of the GGO component of the lesion. We then analysed the advantages of a dose de-escalation regime in
terms of lung dose reduction (Dmean, V20Gy and V300GyBED3) and plan robustness.

Resuits: We found a positive correlation between the presence of GGO and the dose calculation errors in a phantom scenario. These differences are reduced for patient
data and in the presence of breathing motion. When using a de-escalation regime, significant reductions were achieved in mean lung dose, V20Gy and V300GyBED3.
This study also revealed that lower doses in GGO areas lead to more stable fluence patterns, increasing treatment robustness.

Conclusions: The study lays the foundation for an eventual use of dose de-escalation in SABR for treating lung lesions with GGO, potentially leading to equivalent local

control while reducing associated toxicities. These findings lay the groundwork for future clinical trials.

1. Introduction

Lung stereotactic ablative radiotherapy (SABR) has proven to be an
effective treatment for inoperable lesions, offering good local control
(LC) and a low incidence of grade > II toxicities [1-4]. Most lung SABR
treatments target solid pulmonary nodules. However, an increasing
percentage are administered to nodules with some component of
ground-glass opacity (GGO). These opacities are present in minimally
invasive adenocarcinomas, lepidic-predominant adenocarcinomas, and
invasive mucinous adenocarcinomas and exhibit a more indolent clin-
ical course [5-8]. Furthermore, the GGO component is considered to
correspond to a non-invasive histology, while the solid component is
considered as the invasive part of the lesion [9]. Nonetheless, with the
widespread use of screening [10], small-sized pulmonary nodules,
especially those containing GGO component, are increasingly detected
[11].

Over the years, several SABR regimes have been used to treat lung
lesions. Some studies have analyzed different SABR regimes in terms of
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biologically effective dose (BED) and its relation to local control [12]
and/or clinical toxicity [4,13,14]. Over the last years, lower BED re-
gimes have been prioritized to reduce toxicities. However, it has been
reported that lowering the prescribed BED below the threshold of 100
Gygep1o (where the subscript 10 refers to the alpha/beta ratio consid-
ered for calculation) comes at the cost of lower LC rates [15,16].

In this context, which sets a lower threshold to grant acceptable LC
rates, and an upper threshold to reduce associated toxicities, some
groups have studied the use of different dose levels within the lesion for
specific cases. Dose de-escalation has been proposed to avoid chest wall
toxicity, while maintaining LC rates [17]. Conversely, others have
analyzed the outcomes of using a simultaneously integrated boost for
larger lesions [18] achieving promising LC rates.

The SABR treatment of GGO faces two primary challenges. The first
is the standard practice of treating GGO as solid nodules. This approach
is problematic when treating a small solid component within a larger
GGO, as the risk of lung toxicity correlates with the volume of lung
receiving a high dose [19]. While this strategy effectively controls the
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tumor locally [20], it increases the risk of damaging healthy lung tissue
to a lesion expected to have better LC rates [21]. Tailoring SABR
treatments for this kind of lesion seems advisable, as GGO tumors are
often multifocal and may require multiple subsequent irradiations.

The second challenge involves the potential for large dose calcula-
tion errors by commercial dose calculation algorithms, owing to the
increased heterogeneity of GGO lesions [22-24]. To our knowledge, no
studies have yet evaluated the dose calculation errors in GGO lesions.
Furthermore, challenges related to fluence peaks during optimization
should be considered, as they lead to less robust dose distributions [25].
This effect is especially significant when optimizing with type C algo-
rithms and several approaches have been presented for solid lesions
[26,27]. With all the aspects in mind, optimizing SABR treatment for
GGO malignancies is an essential step to ensure the best treatment op-
tion for these malignancies, which are expected to be increasingly
diagnosed.

In this study we focus on analyzing the feasibility of performing a
dose de-escalation that ensures dose calculation accuracy and robust-
ness. We propose a method to efficiently implement dose de-escalation
for lung lesions containing varying amounts of GGO component and
report the expected differences in lung dose, robustness, and dose ac-
curacy compared to the standard approach of a single dose level.

