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1 | INTRODUCTION

The application of the Stereotactic Body Radiation Therapy (SBRT)
to the lung is a complicated scenario because respiratory-induced
tumor motion has an impact on the target localization and thus influ-

ences the accuracy of imaging, treatment planning, and treatment
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Purpose: To investigate the impact of respiratory motion in the treatment margins
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CBCT data analysis.
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agreement with the retrospectively calculated margins based on 4D CBCT data.
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delivery.! One way to reduce these uncertainties is to use a respira-
tory-correlated CT scan (4D CT)?>7 at the treatment preparation
stage and to perform 4D cone beam CT (4D-CBCT) prior to treat-
ment, as both techniques provide 3D images at multiple phases of
the respiratory cycle. For lung SBRT in free breathing conditions, a
moving organ can be treated using the Mid-Ventilation approach
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(Mid-V),2? in which the predominant breathing phase closest to the
time-weighted mean tumor position is selected for the planning, thus
ensuring small treatment margins. However, when calculating dose
and appropriate margins for lung SBRT, motion, baseline shifts and

low-density media must also be considered. Van Herk et al.'®

pro-
posed a probabilistic approach to create the margins. The key of this
approach is to include the systematic and random errrors based on
clinical practice when computing the margins, in order to ensure
adequate tumor dose coverage for a high percentage of patients.
The systematic and random errors for lung tumors can be defined by
statistical analysis of the distribution of changes in tumor position
during a course of radiotherapy. Therefore, the 4D CBCT*! makes it
possible to assess, prior to each fraction treatment, the mean posi-
tion and the 3D trajectory of the tumor, and then to verify the
applied treatment margins on a daily basis. Moreover, breathing-re-
lated variations in tumor positions can appear during the treatment
intra- and inter-fractionally. The intra-fraction variation describes the
variation in the tumor position during one treatment fraction, 14
while the inter-fraction variation describes the variation of the tumor
position between fractions. These two types of tumor motion varia-
tions are mainly manifested as tumor baseline shifts and introduce
additional errors in the treatment. For this reason, 4D CBCT images
taken at different moments in the treatment session are an appropri-
ate way to quantify such errors; they also allows to track the 3D tra-
jectory of the tumor, therefore veryfing the applied treatment
margins on a daily basis. Within this context, the van Herk approach
is commonly used to prospectively define setup margins for lung
SBRT. However, this approach relies on statistical analysis of
prospective data, assuming that no changes in the process occurs in
the future. In this paper we propose two approaches that proactively
re-examines the margins when the process is changed by a modifica-
tion in contention, treatment technique, etc. In those cases, it is
indeed crucial to verify the applied margins to ensure safe SBRT

delivery.

2 | MATERIAL AND METHODS

2.A | Patients

Thirty patients (for a total of 229 fractions) with lower (n = 6), upper
(n = 9) and mid-lobe lesions (n = 15) and stage T1-T2 nonsmall-cell
lung cancer were treated with SBRT. For each patient, a planning CT
was acquired (16-slices Aquilion LB; Toshiba, Japan) using a 4D
acquisition protocol. Ten respiratory phases were retrospectively
reconstructed from the 4D CT with the phase sorting algorithm. All
patients were scanned in head-first supine position using an arm and
knee support. No additional immobilization devices were used, and
none of the patients received any instructions for regular breathing
before scan and treatment. The tumor motion characteristics,
described as amplitude and trajectory, were assessed in the three
directions. To determine the Mid-V phase, 10 GTVs were contoured
on the ten phases and the center of the mass of the GTV was deter-

mined for each phase. The phase providing the minimum distance
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between the center of mass of the GTV on each phase and the aver-
age center of mass of the GTV among the ten phases was selected
as the Mid-V phase. Once the Mid-V’ phase was identified then it
was used for the delineation of the tumor and organs at risk as well
as treatment planning. The patient-specific tumor motion characteris-
tic was used to calculate planning target volume (PTV) margins, with

the van Herk equation.'®

2.B | Target volumes and planning

The Gross Target Volume (GTV) was delineated on the Mid-V phase,
in the Velocity software™ version 2.8 (Varian Medical Systems,
USA), using a pulmonary level window (WW: 1224; WL: —412). No
margins for microscopic extension were added to the GTV to form a
Clinical Target Volume (CTV).!®> The PTV was created by applying
margins to the GTV based on the van Herk equation® (see Margins
section). The fractionation schemes were 12 x 5 Gy (n=3),
512Gy (n=6), 8x75Gy (n=20) and 3x18Gy (n=1)
depending on the tumor size and localization. All patients were
planned with MONACO Monte Carlo-based Treatment Planning Sys-
tem (TPS) (Elekta, Sweden) for Volumetric Modulated Arc Therapy
(VMAT) delivery. Plans were prepared for a single arc or two arc
VMAT deliveries depending on the patient anatomy.

