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Abstract

Background and purpose In this retrospective treatment planning study, the effect of a uniform and non-uniform planning
target volume (PTV) dose coverage as well as a coplanar and non-coplanar volumetric modulated arc therapy (VMAT)
delivery approach for lung stereotactic body radiation therapy (SBRT) in deep inspiration breath-hold (DIBH) were
compared.

Materials and methods For 46 patients with lesions in the peripheral lungs, three different treatment plans were generated:
First, a coplanar 220° VMAT sequence with a uniform PTV dose prescription (UC). Second, a coplanar 220° VMAT
treatment plan with a non-uniform dose distribution in the PTV (nUC). Third, a non-coplanar VMAT dose delivery with
four couch angles (0°, £35°, 90°) and a non-uniform prescription (nUnC) was used. All treatment plans were optimized
for pareto-optimality with respect to PTV coverage and ipsilateral lung dose. Treatment sequences were delivered on
a flattening-filter-free linear accelerator and beam-on times were recorded. Dosimetric comparison between the three
techniques was performed.

Results For the three scenarios (UC, nUC, nUnC), median gross tumor volume (GTV) doses were 63.4+2.5, 74.4+3.6,
and 77.9+3.8 Gy, and ipsilateral V10Gy lung volumes were 15.7+6.1, 13.9+4.7, and 12.0+£5.1%, respectively. Normal
tissue complication probability of the ipsilateral lung was 3.9, 3.1, and 2.8%, respectively. The number of monitor units
were 5141+1174, 4104+786, and 3657+710 MU and the corresponding beam-on times were 177+54, 143+29, and
148+ 26 s.

Conclusion For SBRT treatments in DIBH, a non-uniform dose prescription in the PTV, combined with a non-coplanar
VMAT arc arrangement, significantly spares the ipsilateral lung while increasing dose to the GTV without major treatment
time increase.
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Eine nichtkoplanare VMAT in Kombination mit einerinhomogenen Dosisverschreibung reduziert die
Lungendosis bei SBRT der Lunge im Atemanhalt deutlich

Zusammenfassung

Hintergrund und Ziel 1In dieser retrospektiven Bestrahlungsplanungsstudie wurde der Einfluss einer homogenen und inho-
mogenen Dosisabdeckung des Planungszielvolumens (PTV), sowie der Effekt einer koplanaren und nichtkoplanaren volu-
menmodulierten Bogentherapie (VMAT) fiir stereotaktische Behandlungen (SBRT) in der Lunge im Atemanhalt (DIBH)
miteinander verglichen.

Material und Methoden Fiir 46 Patienten mit Lésionen in der peripheren Lunge wurden drei verschiedene Bestrahlungspli-
ne erstellt: Eine koplanare 220° VMAT-Sequenz mit homogener Dosisverschreibung im Zielvolumen (UC), eine koplanare
220°-VMAT-Sequenz mit inhomogener Dosisverteilung im Zielvolumen (nUC) und eine nichtkoplanare VMAT-Sequenz
mit vier Tischauslenkungen (0°, +35°, 90°) mit inhomogener Dosisverschreibung (nUnC). Alle Behandlungsplidne wurden
in Bezug auf PTV-Abdeckung und ipsilaterale Lungendosis auf Pareto-Optimalitit optimiert. Die Sequenzen wurden an
einem ausgleichsfilterfreien Linearbeschleuniger abgestrahlt und die Strahlzeiten bestimmt. Ein dosimetrischer Vergleich
der Methoden wurde durchgefiihrt.

Ergebnisse Fiir die drei Szenarien (UC, nUC, nUnC) betrugen die medianen makroskopischen Tumorvolumen (GTV)
Dosen 63,4+2.,5, 74,4+3,6 und 77,9+3,8 Gy und die ipsilateralen V10Gy-Lungenvolumina 15,7+6,1, 13,9+4,7 und
12,0+ 5,1 %. Die Wahrscheinlichkeit einer Normalgewebskomplikation in der ipsilateralen Lunge betrug 3,9, 3,1 und
2,8 %. Die Monitoreinheiten waren 5141+ 1174, 4104+ 786 sowie 3657+710 MU und die entsprechenden Strahlzeiten
177+54, 143+29 und 148+ 26s.

