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Abstract

A multicentre phase II trial of stereotactic body radiotherapy for TINOMO non-
small cell lung cancer was initiated in Japan as the Japan Clinical Oncology
Group trial (JCOGO0403). Before starting the trial, a decision was made
to evaluate the treatment machine and treatment planning in participating
institutions to minimize the variations of the prescription dose between the
institutions. We visited the 16 participating institutions and examined the
absolute dose at the centre of a simulated spherical tumour of 3.0 ¢cm diameter
in the lung using the radiation treatment planning systems in each institution.
A lung phantom for stereotactic body radiotherapy (SBRT) was developed and
used for the treatment planning and film dosimetry. In the JCOG radiotherapy
study group, the no model-based calculation algorithm or the model-based
calculation algorithm with a dose kernel unscaled for heterogeneities were
selected for use in the initial SBRT trials started in 2004, and the model-based
calculation algorithm with a dose kernel scaled for heterogeneities was selected
for the coming trial. The findings of this study suggest that the clinical results
of lung SBRT trials should be carefully evaluated in comparison with the actual
dose given to patients.

0031-9155/06/215409+09$30.00 © 2006 1OP Publishing L.td  Printed in the UK 5409
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1. Introduction

With recent technological advances in computed tomography (CT) apparatuses, the detection
of early lung cancer has been markedly increasing. The technology of high-accuracy
radiotherapy, which focuses the radiation on the tumour, has rapidly developed in Japan
and other countries. Stereotactic body radiotherapy (SBRT) is one type of high-accuracy
radiotherapy and has been developed since the 1990s and applied to lung cancer treatment
(Blomgren et al 1995, Uematsu et al 1996).

As SBRT has been covered by the national health insurance system in Japan since 2004,
the number of institutions performing SBRT is rapidly increasing. The reference for the set-up
can be bone structures, internal fiducial markers, or the tumour itself. Two orthogonal mega-
voltage or kilo-voltage x-ray images or CT scans in the treatment room can be used to detect
the reference structure. Various solutions for the determination of internal target volume are
available. Generally, SBRT is performed with a high daily dose of 5-12 Gy with a small
number of 4-10 fractions within 2 weeks, giving more than 80 Gy of biological equivalent
dose (BED) without cell proliferation assuming an ¢/ rate of 10. Multi-port irradiation or arc
irradiation using a multi-leaf collimator (MLC) is the most common technique. The treatment
duration is about 1 h, during which the set-up of the patient and its verification are the most
time consuming.

Especially for stage IA disease, the local control rate is more than 90% in most series with
the 5 year survival rate being much better than that reported with conventional radiotherapy in
the literature (Uematsu et al 2001, Nakagawa et al 2000, Fukumoto et al 2002, Nagata et al
2002, Onimaru et al 2003, Timmerman et al 2003, Onishi et al 2004). The apparent superiority
may be exaggerated by the stage migration in the retrospective comparison because of the
advances in CT and positron emission tomography (PET), allowing them to detect smaller
tumours. However, the short course of treatment with the minimal adverse effect of SBRT
seems to be a sufficient advantage so that SBRT can be a good alternative to conventional
radiotherapy in clinical practice (Fowler er al 2004).

One problem is that since each institution has used a different treatment schedule, there
has been no standard schedule to be recommended in guidelines (JASTRO QA committee
? ). Furthermore, the definitions of the prescribed dose, selection of set-up error and
dose calculation algorithm have not been standardized, so that comparison between different
institutions was impossible. In 2003, therefore, we, the Japan Clinical Oncology Group
(JCOG), decided to perform multi-institutional trials to test the efficacy of SBRT with a
precise quality control study.

In this study, to improve the quality control, we made a comparative study of the dosimetric
parameters in the various institutions that are involved in the clinical study of SBRT. Since many
Japanese institutions have used the central dose, not the peripheral dose, as the prescription
point for SBRT, we have tested the consistency of the absolute dose at the centre of the
simulated tumour in a lung phantom in this study.

2. Materials and methods

We visited the 16 institutions which were participating in the clinical trial and examined various
parameters using a phantom specially made for lung SBRT (Deloar er al 2005) (figure 1).
Irradiation field size, the dose uniformity in the rectangular field and the irradiation dose were
measured and compared with those calculated using the institutional calculation algorithm
for SBRT in the radiation treatment planning system (RTP). The RTPs tested in this study
were FOCUS/XiO (CMS Inc., St Louis, MO, USA), CADPlan/ECLIPSE (Varian Medical
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Figure 1. Lung phantom designed for SBRT.

Systems Inc., Palo Alto, CA, USA), Pinnacle? (Philips Medical Systems Inc., Eindhoven, The
Netherlands), PrecisePLAN (Elekta Corp., Stockholm, Sweden), and RPS700U (Mitsubishi
Electric Co. Ltd., Tokyo, Japan). The measurement was performed using a film dosimetric
method previously reported by other investigators (Childress et a/ 2002, Childress and Rosen
2004, Childress er al 2005a, 2005b, 2005¢, Bucciolini et al 2004, Gorny et al 2005, Hirata
et al 2005).

