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Abstract

Aim: CyberKnife is the most advanced form of stereotactic body radiotherapy (SBRT) system
that uses a robotic arm to deliver highly focused beams of radiation; however, a limitation is that
it only irradiates from ceiling to floor direction. In patients with posterior lungs tumour who are
positioned supine, normal lung tissue may suffer undesirable radiation injuries. This study
compares the treatment planning between the prone set-up and the supine set-up for lung
cancer in CyberKnife SBRT to decrease normal lung dose to avoid radiation side effects.
Materials andmethods:A human phantomwas used to generate 108 plans (54 for prone and 54
for supine) using the CyberKnife planning platform. The supine and prone plans were com-
pared in terms of the dosimetric characteristics, delivery efficiency and plan efficiency.
Results: For posterior targets, the area of low-dose exposure to normal lungs was smaller in the
prone set-up than in the supine set-up. V10 of the lungs was 7·53% and 10·47% (p< 0·001) in
the anterior region, and 10·78% and 8·03% (p< 0·001) in the posterior region in the supine and
prone set-up plans, respectively.
Conclusions: The comparison between the prone set-up and the supine set-up was investigated
with regard to target coverage and dose to organs at risk. Our results may be deployed in
CyberKnife treatment planning to monitor normal tissue dose by considering patient position-
ing. This may assist in the design of better treatment plans and prevention of symptomatic radi-
ation pneumonitis in lung cancer patients.

Introduction

Stereotactic body radiotherapy (SBRT) facilitates the administration of large doses per fraction
and a small number of fractions to tumours, with minimal exposure to the surrounding organs.
Thismethod, which offers increased stability and precision, has been widely used for lung cancer
treatment over the past 20 years. Hypofractionated high-dose SBRT has emerged to treat early-
stage non-small-cell lung cancer.1 However, the adverse effects of this treatment often include
radiation pneumonitis (RP), which can be fatal. Therefore, in the treatment planning, the spread
of low doses to normal lung tissue should be minimised. Several researchers have reported that
the percentage of lung volume receiving an excess dose of 5 Gy, 10 Gy, 20 Gy and 25 Gy (V5,
V10, V20 and V25) and the mean lung dose (MLD) are predictive factors for RP.2–5 To avoid RP
or respiratory function decline, conventional planning or intensity-modulated radiation therapy
(IMRT)6–8 planning could be employed by considering the combination of the gantry angle. In
this regard, the CyberKnife system (Accuray Incorporated, Sunnyvale, CA) is suitable for
increasing dose concentration because of its beneficial characteristics. CyberKnife, a specialised
medical device for stereotactic radiosurgery treatments, consists of a compact 6-MV linear
accelerator (LINAC) mounted on a robotic arm; the LINAC irradiates the target with radiation
from different directions.9 Moreover, it delivers the radiation dose with real-time tumour
tracking that corrects for tumourmotion during respiration by repositioning the radiation beam
to track the moving tumour.10

In conventional planning or IMRT planning using the medical LINAC, irradiation can be
rendered through any angle in any direction. However, the irradiation angle is limited in the
CyberKnife system, as its rotation is limited to 100 degrees. In a non-coplanar setting, the
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available beam directions have been shown to affect plan quality.11

Thus, owing to the specific geometry of the CyberKnife layout,
irradiation from the space under the treatment table is impossible.

CyberKnife can only irradiate from above to its device charac-
teristics. When a patient is positioned on his/her back, the expo-
sure of normal organs to low-dose radiation becomes a problem
when the tumour is in the posterior region. For example, in the case
of lung cancer, if the patient is in the supine position, many beams
pass through normal lung tissue when the tumour is located on the
patient’s posterior lung side. Consequently, a large volume of the
normal lung tissue is undesirably irradiated which can cause radi-
ation injury. Thus, it is necessary to consider patient positioning
during CyberKnife treatment. In this study, the comparison
between the prone set-up and the supine set-up was investigated
to decrease normal lung dose to avoid adverse events.