2.C | Target motion assessment

Target motion amplitude was individually quantified for all patients
before the start of the treatment (Table 1). The amplitude of the tar-
get measured from the 4D CT was defined as the maximum coordi-
nates minus the minimum coordinates of the target centroid in the
left-right (LR), cranial-caudal (CC), and anterior-posterior (AP) direc-
tions. The 3D scalar amplitude was defined as the distance in 3D
coordinates and calculated as v/LR? +AP? +SI2. The 4D CT parame-
ters were 120 kV, 150 mA, a detector width of 320 mm and a rota-
tion time of 0.5 seconds. The pitch was less than 0.1 in order to
ensure that at least one complete respiratory cycle was included in
the scan acquisition.?® Images were reconstructed with 2 mm slice
thickness and 2 mm slice separation. The respiratory signal was
tracked with the AZ-733 V ANZAI belt (ANZAI Medical Solutions,
Japan) measuring the variation of pressure on the belt generated by
the breathing motion. Ten respiratory breathing phases were sorted

retrospectively.

2.D | On-line 4D CBCT for target localization and
motion characterization

Image Guided Radiotherapy (IGRT) and treatment were performed
on an Elekta Synergy linear accelerator with integrated CBCT scan-
ner (Elekta, Sweden). Each patient was positioned with the arm and
knee support used for the planning CT and aligned to the room
lasers. A pretreatment 4D CBCT?” scan was acquired. The average
4D CBCT was registered to the primary image Mid-V using XVI soft-
ware v 4.5 (Elekta, Sweden); an automatic rigid registration of the
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TaBLe 1 Target motion amplitude at 4D CT.

# Patient LR [cm] AP [cm] Sl [em] 3D [ecm]
1 0.2 0.2 0.06 0.29
2 0.21 0.43 0.37 0.6
3 0.09 0.46 1.32 1.4
4 0.04 0.14 0.55 0.57
5 0.12 0.25 1 1.04
6 0.4 0.39 0.2 0.59
7 0.12 0.23 0.1 0.28
8 0.1 0.19 0.27 0.34
9 0.11 0.22 0.2 0.32

10 0.26 0.26 0.12 0.39

11 0.11 0.34 0.8 0.88

12 0.32 0.21 0.2 0.43

13 0.12 0.38 0.2 0.45

14 0.25 0.51 0.4 0.69

15 0.13 0.27 0.2 0.36

16 0.21 0.32 0.67 0.77

17 0.28 0.37 0.3 0.55

18 0.65 0.64 0.4 1

19 0.22 0.23 0.35 0.47

20 0.09 0.22 1.39 141

21 0.1 0.2 0.33 0.4

22 0.11 0.33 1.2 1.25

23 0.28 0.26 0.6 0.71

24 0.1 0.2 1.18 12

25 0.22 0.21 1.2 1.24

26 0.21 0.11 22 221

27 0.59 0.19 0.08 0.62

28 0.43 0.21 0.6 0.77

29 0.16 0.17 0.26 0.35

30 0.28 0.25 0.34 0.51

Abbreviations: AP, Anterior-Posterior target motion amplitude; LR, Left-
Right target motion amplitude; Sl, Superior-Inferior target motion ampli-
tude.

bony anatomy (i.e. vertebrae) and of the GTV (soft-tissue) with an
expansion of 5 mm was chosen in order to create a 3D shape of the
region of interest (ROI). That ROl was automatically registered to
each phase of the 4D CBCT. The goal was to verify that the overall
tumor motion excursion measured on the ten phases was within the
PTV margins applied on the Mid-V phase. In case a shift was
detected, only the translation corrections relative to the GTV isocen-
ter were applied to the couch, because rotation corrections were
not supported by our treatment couch. A second 4D CBCT was
acquired after couch correction to assess the residual setup errors.
Again, a dual automatic registration of both bony anatomy and ROI
was performed in order to visually validate the target alignment. A
posttreatment 4D CBCT scan was acquired at the end of the treat-
ment delivery to quantify the intra-fraction motion errors, obtained
as the difference in target alignment between the second and the

third 4D CBCT scan. To reduce the additional dose to the patient,
the first 4D CBCT was acquired with the standard protocol of
4 minutes, while the second 4D CBCT was reduced to 2 minutes by
downsizing the number of projections and the final 4D-CBCT to only
1 minute. The resulting image quality was good enough to evaluate
the intra-fraction motion errors.*® Finally, the 3D couch shifts from
the three 4D CBCTs using soft-tissue and bony registration were
collected for all treatment fractions and for all patients and used to
retrospectively determine the margins according to our data as

described in the Margins section.