2.1. Lung phantom designed for SBRT and film dosimetric verification system

Heterogeneity in the lung phantom shown in figure 1 was constructed with water equivalent
(tough water: physical density 1.0 g cm™), lung equivalent (tough lung: physical density
0.3 g cm™), and bone equivalent (BE-H tough bone: physical density 1.5 g cm™) phantoms
(KYOTO KAGAKU Co. Ltd, Kyoto, Japan). The relative electron density of the thoracic wall
and of the simulated tumours with a 20 mm diameter and 30 mm diameter was 1.0. EDR?
film (Kodak Inc., New York, USA) was used as the dosimetric film in this study. The film
can be inserted into the phantom crossing at the centre of the simulated tumour. A homemade
device was used to press the film and the phantom in order to decrease the gap between them.
The actual dose used to irradiate the film was decided using an air chamber calibrated with a
9Co-gamma ray source in the Secondary Standard Dosimetry Laboratory (SSDL) of Japan.
The irradiated film was scanned with 100 dpi and a 14 bit greyscale by using a commercially
available image-scanner: ES-8500 (EPSON Corp., Nagano, Japan). Analysis of the irradiated
film was performed using a commercially available densitometer, DD system (R’Tech Inc.,
Tokyo, Japan). The film dosimetric method was adopted for verification of the absolute dose
because dose measurement with high accuracy in a tumour of small size using the ionization
chamber with large effective volume is difficult and the dosimetric film has an accuracy of
dose measurement within 2% by taking the calibration curve in each film processing.

2.2. Method of evaluation of the absolute dose calculated using the RTPs

CT images of the lung phantom were taken under the same conditions as used in each institution
for SBRT. Imaging was performed by positioning the centre of the simulated tumour at the
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Figure 2. CT imaging and film irradiation using the lung phantom for SBRT.

(This figure is in colour only in the electronic version)

centre of the CT slice thickness with no synchronous movement of the phantom. The treatment
planning was performed using the RTPs owned by each institution. The calculation algorithms
were categorized into two types. The type-B calculation algorithm is model-based and uses
a dose kernel that is scaled in each voxel to account for heterogeneities. The others can
be summarized as the type-A calculation algorithms. The gross tumour volume (GTV) was
established to be consistent with the simulated spherical tumour with a diameter of 30 mm
on the CT images. In addition, the clinical target volume (CTV) with a three-dimensional
5 mm margin from the GTV and planning target volume (PTV) with a three-dimensional 5 mm
margin from the CTV were defined. These were grossly consistent with the clinical practice.
The edge of the multi-leaf collimator (MLC) was set at the PTV. Overall, a beam with a 50 mm
diameter 50% isodose line at the isocentre was used to irradiate the tumour although various
types of collimators were used in the 16 institutions. In the treatment plan, the therapeutic
beam was delivered to the PTV with a gantry angle of 2° to the body axis of the phantom (2° to
prevent leakage of the beam into the gap between the parts of phantom for film dosimetry)
and with a gantry angle of 45°. They were defined by the plan names of ‘plan 1" and ‘plan 2°,
respectively.

The dosimetric film was placed at the centre of the simulated tumour in the phantom, and
irradiation was performed at 200 MU using plans 1 and 2. Figure 2 shows CT scanning and
irradiation of the film using the lung phantom. We also performed processing of all irradiated
films in our centre. The irradiated films were scanned using an ES-8500 image-scanner and
analysed using a DD system.

3. Results

3.1. Conversion from film optical density to the dose of the dosimetric film

Figure 3 shows the relationship between the radiation dose and film optical density for all
participating institutions. These data were obtained by processing the dosimetric film irradiated
in different institutions on different days. The high reproducibility of the results indicates that
the maintenance of the film processing device was executed with reliable quality. In the
figure, the characteristic curve was observed to divide roughly into two. The verification
of the absolute dose was performed by doses of about 1.5, 1.6 and 1.7 Gy converted from
200 MU value at 4, 6 and 10 MV, respectively.
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Figure 3. Relationship between the radiation dose and film optical density in the 16 participating
institutions.
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Figure 4. Differences between the dose measured with the dosimetric film and that calculated by
using the type-A and -B calculation algorithms with/without the heterogeneity correction effect
by irradiation at 200 MU in plans | and 2.

3.2. Evaluation of the absolute dose calculated using the RTPs

Figure 4 illustrates the frequency distribution of the discrepancy between the actual point dose
estimated by film dosimetry and the planned dose in RTPs at the central point of the irradiation
field that was at the centre of the simulated tumour in the phantom. With heterogeneity
correction, the type-B calculation algorithms produced better matches with the film dosimetry
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Table 1. Summary of the differences between the dose measured with the dosimetric film and that
calculated by using the indicated calculation algorithms in RTPs.