Materials and Methods

Treatment planning

For a human phantom (Kyoto Kagaku Co., Ltd., Kyoto, Japan),
simulation computed tomography (CT) scans were acquired in
both supine and prone positions. The human phantom included
the skin, lungs and bones. A virtual target was contoured in the
supine dataset. For consistency, the same contours were copied
onto the prone dataset after co-registering the prone and supine
CT images. The tumour location was decided as follows. First,
lungs were divided into three areas (Figure 1 (a)). Then, each area
was further divided into nine cross-sectional regions (Figure 1 (b)).
Finally, the virtual tumour was located in each area. Fifty-four
regions were generated for the supine and prone set-ups, respec-
tively (Figure 1 (b)). For simplicity, only one tumour was set in
the lung for each plan. For all plans, the target volume was set
to approximately 30 cm3 in accordance with Ueyama et al.4 In this
study, target volume was considered as the same volume as plan-
ning target volume (PTV). Using the CyberKnife planning plat-
form (Precision version 2.0.1.1; CyberKnife (VSI) version 9.6.0),
108 plans (54 for prone and 54 for supine) were generated. The
plans were designed to deliver a dose of 60 Gy per eight fractions
to 95% of the target volume. For a given target, the plans in the
prone and supine positions were optimised using the VOLO
method. Additionally, for all treatment planning, the Monte
Carlo algorithm12 was used for the dose calculation because of
the lung electron density within and/or around the treatment vol-
ume. The plans were generated by amedical physicist specialised in
CyberKnife treatment.

Plan evaluation

The supine and prone plans were compared in terms of the follow-
ing: the dosimetric characteristics (maximum PTV dose, percent-
age of the prescription dose covering 95% of the volume (D95),
VS5, V5, V10, V20, V25 and MLD); delivery efficiency (number
of beams, treatment time and total plan monitor units (MUs))
and plan efficiency (homogeneity index (HI), conformity index
(CI) and new conformity index (nCI)). The HI is defined as
follows13:

HI ¼ Dmax

RxDose
;

where RxDose denotes the prescription dose. The CI is defined as
follows13:

CI ¼ prescription isodose volume cm3ð Þ
tumor volume encompassed prescription isodose line cm3ð Þ

The nCI is calculated as follows13:

nCI ¼ CIcoverage

Here, coverage is defined as the ratio of the target volume covered
with the prescription dose to the target volume.

V5, V10, V20, V25 and MLD of the lung were reported as risk
factors for RP after stereotactic radiation therapy for lung
tumours.2–5 A dose–volume histogram (DVH) analysis was per-
formed. For the supine and prone position plans, the mean
DVHs of the target and critical organs were calculated and com-
pared for each lung region, that is, posterior, middle and anterior
region.

Statistical analysis

Data were presented as mean ± standard error. Differences
between groups were evaluated using the Student’s t-test. Data
were considered statistically significant for p< 0·001.

Figure 1. CT image of the phantom in this study. (a) Coronal view of the CT image of
the phantom that is divided into three regions: upper, middle and lower. (b) Axial view
of the CT image of the phantom according to each region, which is further divided into
18 slices (nos. 1 to 18).
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Results

Plan quality

Table 1 shows the results obtained for the plan quality index. No
statistically significant difference was observed in the dose cover-
age parameter among the each plan. The average HI values and the
average CI values were calculated for each region, that is, posterior,
middle and anterior region. There was a significant difference in
HI, CI and nCI between the supine and prone set-up plans only
when the target was seated in the anterior region.

Dosimetric characteristics

Table 2 shows the dosimetric characteristics of the target, and
Table 3 shows the dosimetric characteristics of the lungs. The
V10 of the lungs is 7·53% and 10·47% (p< 0·001) in the anterior
region, 11·78% and 11·56% (p= 0·382) in the middle region, and
10·78% and 8·03% (p< 0·001) in the posterior region in the supine
and prone set-up plans, respectively (Figure 2 (a)–(f)). There was a
significant difference in the V5 and V10 to the lung between the
supine set-up and prone set-up plans when the target was located
in either the anterior or posterior region.