Schlussfolgerung Bei SBRT-Behandlungen in DIBH schont die Behandlung mit einer nichtkoplanaren Behandlungsse-
quenz in Kombination mit einer inhomogenen Dosisverschreibung signifikant die ipsilaterale Lunge bei gleichzeitiger

Erhohung der Dosis im GTV ohne nennenswerte Erhohung der Behandlungszeit.

Schliisselworter Stereotaktische Strahlentherapie - Intensititsmodulierte Strahlentherapie - Bestrahlungsplanung -

Lungenkrebs - Nicht-kleinzelliges Lungenkarzinom

Introduction

Stereotactic body radiation therapy (SBRT) is defined [1]
as “a method of external beam radiotherapy (EBRT) that
accurately delivers a high dose of irradiation in one or
few treatment fractions to an extracranial target.” It has
become an established option for treatment of lung metas-
tases [2] and inoperable early stage non-small cell lung
cancer (NSCLC) [3-5]. In addition, there is currently an
ongoing debate as to whether it possibly presents an al-
ternative to lobectomy [6—-10] as a primary form of ther-
apy. Within this context, the question of the optimal SBRT
treatment planning and delivery arises. While there is an
ongoing discussion about the most effective fractionation
scheme and total cumulative dose [11], this article focusses
on the choice of the dose delivery approach and compares
different dose prescription methods.

For radiation therapy in the peripheral lung, predomi-
nantly two factors have to be optimized: The dose to the
target volumes (gross tumor volume [GTV] and planning
target volume [PTV]) as well as the dose to the surround-
ing organs at risk (OAR), the ipsilateral lung minus PTV
(ILL). While one typically tries to reach a sufficiently high
biologically effective dose (BED) to the GTV to achieve
a high tumor control probability [12], the dose to the lung
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and therefore the normal tissue complication probability
(NTCP) has to be minimized to maximize the therapeutic
window.

For radiation therapy of potentially moving targets on
standard clinical linear accelerators (LINACs), the PTV
margin typically depends on the type of motion manage-
ment. In AAPM reports 91 [13] and 101 [14] as well as
ICRU report 91 [15] on SBRT and motion management,
a detailed description of the treatment delivery options are
presented: Internal target volume (ITV) definition based on
4D-CT [14], gating via breath-hold techniques such as deep
inspiration breath-hold (DIBH) [16], or based on tidal vol-
ume [17], with or without body frame/gimbal, multi leaf
collimator (MLC) tracking [18], or robotic tracking [19]
represent suitable options. In this study, DIBH-based tar-
get volumes are considered in combination with daily 3D
image guidance.

However, besides the appropriate choice of motion man-
agement to minimize the PTV volume to reduce dose and
therefore toxicity to the lungs, two further questions need
to be addressed: How is the dose to be delivered and how
should the resulting dose distribution ideally look? With
respect to delivery, the methods on LINACs have changed
over the past years from a few-field 3D conformal radiation
therapy (3DCRT) towards intensity-modulated arc therapy
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(predominantly volumetric modulated arc therapy [VMAT])
techniques. Lately, several groups have recommended the
use of additional non-coplanar beams or partial VMAT arcs:
While this is routinely being used on non-standard LINACs,
such as robotic mounted LINACs (e.g., CyberKnife, Accu-
ray, Sunnyvale, USA [20]) or for intracranial stereotactic
radiosurgery (e.g., Gamma Knife, Elekta AB, Stockholm,
Sweden), it has just recently found more widespread use
on conventional C-arm LINACs [21-23]. Within this con-
text, the question has to be raised how much couch rotation
is feasible in single isocenter treatments without risking
couch collisions, and under these conditions, how large is
the maximum dosimetric benefit for the ipsilateral lung?