Type-A calculation algorithm Type-B calculation algorithm
Difference Difference
(%)* (%)*
Energy —_ R —
Institutions (MV) RTP system Algorithm Plan1 Plan2 Algorithm Plan1 Plan2
A 6 FOCUS/XiO Clarkson 4 3 Superposition 1 -1
Pinnacle3 CC (hetero/homo) 6 4 CC (hetero/hetero) 0 -2
B 6 FOCUS/XiO Clarkson 5 5 Superposition 1 0
C 6 FOCUS/XiO Clarkson 1 2 Superposition -3 -3
D 6 FOCUS/XiO Clarkson 3 3 Superposition 0 -1
E 10 FOCUS/XiO Clarkson 4 1 Superposition 0 2
F 6 CADPlan/ECLIPSE Batho 3 2
G 6 CADPlan/ECLIPSE Batho 0 4
H 6 Pinnacle3 CC (hetero/homo) 7 CC (hetero/hetero) 2 2
1 6 PrecisePlan Area Integration 3 —1
CADPlan/ECLIPSE Batho 4 2
J 6 RPS700U(3D) Ratio TPR 6 6
Pinnacle3 CC (hetero/homo) 7 5 CC (hetero/hetero) 1 -1
K 6 FOCUS/XiO Clarkson 4 [ Superposition 0 2
L 6 Pinnacle3 CC (hetero/homo) 5 CC (hetero/hetero) 0 -2
M 6 CADPlan/ECLIPSE Batho 4 3
N 6 FOCUS/XiO Clarkson 5 5 Superposition -1 -1
¢} 6 CADPlan/ECLIPSE Batho 4 2
P 4 FOCUS/XiO Clarkson 2 3 Superposition -3 -2
Median 4 3 0 -1
Max 7 6 2 2
Min 0 -1 -3 -3
SD 2 2 2 2

a (Calculated dose) — (Measured dose)
(Calculated dose) % 100.

than the type-A calculation algorithms for both plan 1 and for plan 2 (upper two figures in
figure 4). Without heterogeneity correction, the modes of planned dose were 10% lower for
plan 1 and 18% lower for plan 2, respectively, and no apparent difference was observed between
the two algorithms (lower two figures in figure 4). The range of the differences between the
calculated dose and the measured dose is shown in table 1. The difference in the absolute
dose calculated with each calculation algorithm was within 7% among the 16 participating
institutions, irrespective of whether it was calculated with/without the heterogeneity correction
effect in plans 1 and 2, with both showing a similar tendency. There was no difference in the
calculated absolute dose between the algorithms regardless of the correction effect.

Table 1 shows a summary of the discrepancy between the dose at the isocentre measured
with the dosimetric film and that calculated with each of the calculation algorithms in all of
the 16 participating institutions. In the table, the discrepancy between the dose calculated
using the type-A and -B calculation methods and the dose estimated from film densitometry is
shown in each column. The median of the differences in the absolute dose determined using
the type-A calculation algorithm was +4%, and that determined using the type-B calculation
algorithm was —1%, the difference between them being 5%. The standard deviation was 2%
using both the type-A and -B calculation algorithms in each plan.
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4. Discussion and conclusions

The method of verification of dosimetry using a lung phantom for SBRT and dosimetric film
was shown here to be useful for dosimetric verification in multiple institutions. The effect
of heterogeneity correction on biasing the dose in lung SBRT was clearly demonstrated with
the phantom experiment in this study. However, the effect of the respiratory motion of the
organ was not verified in this study. The research of the consequence is an important topic
in the future. Based on this study, we have decided to use heterogeneity correction in the
JCOGO403 study of SBRT for stage I non-small cell lung cancer. The prescription total dose
of 48 Gy at isocentre is performed with a daily dose of 12 Gy in 4 fractions within 2 weeks.
The MLC margin is set from the PTV line by 5 mm for the 95% coverage of PTV. Since the
RTOGO0236 trial of SBRT for lung tumours, which was based on the trial at Indiana University
(McGarry et al 2005), is not using heterogeneity correction in their protocol, it is important to
realize that the actual dose in the RTOG0236 trial would be higher than that in the JCOG0403
study. The findings of our experiment with the phantom suggested that the difference due to
the lack of a heterogeneity correction for SBRT of small lung tumours would be as large as
10 to 18%.

The discrepancy between the calculated and measured doses in the RTPs was +4% for the
type-A calculation algorithm and —1% for the type-B calculation algorithm in our phantom
study. The calculated result by the type-B calculation algorithm reproduced the measured
result with higher accuracy. The standard deviation of the differences among institutions
regarding the discrepancy between the calculated and measured dose was the same for the two
calculation algorithms whether the heterogeneity correction was used or not.

The type-B algorithm was more accurate than other algorithms. However, we have
decided to use the type-A calculation algorithm with heterogeneity correction effect in the
initial clinical trial for SBRT, JCOG0403, for stage IA non-small cell lung cancer. The reasons
for the selection of the type-A algorithm instead of the type-B calculation al gorithm were that
RTPs with the type-B calculation algorithm were not available in some participating institutions
(CADPLan/ECLIPSE users) at the time when the trial was started, and the regulations of the
absolute dose were all based on clinical data obtained using the type-A calculation algorithm
with heterogeneity correction effect (Fukumoto et al 2002, Nagata et al 2002, Onishi et al
2004). Since we used fixed irradiation conditions with the phantom in this study, differences
would be larger in clinical situations. Therefore, in addition to this investigation, it is also
important to perform many verification tests for treatment planning under various conditions
in each participating institution. Based on this study, we have decided to use the type-B
calculation method with heterogeneity correction in the upcoming clinical trial of SBRT for
T2 diseases. This is consistent with the recommendation in Report No 85 by AAPM TG65
(AAPM 2004).

