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Abstract

Background Stereotactic ablative radiotherapy (SABR) is a validated treatment for early stage lung cancer and pul-
monary metastases. It provides a high local control rate with low symptomatic toxicities. Recently, Dynamic Confor-
mal Arc Therapy (DCAT), a delivery option that differs from conventional DCA, has been implemented in the Monaco
Treatment Planning System for SABR. The aim of the study was to report clinical outcomes and toxicities for patients
treated for lung SABR with this new technique.

Methods We retrospectively identified adult patients treated for primary or secondary lung tumors with DCAT-SABR
and reported their clinical, radiological, histological characteristics and dosimetric parameters. Total dose was deliv-
ered in 3 or 5 fractions for 95% of patients and prescribed on the 80% isodose line to the PTV periphery.

Results 145 patients met inclusion criteria for a total of 152 lesions with a median follow up of 12 months. Local
control for the irradiated site was 96.7% at 1 year. Overall survival was 93.1% at 1 year. Mean prescription dose in BED;,
was 110 Gy. 92% of patients had a prescribed dose superior to 100 Gy BED, .. Mean PTV coverage was 95.1%. There
were 66 cases of grade 1 radiation pneumonitis (RP) (43%) and only 7 cases of symptomatic grade 2 RP (4.6%).

Conclusion Lung SABR for primary or metastatic lung tumors using dynamic conformal arc therapy provides effi-
cient results of local control and low lung toxicities, similar to other SABR techniques. Advances in knowledge: SABR
using DCAT is a safe technique to treat lung lesions, allowing intra-fraction motion limitation, potentially higher OARs
protection and a shortened beam delivery.
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Introduction cancer or pulmonary metastasis [2]. Lung SABR pro-

Stereotactic ablative radiotherapy (SABR) is the stand-
ard treatment for medically inoperable early-stage non-
small cell lung cancer (NSCLC) [1]. More recently, it has
become an option for the treatment of recurrent lung
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vides high local control rates, usually > 90% [3]. Radiation
pneumonitis (RP) is one of the most common toxicities
occurring after lung SABR [4, 5]. Most of the time, RP
is asymptomatic (grade 1, i.e. only radiographic images).
Only a small part of patients (up to 10%) will develop a
symptomatic RP (sRP) (i.e. > grade 2) after SABR [6, 7].
Lung SABR can be achieved by several treatment strat-
egies of variable complexity, implying different beam
deliveries, tumor motion management, dose calcula-
tion algorithms [8]. In our institution, patients with early
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stage NSCLC were initially treated using an Internal
Target Volume (ITV) strategy and 3D conformal radio-
therapy (3D CRT) consisting in ten to twelve coplanar
fixed beams. Dose calculation was performed with a
type B algorithm, first with Superposition Convolution
(XiO, CMS) and then with Collapsed Cone Convolution
(Monaco, Elekta, Crawley UK). Recently, Dynamic Con-
formal Arc Therapy (DCAT) was implemented in the
Monaco Treatment planning System (TPS) (version 5.0
51.10, Elekta, Crawley, UK). Contrary to conventional
DCA, this delivery option allows variable gantry speed
and dose rate, and produces a limited modulation across
the Planning Target Volume (PTV) thanks to the Seg-
ment Shaped Optimization (SSO), thus protecting neigh-
boring organs at risk (OARs) while keeping a reduced
interplay effect. The Monaco DCAT requires an inverse
planning where dose objectives are applied to target vol-
umes and doses constraints to OARs. The dose calcula-
tion is performed with Monte Carlo (XVMC), a type C
algorithm. The purpose of this study was to clinically
evaluate the transition from 3D CRT to the new imple-
mented DCAT by reporting clinical outcomes and toxici-
ties of patients treated for lung SABR.

Patients and methods

Patient selection

We retrospectively identified adult patients treated for
primary or secondary lung tumors with DCAT-SABR in
our radiotherapy department between April 2019 and
December 2020 and then reviewed their clinical, radio-
logical, histological characteristics as well as dosimetric
parameters. Patients were excluded if they were treated
for two lesions within the same radiotherapy volume, had
lung SABR for the primary lung lesion followed or pre-
ceded by a thoracic radiotherapy with conventional dose
fractionation for the mediastinum, had an ultracentral
lesion (<1 cm from the proximal bronchial tree overlap-
ping the trachea or main bronchi, the esophagus or the
heart) or if there was a context of re-irradiation (field
overlap > 2 Gy).