2.E | Margins

The 3D couch shifts using soft-tissue and bony registration were col-
lected for all treatment fractions for all patients. The mean and stan-
dard deviation were calculated for each patient. From these data, the
standard deviation of the systematic error (})), and standard deviation
of the random error (c) were calculated. The 3 was obtained by calcu-
lating the standard deviation of the mean for each patient, and the ¢
was the root mean square of the standard deviations for each patient.
To analyze the difference between the bony and soft-tissue registra-
tion, the couch shifts obtained using soft-tissue registration were sub-
tracted from the couch shifts obtained using bony registration in each
direction. Finally, the PTV margins, M(PTV), for frameless SBRT
patients with online 4D CBCT image guidance were calculated for
each patient by applying the van Herk equation®®:

M(PTV) =255 TOT+2.34 /02, +02 — 2.340, (1)

where Y tor and oot are the overall systematic and random errors
(as defined in Equations 2 and 3)'? and op is the width of the

penumbra modeled by a cumulative Gaussian.

— 2 2 2
Zror = \/Zdelineation + Ziocalisation T Zintra—fraction 2

Sum of the standard deviations of the systematic errors calcu-

lated from delineation, localization and intra-fraction.

— 2 2 2
oToT = \/O—Iocalisation + Gintra—fraction T Cmotion (3)

Sum of the root mean square of the random errors calculated
from localization, intra-fraction and respiratory motion.

For the lung, o, was taken equal to 0.64 cm as analytically esti-
mated by Mexner et al.?° Equation 1 describes the GTV to PTV mar-
gin necessary to ensure that the GTV receives 99 % of the
prescribed dose for 90 % of the patients when all geometric uncer-
tainties are included. The target delineation error (1 SD = 2 mm for

T1-T2 tumor staging),?%??

the target localization error and the intra-
fraction motion error were considered as systematic errors. The lat-
ter comes from the fact that the treatment lasts longer than the
planning CT and therefore the free breathing of the patient causes a
deviation in the shape of the total dose distribution. For each patient
the respiratory motion error is calculated according to the Lujan

equation.?® The margins used for the patients treatment were
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initially taken from the data of systematic and random errors
reported in the literature” (target localization accuracy, intra-fraction
motion and target delineation uncertainty, intra-fraction motion and
respiratory motion, see Table 2). Then the errors obtained from the
retrospective analysis of the patients treated at our institution were

used to compute customized margins.

2.F | Iterative analysis

To assess the robustness of our data, the margins were recalculated
with an iterative method for different subsets of 10, 15, 20, 25 and
30 patients taken in chronological order (p + 1) with respect to their
treatment. The scope was to determine whether or not the margins
calculated were converging for samples with increasing number of
patients. This approach has been chosen at first due to its rather
simple implementation; however it presents a major drawback, the
lack of large data to build good statistics. This was a clear limitation

to validate our results.

2.G | Bootstrap analysis

The principle of the bootstrap method is that inference regarding a
population can be modeled by resampling with replacement a subset
of this population.?*2> In this way, it is possible to expand the sam-
pling from a limited pool of data and better estimate the statistical

TaBLE 2 Systematic and random errors of van Herk equation for
margins calculation based on the off-line analysis (4D CBCT data)
and from literature (treatment); the latter was taken as reference. A
is the target motion amplitude.

