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REPRODUCIBILITY OF ORGAN POSITION USING VOLUNTARY BREATH-
HOLD METHOD WITH SPIROMETER FOR EXTRACRANIAL
STEREOTACTIC RADIOTHERAPY

Tomorr Kmmura, M.D.,* Yutaka Hirokawa, M.D., Pu.D.,* Yun Murakami, M.D.,*
Masatsucu Tsunmmura, R.T.T.," Tateo Nakasumma, R.T.T.," Yosami Ounno, R.T.T.,T
Masanro Kenjo, M.D.,* Yuko Kanevasu, M.D., Pu.D.,* Koicur Wabasaki, M.D., Pu.D. *
AND KaTsuuipe Ito, M.D., Pu.D.*

*Department of Radiology, Hiroshima University Graduate School of Medicine, Hiroshima, Japan; and "Department of Radiology,
' Hiroshima University Hospital, Hiroshima, Japan

Purpose: To evaluate in healthy volunteers the reproducibility of organ position using a voluntary breath-hold
method with a spirometer and the feasibility of this method for extracranial stereotactic radiotherapy in a clinical
setting.

Methods and Materials: For this study, 5 healthy volunteers were enrolled. After training sessions, they held their
breath at the end-inspiration and the end-expiration phase under spirometer-based monitoring. Computed tomog-
raphy (CT) scans were performed twice at each respiratory phase, with a 16-min interval, on 2 separate days. The total
number of CT scans was four at each respiratory phase. After CT volume data were transferred to a three-
dimensional {reatment-planning system, digitally reconstructed radiographs (DRRs) were calculated for anterior-
posterior and lefi-right beams. Verification was performed with DRRs relative to the diaphragm position, bony
landmarks, and the isocenter in each healthy volunteer at each respiratory phase. To evaluate intrafraction repro-
ducibility, we measured the distance between diaphragm position and bony landmarks. To evaluate interfraction
reproducibility, we measured the distance between diaphragm position and the isocenter. Reproducibility and setup
error were defined as the average value of the differences between each DRR with regard to the first DRR.
Results: Intrafraction reproducibility of the caudal-cranial direction was 4.0 = 3.5 mm at the end-inspiration
phase and 2.2 % 2.0 mm at the end-expiration phase. Interfraction reproducibility of the caudal-cranial direction
was 5.1 = 4.8 mm at the end-inspiration phase and 2.1 = 1.8 mm at the end-expiration phase. The end-expiration
phase was more stable than the end-inspiration phase.

Conclusions: The voluntary breath-hold method with a spirometer is feasible, with relatively good reproduc-
ibility. We are encouraged about the use of this technique clinically for extracramial stereotactic radiotherapy.
© 2004 Elsevier Inc.

Spirometer, Breath-hold, Reproducibility, End-inspiration, End-expiration.

INTRODUCTION

Extracranial stereotactic radiotherapy (ESRT) for lung or liver
tumors has been widely performed and has been shown to be
a highly effective treatment (1-3). With delivery of a single
high dose in ESRT, large irradiated volumes of lung or liver
due to large internal margins under free breathing might result

inal pressure (9), and the voluntary deep inspiration breath-
hold (DIBH) technique (10, 11).

Breath-hold methods, such as ABC and DIBH, might be
especially demanding, and therefore less feasible, in elderly
patients or those with pulmonary dysfunction. To improve
feasibility, we developed a voluntary breath-hold method using

in fetal pneumonitis or liver dysfunction. It is important to
compensate for breathing motion to reduce pulmonary or liver
complications by some method. There are several methods for
coordinating respiratory motion, including, for example, active
breathing control or coordination (ABC) (4), real-time tumor-
tracking systems (5), respiratory gating systems (6—8), abdom-

spirometer-based monitoring to reduce respiratory motion,
whereby patients can hold their breath within their comfortable
respiratory phase. We consider this method to have higher
feasibility for elderly patients or patients with pulmonary dys-
function.

For clinical application, we performed a study to confirm
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the feasibility and reproducibility of this method, using
healthy volunteers. The purpose of this study was to eval-
vate the intrafraction and interfraction reproducibility of
organ position with a spirometer and the feasibility of this
method for ESRT in a clinical setting.

METHODS AND MATERIALS

Spirometer-based monitoring

For respiratory phase and breath-hold monitoring,
healthy volunieers breathed through a mouthpiece con-
nected to a gas-monitoring sensor (sensor-D-light, Datex-
Ohmeda, Helsinki, Finland). The other end of the gas-
monitoring sensor was attached to a three-way connector,
and 5 L/min of oxygen was inhaled through one tube of the
three-way connector to assist the breath hold. A nose clip
was used to prevent nasal breathing and to ensure that
volunteers breathed through the mouthpiece (Fig. 1). We
used a commercially available spirometer (Ultima, Datex-
Ohmeda), which is usually used in anesthesia management.
This spirometer displays a flow—time curve, which shows
the state of inspiration, expiration, and breath-hold (Fig. 2).

Training

For this study, 5 healthy volunteers were enrolled. To
inform them of the procedure, we gave them training ses-
sions before the CT scans. They held their breath at the
end-inspiration and the end-expiration phase, which they
felt to be comfortable, under spirometer-based monitoring,
and we instructed them to keep a stable tidal volume at each

Fig. 1. A healthy volunteer breathes through a mouthpiece con-
nected to a gas-monitoring sensor. A nose clip is used to prevent
nasal breathing and ensure that the volunteer breathes through the
mouthpiece.

Volume 60, Number 4, 2004

Free breath

Breath hold

Fig. 2. Representation of spirometry tracings. It is possible for this
spirometer to display only a flow—time curve, which can show the
state of inspiration, expiration, and breath-hold.

respiratory phase. The reproducibility of the maneuver as
determined by the spirometry level was carefully moni-
tored, and the volunteers repeated this maneuver three to
four times until they became familiarized.