With the advent of intensity modulation on conventional
linear accelerators, the method of dose prescription was
subject to several modifications: While in the era of 3DCRT
target homogeneity was a prioritized goal as described in
ICRU report 50 [24] and dosimetric deviations “should be
kept within +7 and —5%” (page 20), this was already be-
ing interpreted less strictly when intensity-modulated radi-
ation therapy (IMRT) was used. Therefore, in ICRU report
83 [25] the statement was changed to: “With IMRT, these
constraints can be unnecessarily confining if the avoidance
of normal tissue is more important than target-dose ho-
mogeneity” (p. 36). The recently published ICRU report
91 [15] now recommends for stereotactic treatments: “With
SRT, these constraints are not in use ... Therefore, the dose
is currently often prescribed to the 60 to 80% isodose line
that is located on the outline of the PTV” (p. 107). Choosing
the appropriate prescription isodose level for normalization
can be used to decrease the lung dose while maintaining full
target coverage [26]. RTOG trial 0915 [27] presents a pos-
sible application of this principle for peripheral NSCLC.
In RTOG 0915 the isodose line prescription is linked with
a dose—volume histogram (DVH)-based prescription: The
prescription isodose line has to be chosen such that at least
95% of the PTV is covered by 100% of the prescription
dose.

The purpose of this work is to quantify potential dosi-
metric benefits of different stereotactic treatment planning
approaches such as a non-coplanar partial arc VMAT de-
livery and a non-uniform dose prescription for patients that
receive treatment in DIBH on a C-arm medical linear ac-
celerator.

Methods and materials

In this retrospective treatment planning study, SBRT treat-
ment plans for 46 patients with lesions in the peripheral
lungs with GTV diameters between 1 and 3cm and treat-
ment volumes V(PTV)=20.5x17.5cm?, V(PTV)min=
3.8cm?, V(PTV)max=_85.4cm?® were generated. Solely tar-

get volumes further than 2cm away from the proximal
bronchial tree were considered [27]. Treatment planning
CT scans were obtained in DIBH [16, 29]. Patient posi-
tioning and treatment on the LINAC (VersaHD, Elekta AB,
Stockholm, Sweden) were also performed in DIBH (with
GTV-to-PTV-margins 6 mm laterally and 9 mm craniocau-
dally) using the active breathing coordinator (ABC, Elekta).
Patients within this study were able to hold her/his breath
repeatedly for 15-20s during which imaging or delivery
took place, followed by a free-breathing phase where the
patient could recover. All treatment sequences were created
with flattening-filter-free (FFF) dose delivery with either
6 or I0MYV nominal acceleration potential (maximum dose
rates 1500MU/min or 2400 MU/min), and 0° collimator
angle [28]. To obtain the highest possible plan quality and
the lowest treatment times, the beam isocenter was in all
scenarios set to the center of mass of the PTV. Treatment
planning was performed with a Monte Carlo-based treat-
ment planning system (Monaco, Elekta) in the following
manner: A prescription template was manually generated
that aimed to (a) fulfill the OAR constraints, (b) achieve
the desired target coverage, and (c) minimize the dose to
the ipsilateral lung. For the three planning scenarios pre-
sented below, multiple treatment plans were generated and
the one with the lowest ipsilateral lung dose but still suffi-
cient target coverage was accepted. The prescription dose
to 95% of the PTV was Dos«(PTV)=60Gy, delivered in
5 fractions [1, 29] (132 Gy BED with o/ =10Gy for tumor
tissue [1]). For each patient, three different treatment plans
were generated:

a) Uniform dose coverage, coplanar VMAT (UC):

First, a treatment plan with two coplanar 220° VMAT
arcs that was used to deliver a uniform dose distribution
to the PTV. The planning objective was to cover all vox-
els in the PTV according to ICRU report 50 [24] (PTV
coverage 95-107%).

b) Non-uniform dose coverage, coplanar VMAT (nUC):
Second, the same VMAT arc arrangement was used to
deliver a non-uniform dose distribution in the PTV. The
prescribed dose to the PTV was still Dose, = 60 Gy but the
dose to the GTV had to be within 120 and 150% of the
prescription dose as proposed in the RTOG trial 0915
[27] (and in analogy to ICRU report 91 [15]).