Radiotherapy planning
Patients had a four-dimensional computed tomography
scan (4D-CT scan). An ITV was delineated either directly
on the Maximum Intensity Projection Image (MIP) or
was obtained from the union of the Gross Target Vol-
umes (GTV) delineated on the extreme and intermediate
phases of the 4D-CT scan, if the tumor was in the vicin-
ity of the diaphragm. A 5 mm margin was added to ITV,
in all directions, to obtain PTV according to the depart-
ment guidelines.

DCAT treatment plans were performed on the aver-
age CT scan. They consisted in full or partial, single or
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two coplanar 6MV photons beam arcs. Calculations were
completed in dose to medium using Monte Carlo algo-
rithm with the following options: SSO, variable dose rate,
a 2 mm dose grid resolution and a 1% statistical uncer-
tainty per plan. Depending on the tumor location, tumor
size and clinical considerations, total dose was delivered
in 3 or 5 fractions in 95% of patients and prescribed on
the 80% isodose line to the PTV periphery (except for one
patient: prescription on the 95% isodose because of the
proximity of the stomach). Peripheral tumors received 3
fractions whereas central tumors or tumors adjacent to
the chest wall were treated in 5 fractions.

As DCAT is based on inverse planning, dose objectives
and constraints were applied on specific structures. For
generating dose escalation into the tumor, a quadratic
overdose and a maximum dose were especially applied to
the ITV and the patient respectively, allowing then up to
125% of the total prescribed dose in the ITV (i.e. a pre-
scription on the 80% isodose level). The dose conformity
and the steep dose gradients were obtained using quad-
ratic overdose constraints on the patient (shrink margins
at several distances). A dose distribution example is pro-
vided on Fig. 1.

Treatments were delivered on a Versa HD (Elekta,
Crawley UK).

Data collection

Various dosimetric parameters were reported: dose frac-
tionation, PTV volume, PTV coverage, dose received by
2% volume (D,,) of the PTV and the ITV, Dgygy of the
PTV and the ITV, median pulmonary density around the
PTV (PDmed), conformity index (CI), Paddick’s Gradient
Index (GI), biologically effective dose with alpha/beta of
10 (BED,,), mean total lung dose (MLD,), mean ipsilat-
eral lung dose (MLD), V50, V125 Vs of total lung-GTYV,
Viso Vitas Vis of ipsilateral lung-GTV, PTV maximum
dose (Dmax), PTV and ITV median doses (Dmed) and
PTV and ITV mean doses (Dmean). PDmed was esti-
mated in a lung volume ring beyond 2 cm of the PTV. GI
was the ratio of the isodose volume (IDV) of the 50% pre-
scription dose to the 100% prescription IDV.

Assessment of radiation pneumonitis

Patients were followed up clinically and radiologically
(CT scan) every four to six months after completion of
SABR treatment. Tumor response was assessed and RP
was graded using CTCAE version 4.0 based on clinical
and imaging data.

Statistical analysis

Categorical comparisons were performed using Fisher’s
exact test. Mann—Whitney test was used for quantita-
tive variables. We computed Pearson r for correlation.
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Fig. 1 DCAT treatment of a tumor in the upper lung lobe from the patient cohort (50 Gy in 5 fractions): dose distribution and examples of segment
shape of the beam delivery

Binary logistic regression was performed for univari-
ate analysis to assess the relationship between risk fac-
tors and RP. The survival time was measured from the
date of the beginning of the radiotherapy to the date of
last follow-up or death. The probability of survival was
estimated using the Kaplan—Meier method. All calcula-
tions were performed using SPSS software package ver-
sion 28.0 (SPSS Inc, IBM Corp, Armonk, New York), and
P values<0.05 (two-sided) were considered significant.
The design of the study was approved by the institutional
review board and conducted according to European ethi-
cal guidelines.