Simulation

For the simulation, each volunteer was placed in the
supine position on the X-ray simulator (Ximatron; Varian,
Palo Alto, CA). To set up the volunteers in the same
position, the isocenter was set on the lower end of the
ensiform process at the center of body thickness, First, to
measure the diaphragmatic motion from the end-inspiration
phase to the end-expiration phase in the cranial-caudal
(CC) direction, the volunteers breathed freely under X-ray
fluoroscopy (Fig 3). Second, the volunteers held the mouth-
piece and held their breath as in the training sessions under

| End-inspiration phase End-expiration phase

Fig. 3. Diaphragm motion distance under free breathing. To mea-
sure the diaphragmatic motion from the end-inspiration phase to
the end-expiration phase in the CC direction, the volunteers
breathed freely under X-ray fluoroscopy.
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(@)

® (©)

Fig. 4. Evaluation method for intrafraction reproducibility. (a) Cranial-caudal (CC) distance. (b) Left-right (LR) distance. (c)
Anterior-posterior (AP) distance. We measured CC distance between T10 and the diaphragm, LR distance between T10 and
the thoracic wall at the diaphragmatic level, and AP distance of the right lung at the diaphragmatic level.

X-ray fluoroscopy. We verified the reproducibility of the
diaphragm level in the CC direction obtained at each respi-
ratory phase.

CT scan procedure

Participants enrolled in this study were all healthy vol-
unteers. Informed consent, outlining the risk of low-dose
radiation exposure, was gained from all. To avoid unneces-
sary radiation exposure, CT scans were performed with low
voltage and current. Each volunteer was set up on the CT
scanner (Lightspeed QX/I; GE Yokogawa Medical System,
Tokyo, Japan) at the isocenter. Computed tomography scans
were performed four times at each respiratory phase. Slice
thickness and interval were each 2.5 mm. Scans were per-
formed twice at each respiratory phase with a 10-min inter-
val on 2 separate days. We ran through the setup process
every time before each CT scan was performed. Computed
tomography volume data were transferred to a three-dimen-
sional (3D) treatment-planning system (Pinnacle® version
6.0; ADAC, Milipitas, CA), and digitally reconstructed
radiographs (DRRs) were calculated for anterior—posterior
(AP) and left-right (LR) beams.

Verification and data analysis

Verification was performed with DRRs relative to boany
landmarks, the diaphragm, and the isocenter. The reasons
for using DRRs for verification were as follows: (/) because
we also use DRRs and lineacgraphys (LG) for verification
clinically, (2) to evaluate systematic error of CT and the 3D
treatment-planning system, and (3) because bony landmarks
are often unclear on radiographic simulations, especially on
the lateral view; thus DRRs, which reflect marked bony
landmarks on CT, would be more correct. To evaluate
intrafraction reproducibility, we measured lung volume, CC
distance between T10 and the diaphragm, LR distance be-
tween T10 and the thoracic wall at the diaphragmatic level,
and AP distance of the right lung at the diaphragmatic level
(Fig. 4). Lung volume was calculated automatically by the

3D treatment-planning system (the threshold of CT value
was between 700 Hounsfield units [HU} and 4096 HU).

To evaluate interfraction reproducibility, we measured CC
distance between the isocenter and the diaphragm, LR distance
between the isocenter and the thoracic wall, and AP distance of
the right lung at the isocenter level (Fig. 5). To evaluate setup
error, we measured CC, LR, and AP distances between the
isocenter and T10 (Fig. 6). Reproducibility and setup error
were defined as the average value of the differences between
each DRR with regard to the first DRR.

From these data, geometric uncertainties were determined.
Geometric uncertainties in radiotherapy consist of internal
organ movement and external setup deviations. Both devia-
tions consist of a systematic component (i.e., the same for each
fraction of the treatment) and a random component (i.e., vary-
ing from day to day) (12, 13). The overall deviations of internal
organ motion and setup were calculated by standard deviations
(SDs) of the mean differences between first scan DRR and
each subsequent DRR, averaged over all the volunteers. The
systematic deviations were calculated by determining the
spread (1 SD) in the individual means of the differences
between the first DRR and each subsequent DRR. The random
deviations were calculated by the spread (1 SD) of these
differences around the comresponding mean in each volunteer
and subsequent calculation of the average of these SDs for the
whole group (14).

Statistical significance in the differences was determined
with the Student ¢ test. Statistical significance was estab-
lished at the level of p < 0.05.

RESULTS

Diaphragm motion under free breathing

The diaphragm motion distance in the CC direction from
end-inspiration to end-expiration ranged from 10 mm to
22.6 mm, with an average of 15.8 = 5.6 mm (mean and
overall SD).
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(@)

(b) (©)

Fig. 5. Evaluation method for interfraction reproducibility. (a) Cranial-caudal (CC) distance. (b) Left-right (LR)
distance. (c) Anterior-posterior (AP) distance. We measured CC distance between the isocenter and the diaphragm, LR
distance between the isocenter and the thoracic wall, and AP distance of the right lung at the isocenter level.

Intrafraction reproducibility

Intrafraction reproducibility of the lung volume was 6.4%
+ 4.3% at the end-inspiration phase and 3.6% 2 2.5% at the
end-expiration phase. Between each breath-holding phase,
there was no significant difference (p = 0.342).

Intrafraction reproducibility of the CC, LR, and AP
directions was 4.0 = 3.5 mm, 2.3 = 2.2 mm, and 2.3 *
2.1 mm at the end-inspiration phase and 2.2 * 2.0 mm,
1.4 = 1.3 mm, and 2.0 = 1.1 mm at the end-expiration
phase, respectively. Between each breath-holding phase,
there was no significant difference in all directions (p =
0.297, 0.227, and 0.686 in CC, LR, and AP directions,
respectively).

Interfraction reproducibility

Interfraction reproducibility of the CC, LR, and AP di-
rections was 5.1 = 4.8 mm, 2.9 = 2.2 mm, and 3.0 £ 3.2
mm at the end-inspiration phase and 2.1 * 1.8 mm, 1.1 =
0.8 mm, and 1.9 = 1.6 mm at the end-expiration phase,
respectively. Between each breath-holding phase, interfrac-
tion reproducibility at the end-expiration phase was better

than that at the end-inspiration phase. There was no signif-
icant difference in the CC and AP directions (p = 0.181 and
0.423, respectively) but a significant difference in the LR
direction (p = 0.046).