¢) Non-uniform dose coverage, non-coplanar VMAT
(nUnC):

Third, a non-coplanar VMAT dose delivery with five
(partial) arcs at four different couch angles (0°, +35°,
90°) combined with a non-uniform PTV prescription as
described above was used. For 0° couch angle one ipsi-
lateral 180° arc was selected. On the ipsilateral side two
partial arcs, an anterior one with 100-140° arc length and
a posterior one with 25-65° arc length, were used. For
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the contralateral side one anterior partial arc (100-170°
arc length) was used and for couch 90° a posterior arc
(20-40° arc length) was chosen.

For all non-coplanar arcs the arc length depended on
the lateral couch position and its height. The patient was
positioned on the couch with arms above the head. To obtain
the beam-on times and test for potential couch collisions,
the treatment sequences were delivered with original couch
angles and couch positions on the linear accelerator, with
a test phantom (CIRS, model 002LFC) and treatment aids
on the couch.

To compare the resulting different DVH curves of the
ILL, the normal tissue complication probability (NTCP) as
well as the radiation-induced pneumonitis risk according to
Marks et al. [30] was determined. The NTCP of the ILL
was determined with Equations (1) and (2) according to the
Lyman—Kutcher—-Burman model (LKB) [31].

1 (Dett-T xDs0)/(mTDso)
NTCP = — 2 x (1)
21 J-0

Deir = (Zum;/”) @

LKB parameters for radiation pneumonitis in the ipsi-
lateral lung [32] were m=0.35, and the tolerance dose for
a 50% complication risk TD50=37.6 Gy. In 2 v; is the frac-
tional organ volume that receives the dose D; and the tissue-
specific parameter that describes the volume effect n=1.

The presented DVH data need to be corrected for hypo-
fractionation effects. For a/p=3 Gy for lung tissue [33] the
equivalent total dose in 2Gy fractions (EQD2) is a factor
of 3 higher. Alternatively, according to Marks et al. [30], the
complication probability p for radiation-induced pneumoni-
tis in the lung can be estimated with a logistic fit function
of the mean lung dose of the total lung, converted into 2 Gy
fraction doses (MLD2) as shown in Equation (3).

_exp(by +bMLD2)
P = ¥ exp (bo + bMLD2)
In Equation (3) parameters were bo=-3.87, b;=0.126 Gy,
and o/p =4 Gy (unlike other publications, Marks et al. [30]
used a factor of a/f=4Gy in their model for lung tissue).

Dosimetric evaluation was performed in Matlab (Math-
Works, Natick, MS, USA) by importing all cumulative
dose—volume histograms and determining the relevant
dose—volume metrics of the individual treatment plans,
performing two-sided paired t-tests for statistical signifi-
cance, generating the mean DVH, and based on the mean
DVH, the biological response.

3)

Results

In Fig. 1 dose distributions in the transversal isocenter plane
for the three different treatment approaches are displayed.
Each column represents a different patient with different

Table1 Comparison of the relevant delivery parameters and dose metrics for planning target volumes (PTV), gross tumor volumes (GTV),
ipsilateral lung-minus-PTV (ILL), and contralateral lung (CLL). Asterisks indicate statistical significance test failure against the nUnC cases

Structure Metric Uniform coplanar (UC) Non-uniform coplanar Non-uniform non-
(nUC) coplanar (nUnC)

GTV D98% (Gy) 61.0+1.9 69.5+2.8 72.2+3.0
D50% (Gy) 63.4+2.5 74.4+3.6 77.9+3.8
D2% (Gy) 65.8+2.9 78.7+4.7 82.3+4.6

PTV D98% (Gy) 59.0+0.7 58.2+0.9 579+1.1
D50% (Gy) 629+1.1 68.3+2.1 69.5+2.4
D2% (Gy) 66.2+2.5 77.4+4.3 80.9+4.3

ILL Mean dose (Gy) 48+1.6 43+1.6 42+1.6
V3Gy (%) 30.0+£8.9% 27.5+7.5 30.5+8.2
V5Gy (%) 247+7.6 21.9+6.2* 22.0+7.0
V10Gy (%) 15.7+6.1 13.9+4.7 12.0+5.1
V15Gy (%) 10.2+5.2 9.2+4.0 7.5+£4.0
V20Gy (%) 7.0+4.3 6.3+£3.3 5.0+3.1
Complication risk (%) 3.7 3.5 34
NTCP (%) 3.9 3.1 2.8