Lung SBRT is often characterized by parameters such as the dose at the periphery of the
tumour, D95 of PTV (dose of the 95% PTV volume), the mean dose to the tung, V20 (volume
of the entire lung irradiated by more than 20 Gy in total), HI (homogeneity index), which
is a parameter of the homogeneity within the PTV and CI (conformity index), representing
the rate of unnecessary irradiation areas (ICRU ? ). We did not examine the dose at the
periphery of the PTV in this study. If we examine the dose at the periphery of the PTV,
the difference in dose calculated using different algorithms and heterogeneity correction will
be larger and more variable. In fact, there was a difference in the prescription point between the
RTOGO0236 trial for SBRT and the JCOGO0403 trial. In the former, the peripheral dose without
heterogeneity correction was used and in the latter, the isocentre with heterogeneity correction
was used as the prescription point. The finding of this study suggests that the clinical results of
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these trials should be carefully compared and dose—volume histogram (DVH) analysis should
be carefully interpreted.

Acknowledgments

We would like to thank the medical physicists and the staff of the institutions who helped us
during the visiting survey. We would also like to thank the members of the JCOG radiotherapy
study group for suggestions. We greatly appreciate the radiotherapy technologists at the
National Cancer Centre Hospital East for helping us to study the film characteristics.

References

AAPM TG65 2004 Tissue inhomogeneity corrections for megavoltage photon beams AAPM Report No 85 (College
Park, MD: AAPM)

Blomgren H, Lax I, Naslund 1 and Svanstrom R 1995 Stereotactic high dose fraction radiation therapy of extracranial
tumors using an accelerator. Clinical experience of the first thirty-one patients Acta Oncol. Biol. Phys. 34 861-70

Bucciolini M, Buonamici F B and Casati M 2004 Verification of IMRT fields by film dosimetry Med. Phys. 31 161-8

Childress N L, Dong L and Rosen 112002 Rapid radiographic film calibration for IMRT verification using automated
MLC fields Med. Phys. 29 2384-90

Childress N L and Rosen I 1 2004 Effect pf processing time delay on the dose response of Kodak EDR2 film Med.
Phys. 31 22848

Childress N L, Bloch C, White R A, Salehpour M and Rosen 112005a Detection of IMRT delivery errors using a
quantitative 2D dosimetric verification system Med. Phys. 32 153-62

Childress N L, Salehpour M, Dong L, Bloch C, White R A and Rosen I12005b Dosimetric accuracy of Kodak EDR2
film for IMRT verifications Med. Phys. 32 53948

Childress N L, White R A, Bloch C, Salehpour M, Dong L and Rosen I I 2005¢ Retrospective analysis of 2D
patient-specific IMRT verifications Med. Phys. 32 838-50

Deloar H M er al 2005 Investigations of suitable kilo-voltage x-ray energy for 3DCRT system with Monte Carlo
simulations /4th Int. Conf. of Medical Physics (Nuremberg, Germany) pp 1057-8

Fowler ] F, Tome W A, Fenwick J D and Mehta M P 2004 A challenge to traditional radiation oncology Int. J. Radiat.
Oncol. Biol. Phys. 60 1241-56

Fukumoto S, Shirato H, Shimizu S, Ogura S, Onimaru R, Kitamura K, Yamazaki K, Miyasaka K, Nishimura M
and Dosaka-Akita H 2002 Small-volume image-guided radiotherapy using hypofractionated, coplanar, and
noncoplanar multiple fields for patients with inoperable stage I non-small cell lung carcinomas Cancer
95 1546-53

Gorny K R, Leitzen S L, Bruesewitz M R and Kofler ] M 2005 The calibration of experimental self-developing
Gafcromic HXR film for the measurement of radiation dose in computed tomography Med. Phys. 32 1010-6

Hirata E Y, Cunningham C, Micka J A, Keller H, Kissick M W and DeWerd L A 2005 Low dose fraction behavior
of high sensitivity radiochromic film Med. Phys. 32 1054-60

ICRU 1999 Prescribing, recording, and reporting photon beam therapy /CRU Report 62 (Bethesda, MD: ICRU)
(supplement to ICRU Report 50)

Japanese Society for Therapeutic Radiology and Oncology QA committee 2006 Guideline for stereotactic body
radiotherapy J. Japan. Soc. Ther. Radiol. Oncol. 18 1-17 (http://www.jastro.jp/guideline/files/SRT.pdf)

McGarry R C, Papiez L, Williams M, Whitford T and Timmerman R D 2005 Stereotactic body radiation therapy of
early-stage non-small-cell lung carcinoma: phase I study Int. J. Radiat. Oncol. Biol. Phys. 63 1010-5

Nakagawa K, Aoki Y, Tago M, Terahara A and Ohtomo K 2000 Megavoltage CT-assisted stereotactic radiosurgery
for thoracic tumors: original research in the treatment of thoracic neoplasms /nt. J. Radiat. Oncol. Biol.
Phys. 48 449-57