Setup error

Setup error of the CC, LR, and AP directions was 2.8 =
23 mm, 2.9 £ 22 mm, and 2.9 £ 2.9 mm at the end-
inspiration phase and 2.2 = 1.7 mm, 1.4 = 1.1 mm, and 14
* 0.9 mm at the end-expiration phase, respectively. Be-
tween each breath-holding phase, there was no significant
difference (p = 0.352, 0.382, and 0.109 in the CC, LR, and
AP directions, respectively).

Table 1 shows a summary of the results. In all direc-
tions, especially in the CC direction, the reproducibility
and setup were relatively better at the end-expiration
phase than at the end-inspiration phase. Between the
breath-holding phase and free breathing, there was a
significant reduction of diaphragm motion in the CC
direction (p = 0.0015) (Fig. 7).

(@)

(b) (©)

Fig. 6. Evaluation method for setup error. (a) Cranial-caudal (CC) distance. (b) Left-right (LR) distance. (c) Anterior-
posterior (AP) distance. We measured CC, LR, and AP distance between the isocenter and T10.
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Table 1. Summary of results

Inspiration Expiration p value
Intrafraction CC 40 +35 2220 0.3
(mm) LR 23*+22 14x13 0.23
AP 23x21 20 = 1.1 0.69
Interfraction CC 5.1 £48 21=x18 0.18
(mm) LR 29 +£22 1.1 £0.8 0.046
AP 3.0x32 1.9 £ 1.6 042
Setup (mm) CC 2.8 £23 2217 0.35

LR 29 £22
AP 29 +29

1.4 =11 0.38
14+ 09 0.11

Abbreviations: CC = cranial~caudal; LR = left-right; AP =
anterior—posterior.

Geometric uncertainties

Table 2 shows the results of geometric uncertainties.
Systematic deviations of intrafraction in the CC, LR, and
AP directions were 3.3 mm, 1.4 mm, and 1.6 mm at the
end-inspiration phase and 1.4 mm, 0.8 mm, and 0.7 mm
at the end-expiration phase, respectively. Systematic de-
viations of setup in the CC, LR, and AP directions were
1.5 mm, 2.1 mm, and 1.7 mm at the end-inspiration phase
and 0.6 mm, 0.7 mm, and 0.8 mm at the end-expiration
phase, respectively. Random deviations of intrafraction
in the CC, LR, and AP directions were 1.9 mm, 1.6 mm,
and 1.5 mm at the end-inspiration phase and 1.6 mm, 1.2
mm, and 1.1 mm at the end-expiration phase, respec-
tively. Random deviations of setup in the CC, LR, and
AP directions were 2.0 mm, 1.2 mm, and 2.2 mm at the
end-inspiration phase and 1.8 mm, 1.0 mm, and 0.5 mm
at the end-expiration phase, respectively. Between each
breath-holding phase, there was significant difference in
systematic deviations of setup (p = 0.0045).

DISCUSSION

The breath-hold method is one of the methods used to
coordinate respiratory motion. Several approaches have
been used in the breath-hold method. One is the ABC
method, which temporarily immobilizes the patient’s
breathing. Wong et al. (4) reported on an ABC apparatus

Table 2. Geometric uncertainties

Inspirétion Expiration
2 T z o
Intrafraction (mm) CcC ~ 33 1.9 1.4 1.6
LR 1.4 1.6 0.8 1.2
AP 1.6 1.5 0.7 1.1
Setup (mm) cC 1.5 2 0.6 1.8
LR 2.1 1.2 0.7 |
AP 1.7 2.2 0.8 0.5

Abbreviations: 2, = systematic deviations; o = random devia-
tions. Other abbreviations as in Table 1.

free msp exb

Fig. 7. Reduction of diaphragm movement with the breath-hold
method using a spirometer. Between the breath-holding phase and
free breathing, there was significant reduction of the diaphragm
motion in the cranial-caudal direction {(p = 0.0015). Insp =
inspiration; Exp = expiration.

constructed of two pairs of flow-monitoring and scissor
valves, one each to control the inspiration and expiration
paths to the patients; the operator closes both valves to
immobilize breathing motion. From the analyses of posi-
tioning radiographs, the average intrafraction and interfrac-
tion CC reproducibility of the diaphragm relative to the
bony landmarks with ABC was 2.5 mm and 4.4 mm, re-
spectively (15). The reproducibility of ABC is good, but the
apparatus is relatively expensive and rather demanding of
patients. The second breath-hold method is the DIBH tech-
nique with a commercially available spirometer. The DIBH
technique is able to displace normal lung or heart out of the
high-dose treatment field. Rosenzweig et al. (10) showed
that calculated normal tissue complication probability
(NTCP) of the lung for 7 lung cancer patients decreased
with the DIBH technique as compared with free breathing at
their prescribed dose. Sixel et af. (16) showed that the DIBH
technique during tangential breast irradiation has the poten-
tial to significantly decrease irradiated cardiac volume for
suitably selected patients. Another benefit is relatively good
reproducibility: Haaley et al. (17) analyzed data from 5 lung
cancer patients with the DIBH technique and found that
intrafraction and interfraction reproducibility was 1.0 = 0.9
mm and 2.5 = 1.6 mm, respectively, as determined from the
diaphragm position. However, Mah et al. (18) reported that
a disadvantage of the DIBH technique is patient compli-
ance, because only approximately half of the lung cancer
patients they evaluated could perform this method. The
third method is the self-breath-hold method without respi-
ratory monitoring devices. Onishi et al. (11) demonstrated
that the reproducibility of tumor position during 20 lung
cancer patients’ self-estimated breath-holding at the inspi-
ration phase was 2.2 mm in the CC direction, 1.4 mm in the
AP direction, and 1.3 mm in the LR direction. They con-
cluded that they were able to obtain good reproducibility
with this technique in combination with a linear accelerator
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and without respiratory monitoring devices. However, in
some institutions, including ours, where clinicians depend
on conventional LG without the fusion of CT and a Linac
(FOCAL) unit (1) or an electronic portal imaging device
(EPID) for verification, it could not be verified whether
patients held their breath during treatment appropriately.
We therefore think it would be better to monitor respiratory
motion with some kind of method in these institutions.