CLL Mean (Gy) 1.1£0.6 0.8+0.3* 0.8+0.3
V5 (%) 5.5+5.8 1.0£2.0* 0.4+0.7

Efficiency Monitor units (MU) 5141+1174 4104+ 786 3657+710
Beam-on time (s) 176+ 46 135+28 150+ 25
Breath-hold phases 93+23 73+1.4 9.5+1.3
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Fig.1 Transversal isocentric CT slices for the different volumetric modulated arc therapy (VMAT) beam arrangements and the resulting dose

distributions in (Gy) for three patients with different planning target volumes V(PTV) (left column: 4 cm?; middle column: 24 cm?, right column:
63 cm?). First row: unifom conplanar dose delivery (UC), second row: non-uniform coplanar dose delivery (nUC), third row: non-uniform non-
coplanar dose delivery (nUnC), forth row: resulting dose volume histograms (DVH) for gross tumor volumes (GTV), planning target volumes

(PTV), right and left lungs

PTV volumes V(PTV) (left: 4cm3, middle: 24 cm?, right:
63 cm?).

The resulting dose—volume and delivery parameters for
of the entire patient collective are presented In Table 1.
In the following, all comparisons refer to the correspond-
ing UC dose distributions. An nUC delivery prescription
increases the median dose to the GTV by 11.0Gy. Using
non-coplanar beams further increases the median GTV dose

by 3.5Gy. Despite this increase in dose to the GTV, a re-
duction of the ILL. V10Gy by 1.8% in the nUC cases and an
additional 1.9% for the nUnC cases was achieved. A sim-
ilar picture is true for the ILL. V20Gy, where a reduction
of 0.7 and 2.0% was achieved. These reductions in mean
ILL dose result in a reduction of NTCP by 0.8% for nUC
cases and 1.1% for nUnC, or 0.5 and 0.7% for the Marks’
complication probability, respectively.
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Table2 Pearson’s correlation coefficients between relevant dose—volume metrics and the PTV volume as well as the distance between the center
of mass of the patient structure and the center of mass of the PTV in the transversal isocenter plane. Moderate correlations (Irl>0.4) are presented
in italics and strong correlations (Irl> 0.6) are displayed in bold characters

V(PTV) Radial PTV position
Structure Metric ucC nUC nUnC ucC nUC nUnC
PTV D98% -0.29 -0.63 -0.23 0.02 -0.03 -0.05
D50% 0.25 0.71 0.65 0.15 -0.03 0.23
D2% -0.11 0.36 0.28 0.06 -0.35 0.00
GTV D98% 0.24 0.27 0.24 -0.07 -0.27 -0.04
D50% 0.18 0.28 0.26 -0.06 -0.32 -0.03
D2% 0.15 0.30 0.22 0.03 -0.35 0.00
ILL Dmean 0.81 0.79 0.70 0.02 0.01 0.05
V5Gy 0.72 0.68 0.44 0.21 0.15 0.06
V10Gy 0.77 0.73 0.63 0.00 -0.11 -0.03
V20Gy 0.75 0.77 0.75 -0.16 -0.13 -0.07
V30Gy 0.80 0.77 0.78 -0.13 -0.08 -0.06
CLL Dmax 0.08 0.08 0.16 —0.68 -0.70 -0.50
Dmean 0.69 0.42 0.68 -0.29 -0.30 -0.31
V5Gy 0.60 -0.12 0.49 -0.46 -0.51 -0.33
Thoracic wall V30Gy 0.37 0.44 0.43 0.56 0.55 0.53
Heart Dimax 0.31 043 041 0.33 0.29 0.02
Trachea Dmax -0.19 -0.17 -0.08 -0.78 —0.74 -0.69
Main bronchus Dmax 0.20 0.34 0.28 -0.35 -0.28 -0.43
Monitor units MU -0.30 0.27 0.25 -0.29 -0.38 -0.17

PTV planning target volume, GTV gross tumor volume, /LL ipsilateral lung, CLL contralateral lung, UC uniform coplanar dose delivery,
nUC non-uniform coplanar dose delivery, nUnC non-uniform non-coplanar dose delivery