2. Materials and methods

To assess the technical feasibility of dose de-escalation, we used two
datasets. First, we analyzed dose calculations performed on the CT scan
of a thoracic static anthropomorphic phantom (IMRT Thorax phantom,
CIRS, SUN Nuclear, Norfolk). Second, we evaluated the dose calculation
accuracy, dose reduction achieved, and the robustness of the plan on the
CT scans of 40 lesions (from 35 patients) treated at our institution be-
tween 2017 and 2021, which exhibited some component of GGO in the
lesion.

To describe the amount of GGO present in the lesion, we used the
consolidation to tumor ratio (CTR), defined as the diameter of the solid
part of the lesion divided by the total diameter [28]. In this study, we
have also included the volumetric CTR (CTRy), defined as the volume of
the solid component divided by the total lesion volume.

Our patients were originally treated following the Radiation Therapy
Oncology Group (RTOG) 0236 trial protocol and the giudelines included
in the clinical study approved by the ethics board at our institution. We
prescribed two fractionation schemes, depending on the size, centrality,
and proximity of the tumor to organs at risk. The schemes consisted of 3
fractions of 18 Gy or 5 fractions of 11 Gy. The radiation oncologist
defined the internal target volume (ITV) using the 10 phases of the
4DCT, as it allowed a better differentiation of the solid and GGO
component. An isotropic margin of 3 mm was added to the ITV to define
the planning target volume (PTV). We optimized the treatment using
volumetric modulated arc therapy (VMAT), with a dose normalization
ensuring that the 100 % isodose level encompassed 95 % of the PTV.

The BED of the two considered fractionation schemes for the GTV are
115 Gy gep10, and 151 Gy pgpio for the 5, and 3 fractions case, respec-
tively. Our dose de-escalation strategy was to lower the dose to the GGO
component of the PTV to 100 Gyggp10, While maintaining the dose to the
solid part as per the original prescription, thus reducing the prescribed
dose to the GGO component to 10 Gy and 14 Gy for the 5 and 3 fraction
case respectively.

2.1. Evaluation of dose calculation accuracy as a function of GGO
component

To evaluate the dosimetric impact of the algorithm used, we first
used the CT scan of the thoracic phantom. We contoured a set of
spherical lesions in the lung region with diameters of 10, 15, 20, 30, and
40 mm; and CTRs of 0, 0.25, 0.50, 0.75 and 1 for every diameter. We
manually assigned a physical material value to each region inside the
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PTV: water (1 g/cms) for the solid kernel and lung (0.6134 g/cm3) for
the GGO shell (Fig. 1). Regarding the clinical cases, we studied two
scenarios: (i) the average reconstruction of a 4DCT scan simulating an
ITV approach, and (ii) the 50 % expiration phase of the 4DCT scan, to
simulate the results in the case of a gated treatment, which could further
improve the dose reduction [32]. The solid component and the GGO
component were delimited in each phase of the CT scan, and a solid ITV
(ITVs) and a GGO ITV (ITVGGO) were defined. Their corresponding
PTVs were also defined by adding a 3 mm margin to their corresponding
ITV.

To evaluate dose inaccuracies in both datasets, we calculated
(Eclipse v16.0) VMAT treatment plans with a dose prescription of 55 Gy
in 5 fractions. We optimized and calculated the dose distribution using
AAA and then recalculated these plans using AXBy, ,, (m,m indicates
transport in medium, dose to medium) with fixed monitor units (MU).
Optimization was performed with heterogeneity corrections activated
during the optimization process, using coplanar half arcs with couch
structures included. Normal Tissue Objective (NTO) parameters were set
manually to ensure a fast dose fall off beyond the PTV. To ensure a
correct dose calculation it was crucial to take into consideration the
multileaf collimator (MLC) characterization as well as the accuracy of
the planning system for small fields [29]. The MLC was characterized in
the treatment planning system following the recommendations by Saez
et al [30]. Minimum jaw field size was set to 35 mm, while the output of
smaller fields, conformed with MLC, was verified using EBT4 radio-
chromic films [31]. To reduce complexity of the plans the aperture shape
controller was set to high strength and total MU were limited according
to the prescribed dose per session in the optimization process. This
ensured an acceptable dose distribution while avoiding unnecessary
MLC modulation.

We analyzed the relationship between CTR and the relative differ-
ences between D98% (Gy) and D2% (Gy) on the PTV. Furthermore,
Dmean was analyzed for the PTV-ITV area, where the differences are
expected to be more appreciable due to density differences. For ease of
interpretation we divided the sample in two groups, the first one with
CTRs ranging from 0 and 0.33 (low CTR) and the second one with CTRs
above 0.33 (mid-high CTR).