Results

We retrospectively identified 145 patients who met inclu-
sion criteria for a total of 152 treated lesions (flowchart in
Additional file 1 and patient’s characteristics are summa-
rized in Tables 1 and 2). Seven patients had two distant
pulmonary lesions treated sequentially. Median follow
up was 12 months [1.0-26.5]. Local control (LC) for the
irradiated site was 96.7% at 1 year (95% CI 94.0-99.3).
Overall survival was 93.1% at 1 year (95% CI 89.1-97.3).
Distant or loco-regional progression was observed in
53 patients (35%) during follow-up. Mean prescrip-
tion dose in BED,, was 110 Gy; 8% of the patients had
a prescription dose in BED,, inferior to 100 Gy (due to

the proximity with an OAR or PTV size) and 66% had
a BED,, prescription dose strictly equal to 100 Gy (i.e.
50 Gy in 5 fractions). Mean PTV coverage was 95.1%.
PTV coverage was < 90% for 11 patients (7.2%): 8 because
of low PDmed (<0.15) and 3 because of the proximity of
OARs (heart). None of these 11 patients had a local fail-
ure at the time of the analysis. Median ITV D, .,, was
59.8 Gy (BED,: 131.3 Gy), median PTV Dgg, was 49.4 Gy
(BED,y: 98.2 Gy) and median PTV D,, was 61.8 Gy
(BED,,: 138.2 Gy). Mean GI was 5.8 and was inversely
correlated with the PTV size (r=—0.437 (p<0.001), see
Additional file 2).

RP occurred in 73/152 cases (48%). Median time for RP
onset was 18 weeks [range 10—41]. There were 66 cases of
grade 1 RP (43%) and only 7 cases of grade 2 sRP (4.6%).
No >grade 3 RP occurred in the entire cohort. None of
the 7 cases of sRP had systemic treatment (immuno-
therapy or chemotherapy) within six months before or
after lung SABR. The median tumor size of patients pre-
senting sPR was 19.8 mm [range 10-45]. There were no
death attributed to radiation pneumonitis. For clinical
variables on univariate binary logistic regression analysis
(see Additional file 3), history of lung surgery (Odds ratio
(OR)-10.45, 95% CI 1.93-56.66) and age (OR 1.14, 95%
CI 1.02-1.28) were significantly associated with sRP. sRP
was not significantly associated with tumor size, tumor
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Table 2 Baseline clinical and dosimetric characteristics (continuous