An nUC dose delivery reduces the mean number of re-
quired monitor units by 1037 MU (20.2%). If non-copla-
nar beams are added this yields an additional reduction of
447 MU (8.7%). Furthermore, the nUC cases lead to a 41s
reduced beam-on time. If non-coplanar beams are added the
beam-on time reduction is 26, since more start and stop
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procedures are needed. In order to estimate the number of
required breath-holds, we assume that the dose delivery is
stopped either after a breath-hold of 205, or when the end of
an arc is reached. Under this assumption, a mean reduction
of 2.0 breath-holds in the nUC case is achieved. The nUnC
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cases on the other hand require 0.2 breath-holds more than
the UC case.

Two-sided, paired-sample t-tests were performed for all
presented data in Table 1. UC and nUC sequences were
tested against nUnC sequences. Asterisks in Table 1 indi-
cate that a two-sided paired-sample t-test does not reject
the null hypothesis at 5% significance level.

In Fig. 2 a box-plot of GTV and PTV parameters, near-
minimum dose Doge, median dose Dsg%, and near-maximum
dose D,y for the three different treatment planning strate-
gies, as well as the ipsilateral lung V3Gy to V20Gy are
displayed. For all ILL metrics the median ILL volumes of
the nUC cases are lower than the UC cases. For the nUnC
cases a different scenario becomes evident: While for ILL
V10Gy and above median doses are even lower than the
UC and nUC cases, the volume that receives lower doses is
increased. The intersection with the nUnC cases is reached
at 3.1 Gy in the UC cases and 4.6 Gy for the nUC cases.

Furthermore, it can be seen from Fig. 2 and the standard
deviations in Table 1 that the dose metrics vary considerably
within one planning strategy. To identify possible dependent
parameters, Pearson correlation coefficients between differ-
ent dose—volume metrics and the volume of the PTV were
evaluated (Table 2). In addition, the distance between the
center of mass of the PTV and the center of mass of the
patient contour in the transversal isocenter plane was eval-
uated. The Pearson correlation between the PTV volume
and its radial position was 0.17. Thus, the two variables are
considered independent.

The following relevant correlations between the PTV
volume and the DVH metrics in Table 2 were identified:

o PTV near-minimum doses show a weak negative correla-
tion for UC and nUnC and a strong negative correlation
for nUC. Median PTV doses show a weak positive cor-
relation for UC and a strong positive correlation for nUC
and nUnC plans.

o All ILL dose metrics increase with PTV size.

e The required number of monitor units show a weak neg-
ative correlation for UC and a weak positive correlation
for nUC and nUnC. For UC less MU are needed for larger
target volumes since the effective field size increases. For
UC and nUnC non-uniformity is originates from a super-
position of even smaller segments.

The following relevant correlations were identified for
the radial PTV positions:

o GTV doses decrease with radial position for nUC (weakly
correlated) but not for UC and nUnC sequences.

o CLL, trachea, and main bronchus doses decrease with ra-
dial position, while dose to the thoracic wall increases
with radial position.

o MUs decrease with radial position (weakly correlated).

Discussion

All presented results were obtained from dose distributions
that were simulated with a clinically commissioned Monte
Carlo treatment planning system without any electron den-
sity overrides on a treatment planning CT in DIBH. Thus,
all dosimetric data are accurate within 1% dosimetric uncer-
tainty [34]. All treatment sequences were deliverable under
realistic treatment conditions and we tried to achieve a max-
imum number of independent fluence angles for the nUnC
cases. Beam-on times result from actual deliveries of the
sequences.

The high number of monitor units in the uniform case can
be explained with the fact that more small segments need
to be delivered in the target periphery to compensate for the
beam penumbra. This results not only in a prolonged beam-
on time but also in a higher dosimetric uncertainty, since
small segments close to lung tissue and water-equivalent
medium interfaces are present that alter scatter conditions
(cf. AAPM report 101 [14]). A more simplified delivery
sequence like a dynamic conformal arc is feasible but will,
in many cases, lead to a worse dose conformality and/or
target uniformity.