Nagata Y ef al 2002 Clinical outcomes of 3D conformal hypofractionated single high-dose radiotherapy for one or
two lung tumors using a stereotactic body frame /nt. J. Radiat. Oncol. Biol. Phys. 52 1041-6

Onimaru R ef al 2003 Tolerance of organs at risk in small-volume, hypofractionated, image-guided radiotherapy for
primary and metastatic lung cancers. /nf. J. Radiat. Oncol. Biol. Phys. 56 126-35

Onishi H, Kuriyama K, Komiyama T, Tanaka S, Sano N, Marino K, Ikenaga S, Araki T and Uematsu M 2004 Clinical
outcomes of stereotactic radiotherapy for stage I non-small cell lung cancer using a novel irradiation technique:
patient self-controlled breath-hold and beam switching using a combination of linear accelerator and CT scanner
Lung Cancer 45 45-55




Dosimetric verification in participating institutions in a stereotactic body radiotherapy trial 5417

Onishi H er al 2004 Stereotactic hypofractionated high-dose irradiation for stage I non-small cell lung carcinoma:
clinical outcomes in 245 subjects in a Japanese multiinstitutional study Cancer 101 1623-31

Timmerman R, Papiez L, McGrarry R, Likes L, DesRosiers C, Frost S and Williams M 2003 Extracranial stereotactic
radiation: results of a phase I study in medically inoperable stage I non-small cell lung cancer Chest 124 1946-55

Uematsu M, Fukui T, Shioda A, Tokumitsu H, Takai K, Kojima T, Asai Y and Kusano S 1996 A dual computed
tomography linear accelerator unit for stereotactic radiation therapy: a new approach without cranially fixated
stereotactic frames /nz. J. Radiat. Oncol. Biol. Phys. 35 587-92

Uematsu M, Shioda A, Suda A, Fukui T, Ozeki Y, Hama Y, Wong J R and Kusano S 2001 Computed tomography-
guided frameless stereotactic radiotherapy for stager I non-small-cell lung cancer: a 5-year experience [nt. J.
Radiat. Oncol. Biol. Phys. 51 666~70



[tapraidd/z2d-rob/z2d-rob/z2d00807/22d6004d07z | BarliebK | S=1 [ 2/5/07 [ Art: 16004 | ce: 60 |

Int. J. Radiation Oncology Biol. Phys.. Vol. xx, No. x, pp. xxx, 2007
Copyright © 2007 Elsevier Inc.

Printed in the USA. All rights reserved

0360-3016/07/$-see front matter

ELSEVIER d0i:10.1016/j.ijrobp.2006.12.046

PHYSICS CONTRIBUTION

REPRODUCIBILITY OF THE ABDOMINAL AND CHEST WALL POSITION
BY VOLUNTARY BREATH-HOLD TECHNIQUE USING A LASER-BASED
MONITORING AND VISUAL FEEDBACK SYSTEM

KaTsumasa NAKAMURA, M.D.,* YosHIYUKI SHIOYAMA, M.D.,* Satoru Nomoto, M.D.*
Sau OHGA, M.D.,* TakasHi ToBa, M.D.,* TapAMASA YOSHITAKE, M.D.,* SHIGEO ANAI, RT.T.,T
Hiromi TERASHIMA, ML.D.,* aND HirosHai Honpa, M.D.*

*Department of Clinical Radiology, Graduate School of Medical Sciences, "Radiology Centér, and *Department of Health Sciences,
School of Medicine, Kyushu University, Fukuoka, Japan.

Purpose: The voluntary breath-hold (BH) technique is a simple method to control the respiration-related motion
of a tumor during irradiation. However, the abdominal and chest wall position may not be accurately reproduced
using the BH technique. The purpose of this study was to examine whether visual feedback can reduce the
fluctuation in wall motion during BH using a new respiratory monitoring device.

Methods and Materials: We developed a laser-based BH monitoring and visual feedback system. For this study,
five healthy volunteers were enrolled. The volunteers, practicing abdominal breathing, performed shallow
end-expiration BH (SEBH), shallow end-inspiration BH (SIBH), and deep end-inspiration BH (DIBH) with or
without visual feedback. The abdominal and chest wall positions were measured at 80-ms intervals during BHs.
Results: The fluctuation in the chest wall position was smaller than that of the abdominal wall position. The
reproducibility of the wall position was improved by visual feedback. With a monitoring device, visual feedback
reduced the mean deviation of the abdominal wall from 2.1 = 1.3 mm to 1.5 = 0.5 mm, 2.5 = 1.9 mm to 1.1 =
0.4 mm, and 6.6 = 2.4 mm to 2.6 = 1.4 mm in SEBH, SIBH, and DIBH, respectively.

Conclusions: Volunteers can perform the BH maneuver in a highly reproducible fashion when informed about
the position of the wall, although in the case of DIBH, the deviation in the wall position remained substantial.

© 2007 Elsevier Inc.

Breath-hold, Reproducibility, Gating, Radiotherapy, Visual feedback.