variables) variables)
Variable Category Number (%)  Variables Mean Median Range SD
Sex Male 108 (71%) Age (y.0) 712 720 46-90 9.8
Female 44 (29%) Smoking pack years 459 40.0 5-130 237
Smoking history Never smoker 33 (22%) Tumor size (mm) 183 15.0 6.0-74 10.7
Ex-smoker 99 (65%) FEV1® (%) 729 720 20-125 242
Current smoker 20 (13%) KCO® (%) 710 685 150-118 233
Performance status PS<2 132 (87%) TV (co) 95 46 05-1153 148
PS> 2 20 (13%) PTV (co) 257 178 220-167 244
History of COPD No 67 (44%) PTV coverage (%) 95.1 96.4 71.5-99.7 4.7
Yes 85 (56%) PDmed 023 022 0.09-0.49 0.1
Confirmed diagnosis Radiological confirmation 79 (52%) Conf%)rmivty Index 081 0.79 0.54-093 01
Histological proof 73 (48%) Gradient index 59 557 343-11.18 1.72
Type of tumor Primary tumor 127 (83%) QE\/DDQTOT(\/G;) . 626 623 41.2-737 38
2% 1535 139.6 624-2324 36.8
Lung metastases 25 (16%) 10 0
. [TV Dygys (GY) 56.2 56.2 38.5-63.5 34
History of lung surgery No 119 (78%)
(lobectomy or pneumonec- v 33 (22%) BED, ¢ ITV Dggy (GY) 1299 1194 57-190.1 292
tomy) [TV Dmax (Gy) 64.0 636 42.2-75.8 39
History of CVD No 96 (63%) BED;, ITV Dmax (Gy) 159.1 144.5 64.5-240.2 384
Yes 56 (37%) ITV Dmed (Gy) 60.0 599 39.8-69.9 35
Diabetes No 128 (84%) BED,, ITV Dmed (Gy) 1434 131.7 59.6-209.6 329
Yes 24 (16%) ITV Dmean (Gy) 598 508 39.8-69.7 36
Lung Right 84 (55%) BED,, [TV Dmean (Gy) 142.8 1313 59.6-208.0 332
Left 68 (45%) PTV Dy, (Gy) 620 618 412-732 37
Tumor location Lower lobe 70 (46%) BED 1 PTV Dy (Gy) 1514 1382 624-2260 358
Other lobe 82 (54%) PTV Dygy, (Gy) 495 494 36.0-586 32
Tumor stage (8th edition) Tla 26 (17%) BED; PTV Dogy, (Gy) 1064 98.2 54.5-1554 24.3
Tib 84 (55%) PTV Dmax (Gy) 64.0 63.6 43.0-75.8 38
Tic 24 (16%) BED;, PTV Dmax (Gy) 159.1 144.5 66.1-240.2 384
T2 9 (6%) PTV Dmean (Gy) 56.2 56.2 39.3-65.7 30
b 7 (5%) BED;, PTV Dmean (Gy) 129.1 1203 58.6-186.6 28.1
e 2(1%) PTV Dmed (Gy) 56.2 56.4 394-66.5 30
) ) BED,, PTV Dmed (Gy) 1291 1194 58.8-187.6 276
Dose fractionation 5x10Gy 100 (66%)
MLD; (Gy) 34 3.1 0.10-19.9 1.9
3x 18Gy 35 (23%)
Voo (%) 39 35 0.80-10.3 2.1
5% 9Gy 5 (3%)
35166 3 (2% Viias (%) 7.1 6.7 1.7-18.6 34
X100y ( 00) Vg (9%) 159 147 35-365 67
105Gy 6 (49%) MLD, (Gy) 54 50 16-27.8 28
v}
8x75Gy 10%) Vipo (%) 77 6.5 15-30.0 44
3x125Gy 1(1%) Viiys (%) 139 13.0 33-359 6.8
Abdominal compression No 116 (76%) Vig (%) 260 259 79-481 93
Yes 36 (24%)

COPD chronic obstructive pulmonary disease, CVD cardiovascular disease, PS
performance status

location or pulmonary function test. For dosimetric vari-
ables on univariate binary logistic regression analysis,
Vis (OR 1.12, 95% CI 1.03-1.23), V1,5 (OR 1.11, 95% CI
1.01-1.22), V5 (OR 1.12, 95% CI 1.01-1.24), V55 (OR
1.29, 95% CI 1.06—1.56) were significantly associated with
sRP. sRP was not significantly associated with PTV size,
all BED,, ITV/PTV, GI or MLD.

FEV1 forced expiratory volume in one second, KCO diffusion capacity of the
lung for carbon monoxide, ITV internal target volume, PTV planning target
volume, BED,, biologically effective dose with alpha/beta of 10, PDmed median
pulmonary density around the PTV, LD mean lung dose, t total (2 lungs), i
ipsilateral lung, Dmed median dose, Dmean mean dose, SD standard deviation

2 Data available in 113 patients

b Data available in 82 patients

Discussion

In this retrospective series, we have reported the results
of LC and pulmonary toxicity in a large cohort of patients
treated for lung SABR by the newly implemented delivery
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technique DCAT. The average PTV coverage was 95.1%
for all lesions. A PTV coverage of 95% is not an absolute
prerequisite for the treatment plan validation if a mini-
mum ITV_ ., dose of 150 Gy BED,, is obtained [9]. In
our study the dosimetric recommendation of ACROP
was not fully achieved with a median ITV_,,,, dose of
131.3 Gy BED,, (<150 Gy) and a median PTV pgg of
98.2 Gy BED,, (<100 Gy) but the median PTV D,, was
superior to 60 Gy. These results can be explained by the
differences in the prescription dose with BED,, inferior
to the recommended regimen of 15 Gy in 3 fractions
(BED,: 112.5 Gy). However, it did not affect the LC rate
which, in our study, is consistent with published rates,
varying between 89 and 96% for primary lung tumors
[10-12] and between 81 and 92.1% at one year for lung
metastasis [2, 13, 14]. However, due to our short median
follow-up we could not performed a robust long-term
assessment of LC. A longer follow-up would have let to a
more accurate recurrence rate, knowing that the majority
of local recurrence occurs during the 5 years after SABR.