LR (cm) AP (cm) Sl (cm)
Systematic errors Y e
Localisation
Off-line 0.09 0.15 0.12
Treatment 0.08 0.09 0.08
Delineation
Off-line 0.2 0.2 0.2
Treatment 0.2 0.2 0.2
Intra-fx
Off-line 0.03 0.07 0.12
Treatment 0.12 0.18 0.12
Random errors o
Localisation
Off-line 0.14 0.15 0.2
Treatment 0.11 0.14 0.11
Target motion
Off-line 0.36xA(LR) 0.36xA(AP) 0.36xA(SI)
Treatment 0.36xA(LR) 0.36xA(AP) 0.36xA(SI)
Intra-fx
Off-line 0.14 0.15 0.22
Treatment 0.13 0.18 0.15
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parameters of the population. In particular, for each patient error
(target localisation accuracy, intra-fraction motion, and target delin-
eation), a resampling was computed with different cohort sizes to
create new systematic and random errors. For the bootstrap calcula-
tion the delineation systematic error was fixed at 2 mm for all
patients. The localization systematic error was defined as: £, = SD
(M(p)) where SD represents the standard deviation, M represents the
mean, and p represents the p™ patient. The p™ is a patient created
from a resampling with replacement of the localization patient’s data
of one patient randomly chosen. The intra-fraction systematic error
was defined as i, = SD (M(s)) where s represents the st session.
The st is a session created from a resampling with replacement of
the intra-fraction patient’s data of n patients randomly chosen.

The motion amplitude random error was fixed at 0.36 x patient’s

motion amplitude (A). The localization random error was defined as

Oloc = \/@ where n represents the number of patient and p rep-
resents the pt patient. Finally, the intra-fraction random error was

245D
n

defined as: Gintra = where n represents the number of

patient and s represents the st session.

In our experiment, the cohort size was defined by the number of
patients n included in this cohort with n equal to
3,6,9,12,15,30,50,75,100 and 150. For each sampling, bootstrap cal-
culation was repeated 1000 times with random choice of patients at
each time. The mean and standard error was calculated from the
results obtained with these 1000 repetitions.

3 | RESULTS

3.A | Target motion

Figure 1 shows the relation of the target motion between 4D CT
and the first 4D CBCT in the three directions. The correlation coeffi-
cient was R%? = 0.96 in the LR and Sl directions, and R? = 0.92 in
the AP direction.

3.B | Error analysis

Figure 2 shows the histograms obtained from the analysis of the tar-
get baseline shift, the target localisation, and the intra-fraction motion
errors on the 229 fractions, in the three directions. The mean and
standard deviation of the target baseline shift were 0.00 + 0.16 cm,
0.02 + 0.25 cm and 0.01 + 0.22 cm for LR, AP, and Sl directions,
respectively. The mean and standard deviation of the target localiza-
tion were —0.01 + 0.16 cm, —0.11 £+ 0.21 cm and 0.06 + 0.21 cm
for LR, AP and Sl directions, respectively. The mean and standard devi-
ation of the intra-fraction were —0.00 + 0.17 cm, —0.02 + 0.18 cm,
and 0.01 + 0.15 cm for LR, AP and Sl directions, respectively.

3.C | Margins computation

As expected,?®?’ the systematic errors are dominated by the delin-
eation error (Table 2). All errors used for treatments (data from
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literature) were in general smaller than the ones calculated retro-
spectively (off-line analysis) with the exceptions of the intra-fraction
in the LR and AP directions for the systematic error and AP direction
for the random error (Table 2).

Figure 3 shows the PTV margins based on published data and
off-line data from 30 patients treated at our center. The margins cal-
culated with off-line data were systematically larger than those com-

ing from the literature.

3.D | Iterative analysis

The margins calculated with the iterative analysis using different
subsets of patient samples are reported in Figure 4, along with their
corresponding standard error. An asymptotic margin reduction trend
is observed as the number of patients involved in the calculation

increases.

target localisation accuracy [cm]

05 1.0 90 o5 00 o5 10

intra-fraction motion [cm]

Histograms of the target baseline-shift (left), target localization accuracy (centre), and intra-fraction motion (right), in the three

3.E | Bootstrap

Figure 5 shows the results of the margins calculated applying the
bootstrap method for different simulations (number of included
patients being 3, 6, 9, 12, 15, 30, 50, 75, 100 and 150), along with
their standard errors. We did not observe any statistical difference
on the calculated margins for cohort sizes including more than 15

patients.

4 | DISCUSSION

The aim of our study was to provide centers, which are either imple-
menting frameless lung SBRT or still using literature margins, a
method to calculate personalized margins. The method proposed in