Delivery efficiency

A comparable degree of complexity in the planning was observed
for both the prone and supine plans. For a given target, plans in the

prone and supine position required similar planning efforts and
resulted in a similar number of beams. Table 4 shows that no sig-
nificant difference exists between the supine and prone set-up
plans with regard to the average number of beams for each side.
However, there is a significant difference in the total planned
MUs in the anterior and posterior regions between the supine
and prone set-up plans. Lower total planned MUs translate into
a faster treatment time.

DVH analysis

Figure 3 shows the DVH for the target and the lung. From theDVH
characteristics, it appears that the target dose was not much differ-
ent for each plan. However, the low dose to the lung was lower for
plans developed for the supine set-up when the target was located
in the anterior region; conversely, the low dose to the lung was
lower for the plans developed in the prone set-up when the target
was seated in the posterior region.

Discussion

RP is themost severe side effect after SBRT for lung tumours. Some
researchers have reported that the incidence of symptomatic RP
after SBRT ranges from 9% to 29%.14–18 To reduce the incidence
of symptomatic RP after SBRT, some studies have assessed the
DVH of SBRT and strived to predict the rate of symptomatic
RP. Ueyama et al. reported that the cut-off values of V20 and

Table 1. Dosimetric parameter in supine and prone position

Region Supine set-up (SE) Prone set-up (SE) p-value

HI Anterior 1·35 (0·02) 1·38 (0·02) <0·001

Middle 1·37 (0·02) 1·38 (0·02) 0·091

Posterior 1·38 (0·02) 1·37 (0·01) 0·002

CI Anterior 1·01 (0·00) 1·02 (0·01) <0·001

Middle 1·01 (0·00) 1·01 (0·00) 0·047

Posterior 1·01 (0·01) 1·01 (0·00) 0·001

nCI Anterior 1·06 (0·00) 1·07 (0·00) <0·001

Middle 1·06 (0·00) 1·06 (0·01) 0·028

Posterior 1·07 (0·01) 1·06 (0·00) 0·002

Coverage (%) Anterior 95·03 (0·08) 95·02 (0·08) 0·371

Middle 94·99 (0·09) 94·97 (0·07) 0·205

Posterior 95·03 (0·09) 95·02 (0·09) 0·493

Table 2. Maximum dose and D95 dose in supine and prone position

Region Supine set-up (SE) Prone set-up (SE) p-value

Target Max dose (Gy) Anterior 81·05 (1·11) 82·74 (0·97) <0·001

Middle 82·44 (0·98) 82·94 (1·08) 0·074

Posterior 82·99 (1·29) 81·91 (0·65) 0·002

D95 (%) Anterior 73·41 (0·93) 71·75 (0·82) <0·001

Middle 72·11 (0·97) 71·63 (1·02) 0·079

Posterior 71·54 (1·08) 72·64 (0·66) <0·001
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V10 were 4·3% and 9·7%, respectively, for symptomatic RP.4

Furthermore, Nakamura et al. reported that the cut-off values of
V5, V10, V20, V25 and MLD to be 21·5%, 9·1%, 3·5%, 3·4%
and 3·6 Gy, respectively, for symptomatic RP.5