INTRODUCTION

In stereotactic radiotherapy for lung or liver tumors, 1 of the
most important issues is to reduce respiratory motion of the
target (1-3). To deliver the radiation dose to the entire
volume of a moving target, various approaches have been
used (4—8). The voluntary breath-hold (BH) technique is a
simple method of controlling the respiration-related motion
of a tumor during irradiation. In particular, the deep inspi-
ration breath-hold (DIBH) technique has been developed
and clinically implemented. Hanley ez al. (9) demonstrated
that the DIBH maneuver, conducted with a spirometer,
enabled highly reproducible positions to be achieved. The
results of the Hanley et al. study (9) have been supported by
several other reports (10-12). However, Balter et al. (13)
reported that the reproducibility of the diaphragm position
was better at the expiration phase than that at the inspiration

phase when the voluntary BH technique was implemented.
Using spirometer-based monitoring, Kimura and colleagues
(14) demonstrated that gating in the end-expiration phase
was more reproducible than gating in the end-inspiration
phase. Although it remains controversial whether patients
should hold their breath at the inspiration or expiration
phase, the end-expiration phase seems to be more stable.

Visual feedback techniques, which may improve the po-
tential for BH compliance, are being increasingly used in
cases treated with extracranial stereotactic radiotherapy.
Several studies have suggested that visual or audio feedback
(or both) improves the reproducibility of the abdominal and
chest wall position (15-18). Feedback-guided BH can help
the patient achieve reproducibility in the BH position,
which may in turn reduce the respiration-related uncertainty
of the location of the target (16).

We have developed a simple device using a laser diode
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Fig. 1. The respiratory monitoring device. The system consists of a small laser diode mounted on a joint and a

translucent overhead board.

resting on the abdominal wall to allow convenient respira-
tory monitoring by a therapist as well as the patient. The
purpose of this study was to examine whether visual feed-
back using this device can reduce fluctuations in the posi-
tion of the abdominal and chest walls during various BH
maneuvers.

METHODS AND MATERIALS

Visual feedback using a new simple respiratory
monitoring device

The respiratory monitoring device used in this study consists of
a small laser diode and a translucent overhead board (Fig. 1). A
class II laser diode with a length of less than 1.5 cm is mounted on
a joint, which controls the direction of the laser beam. A translu-
cent overhead board is set in place for the detection of the beam.
Figure 2 provides a scheme for this monitoring device. A laser
beam, resting on the abdominal wall, is projected onto the board
above the volunteer, and this beam moves according to the respi-
ratory cycle. A volunteer practicing abdominal breathing can con-
trol the motion of the diaphragm, because the volunteer can ob-
serve the motion of the laser beam on the board. A mark can be
placed on the board to guide breath holding, pointing to the
position where the BH needs to occur. A physician or therapist can
also monitor the motion of the laser beam on the board using a
camera mounted inside treatment room.

Measurement of the displacement of abdominal and chest
walls during BHs

In general, the motion of the tumor and external patient marker
were correlated (19, 20). Thus, in this study, only the chest and

acrylic plastic board

Laser diode

Expiratioh

Inspiration

Fig. 2. A scheme of the respiratory monitoring device. For an
abdominal breather, the anterior motion of the abdomen corre-
sponds to inhalation, and the posterior motion of the abdomen
corresponds to exhalation. A laser beam, projected onto the board
above the volunteer, moves according to the respiratory cycle.

abdominal wall positions were measured instead of intrathoracic
structures using fluoroscopy. For the detection and calculation of
the abdominal and chest wall position, a commercially available
high-speed machine vision system (XV-1000, Keyence, Osaka,
Japan) was used (Fig. 3) (21). This machine vision system was
composed of 640 X 480 pixel CCD cameras and computerized
control systems. Two couple-charged device cameras were posi-
tioned 1.5 m from each volunteer, who assumed a supine position
on the treatment couch. External fiducials (X-spots, Beekley, CT)
were placed on the chest wall (at the middle of the sternum) and
abdominal wall (midway between the xyphoid tip and the umbi-
licus) (Fig. 3). The image data obtained from the fiducials on the
abdominal and chest walls were captured onto the couple-charged
device, converted to digital data within the camera unit, and
transferred to the controller, after which the position of the fidu-
cials was calculated to an accuracy of <0.1 mm (21). The image
data were captured, and the positions of the fiducials (i.e., the
position of the wall) were calculated at 80-ms intervals during the
BH. The calculation time was approximately 50 ms.

Data collection

Four healthy male volunteers and one healthy female volunteer
with a median age of 26 years (range, 25-32 years) were enrolled
in this study. The volunteers were placed on the treatment couch to
perform several BH maneuvers. The volunteers were initially
instructed to breathe with the abdomen, which means that breath-
ing activity should be carried out mainly by the abdomen. The
participants were then shown their respiratory trace on the respi-
ratory monitoring device, which facilitated visual feedback of the
information regarding the respiratory cycle. After it was confirmed
that the device worked properly, the subjects were instructed to
hold their breath for 15 s at the same wall position using the
following BH types: end-expiration (shallow expiration breath-
hold [SEBH]), end-inspiration (shallow inspiration breath-hold
[SIBH]), and deep end-inspiration (deep inspiration breath-hold
[DIBH]). For SEBH and SIBH, a mark was placed on the trans-
lucent overhead board at the minimum or maximum position of the
beam according to the normal respiratory cycle. For DIBH, a mark
was placed after coaching the volunteer to perform a reproducible
DIBH. Each volunteer performed five repetitions of the same type
of 15-s BH without using the present device, and then the volun-
teers performed the same procedures with the device. Between
BHs, the volunteers breathed freely for 30-60 s.