2.2. Evaluation of lung dose reduction after dose de-escalation

To evaluate the treatment plans with the least amount of variability,
we reoptimized and recalculated with AXBp, , the dose distribution for
the 40 lesions with a limited set of optimization parameters. The same
physicist optimized the plans with the original dose prescription and
with a dose reduction to the GGO component and following the same
optimization procedure. For the standard approach, dose was normal-
ized to ensure 100 % of the prescribed dose covered 95 % of the PTV. For
the de-escalation case, dose was normalized to ensure 100 % of the
prescribed dose covered 95 % of the solid PTV. The dose to the GGO
component of the PTV (Fig. 1) was lowered as much as possible, but
always granting that at least 100 % of the lower dose covered 95 % of the
GGO PTV. Maximum doses were limited to 140 % of the prescribed dose.
Other parameters were optimized following the RTOG 0236 trial pro-
tocol. The characteristics of the analysed lesions in terms of CTR, CTRv,
lesion size and prescription are summarized in Table 1.

We analyzed the lung dose reduction in terms of the mean lung dose
(Dmean) and the percentage of volume receiving 20 Gy (V20Gy), as they
are associated with grade II or higher toxicities. We also analyzed the
absolute volume of the lung receiving V300Gyggps, as it has recently
been correlated with radiological toxicity [19]. Furthermore, for those
patients with more than one lesion, we analyzed the same parameters
considering the treatment of both lesions simultaneously.

We statistically analyzed the differences for Dmean, V20Gy and
V300Gyggp3 between the standard prescription and the de-escalation
protocol using a paired t-test using RStudio software version
2022.07.2. We also analyzed the correlation between the lung dose
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Fig. 1. Definition of target volumes. (a) Lung Phantom with a zoomed figure to a lesion corresponding to CTR of 0.5. Figure (c) is an example of the GTV volume
delineation of a patient lesion on the 50 % expiration phase (CT50). The accumulated GTV was generated in the Average reconstruction of the 4DCT (d) to create the
ITV. A 3 mm margin was added to generate the PTV. In Figure (e) we can see the structure set with the PTV area density and material overwritten to water to

evaluate robustness.

reduction and the CTR and CTRy using the Spearman’s Ranks correlation
coefficient.

2.3. Evaluation of dose distribution robustness

To evaluate the robustness of the treatment when optimizing with
two dose levels with AXBp, ,, we used three datasets: Firstly, we used the
plan optimized using AAA dose calculation algorithm with one dose
level. Secondly, the same plan optimized using AXBp, ,, with one dose
level and, finally, a plan optimized using AXBy, ,, with two dose levels
(dose reduction to the GGO). These plans were optimized using the
average CT scan of the 4DCT.

We then recalculated (AXBy, r,) with fixed MU these three plans to a
new average CT with the PTV volume overridden (material and HU) to
water (Fig. 1). When recalculated in water, possible fluence peaks in the
area surrounding the ITV become apparent and comparison between
algorithms is performed under the same dose transportation and deposit
conditions. The analysis of these peaks allowed us to evaluate robustness
of the plan against any motion of the GTV within the PTV region. To
evaluate the magnitude of these fluence peaks, we compared the mean
dose to the ITV with the dose to the ring between the ITV and the PTV
(DmeanP-I/DmeanITV). Differences between the three scenarios were
evaluated using a one-way ANOVA test.

3. Results

3.1. Evaluation of dose calculation accuracy as a function of GGO
component

In the phantom case, we found relevant differences between the dose
distributions calculated by the two algorithms in correlation with the
CTR value. As shown in Fig. 2, the low CTR group (high GGO compo-
nent) presented higher differences than the mid-high CTR group for the
D2% parameter. While for the low CTR group the average difference
between algorithms was 2 %, for the high CTR group this difference was
reduced to 1 %. These differences were statistically significant (p =
0.04) and were also correlated with CTR for D98% (p = 0.04), going
from an average difference of 2.5 % to 2 %.