We evaluated set-up position for lung cancer treatment using
the CyberKnife system. It was obvious that the prone set-up was
better when the target was located on the posterior, and the supine
set-up was better when the target was located on the anterior. Ding
et al.19 noted that CyberKnife SBRT may deliver a lower dose to
healthy lung tissue than IMRT when treating tumours in the ante-
rior region of the lung. However, the low-dose volume delivered via
CyberKnife is significantly greater than that delivered via LINAC-
based delivery when treating tumours in the posterior region of the
lung. This is because CyberKnife SBRT plans use more MUs than
conventional SBRT treatments.19 Mark K.H.Chan reported that
the volumetric-modulated arc therapy plans resulted in higher
dose around the gantry rotation path compared to the
CyberKnife plans for when the tumour located in anterior lesion,
whereas the CyberKnife plans were mostly associated with high
doses anterior to the lesions due to the missing irradiation coming
from underneath the patient when the tumour located in posterior
lesions.20 Moreover, the CyberKnife system can be used only up to
100 degrees from the top, owing to the limited mobility of the arm.
However, our results prove that changing the patient set-up could
solve this problem. The prone set-up is highly beneficial in the case
of spinal radiosurgery.21,22 This study revealed that it is also ben-
eficial for lung cancer patients with their tumour located in the
posterior region to receive treatment in the prone position.

In the case of lung cancer, for a target that moves with the res-
piratory motion, CyberKnife SBRT can deliver radiation beams
with continuous tumour tracking. Nakayama et al. analysed

Table 3. Dose volume metrics of the factors related to symptomatic RP

Region Supine set-up (SE) Prone set-up (SE) p-value

Lung VS5 (cc) Anterior 3286·33 (125·14) 3042·51 (154·84) <0·001

Middle 3035·83 (160·99) 3051·67 (210·09) 0·400

Posterior 3027·22 (118·63) 3247·56 (115·22) <0·001

V5 (%) Anterior 15·20 (3·23) 21·49 (4·00) <0·001

Middle 21·67 (4·15) 21·26 (5·42) 0·400

Posterior 21·89 (3·06) 16·20 (2·97) <0·001

V10 (%) Anterior 7·53 (1·76) 10·47 (1·87) <0·001

Middle 11·78 (1·82) 11·56 (2·54) 0·382

Posterior 10·78 (1·40) 8·03 (1·17) <0·001

V20 (%) Anterior 3·26 (0·66) 3·92 (0·79) 0·005

Middle 4·50 (0·64) 4·67 (0·65) 0·222

Posterior 4·18 (0·34) 3·48 (0·28) <0·001

V25 (%) Anterior 2·39 (0·42) 2·73 (0·51) 0·017

Middle 3·11 (0·40) 3·22 (0·43) 0·214

Posterior 2·89 (0·20) 2·58 (0·17) <0·001

MLD (Gy) Anterior 3·34 (0·52) 4·10 (0·58) <0·001

Middle 4·27 (0·57) 4·24 (0·70) 0·432

Posterior 4·20 (0·43) 3·50 (0·42) <0·001

Figure 2. Dose distribution of the typical plans for different set-ups when (a, b) the
target is located in the anterior or posterior region. (c, d) Dose distribution of the plans
for the supine set-up when the target is located in the anterior or posterior region. (e, f)
Dose distribution of the plans in prone set-up when the target is located in the anterior
or posterior region.
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the synchrony log files of patients with lung tumours who
were treated using the Xsight Lung Tracking (XLT) or 1-View
tracking system. They reported that the tumour motion ampli-
tude may be one of the factors that affect the model errors; there-
fore, the errors should be carefully analysed to determine the
margins for tumours with large motion amplitudes as accurately
as possible.23

This study had a limitation that real-time tumour motion
tracking is not considered. However, in practice, the use of res-
piratory synchrony is imperative. Furthermore, the range of res-
piratory motion varies depending on the site of the lung tumour.
When respiratory synchrony is used, there will always be motion

errors. In future studies, it is thus necessary to evaluate the set-up
position with consideration of respiratory synchrony.