this paper takes into account changes in the process due to
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motion assessed from the 4D CT scan was mostly reproducible dur-
ing the treatment delivery for our patient cohort (see Figure 1).28-31
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comparable to the one assessed with the 4DCT. Regarding the use
of the 4D CBCT, it should be noted that for an ITV approach, the
3D CBCT alone may be sufficient since the blurred target volume on
the 3D CBCT can be associated to an ITV; however for a Mid-V
approach, a 4D CBCT is highly recommended as confirmed by
others.333> From the retrospective 4D CBCT data analysis, we
observed that the target delineation was the largest error as was
found by others.2¢?7 It is well-known,© that this systematic error
has a big impact on the margin definition. Unfortunately, this error
was not assessed in this study as well as the sigma penumbra and
we consider those two as limitations of the study. From the analysis
of the target baseline shift, the target localization, and the target
intra-fraction motion we found, in all directions, mean values of max-
imum 0.2 mm and standard deviations of maximum 2.5 mm. This
indicates the robustness of the Mid-V strategy associated with the
van Herk equation (see Figure 2). The larger systematic errors found
for the AP target localization are probably caused by the patient
relaxing between the first and second 4D CBCT. The values
obtained for the systematic and random localization errors, i.e., dis-
crepancies between planned and actual tumor position after correc-
tions have been applied, were comparable to what was found by
Sonke et al.'” However, the applicability of the van Herk equation in
the context of SBRT might be still questioned. Within this context,
Ecclestone et al.*® have recently investigated the robustness of the
van Herk equation to variation in tumor size, motion amplitude, tis-
sue density and plan technique in lung radiotherapy and they
ensured the safe clinical application of the van Herk margins as no
CTV under dosage was observed. Another aspect to consider in the
van Herk equation is the difference of the number of fractions for
SBRT over standard radiotherapy treatment. For this reason as
reported by Leong et al.3” and van Herk et al.®® in Equation 1 an
additional systematic error was taken into account, being the quad-
ratic sum of the random errors divided by the square root of the

number of fractions. Moreover, Sonke et al.t”

suggested that if the
errors are quantified from a limited number of fractions, this effect
will be implicitly taken into account when calculating margins. There-
fore, the above considerations justify the application of the van Herk
equation to the Mid-V approach for safe lung SBRT. In particular,
the Mid-V approach minimizes some of those systematic errors, such
as target localization and baseline shifts errors, hence reducing the
margins size for a better sparing of the organs at risk. It should be
noted that mid-position, a refinement of the Mid-V concept, would
have even more improved the image quality by means of artifacts
reduction as described by Wolthaus et al.®? thus providing a better
representation of the tumor shape and volume. However, this
approach is more complex and time consuming since it requires a
reliable deformable image registration tool. Nevertheless, Peulen
et al.*® have reported an excellent local control of 98% using the
Mid-V based PTV margin approach combined with online image
guided SBRT in early stage lung cancer.

Senthi et al.** have reported in their sytematic review low level
of toxicity with SBRT, offering a safe and effective curative treat-

ment for patients with central tumors who unfit for surgery. In

Figure 3 was shown the comparison between the applied systematic
and random errors obtained from the literature (treatment) and the
systematic and random errors calculated retrospectively from the 4D
CBCT (off-line analysis). The comparison illustrated that the treat-
ment margins were systematically larger in all directions with the lar-
gest difference of about 1 mm in the Sl direction. Our results seem
to indicate that margins calculation depends on the local parameters
of the patient cohort, treatment technique and immobilization sys-
tem as described by Lin et al.*? and that the parameters used in the
literature may not be used locally without caution. In other terms,
data from the literature might be taken as a starting point, but the
margins applied to patients should be re-evaluated with local results
obtained through acquired experience (i.e. patient treatments). Not
performing that local evaluation could lead to overly large margins
that might, in certain cases, be clinically unacceptable for lung
stereotactic treatments. For this reason, to assess the robustness of
our results and to determine the minimum number of patients
required to validate custom margins, the latters were calculated
using first an iterative method. As shown in Figure 4, the results did
not converge for 30 patients; in particular, a monotone decreasing
function with associated large errors bars was observed. As a conse-
guence, the bootstrap method was chosen, providing more statistics.
This method was recently implemented in radiation oncology to esti-
mate toxicity, setup errors, organ motion, or in other applica-
tions**** but it was never applied to the context of margin
validation. The analysis showed that, independently from the initial
patient sample size, a sample of at least 15 patients was needed to
observe a convergence (see Figure 5). This is in agreement with a
similar study conducted by Matsumoto et al.*> Chaikh et al.** where
they also reported that the bootstrap method can be considered as
a practical solution to simulate a larger population in case of a small
sample size. In their paper, the authors recommended the use of the
bootstrap for a sample size larger than 10 to provide good estima-
tion in case of heterogeneous and not normally distributed data. The
main difference between the iterative and bootstrap methods is that
with the iterative method we can only extrapolate the data to obtain
the correct margins, while it is possible with the bootstrap method
to reach a convergence (plateau in Figure 5) with at least 10
patients,2® and so to define the correct margins in each direction.