While the three different treatment planning approaches
fulfill the recommended RTOG trial 0915 [27] lung tol-
erances (to stay below 3.1Gy per fraction in less than
1000cm? of the lungs to minimize pneumonitis risk), ra-
diation-induced pneumonitis is a stochastic effect. Thus,
any reduction in the dose to the lungs, as depicted in the
presented scenarios, is beneficial, though clinical relevance
increases for larger PTV volumes.

With respect to a non-uniform prescription, Craft et al.
[35] recommend a reconsideration of whether a uniform
dose is really needed. Within this context, we demonstrated
that dose escalation in the target volume can be combined
with ILL sparing if the paradigm of a uniform dose distri-
bution in the target is omitted. Another important aspect in
the context of non-uniform dose prescription is that doses
within the volume outside of the GTV but within the PTV
safety margin typically also receive higher doses compared
to a non-uniform dose prescription. This may eventually
lead to an increased amount of radiation necrosis in this
lung tissue. Therefore, a close evaluation of local recurrence
after treatment including PET or functional CT imaging is
recommended.

Sheng et al. [36] discuss the advantages and disadvan-
tages of a non-coplanar delivery. While a dose distribution
generated by a non-coplanar delivery is typically at least
as good as a coplanar delivery with respect to target cov-
erage and OAR sparing, the following aspects limit it from
a more widespread use: added treatment planning complex-
ity, greater potential for setup errors, an increased risk of
collisions, and longer treatment times. For SBRT treatments
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in DIBH, at least some of the concerns raised above are
less problematic: As demonstrated, the average number of
breath-hold phases for an nUnC delivery is comparable to
the UC scenario and two additional breath-hold phases are
needed in comparison to the nUC cases. Furthermore, the
patient needs to breathe in between two breath-hold phases
anyway. Thus, the personnel have sufficient time to go into
the treatment room and manually perform the couch ro-
tation without an extended treatment prolongation due to
couch rotations, and without risking an unsupervised pa-
tient—-LINAC collision. However, if the patient moves dur-
ing couch rotation this may induce additional errors, which
requires further investigation before clinical introduction.
This problem can eventually be addressed by live tracking
of the patient with optical surface scanners [37]. An in-
crease in treatment planning complexity can be addressed
with either automated beam/arc angle selection [38, 39] or
with appropriate prescription templates, which depend on
the lateral target position and couch height.

The use of VMAT with multiple non-coplanar partial
arcs implies the maximum degree of dose “smearing” pos-
sible on a standard LINAC. This form of delivery is there-
fore to be positioned at an extreme end in the ongoing dis-
cussion about “a little (dose) to a lot (volume)” vs. “a lot
(dose) to a little (volume)” [40]. If n=1 in the LKB model
is correct, as Semenenko et al. [32] (n=1) or Marks et al.
[30] (n=1.03+0.17) suggest, the NTCP depends solely on
the mean lung dose (2) and not on the particular shape of
the DVH. This means that as long as a lower mean lung
dose is achieved, as presented in the above scenarios, the
NTCP is also lower. If n<1 as, e.g., Tucker et al. [41]
(n=0.41) recommend, a noncoplanar beam delivery is even
more beneficial, since under this assumption high doses to
small volumes are more detrimental than a smeared out
dose distribution. Gordon et al. [42] on the other hand re-
ported an enhanced damage contribution from doses lower
than 20 Gy (low dose hyper-radiosensitivity), which reflects
a factor n>1 in the LKB model. In this case a classic
3DCRT would be the preferable method.

Finally, it should be highlighted that the presented data
are the results of a treatment planning study. Therefore, po-
tential delivery errors such as the repeatability of the PTV
position in DIBH, residual motion errors during breath-
hold, or uncompensated couch rotation errors may lead to
undesired results and need to be evaluated before apply-
ing a non-uniform, non-coplanar dose delivery to SBRT
patients.

Conclusion

For SBRT treatments in the lung, a non-uniform dose pre-
scription in the PTV combined with a realistic, non-copla-
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nar VMAT arc arrangement spares surrounding lung tissue
while allowing for a maximum dose to the GTV. For treat-
ments in DIBH it minimizes dose to the ipsilateral lung and
therefore lung toxicity with only slightly prolonged treat-
ment times.
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