Conclusions

This study compares the treatment planning between the prone
set-up and the supine set-up for lung cancer in CyberKnife
SBRT, which to the best of our knowledge, is the first such study.
The comparison between the prone set-up and the supine set-up
was investigated with regard to target coverage and dose to organs
at risk. We expect that our findings will help radiation oncologists,
radiation technologists, dosimetrists and medical physicists to

Table 4. Quality factors of each plan in supine and prone positions

Region Supine set-up (SE) Prone set-up (SE) p-value

Number of beams Anterior 111 (4) 109 (4) 0·053

Middle 112 (3) 114 (3) 0·042

Posterior 109 (5) 112 (4) 0·013

Total plan MUs Anterior 48409·4 (4339·6) 63923·7 (4510·1) <0·001

Middle 58806·1 (4099·8) 63399·7 (4643·0) 0·002

Posterior 61205·5 (2110·7) 55765·8 (3310·4) <0·001

Treatment time (min) Anterior 36 (1) 38 (1) <0·001

Middle 38 (1) 38 (1) 0·067

Posterior 38 (1) 37 (1) 0·065

Figure 3. DVH curve of a typical plan for supine and
prone set-ups, respectively. DVH curve of the target (a,
b), and DVH curve of the lung (c, d) when the target is
located in the anterior or posterior region. The solid
line indicates the supine set-up plan; the dotted line
indicates the prone set-up plan.
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decrease lung dose when CyberKnife lung SBRT will be performed
and in designing optimal radiation therapy plans for patients. To
extend our inferences based on a phantom study to real-life cases,
we intend to conduct further investigations.

Acknowledgements. The authors thank Keisuke Okumura (Kobe University
Hospital) for offering technical assistance.

Financial Support. This research received no specific grant from any funding
agency, commercial or not-for-profit sectors.

Conflicts of Interest. None.

References

1. Mehta N, King C R, Agazaryan N, Steinberg M, Hua A, Lee P. Stereotactic
body radiation therapy and 3-dimensional conformal radiotherapy for
stage I non-small cell lung cancer: a pooled analysis of biological equivalent
dose and local control. Pract Radiat Oncol 2012; 2 (4): 288–295.

2. Baker R, Han G, Sarangkasiri S et al. Clinical and dosimetric predictors of
radiation pneumonitis in a large series of patients treated with stereotactic
body radiation therapy to the lung. Int J Radiat Oncol Biol Phys 2013;
85 (1): 190–195.

3. Matsuo Y, Shibuya K, Nakamura M et al. Dose-Volume metrics associated
with radiation pneumonitis after stereotactic body radiation therapy for
lung cancer. Int J Radiat Oncol Biol Phys 2012; 83 (4): e545–e549.

4. Ueyama T, Arimura T, Takumi K et al. Risk factors for radiation pneumo-
nitis after stereotactic radiation therapy for lung tumours: clinical useful-
ness of the planning target volume to total lung volume ratio. Br J
Radiol 2018; 91 (1086): 20170453.

5. NakamuraM, NishimuraH, NakayamaM et al. Dosimetric factors predict-
ing radiation pneumonitis after CyberKnife stereotactic body radiotherapy
for peripheral lung cancer. Br J Radiol 2016; 89 (1068): 20160560.

6. Bradley J. A review of radiation dose escalation trials for non-small cell lung
cancer within the Radiation Therapy Oncology Group. Semin Oncol 2005;
32 (2 Suppl 3): S111–S113.

7. Lee C B, Stinchcombe T E, Rosenman J G, Socinski M A. Therapeutic
advances in local-regional therapy for stage III non-small-cell lung cancer:
evolving role of dose-escalated conformal (3-dimensional) radiation
therapy. Clin Lung Cancer 2006; 8 (3): 195–202.

8. Kong F M, Hayman J A, Griffith K A et al. Final toxicity results of a
radiation-dose escalation study in patients with non-small-cell lung cancer
(NSCLC): predictors for radiation pneumonitis and fibrosis. Int J Radiat
Oncol Biol Phys 2006; 65 (4): 1075–1086.

9. Kilby W, Dooley J R, Kuduvalli G, Sayeh S, Maurer C R Jr. The CyberKnife
robotic radiosurgery system in 2010. Technol Cancer Res Treat 2010; 9 (5):
433–452.

10. Nakamura M, Nishikawa R, Mayahara H et al. Pattern of recurrence after
CyberKnife stereotactic body radiotherapy for peripheral early non-small
cell lung cancer. J Thorac Dis 2019; 11 (1): 214–221.