A limitation of this study is that rotational errors were not taken
into account in the margins computation, because our linear acceler-
ator was not equipped with a 6 degrees of freedom (DOF) couch.
However, in our study we did not observe rotation angles larger
than 1°. Besides, it is important to notice that the lung SBRT tumors
are generally small and spherical in shape; thereby the value of rota-
tional shifts is further minimized, by placing the isocenter within the
GTV. Indeed, as found by Ottoson et al.*” CTV to PTV margins were
approximately the same, regardless if the CBCT matches were per-
formed with 3 or 6 DOF. Finally a robotic couch wouldn't lead to
further margin reduction.

If we now consider the impact of the type of technique VMAT
or IMRT to the margins, in the publication of Rana et al.*® it has
been shown that the major advantage of VMAT over IMRT is in the
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reduction of the number of monitor units leading to a faster treat-
ment delivery times without compromising the quality of the treat-
ment plans. Hence, faster delivery time is more patient-friendly and
minimizes intra-fraction patient motion enabling the reduction of the
treatment margins.*”*° In line with this study, in our center all SBRT
are delivered with VMAT technique.

5 | CONCLUSIONS

The study presented here is a retrospective margins analyisis col-
lected on a group of patients. We believe that this analysis could be
beneficial to centers that want to apply personalized margins or sim-
ply adapt their margins.

The minimum number of patients needed to reach a convergence
in the margin definition was evaluated using both iterative and boot-
strap methods. The two methods provided similar results within the
uncertainties. However, the iterative method was not converging
because the number of patients of our cohort was not enough to
reach conclusions on the margins. On the contrary, the bootstrap
method showed that the required patient sample size to validate our
treatment margins for frameless lung SBRT on a population scale
was 15 patients.

To conclude, when implementing lung SBRT treatments, or when
adapting the lung SBRT treatment protocol due to changes in local
practice, an analysis based on the bootstrap method is suggested to
verify the safe delivery of the treatment, without adding extra dose

to the patient and increasing the treatment time.

REFERENCES

1. Keall PJ, Mageras GS, Balter JM, et al. The management of respira-
tory motion in radiation oncology report of AAPM Task Group 76.
Med Phys. 2006;33:3874-3900.

2. Pan T, Lee TY, Rietzel E, Chen GT. 4D-CT imaging of a volume influ-
enced by respiratory motion on multi-slice CT. Med Phys.
2004;31:333-340.

3. Keall PJ, Starkschall G, Shukla H, et al. Acquiring 4D thoracic CT
scans using a multislice helical method. Phys Med Biol.
2004,49:2053-2067.

4. Handels H, Werner R, Frenzel T, et al. Generation of 4D CT image
data and analysis of lung tumour mobility during the breathing cycle.
Stud Health Technol Inform. 2006;124:977-982.

5. Guckenberger M, Wilbert J, Meyer J, Baier K, Richter A, Flentje M.
Is a single respiratory correlated 4D-CT study sufficient for evalua-
tion of breathing motion? Int J Radiat Oncol Biol Phys.
2007;67:1352-1359.

6. Yamamoto T, Kabus S, Lorenz C, et al. 4D CT lung ventilation images
are affected by the 4D CT sorting method. Med Phys.
2013;40:101907.

7. Zhang SX, Zhou LH, Lin SQ, et al. 4D-CT reconstruction based on
pulmonary average CT values. Bio-Med Mater Eng. 2014;24:85-94.

8. Wolthaus JW, Sonke JJ, van Herk M, et al. Comparison of different
strategies to use four-dimensional computed tomography in treat-
ment planning for lung cancer patients. Int J Radiat Oncol Biol Phys.
2008;70:1229-1238.

9. Wolthaus JW, Schneider C, Sonke JJ, et al. Mid-ventilation CT scan
construction from four-dimensional respiration-correlated CT scans

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

WILEY——7

for radiotherapy planning of lung cancer patients. Int J Radiat Oncol
Biol Phys. 2006;65:1560-1571.

van Herk M, Remeijer P, Rasch C, Lebesque JV. The probability of
correct target dosage: dose-population histograms for deriving treat-
ment margins in radiotherapy. Int J Radiat Oncol Biol Phys.
2000;47:1121-1135.

Sonke JJ, Zijp L, Remeijer P, van Herk M. Respiratory correlated
cone beam CT. Med Phys. 2005;32:1176-1186.