To evaluate the reproducibility of the wall position, we mea-
sured the distance between the reference point and the wall posi-
tion during each session (five repetitions of 15-s BH). Just before
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Fig. 3. Setup for visual feedback showing a volunteer viewing the laser beam on a plastic board. Two couple-charged
device cameras were positioned 1.5 m from the volunteer on the treatment couch; fiducials were placed on the abdominal
and chest walls of the volunteer. The image data obtained from the fiducials were transferred to the controller.

the start of the each session, the positions of the abdominal and
chest walls were established as reference points for a specific
respiration BH type. Then, the distance between the reference
point and the wall position was calculated by the XV-1000 system
at 80-ms intervals during each session. A total of more than 5,600
positions of the abdominal and chest walls were collected per
volunteer.

RESULTS

Figure 4 shows an example of the fluctuation in the
position of the abdominal and chest walls during five iter-
ations of 15-s BH for three BH types. Without visual
feedback, the reproducibility of the wall position in the case
of SEBH and SIBH was better than that associated with
DIBH. It should be noted that the abdominal wall moved
during BH for all types of BH and that fluctuations in the
abdominal wall position exceeded 10 mm during DIBH.
However, the reproducibility of the wall position was im-
proved by visual feedback. ,

Table 1 summarizes the distribution of the wall position
during the session of each BH type for each of five volun-
teers. The fluctuation in the abdominal wall position was
much larger than that of the chest wall position, partly
because the volunteers had practiced abdominal breathing.
Without visual feedback, the mean deviation of the abdom-
inal wall position was smallest in the case of SEBH. How-
ever, visual feedback decreased the mean deviation in the
abdominal wall position from 2.1 = 1.3 mm to 1.5 = 0.5
mm, 2.5 * 1.9 mm to 1.1 = 0.4 mm, and 6.6 = 2.4 mm to
2.6 = 1.4 mm in SEBH, SIBH, and DIBH, respectively.
Although the device used here worked effectively, the de-
viation remained substantial in the case of DIBH.

DISCUSSION

In this study, we demonstrated the technical feasibility of
the BH maneuver using a new respiratory monitoring de-
vice. This study suggests that visual feedback reduces wall
position deviations during SEBH, SIBH, and DIBH. Al-
though this system seemed to increase the deviation of the

chest wall position in some volunteers (Table 1), almost all
of the deviations were still within 1 mm in SEBH and SIBH.
However, the chest and abdominal wall deviation remained
substantial in the case of DIBH. In addition, the visual -
feedback technique did not improve the deviation of the
abdominal wall position in SEBH and DIBH in Volunteer 1.
Unfortunately, all BH techniques are subject to patient
compliance. The effectiveness of a BH technique should be
verified before treatment in every case, because even a
simple task such as a BH maneuver can be challenging for
many lung cancer patients.

Visual feedback techniques are increasingly used for the
treatment of patients with lung or liver tumors. Kini et al.
(15) demonstrated that when patients were shown a real-
time trace of their abdominal wall motion, the visual feed-
back maintained the range of respiratory motion. That study
suggested that visual feedback was more successfully im-
plemented than audio feedback in the control of the ampli-
tude of breathing motion in most patients in respiratory-
gated radiotherapy. Using a liquid crystal display screen,
George et al. (18) concluded that audiovisual feedback
significantly improved respiratory reproducibility of gating.
Nelson et al. (16) developed a feedback-guided BH tech-
nique using a liquid crystal display or a pair of virtual reality
goggles. Carlson et al. (17) reported that BH monitoring and
feedback allowed the patient to perform reliable BH through
a bellows-based monitoring system. Our study using a laser-
based BH monitoring and feedback system also showed that
a volunteer could perform BH accurately when the respira-
tory trace was shown to the volunteer. Visual feedback thus
appears to be a promising means of helping patients achieve
reproducibility of BH position, which may in turn lead to a
reduction in the respiration-related uncertainty of a tumor’s
location.

Among several respiratory gating methods currently in
use, the voluntary BH technique is one of the most simple
for controlling respiration-related motion of a tumor during
irradiation. Kimura et al. (14) not only demonstrated good
reproducibility of the diaphragm position but also noted that
this reproducibility was enhanced at the end-expiration
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Fig. 4. The fluctuation in abdominal and chest wall positions during breath-holds. The vertical scale shows the
movement of the fiducials (i.e., distance between the reference point and the wall position) during 5 repetitions of 15-s
breath-hold in volunteer No. 4. The wall position was calculated only during the breath-holds. Between breath-holds,
the volunteer breathed freely for 30-60 s. (a) Shallow expiration breath-hold, (b) shallow inspiration breath-hold, and
(c) deep inspiration breath-hold.