In our study, we developed a voluntary breath-hold method
using a commercially available spirometer. We think the ad-
vantage of this method will be feasibility to many patients and
adaptability to many institutions. This study was preclinical
and used healthy volunteers; however, they could hold their
breath comfortably at the end-inspiration or the end-inspiration
phase under inhalation of oxygen. Considering that most lung
cancer patients are elderly and have respiratory dysfunctions,
this method, which allows for holding the breath at the com-
fortable respiratory phase, would be more feasible than other
breath-hold methods, in which breath-holding is mandatory,
such as ABC or DIBH. Additionally, verification is performed
by conventional L.G and DRR in this method, therefore this
method would be adaptable to institutions without an appara-
tus, such as a FOCAL unit or EPID, to monitor respiratory
motion during treatment, with relatively lower cost.

Our study demonstrated the feasibility of this method,
with relatively good reproducibility of the diaphragm posi-
tion, which was better at the end-expiration phase than at the
end-inspiration phase. Between the end-expiration phase
and free breathing, diaphragm movement was significantly
reduced to a range of 7.1-19 mm (mean, 13.4 mm) in the
CC direction. There 1s discussion as to whether patients
should hold their breath at the inspiration or the expiration
phase, because an advantage and a disadvantage exist in
each phase. The advantage of breath-holding at the inspira-
tion phase, as with the DIBH technique, is described above.
On the other hand, at the exptration phase, Balter et al. (19)
reported that the reproducibility of the diaphragm position
was betier than that at the inspiration phase. They analyzed
the ventilatory time courses of diaphragm movement for 15
patients, and the average patient’s diaphragm remained
within 25% of the range of ventilatory excursion from the
average expiration position for 42% of the typical breathing
cycle and within 25% of the range from the average inspi-
ration position for 15% of the cycle. Reproducibility of the
expiration position over multiple cycles was 0.9 mm, as
opposed to 2.6 mm for inspiration. Planning target volume
(PTV) in ESRT is smaller than that in conventional radio-
therapy, thus there was no large difference of NTCP in
ESRT. Considering the feasibility of this method, patients
can select a more comfortable respiratory phase, the end-
inspiration phase or the end-expiration phase. However, to
secure the accuracy of reproducibility for ESRT, we con-

sidered it better to hold the breath at the end-expiration-

phase, if possible, for more sufficient reproducibility.
Although we did not use immobilization devices such as

a stereotactic body frame in this study, mean setup error was

also within 3 mm in all directions, It was also slightly better

Volume 60, Number 4, 2004

at the end-expiration phase than at the end-inspiration
phase, because the motion of the thoracic walls, which are
attached to the skin mark, was greater on inspiration than on
expiration at setup. Regarding setup error, our results also
demonstrated that the end-expiration phase was better.

We calculated geometric uncertainties from our results. Sys-
tematic deviations included setup error and organ motion on
the CT scanner, delineation errors, and equipment calibration
errors. Random deviations included target movement and day-
to-day variation in the patient setup or equipment. Systematic
deviations that occur during treatment execution are called
preparation errors because these types of errors are caused by
the preparation of the equipment (20). Stroom et al. (13)
evaluated the effect of systematic and random deviations on
target dose and demonstrated a clinical target volume (CTV)-
10-PTV margin size that ensures at least a 95% dose 1o (on
average) 99% of CTV, which seems to be equal to approxi-
mately 2% + 0.70, where % and ¢ are combined systematic
and random deviations for a prostate, cervix, lung cancer case.
Herk ef al. (20) also demonstrated that a CTV-to-PTV margin
size must be approximately 2.5% + 0.7 — 3 mm to give 90%
of patients at least 98% equivalent uniform dose. They con-
cluded that systematic deviations have a much larger impact on
target dose, thus it is most efficient to address systematic
deviations first when working to improve the quality of radio-
therapy. In our results, between the end-inspiration and the
expiration phase, random deviations of intrafraction and setup
did not have large difference in all directions, but systematic
deviations of intrafraction and setup at the end-inspiration
phase tended to be worse than those at the end-expiration phase
in all directions. Systematic deviations of setup especially had
significant difference between these phases (p = 0.045). Large
CTV-to-PTV margin size is therefore necessary at the end-
inspiration phase. We also recommend holding the breath at
the end-expiration phase in radiotherapies in which the accu-
racy of reproducibility from the analysis of geometric uncer-
tainties is needed, like ESRT.

Because we used healthy volunteers in this study, we
evaluated the reproducibility of the diaphragm position as a
landmark. However, the correlation between the diaphragm
and lung or liver tumor position is still unclear. Regarding
liver tumors, Balter et al. (21) demonstrated that the range
of ventilatory movement of different locations of coils
within the liver is predicted by diaphragm position and
suggested that the diaphragm is an acceptable anatomic
landmark for radiographic estimation of liver movement in
AP projections for most patients. Regarding lung tumors,
Seppenwoolde et al. (22) demonsirated that the trajectory of
the tumor during inhalation is different from the trajectory
during exhalation (1.e., hysteresis) by analyzing 3D motion
of lung tumors during radiotherapy, using the real-time
tumor tracking system. They also suggested that when hys-
teresis in tumor motion is caused by the dynamic properties
of lung tissue, breath-hold scans will not give a representa-
tive position of the tumor. According to the complexity of
tumor motion from this analysis, we should take into con-
sideration that diaphragm position does not necessarily re-
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flect lung tumor position directly, especially tumors in the
lower lobe, and from now on evaluate not only the repro-
ducibility of the diaphragm or other organ position but also
that of tumor position in a clinical setting.