11. Rossi L, Breedveld S, Heijmen B J, Voet P W, Lanconelli N, Aluwini S. On
the beam direction search space in computerized non-coplanar beam
angle optimization for IMRT-prostate SBRT. Phys Med Biol 2012;
57 (17): 5441–5458.

12. Murali V, GopalakrishnaKurup PG, Bhuvaneswari N et al.Monte Carlo and
ray tracing algorithms in the CyberKnife treatment planning for lung
tumours—Comparison and validation. J Radiosurg SBRT 2013; 2 (2): 85–98.

13. Cao Y, Zhu X, Ju X et al. Optimization of dose distributions of target vol-
umes and organs at risk during stereotactic body radiation therapy for pan-
creatic cancer with dose-limiting auto-shells. Radiat Oncol 2018; 13 (1): 11.

14. Yamashita H,NakagawaK, NakamuraN et al. Exceptionally high incidence
of symptomatic grade 2-5 radiation pneumonitis after stereotactic radiation
therapy for lung tumors. Radiat Oncol 2007; 2: 21.

15. Guckenberger M, Baier K, Polat B et al. Dose-Response relationship for
radiation-induced pneumonitis after pulmonary stereotactic body radio-
therapy. Radiother Oncol 2010; 97 (1): 65–70.

16. Ong C L, Palma D, Verbakel W F, Slotman B J, Senan S. Treatment of
large stage I-II lung tumors using stereotactic body radiotherapy
(SBRT): planning considerations and early toxicity. Radiother Oncol
2010; 97 (3): 431–436.

17. Barriger R B, Forquer J A, Brabham J G, et al. A dose-volume analysis of
radiation pneumonitis in non-small cell lung cancer patients treated with
stereotactic body radiation therapy. Int J Radiat Oncol Biol Phys 2012;
82 (1): 457–462.

18. Stauder M C, Macdonald O K, Olivier K R et al. Early pulmonary toxicity
following lung stereotactic body radiation therapy delivered in consecutive
daily fractions. Radiother Oncol 2011; 99 (2): 166–171.

19. Ding C, Chang C H, Haslam J, Timmerman R, Solberg T. A dosimetric
comparison of stereotactic body radiation therapy techniques for lung
cancer: robotic versus conventional linac-based systems. J Appl Clin
Med Phys 2010; 11 (3): 3223.

20. Chan M K H, Kwong D L W, Law G M L et al. Dosimetric evaluation of
four-dimensional dose distributions of CyberKnife and volumetric-
modulated arc radiotherapy in stereotactic body lung radiotherapy.
J Appl Clin Med Phys 2013;14 (4): 4229.

21. Descovich M, Ma L, Chuang C F, Larson D A, Barani I J. Comparison
between prone and supine patient setup for spine stereotactic body radio-
surgery. Technol Cancer Res Treat 2012; 11 (3): 229–236.

22. Fürweger C, Drexler C, Muacevic A, Wowra B, de Klerck E C, Hoogeman
M S. CyberKnife robotic spinal radiosurgery in prone position: dosimetric
advantage due to posterior radiation access?. J Appl Clin Med Phys 2014;
15 (4): 4427.

23. NakayamaM,Nishimura H,Mayahara H et al. Clinical log data analysis for
assessing the accuracy of the CyberKnife fiducial-free lung tumor tracking
system. Pract Radiat Oncol 2018; 8 (2): e63–e70.

314 Hiroaki Akasaka et al.

https://doi.org/10.1017/S1460396920001193 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396920001193

	A treatment planning study comparison between supine and prone position for different lung tumour locations using CyberKnife TPS
	Introduction
	Materials and Methods
	Treatment planning
	Plan evaluation
	Statistical analysis

	Results
	Plan quality
	Dosimetric characteristics
	Delivery efficiency
	DVH analysis

	Discussion
	Conclusions
	References