Nakagawa K, Haga A, Kida S, et al. 4D registration and 4D verifica-
tion of lung tumor position for stereotactic volumetric modulated
arc therapy using respiratory-correlated cone-beam CT. J Radiat Res.
2013;54:152-156.

Seppenwoolde Y, Shirato H, Kitamura K, et al. Precise and real-time
measurement of 3D tumor motion in lung due to breathing and
heartbeat, measured during radiotherapy. Int J Radiat Oncol Biol
Phys. 2002;53:822-834.

Sonke JJ, Lebesque J, van Herk M. Variability of four-dimensional
computed tomography patient models. Int J Radiat Oncol Biol Phys.
2008;70:590-598.

Benedict SH, Yenice KM, Followill D, et al. Stereotactic body radia-
tion therapy: The report of AAPM Task Group 101. Med Phys.
2010;37(8):4078-4101.

Ford EC, Mageras GS, Yorke E, Ling CC. Respiration-correlated spiral
CT: a method of measuring respiratory-induced anatomic motion for
radiation treatment planning. Med Phys. 2003;30:88-97.

Sonke JJ, Rossi M, Wolthaus J, van Herk M, Damen E, Belderbos J.
Frameless stereotactic body radiotherapy for lung cancer using four-
dimensional cone beam CT guidance. Int J Radiat Oncol Biol Phys.
2009;74:567-574.

Westberg J, Jensen HR, Bertelsen A, Brink C. Reduction of Cone-
Beam CT scan time without compromising the accuracy of the image
registration in IGRT. Acta Oncol. 2010;49(2):225-229.

van Herk M. Errors and margins in radiotherapy. Semin Radiat Oncol.
2004;14(1):52-64.

Mexner V, Wolthaus JCH, van Herk M, Damen EMF, Sonke JJ.
Effects of respiration-induced density variations on dose distribu-
tions in radiotherapy of lung cancer. Int J Radiat Oncol Biol Phys.
2009;74(4):1266-1275.

Steenbakkers RJ, Duppen JC, Fitton I, et al. Observer variation in
target volume delineation of lung cancer related to radiation oncolo-
gist-computer interaction: a 'Big Brother’ evaluation. Radiother Oncol.
2005;77:182-190.

Thengumpallil S, Germond JF, Bourhis J, Bochud F, Moeckli R.
Impact of respiratory-correlated CT sorting algorithms on the choice
of margin definition for free-breathing lung radiotherapy treatments.
Radiother Oncol. 2016;119(3):438-443.

Lujan AE, Larsen EW, Balter JM, Ten Haken RK. A method for incor-
porating organ motion due to breathing into 3D dose calculations.
Med Phys. 1999;26:715-720.

Efron B, Tibshirani R. An introduction to the bootstrap. New York:
Chapman & Hall; 1994.

Gallas BD, Gallas BD. Variance of the channelized-hotelling observer
from a finite number of trainers and testers, Proc. SPIE 5034, Medi-
cal Imaging 2003: Image Perception, Observer Performance, and
Technology Assessment. 2003; https://doi.org/10.1117/12.480334.

Lin R. Target volume delineation and margins in the management of
lung cancers in the era of image guided radiation therapy. J Med
Radiat Sci. 2014;61(1):1-3.

Vinod SK, Jameson MG, Min M, Holloway LC. Uncertainties in vol-
ume delineation in radiation oncology: A systematic review and rec-
ommendations for future studies. Radiother Oncol. 2016;121(2):169-
179.

Gottlieb KL, Hansen CR, Hansen O, Westberg J, Brink C. Investiga-
tion of respiration induced intra- and inter-fractional tumour motion
using a standard Cone Beam CT. Acta Oncol. 2010;49(7):1192-1198.


https://doi.org/10.1117/12.480334

s | WiLEY

29.

30.

31
32.
33.

34.
35.

36.
37.
38.

39.

THENGUMPALLIL €T AL

Liu G, Hu F, Ding X, et al. Simulation of dosimetry impact of 4DCT
uncertainty in 4D dose calculation for lung SBRT. Radiation Oncol-
ogy. 2019;14(1).

Li X, Yang Y, Li T, Fallon K, Heron ED, Hug MS. Dosimetric effect of
respiratory motion on volumetric-modulated arc therapy-based lung
SBRT treatment delivered by TrueBeam machine with flattening fil-
ter-free beam. J Appl Clin Med Phys. 2013;14(6):195-204.