CONCLUSIONS

The voluntary breath-hold method using spirometer-
based monitoring is feasible, with relatively good intrafrac-

tion and interfraction reproducibility, especially at the end-
expiration phase in healthy volunteers. However, we need to
improve interfraction reproducibility for more accurate or-
gan positioning; therefore, daily film verification and repo-
sitioning will play a more important role in a clinical setting.
We encourage the use of this technique clinically for ESRT
and plan to demonstrate not only the reproducibility of
organ position but also that of target immobilization in lung
and liver tumor patients.
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Summary We have developed a novel irradiation technique for lung cancer that com-
bines a linear accelerator and CT scanner with patient-controlled breath-hold and ra-
diation beam switching. We applied this technique to stereotactic three-dimensional
(3D) conformal radiotherapy for stage | non-small cell lung cancer (NSCLC) and evalu-
ated the primary therapeutic outcomes. A total of 35 patients with stage | (15 IA, 20 IB)
primary NSCLC (20 adeno, 13 squamous cell, and 2 others) were treated with this tech-
nique. Patients ranged from 65 to 92 years old (median, 78 years). Twenty-three (66%)
patients were medically inoperable due to mainly chronic pulmonary disease or high
age. Three-dimensional treatment plans were made using 10 different non-coplanar
dynamic arcs. The total dose of 60 Gy was delivered in 10 fractions (over 5—8 days) at
the minimum dose point in the planning target volume (PTV) using a 6 MV X-ray. After
adjusting the isocenter of the PTV to the planned position by a unit comprising CT and
linear accelerator, irradiation was performed under patient-controlied breath-hold
and radiation beam switching. All patients completed the treatment course with-
out complaint. Complete response (CR) and partial response (PR) rates were 8/35
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(23%) and 25/35 (71%), respectively. Pulmonary complications of National Cancer
Institute-Common Toxicity Criteria grade >2 were noted in three (9%) patients. During
follow-up (range, 6—30 months; median, 13 months), two (6%) patients developed lo-
cal progression and five (14%) developed distant or regional lymph node metastases.
Two-year overall survival rates for total patients and medically operable patients
were 58 and 83%, respectively. In conclusion, this new irradiation technique, utiliz-
ing patient-controlled radiation beam switching under self-breath-hold after precise
alignment of the isocenter, allows safe high-dose stereotactic radiotherapy with suf-
ficient margins around the CTV and reduced treatment times. Based on the initial
results, excellent local control with minimal complications is expected for stage |

NSCLC.

© 2004 Elsevier lreland Ltd. All rights reserved.

1. Introduction

Lung cancer is the leading cause of mortality among
males in Japan. Despite continued research into
novel therapeutic strategies, 5-year survival rates
for lung cancer remain at approximately 15% [1].
One of the main reasons for this disappointing sur-
vival rate is the relatively late diagnosis of lung can-
cer. However, lung cancers are increasingly being
detected in the earlier stages, thanks to the routine
use of computed tomography (CT). For early stage
lung cancers, the cure rate is 29—72% if surgical re-
section of the tumor can be achieved [2]. Surgical
resection may not be an option for {ung cancer pa-
tients with tobacco-related illnesses, severe cardio-
vascular disease, or other medical conditions. Other
patients refuse surgery for personal reasons. Histor-
ical 5-year survival rates for early stage lung can-
cer patients treated using conventional radiother-
apy are 0—42% [3]. Recently, fractionated high-dose
stereotactic radiotherapy (SRT) has been actively
performed for early stage lung cancer [4—6]. In a
landmark study by Uematsu, SRT was performed us-
ing a novel combination of CT scanner and linear ac-
celerator (linac) [4,7]. This combined unit allowed
visualization of the tumor at the time of radiother-
apy, directing multiple non-coplanar beams of ra-
diation to converge on the tumor with great accu-
racy. Such real-time CT-guided treatment provides
precise targeting of the tumor and maximal sparing
of normal lung tissues.

SRT has focused attention on the need to con-
trol tumor motion due to respiration using meth-
ods that prevent enlargement of the irradiated lung
volume, such as respiratory gating, active breath
control, or breath-holding. We developed a new
irradiation technique comprising breath-hold and
patient-controlled radiation beam switching with a
moving CT scanner and linac unit (linac-CT) [8]. The
current study aimed to apply this technique to SRT
for stage | non-small cell lung cancer (NSCLC) and to
evaluate the resultant primary clinical outcomes.

2. Material and methods
2.1. Eligibility criteria

All patients enrolled in this study satisfied the
following eligibility criteria: (1) identification of
TINOMO or T2NOMO primary lung cancer on chest
and abdomen CT, bronchoscopy, bone scintigram,
and brain magnetic resonance imaging; (2) his-
tologically confirmed NSCLC; (3) tumor diame-
ter <60mm; (4) performance status according
to World Health Organization guidelines <2; (5)
demonstrated ability to maintain breath-hold for
more than 10s; (6) demonstrated ability to under-
stand and perform self-breath-hold and radiation
beam control. Patients were informed as to the
concept, methodology, and rationale of this treat-
ment. Written informed consent was obtained from
all patients. This study was approved by the ethics
committee of our institution.

2.2, Patient characteristics

Between July 2000 and October 2002, a total of
38 patients were identified as candidates for the
irradiation procedure. However, three patients
(8%) were excluded, as they could not suitably
perform self-breath-holding and beam switching
techniques. A summary of patient characteristics
is provided in Table 1. A total of 35 patients were
treated using this irradiation procedure. Fourteen
patients displayed pulmonary emphysema or fibro-
sis before treatment. Twelve patients were consid-
ered medically operable, but had refused surgery
or were advised to select SRT by medical oncolo-
gists. The remaining 23 patients were judged med-
ically inoperable due to poor respiratory function,
advanced age, or other chronic illness.