In the clinical cases, the lesions led to PTVs with an equivalent sphere
diameter ranging from 9.8 to 24.5 mm and CTRs from 0.00 to 0.90. Both
variables were roughly normally distributed. Dose differences between
both algorithms were found as previously reported in the literature.
Differences in D2% were on average 1 % ranging from 0.5 % to 5.4 %.
Differences in D98% between both algorithms were higher, with an
average value of 6 % ranging from 0.5 % to a 20 %. In this case, however,
neither the ITV scenario (Average CT) nor the gated scenario revealed
any statistically significant difference between the two CTR groups.

3.2. Evaluation of lung dose reduction after dose de-escalation

The lung dose reduction obtained in terms of V300Gyggp3, Dmean
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Table 1
Summary of patient treatment characteristics, lesion volumes and CTR and lung
dose, for the standard treatment and the dose de-escalation case.

Average [min;

max]
PTV Volume (cm®) 26 [4; 64]
Solid PTV Volume 12 [0; 35]
(em®)
GGO PTV Volume 13 [2; 44]
(cm®)
CTRv 0.52 [0; 0.93]
CTR 0.69 [0; 0.97]

N
Number of lesions 40
3 @18 Gy 9
5@ 11 Gy 31
Patients with 1 lesion 30
3 @18 Gy 7
5@11Gy 23
Patients with two 5
lesions
3@ 18 Gy 1
5@ 11 Gy 4
Lung Dose Evaluation Standard Dose de-

escalation

Dmean (Gy) 3.5[1; 8] 3.1[1;7]
V20Gy (%) 4.3 [1; 13] 3.6 [1; 10]
V300GyBED3 (cm®) 15.6 [2; 57] 7.1 [0; 29]
Multiple lesion patients
Dmean (Gy) 5.0 [3,1;7,1] 4.4 [2.5; 7]
V20Gy (%) 6.1 [5,0; 8] 5.4 [3.5; 7]
V300GyBED3 (cm?) 21.5 [6,5; 34] 5.1 [0.7; 16]

and V20Gy can be seen in Fig. 3. An average reduction of 9 % (0.5 Gy) of
Dmean was obtained. A reduction of V20Gy, from 3.6 % to 4.2 % and
V300Gyggps going from an average volume of 16 cm® to 7 cm® were also
observed. Differences in all three variables were statistically significant

Category
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(p < 0.01). When focusing the subgroup with a GGO volume above 20
cm?, the reduction in Dmean and V20Gy increased to a 5.3 % and 8.5 %
respectively and we observed an average V300Gyggps reduction of 21
em?,

For V300Gyggps the number of lesions with an absolute lung volume
greater than 20 cm® went from 11 to 2 cases. The number of lesions with
V300Gyggp3 > 30 cm® went from 4 to none.

Spearman’s correlation between CTR or CTRv (Fig. 4) with the dif-
ferences observed in lung doses ranged between 0.3 for V20Gy to 0.53
for V300Gyggps3, indicating a low to moderate correlation (p < 0.05).
The correlation was clearer when we analyzed the lung dose reduction
in terms of the absolute volume of the GGO component of the lesion,
ranging from a correlation of 0.56 for V20Gy to 0.78 for V300Gyggps3 (p
< 0.05). As it can also be seen in Fig. 4, the patients with GGO above 20
cm? all achieved a significant reduction in lung dose, with an average
V300Gyggps3 reduction of 21 cm3, a reduction of Dmean of 0.5 % and a
reduction in V20Gy of 1.1 %.

It is compelling to analyze the 5 patients with 2 lesions (Table 1). For
these patients a mean lung dose reduction of 14 % (0.5 Gy) was ob-
tained, with V20Gy going from 6 % to 5.4 %. The most significant
reduction was obtained for V300Gyggps with 3 out of 5 patients going
from volumes above 20 cm® to all of them being below 20 cm®, and an
average reduction of 16 cm®.

3.3. Dose distribution robustness

As it has been previously reported, we observed fluence peaks in the
low-density area surrounding the PTV (Fig. 5). This effect was more
evident when using AXBp, m during the optimization process and led to
bigger fluence peaks compared to AAA (p = 0.02). When recalculated to
water, the average dose for the region between the ITV and the PTV had
an average dose of 0.98 for the AAA case compared to the ITV average
dose. This value increased to an average of 1.015 for the AXBp, i, case,
showing a higher average dose on the area between the ITV and the PTV
than within the ITV.