Table 1. Summary of the results

SEBH SIBH DIBH
Device . =) (+) =) (+) =) (+)

Chest wall (mm)

Volunteer 1 12+08 18x05 07x02 12%x03 24£08 30x18
Volunteer 2 25+18 03x01 07x04 05x01 89%£70 26=x15
Volunteer 3 1.1x03 0402 06x03 03=x01 20x07 22=*08
Volunteer 4 05+03 1204 0705 20£03 27x06 2407
Volunteer 5 07+02 05x02 06+x02 08x06 22x12 16x0.7
Mean 12+09 09+03 06+x04 10x04 37x32 23x12
Abdominal wall (mm)

Volunteer 1 09+06 28+x05 24x12 18+x04 17x11 30x20
Volunteer 2 26+18 14+03 49+x38 07x03 70x30 31x17
Volunteer 3 3209 08*x05 15*+10 06x04 89*x23 1.0=*0.6
Volunteer 4 21 %19 18+x06 23*+12 13x05 70x27 32*x06
Volunteer 5 1507 0704 12x07 09£05 84x22 25=x13
Mean 2113 15x05 25+=19 1.1x04 66x24 26x14

Abbreviations: SEBH = shallow expiration breath hold; SIBH = shallow inspiration breath hold;
DIBH = deep inspiration breath hold.
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phase than at the end-inspiration phase. Similar results were
obtained in our study. However, with the aid of visual
feedback, a reduction in the fluctuation of the wall position
was obtained with both SEBH and SIBH. When a visual
feedback system is available, radiotherapy may be per-
formed at the end-inspiration phase because inhaling de-
creases lung density and excludes normal lung tissue from
the high-dose region. However, this information may only
be sufficient in healthy volunteers who are able to breathe
with the abdomen. This technique should be evaluated in
patients with limited breathing maneuvers.

For the gating technique with respiratory monitoring, the
Varian Real Time Position Management (RPM) system
(Varian Medical Systems, Palo Alto, CA) is frequently used
(5, 16). This commercially available gating system includes
an infrared camera mounted inside of the treatment room
and connected to a desktop computer. To monitor respira-
tion, plastic box with two passive reflective markers is
placed on the anterior abdominal surface. The system
tracks, displays, and records the vertical position of the
marker. Although the exact position of the marker is iden-
tified, potential changes between fractions should be veri-
fied. In practice, the position of the tumor or an internal
anatomic surrogate and gating thresholds are verified using
fluoroscopy. Portal images are helpful to assess the perfor-
mance of the monitoring system over the course of the
treatment. After the operator has verified that the minimum
and maximum vertical positions of the marker are stable and
breathing is regular, the operator can send on—off control
signals to a linear accelerator. Although our respiratory
monitoring device can monitor the motion of the abdomen
similarly, it cannot deliver a signal to the accelerator en-
abling beam delivery. Our system is simple and inexpen-
sive. However, radiation should be turned on and off man-
ually by the therapist.

In this series, the fluctuation of the wall position remained
substantial during DIBH, even when the visual feedback
technique was used. As reported by Remouchamps et al.
(12), a moderate level of DIBH at 75% of the maximum
inspiratory capacity or the assistance of BH using an active
breathing control device may decrease such fluctuations in

wall position. One advantage of DIBH is that less tissue
volume is irradiated than would be the case during normal
respiration. Although DIBH is a promising technique, the
wall motion observed during DIBH should still be moni-
tored particularly carefully.

Unfortunately, all treatment techniques that deliver radi-
ation during BHs are subject to patient compliance. Not all
patients will tolerate treatment with this device equally
during clinical use. Most lung cancer patients are elderly
and may have respiratory lung dysfunctions. In addition, an
important component of the visual feedback associated with
this system is whether patients can successfully carry out
abdominal breathing. A certain number of patients with
compromised pulmonary function may not be able to main-
tain breath-hold with this device. However, if abdominal
breathing is indeed realized, it is likely that the patient will
benefit from the use of this simple and inexpensive device.

Another issue raised by this study involves ensuring the
reproducibility of internal organ position between the dif-
ferent fractions (i.e., interfraction reliability). Although ex-
ternal monitors may show good correlation with the respi-
ratory organs within a single session, the relationship
between external monitor signals and internal organ posi-
tions may change between sessions. Ford et al. (22) evalu-
ated gated localization radiographs from eight patients who
received respiration-gated treatment during tidal breathing.
The radiographs revealed an interfraction patient-averaged
diaphragm variability of 2.8 = 1.0 mm, although this vari-
ability was 6.9 * 2.1 mm in the absence of gating. To
decrease such interfraction variability, monitoring with film
or portal imaging and repositioning before treatment is
necessary.

We evaluated wall position using a machine vision sys-
tem. This system can detect small changes in patient posi-
tion with a resolution of less than 0.1 mm (21). It also
enables the real-time monitoring of wall position during
treatment. Therefore, the system may provide a means to
detect respiratory motion. We are now beginning studies of
the clinical use of the system for the treatment of lung and
liver tumors.
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