2.3. Treatment methods

Treatments were delivered using our newly devel-
oped unit, comprising a linear accelerator (linac)
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(EXL-15DP, Mitsubishi Electric, Tokyo, Japan) cou-
pled to a CT scanner (Hi-Speed DX/I, GE Yokogawa
Medical Systems, Tokyo, Japan) and sharing a com-
mon couch (Fig. 1A). The center of the CT image
was aligned with the isocenter of the linac acceler-
ator when the couch was rotated 180°. During scan-
ning, the CT-gantry moved along rails on the floor
while the table remained stationary [8]. Accuracy
of matching between linac isocenter and CT image
center was <0.5mm.

in order to reproduce and maintain tumor po-
sition during irradiation, patienis were trained
in procedures for self-breath-holding at inspi-
ration. Reproducibility of tumor position under
self-breath-hold was measured by three repeated
CT scans that were performed to obtain ran-
domly timed images of 2mm thickness in the
vicinity of the tumor during self-breath-hold.
Maximum difference in the center of tumor posi-
tion for the three CT scans was then catculated.
The uncertainty concerning the reproducibility of
patient-controlled breath-hold has previously been
presented [9]. Chest CT under self-breath-hold

was performed for each patient and a plan was
established with the help of a three-dimensional
(3D) treatment-planning computer (FOCUS, version
3.2.1, CMS, St. Louis, MO). Patients were positioned
on the CT table and a skin marker for the tempo-
rary isocenter was placed using the cross-hair laser
system. An example of the 3D treatment plan is
showed in Fig. 2. Clinical target volume (CTV) was
equal to the gross tumor volume (GTV) delineated
on CT images displayed with a window level of
—300 Hounsfield units (HU) and a window width of
1700 HU. Planning target volume (PTV) was deter-
mined on CT images as the CTV plus the maximum
difference of the tumor position measured on the
aforementioned three repeated (T scans per-
formed during self-breath-holding with an addi-
tional margin of 5mm to compensate full internal
margin including intra-session reproducibility. Since
the tumor position was adjusted to the planned po-
sition before every session using CT images, set-up
error was neglected [8]. Elective nodal irradia-
tion to the hilar and mediastinal regions was not
delivered.

A flowchart of the irradiation process is shown
in Fig. 3. The isocenter of the PTV was visu-
ally adjusted with CT images of 2mm thickness
taken before every radiotherapy fraction to cor-
respond to the planned isocenter under patient
self-breath-hold using the CT scanner unified with
the linac (Fig. 1B). The couch was rotated 180° so
that the rotational center of the CT-gantry cor-
responded to the isocenter of the linac. A signal
indicating readiness to start irradiation was given
by a radiation technologist when alignment was ob-
tained (Fig. 1C). lrradiation was started only when
both switches for the patient and the console of
the linac were turned on. The actual switching of
the radiation beam was delayed <0.1s behind the
patient’s switching. The linac delivered a maximum
of 400 monitor units/min. Patients determined
their breath-holding time and controlled radiation
beam as often as needed until the prescribed mon-
itor units were completed. Radiation technologists
were able to stop irradiation whenever necessary.

Tumor position during each radiotherapy session
was complementarily verified using an electronic
portat-imaging device. Electronic portal images
(EPIs) were real-time and taken every 2 s during ir-
radiation. Whenever the tumor was visually deter-
mined to move beyond the PTV on EPI, the radia-
tion technologist turned off the radiation beam and
irradiation was restarted after realigning the tu-
mor under patient self-breath-hold. Mean time for
one radiotherapy session, including patient set-up,
adjustment of the isocenter, and irradiation, was
approximately 30 min.
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Fig. 1 Treatment room and procedure. (A) Linear accelerator coupled to CT scanner (linac/CT unit) and a patient’s
handheld switch for radiation beam control. (B) Isocenter of the PTV was adjusted to correspond to the planned
isocenter with CT scanning under patient self-breath-hold before every radiotherapy fraction. (C) The couch was
rotated 180° so that the rotational center of the CT-gantry corresponded to the isocenter of the linac.

Additional internal margin : S mm
Reproducibility measured by CT

; (1-3 mm)
Defined on breath-holding CT

Prescription dose point

PTV

Fig. 2 Three-dimensional treatment planning. Prescribed dose was calculated at the 80% line of global maximum
dose in the planning target volume. The 80% isodose line accords with the third line from inside. (A) Isodose curves
on axial CT through the center of the PTV; coronal reconstructed image through the center of the PTV. (B) Isodose
curves on a coronal reconstructed image through the center of the PTV. (C) Three-dimensional image showing all
radiotherapy arcs and isodose curves. (D) Definitions for the internal target volume (ITV) and PTV.
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Process performed only under
supervision by radiation
technologist

When prescribed monitor units is
fulfilled or anytime irradiation must
be stopped

Adjust actual isocenter to planned
isocenter by CT combined with line
accelerator

] Signal of readiness to start irradiation

by radiation technologist

Patient self breath-hold

Patient self switch-on

Patient self switch-off %

Radiation beam-off (finish)

Fig. 3 Flowchart for irradiation method.

Ten different non-coplanar dynamic arcs (couch
angles between —20° and +25°) were used for irra-
diation. The isocenter was single for all arcs. The
radiation port was made with dynamic sliding 5mm
thick multileaves at the isocenter, adjusted at the
border of the PTV., Each radiotherapy fraction had
one arc. A total dose of 60 Gy in 10 fractions (two
fractions daily for 5—8 days) at the border of the
PTV which was almost on the 80—85% isodose line
of the global maximum dose in the PTV (Fig. 2)
was delivered using a 6 MV X-ray. According to
the linear-quadratic model [10], the biologically
effective dose (BED) at the isocenter was approx-
imately 120 Gy. Under the patient’s self-initiated
breath-hold, the radiation bheam was turned on and
off repeatedly by the handheld switch connected
to the linac console box until the full dose was
obtained.

A more detailed account of treatment methods
has been previously presented [11].