Cuijpers JP, Verbakel WFAR, Slotman BJ, Senan S. A novel simple
approach for incorporation of respiratory motion in stereotactic
treatments of lung tumors. Radiother Oncol. 2010;97(3):443-448.
Liang Z, Yang J, Liu H, et al. Real-time tumor motion monitoring and
PTV margin determination in lung SBRT treatment. Acta Oncol.
2019;1-4.

Sweeney RA, Seubert B, Stark S, et al. Accuracy and inter-observer
variability of 3D versus 4D cone-beam CT based image-guidance in
SBRT for lung tumors. Radiation Oncology. 2012;7(1):81.
Thengumpallil S, Smith K, Monnin P, Bourhis J, Bochud F, Moeckli R.
Difference in performance between 3D and 4D CBCT for lung imag-
ing: a dose and image quality analysis. J Appl Clin Med Phys. 2016;17
(6):97-106.

Tan Z, Liu C, Zhou Y, Shen W. Preliminary comparison of the regis-
tration effect of 4D-CBCT and 3D-CBCT in image-guided radiother-
apy of Stage IA non-small-cell lung cancer. J Rad Res. 2017;58
(6):854-861.

Ecclestone G, Bissonnette J-P, Heath E. Experimental validation of
the van Herk margin formula for lung radiation therapy. Med Phys.
2013;40(11):111721.

Leong J. Implementation of random positioning error in comput-
erised radiation treatment planning systems as a result of fractiona-
tion. Phys Med Biol. 1987,;32:327-334.

Van Herk M, Witte M, van der Geer J, Schneider C, Lebesque JV.
Biologic and physical fractionation effects of random geometric
errors. Int J Rad Oncol Biol Phys. 2003;57(5):1460-1471.

Wolthaus JW, Sonke JJ, van Herk M, Damen EM. Reconstruction of
a time-averaged midposition CT scan for radiotherapy planning of
lung cancer patients using deformable registration. Med Phys.
2008;35:3998-4011.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Peulen H, Belderbos J, Rossi M, Sonke J-J. Mid-ventilation based
PTV margins in Stereotactic Body Radiotherapy (SBRT): A clinical
evaluation. Radiother Oncol. 2014;110(3):511-516.

Senthi S, Haasbeek CJA, Slotman BJ, Senan S. Outcomes of stereo-
tactic ablative radiotherapy for central lung tumours: A systematic
review. Radiother Oncol. 2013;106(3):276-282.

Lin C, Xu S, Yao W, Wu Y, Fang J, Wu V. Comparison of set up
accuracy among three common immobilisation systems for intensity
modulated radiotherapy of nasopharyngeal carcinoma patients. J
Med Radiat Sci. 2017;64(2):106-113.

Palombarini M, Mengoli S, Fantazzini P, Cadioli C, Degli Esposti C, Frez-
za GP. Analysis of inter-fraction setup errors and organ motion by daily
kilovoltage cone beam computed tomography in intensity modulated
radiotherapy of prostate cancer. Radiation Oncology. 2012;7(1):56.
Hout W, Kramer G, Noordijk E, et al. Cost- utility analysis of short-
versus long-course palliative radiotherapy in patients with Non —
Small-Cell Lung Cancer. J Natl Cancer Inst. 2006;98(24):1786-1794.
Matsumoto M, Ohta S, Ohno Y, Ogata Y. Study of setup margins in
radiation therapy: how many verification times and patients are
required. Nihon Hoshasen Gijutsu Gakkai Zasshi. 2010;66:1186-1196.
Chaickh A, Bresciani JP, Balosso J. The Bootstrap method to
improve statistically analysis of dosimetric data for radiotherapy out-
comes. Int J Cancer Therap Oncol. 2017;1:5.

Ottosson W, Baker M, Hedman M, Behrens CF, Sjostrom D. Evalua-
tion of setup accuracy for NSCLC patients; studying the impact of
different types of cone-beam CT matches based on whole thorax,
columna vertebralis, and GTV. Acta Oncol. 2010;49(7):1184-1191.
Rana SB. Volumetric intensity modulated arc therapy in lung cancer.
Current Literature Rev. 2013;2:9-13.

Rossi MMG, Peulen HMU, Belderbos JSA, Sonke J-J. Intrafraction
motion in stereotactic body radiation therapy for non-small cell lung
cancer: intensity modulated radiation therapy versus volumetric mod-
ulated arc therapy. Int J Rad Oncol Biol Phys. 2016;95(2):835-843.
Vloet A, Li W, Giuliani M, et al. Comparison of residual geometric
errors obtained for lung SBRT under static beams and VMAT tech-
niques: Implications for PTV margins. Physica Med. 2018;52:129-
132.