The analysis of the same parameters for the dose de-escalation case
can be seen in Fig. 5. As it can be seen the fluence peaks were almost
nonexistent (with an average value of 0.96 compared to the ITV dose
value), similarly to the AAA-optimized scenario (p > 0.05) but clearly
lower than the original AXBy, ,, optimization (p < 0.01).

p=0.04
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Fig. 2. Relative difference in the D2% (Gy) parameter between AAA and AXB for the different datasets. Low CTR corresponds to CTR < 0.33, while Med-High to CTR

> 0.33. Differences are statistically significant only for the phantom case.
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Fig. 3. Dose differences in the lung between the standard dose prescription and the dose de-escalation approach. Left: Reduction of V300GyBED3, with an average
difference from 16 cm® to 7 cm®. Center: Differences in lung Dmean, with an average reduction of 0.5 Gy. Right: V20Gy (%) showing a reduction from 4.2 % to 3.6 %.
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Fig. 4. Dose reduction in the lung between the standard dose prescription and the dose de-escalation approach in lung in terms of CTRv (top) or absolute Volume of
the GGO PTV component (bottom). Dose reduction is analysed in terms of V300GyBED3 (Left), Dmean (centre) and V20Gy (%) (Right).

4. Discussion

In this study, we have analyzed the technical feasibility and potential
benefit of a dose de-escalation strategy for the SABR treatment of lung
lesions with GGO component. Regarding dose calculation accuracy, we
have observed larger discrepancies when using type B calculation en-
gines, such as AAA, for lower CTR values. These differences are less
evident for blurrier borders between the solid and the GGO components,
and even less significant when breathing motion is present. Although the
observed differences between AAA and AXBy, 1, are similar in magnitude

to the ones previously reported [23], extra care should be taken in SABR
treatments involving GGO, especially for low CTR or when using gating
strategies.

Dose de-escalation strategies have been successfully used previously
in the context of SABR in the lung to prevent chest wall toxicities [17]. In
our study, we have demonstrated that by de-escalating the dose in the
GGO region, there is a systematic reduction of lung Dmean, V20, and
V300Gyggps3. Although these differences are small in some cases, they
become relevant for lesions that contain a higher volume of GGO. It is for
this group of patients that LC rates are expected to be higher [33]. From
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p=2.30e-04

DmeanP-I/Dmeanl

Original AXBm,m

Original AAA

Dose de-escalation AXBm,m

Fig. 5. Top: Robustness analysis in terms of Mean dose to the PTV -ITV area (MeanP-I) divided by mean dose to the ITV. Bottom: Dose distribution of one of the
patients for the three cases of the top figure, in the same order. Colour wash levels are fixed for the three cases with the lower threshold at 110% of the prescribed

dose and the upper threshold to the 150% of the prescribed dose.

the author’s point of view, patients with CTR below 0.5 or absolute GGO
volumes above 20 cm® would benefit from a dose de-escalation regime.

Finally, the lower dose in the GGO area, which is generally sur-
rounding the solid lesion, provides a naturally more robust fluence,
reducing the necessity to apply any strategy to mitigate fluence peaks. In
contrast to the plans obtained when the dose distribution is forced to
deliver high doses to less dense tissues, a dose de-escalation to the lesser
dense tissue surrounding the solid nodule allows for more robust
fluences.

This study, while providing insights into dose de-escalation strate-
gies, has some limitations. The sample size was sufficient to derive some
statistical conclusions. However, a more extensive study population,
including more cases of very low CTR and high GGO volume, would
provide a better understanding of the impact of the dose reduction.
Furthermore, this study only evaluates the technical feasibility of the
technique using Ecplise as optimization and calculation engines. The
results observed in this study should not be directly assumed for other
planning systems.

In conclusion, this work shows that a dose de-escalation strategy to
lung cancer lesions with ground glass opacities is feasible in the context
of SABR and dosimetrically advantageous. The use of a de-escalation
scheme, maintaining the dose to the solid component of the lesion
while reducing the dose to the GGO component, could lead to lower
associated lung toxicities while maintaining local control. We believe
that this work sets the basis for the design of a dose de-escalation clinical
trial for GGO lesions, which should evaluate whether the reduction in
lung dose observed here in silico translates to a reduction of lung toxicity
in patient.
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