2.4. Evaluation

The patients were followed by the radiation on-
cologists. Primary and secondary end-points to be
investigated were locally progression-free rate and
toxicity, respectively. Tumor response was evalu-
ated using the response evaluation criteria in solid

tumnors by CT. Chest CT was usually obtained every
3 months for the first year, and repeated every 4—6
months thereafter. Complete response (CR) indi-
cated that the tumor had completely disappeared
or was replaced by fibrotic tissue. Partial response
{PR) was defined as a reduction of >30% in longest
cross-sectional diameter. Local progression was
judged only when the tumor displayed an increase
in size on follow-up CT. Findings on CT were inter-
preted by two radiation oncologists. When difficulty
was encountered in deciding whether the findings
indicated viable tumor or secondary changes in-
cluding radiation pneumonitis and fibrosis, tumor
was initially presupposed, with results modified ac-
cording to alterations on further follow-up. Lung,
esophagus, bone marrow, and skin were evaluated
using the National Cancer Institute-Common Tox-
icity Criteria (NCI-CTC) Version 2.0. Dose—volume
histogram (DVH) of lung was calculated with the 3D
treatment-planning computer.

A

2.5. Statistical analysis

Statistical evaluation was performed on Statview
(SAS Institute). Cumulative survival rate with the
day of treatment as the starting point and analyses
of differences between two groups were calculated
using the Kaplan—Meier algorithms and log-rank
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test. Analysis of possible correlations between pa-
tient characteristics or treatment factors and grade
of radiation pneumonitis were determined using
the Pearson’s correlation test. Values of P < 0.05
were considered statistically significant.

3. Results

All patients completed the treatment as planned
with no interruptions. No patients were lost to
follow-up evaluation. The radiation technologist
turned off the radiation beam due to misalignment
in approximately 3% of all sessions. Follow-up pe-
riod was 6—30 months (median, 13 months). Of the
35 patients, 18 were followed for >12 months.

3.1. Local tumor response

Rates of CR and PR were 11/35 (31%) and 22/35
(63%), respectively. Overall response rate was 94%.
An example of a patient with CR is shown in Fig. 4.

3.2. Toxicity

The ratio of the lung volume irradiated >20 Gy to
the whole lung on DVH distributed from 1.0 to
13.0% {(median: 5.0%). Lung, esophagus, bone mar-
row and skin toxicities are listed in Table 2. No pul-
monary complications with NCI-CTC grade >2 were
noted. Five patients developed acute interstitial
pneumonitis in the high-dose irradiated area and
developed mild (grade 1 or 2) respiratory symptom,
but conditions improved after temporary steroid
therapy. There was no significant correlation be-
tween patient characteristics and grade of radia-
tion pneumonitis. None of the patients experienced
symptomatic radiation esophagitis or dermatitis.

N

3.3. Progression

Data for progressive cases is shown in Table 3. Two
patients (6%) developed local progression 9.9 and
13.5 months after completion of treatment. Both
of these locally progressive cases were stage IB and
had obtained CR. The other 33 patients had no {o-
cally tumor progression. Five patients (14%) devel-
oped distant or regional lymph node metastases, in-
cluding the preceding two patients with local pro-
gression. One patient with stage IA adenocarcinoma
developed brain and bone metastases without lo-
coregional progression. The time interval between
completion of treatment and progression ranged
from 6.5 to 13.5 months. Four of the five progressive
cases involved stage IB tumors. progressive cases
were treated with radiotherapy or chemotherapy in
four patients, and two of these were stable at the
latest follow-up.

3.4. Survival

During follow-up period of 6—27 months, a total
of nine patients died. Of these, six died of other
disease; two of chronic liver disease, two of acute
intracranial hemorrhage, one of renal dysfunction,
and one of Parkinson’s disease. Three patients died

Fig. 4 An example of CR. The patient was an 80-year-old male with T2NO adenocarcinoma: (A) CT before SRT; (B)

CT 6 months after SRT.
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Fig. 5 Actual overall survival rate for all cases.

due to progression of metastatic lesions involv-
ing lymph nodes and distant sites. Actual overall
and cause-specific survival curves are shown in
Figs. 5 and 6, respectively. Two-year overall and
cause-specific survival rates were 58 and 83%, re-
spectively. Actual overall survival rates of medi-
cally operable and inoperable patients are shown in
Fig. 7. Two-year overall survival rate for medically
operable cases were 83%. Cause-specific survival
rates for stages A and IB patients are shown in
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Fig. 6 Actual cause-specific survival rate for all cases.
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Fig. 7 Actual overall survival rates for medically oper-
able and inoperable patients.

Fig. 8. Two-year cause-specific survival rates for
stages A and IB patients were 86 and 80%, respec-
tively, and no significant differences were observed
between patients with stages 1A and IB tumors.

4, Discussion

Standard management for stage | NSCLC is still
surgical resection as the results of treating early
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Fig. 8 Cause-specific survival rates for stages IA and IB
patients.
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stage NSCLC with conventional radiation therapy
are disappointing. Local progression is common
[12,13] and techniques are needed to increase the
radiation dose to the tumor. Cheung et al. reported
the results of using 48 Gy in 12 once-daity fractions
delivered to an involved field with a conventional
two-dimensional techniques for stage | NSCLC. At
2 years, overall and cause-specific survival rates
were 46 and 54%, respectively, and local progres-
sion was reported in 29.4% of patients [14]. Acute
and late skin reactions were found in 30.3 and 24.2%
of patients, respectively. Maximizing tumor radi-
ation dose while minimizing damage to adjacent
tissues is difficult to achieve using conventional
radiotherapy or even with 3D conformal radiation
therapy [15]. The ability to concentrate radiation
on a small tumor while sparing surrounding tissues
has already been miade possible using SRT for the
treatment of brain lesions. Results from treating
small brain metastases are excellent and the local
control rate is approximately 90%. When planning
treatment for small pulmonary lesions, the ratio of
high-dose radiation volume to low-dose radiation
volume should be smaller than that for the brain.
Moreover, a limited volume of radiation damage in
the lung is not likely to cause the severity of symp-
toms possible with damage to cerebral tissues.
However, applying accurate irradiation techniques
to an extra-cranial site is difficult, as lesions may
be mobile even after bony structures are fixed.