We reported an incidence of sPR of 4.6%. This is con-
sistent with the incidence rates in the literature, ranging
from 5 to 23% [6, 7, 15, 16]. Patients treated with sur-
gery for lung cancer are at risk of second primary lung
cancers. In this situation, lung SABR is often preferred
because of a decreased lung volume. We found that an
history of lung surgery was a significant risk factor for
sPR. It may be explained by a reduced normal lung vol-
ume. In a recent systematic review of lung SABR after
pneumonectomy, Arifin et al. reported a rate of grade 3
PR of 13.2% [17]. In these high-risk patient population,
lung SABR should be done with caution. Although some
studies suggest that PTV size and tumor location may
influenced the risk of RP [6, 7], these variables were not
found to be statistically associated with sPR in our analy-
sis. In UK SABR cohort, where patients mostly received
a three-fractions schedule, the median PTV was 30.3 cc
and a PTV >27.15 cc was significantly associated with the
risk of PR [7]. Noticeably, the median PTV was smaller
(median: 17.8 cc) in our cohort and the 5 fractions regi-
men was used most frequently.

One of the main objectives of this clinical retrospec-
tive study was to make sure that the planning optimi-
zation and delivery changes did not increase clinical
toxicity. Many studies have demonstrated that algo-
rithm performances in heterogeneities are not equal
[18]. The ACROP guidelines for lung SABR recently
reported that a type B algorithm was a mandatory
requirement regarding the TPS specifications [8]. The
transition from type B to type C algorithm improved
the dose calculation accuracy [19, 20] but might have
some clinical implications [21]. To evaluate the impact
of such change, Frass et al. underlined the importance
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to correlate dosimetric variables to LC and patient tox-
icities from retrospective clinical studies [22]. Addi-
tionally, in lung SABR, especially when treating very
small tumors surrounded by very low-density lung
tissue, the loss of charged particle equilibrium com-
bined to an increase of the penumbra width produces
an underdosage of the tumor. If in the inverse plan-
ning the target objective of a minimum PTV coverage
of 95% is fixed, the use of a Monte Carlo optimization
could thus lead to an increase of segments size and/
or a total MUs. The consequences of this phenomenon
might be an increased normal lung tissue exposure. To
the best of our knowledge this is the first clinical retro-
spective study assessing the LC and lung toxicity from
patients treated with the DCAT delivery mode using
Monte Carlo dose calculation.

Due to less monitor units (MU), DCAT can provide
faster treatment delivery compared to other modalities
(VMAT or Cyberknife) [23] and thus allows to decrease
intrafraction uncertainties. In a recent study, MU for
DCAT plans were found to be significantly lower by an
average of 2.5 times as compared with VMAT plans for
lung and liver SABR [24]. As expected, the GI found
in our study is less steeper than those reported in lit-
erature with VMAT [25, 26]. Nevertheless we haven’t
found any significant correlation between PR and the
GL. Thaper et al. performed a dosimetric comparison
between VMAT and DCAT, using the Monaco TPS,
for 25 patients treated with SABR for liver tumors [27].
Better conformity index and OARs sparing were found
with VMAT plans. A higher degree of modulation
obtained with VMAT plans resulted in a significant
decrease of the dose spillage represented by the ratio of
the 50% prescription isodose volume to the PTV vol-
ume (R50). Similarly, Stathakis et al. reported lower
R50 with VMAT in 17 out of 19 patients [24].

Our study had several limitations. First, it is a ret-
rospective and monocentric study, carrying all of the
biases inherent to such an analysis, especially for the
assessment of PR. Secondly, we have not compared
DCAT with other lung SABR techniques (VMAT, multi
beam IMRT, Cyberknife). Then, different protocols of
dose prescription were used in the study making it dif-
ficult to analyze the dosimetric parameters. However,
this study highlighted that DCAT was an appropriate
and safe delivery option for peripheral or central lung
tumors treated in free breathing with SABR.

Conclusion

Lung SABR for primary or metastatic lung tumors
using dynamic conformal arc therapy provides efficient
results of local control and low lung toxicity rates. This
technique, with a relatively short treating time, may
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be a reliable option for performing lung stereotactic
irradiation.
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