To overcome problems with targeting and
immobilizing lesions, we have developed a novel
irradiation technique for stereotactic radiother-
_apy: patient self-controlled breath-hold and beam
switching using a combined linac and CT scanner
[11]. This new technique is likely to prove ex-
tremely useful for the irradiation of lung tumors
with a small internal margin and for reduced pro-
portion of high-dose irradiated normal lung to total
lung volume. We believe it is useful for irradiation
of any lung tumors with reduced PTV and sufficient
reproducibility.

Use of CT-guided linac treatment, also called
FOCAL (‘‘fusion of CT and linear accelerator’’),
was pioneered by Uematsu for adjustment of tumor
position [4,7,16]. The FOCAL system largely elimi-
nates daily differences in target center attributable
to tumor migration or set-up error. It was confirmed
that set-up error using the FOCAL systern was di-
minished to almost zero (within 0.5mm) [8,16].
Use of megavoltage portal films has achieved some
success in locating the treatment target. Jaffray
et al. integrated a kilovoltage radiographic and
tomographic imaging system with a linac to al-
tow localization of bone and soft-tissue structures
in the reference frame of the accelerator [17].

However, image quality of diagnostic CT scanners
was superior to the kilovoltage radiographic and
tomographic imaging systems.

In confirming the radiation field on a well-specified
target volume, respiratory organ motion remains
problematic. Synchronized or controlled breathing
radiotherapy has therefore been receiving world-
wide attention. We have implemented patient
self-breath-holding in the absence of respiratory
monitoring devices for irradiation of small lung
tumors. We previously evaluated how precisely
patients can hold deep inspiration breath-hold to
reproduce the same tumor position in the absence
of respiratory monitoring devices. Reproducibility
of tumor position under self-breath-holding after
sufficient practice was within 3mm [9,18]. This is
similar to results reported by other investigators
for breath-hold or gating via respiratory monitoring
devices [19,20]. In the PTV, we added 5 mm to the
maximum difference of the tumor position mea-
sured on the three repeated CT scans performed
during self-breath-holding to include sufficient in-
ternal margin which cover the reproducibility of
the breath-hold technique and intra-session repro-
ducibility according to ICRU 50 and 62 reports. A
benefit of breath-holding during deep inspiration is
the reduced density of normal lung and minimized
propartion of tung volume receiving high-dose radi-
ation, compared to total lung votume. In addition,
we have recently developed a new switch, which
is connected to the radiation console that enables
the patient to turn the radiation beam on and off
voluntarily and independently, as it is difficult for
the radiation technologist to determine the timing
of the patient self-breath-holding in the operat-
ing room. The switch could utilize the timing of
breath-hold and breath-restart to turn the radia-
tion beam on and off. This system improves the
efficiency of irradiation treatment duration, as pa-
tients can maximize the time of irradiation during
breath-holding.

SRT for small lung turmors using a linac has gained
acceptance as an effective means of treatment
[4—6,21—25]. The advantages of this radiothera-
peutic technique include narrow X-ray beams, con-
centrated in such a manner as to provide intense ir-
radiation to small lesions at high doses, and a small
number of treatment fractions. Irradiation meth-
ods and local control rates from several institutions
f4—6,25] in which SRT was performed for primary
stage | NSCLC are listed in Table 4. Various devices
have been used to reduce set-up margins and the in-
ternal margins of the radiotherapy port. In three of
eight institutions, respiratory gating, active breath
control, and tumor-tracking techniques using some
respiratory monitoring devices have been applied
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to reduce the internal margin. Body frames (Stereo-
tactic Body Frame, Elekta Corp.) and vacuum pil-
lows have been used to control movement in sev-
eral institutions. Neither body frame nor respiratory
monitoring devices are necessary for our method.

Treatment-planning methods also differ among
researchers. For example, the prescribed radio-
therapy dose normalized to the border of the PTV
including a sufficient internal margin at our institu-
tion, while it is normalized to the isocenter of the
PTV or the border of the PTV without a sufficient
internal margin in other institutions. Thus the dose
actually delivered to the CTV with our method may
be higher than with previously reported methods.
in addition, inspired breath-hold was favored on
DVHs of PTV relative to normal lung volume [26].
During our follow-up, no severe complications were
encountered.

Local control rates presented by previous stud-
ies (Table 4) are generally satisfactory. Low local
control rates from Hof et al.’s study [25] may be
due to reduced irradiation doses. We set an irradi-
ation schedule of 60 Gy twice daily 10 fractions, as
BED as the isocenter >100 Gy may be effective for
SRT of stage | NSCLC with local control rate >90%
[5]. In our study, local relapses have been detected
in two (6%) of 35 cases during the 6—30 months
post-treatment period. Both of two locally progres-
sive cases were stage 1B, and no local progressions
occurred among stage IA cases. Previously reported
3-year overall survival rates reached 89% in med-
ically operable patients [4]. The reason why the
2-year overall survival rate in our results was low
(58%), while the 2-year cause-specific survival rate
was 83%, was that cause of death in six of nine dead
cases was other disease due to very high age of pa-
tients enrolled in this study (median, 78 years) or
serious comorbidity. The overall survival rate of op-
erable cases was encouraging. Four of the total five
progressive cases were stage {B, but half were sal-
vaged with additional treatment.

We believe that SRT is a minimally invasive ther-
apy for stage | NSCLC, and should be considered as
a radical treatment for all patients. A larger pop-
ulation and longer follow-up period are needed to
examine potential benefits to local control and sur-
vival rates using the novel SRT technique presented
in this report.

5. Conclusion

In conclusion, preliminary results from CT-guided
SRT with patient self-breath-hold and self-beam-
control technique suggest that this method is safe
and effective for treating stage | NSCLC. Advan-

tages of this technique include reduced set-up mar-
gins and internal margins, reduced tumor motion
during irradiation without the need for respiratory
monitoring devices, improved DVHs due to inspired
breath-hold, and reduced treatment times. The lo-
cal progression rate was sufficiently low, and no se-
vere toxicity was produced. Further follow-up and a
larger population are needed to evaluate long-term
outcomes.
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