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* Stereotactic radiotherapy for stage I lung cancer.
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Abstract Stereotactic body radiation therapy is a new treat-
ment modality for early-stage non-small-cell lung cancer,
and is being intensively investigated in the United States,
the European Union, and Japan. We started a feasibility
study of this therapy in July 1998, using a stereotactic body
frame. The eligibility criteria for primary lung cancer were:
(1) solitary tumor less than 4cm; (2) inoperable, or the
patient refused operation; (3) histologically confirmed ma-
lignancy; (4) no necessity for oxygen support; (5) perfor-
mance status equal to or less than 2, and (6) the tumor was
not close to the spinal cord. A total dose of 48Gy was
delivered in four fractions in 2 weeks in most patients. Lung
toxicity was minimal. No grade II toxicities for spinal cord,
bronchus, pulmonary artery, or esophagus were observed.
Overall survival for 29 patients with stage IA, and 14 pa-
tients with stage IB disease was 87 % and 80 %, respec-
tively. No local recurrence was observed in a follow-up of
3-50 months. Regional lymph node recurrence developed
in 1 patient, and distant metastases developed in 4 patients,
We retrospectively analyzed 241 patients from 13 Japanese
institutions. The local recurrence rate was 20% when the
biological equivalent dose (BED) was less than 100 Gy, and
6.5% when the BED was over 100 Gy. Overall survival at 3
years was 42% when the BED was less than 100Gy, and
46% when it was over 100 Gy. In tumors which received a
BED of more than 100Gy, overall survival at 3 years was
91% for operable patients, and 50% for inoperable patients.
Long-term results, in terms of local control, regional recur-
rence, survival, and complications, are not yet evaluated.
However, this treatment modality is highly expected to be a
standard treatment for inoperable patients, and it may be
an alternative to lobectomy for operative patients. A pro-
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spective trial, which is now ongoing, will, answer these
questions.

Key words -Non-small-cell lung cancer - Stereotactic radia-
tion therapy

Stereotactic body radiation therapy for early-stage non-
small-cell lung cancer (NSCLC) is a new treatment mo-
dality, and Japan is one of the leading countries in using
three-dimensional radiation therapy. The background of
this treatment is the great success of stereotactic irradiation
for intracranial tumors, in terms of the technologies used,
quality assurance (QA) and quality control (QC), and
clinical outcomes. That is, a high local control rate has been
shown with minimal toxicities. The success has caused much
interest in the application of this treatment for extracranial
regions. Why use stereotactic radiation irradiation (SRI) for
lung cancer? The number of patients detected at an early
stage has been increased by screening examinations. Ac-
cordingly, the number of older patients with early-stage
lung cancer who are not amenable to operation has in-
creased, and the clinical results of conventional radiation
therapy are not satisfactory. In regard to techuical aspects,
the application of this new technique is easier for lung
cancer, because it is visible on fluoroscopy and because
normal tissue toxicities to radiation are relatively well de-
scribed compared with other normal tissues.

For the management of stage I NSCLC, surgical resec-
tion alone is the standard treatment, and lobectomy is gen-
erally accepted as the optimal surgical procedure. Survival
outcomes of surgical treatment have recently been reported
by the Japanese Association for Chest Surgery. According
to these data, the overall survival of patients in clinical stage
TA is 81.3% at 3 years, and 71.5% at 5 years, and that of
patients in clinical stage 1B is 62.9% at 3 years, and 50.1% at
5 years.

What about radiation therapy alone for stage I NSCLC?
As is known, radiation therapy has been used primarily for
those patients who are not considered to be surgical
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Fig. 1. Stereotactic body frame
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candidates; that is, those who refuse surgical intervention,
and those who are medically inoperable. The reported 5-
year survival rate is around 8%-27%, and is not satisfac-
tory. Several prognostic factors, such as T stage and total
dose, have been reported, and doses higher than 65 Gy did
show higher survival rates, which can be a rationale for dose
escalation.

However, there remain several problems with stereotac-
tic radiation therapy for lung cancer compared to its use in
intracranial tumors. (1) How should the body be fixed with
high accuracy? (2) How do we cope with the movement of
the tumor caused by respiration? (3) What are the optimal
treatment regimens? (4) Toxicities to normal tissue caused
by large-fraction size irradiation have not been examined.
(5) Fractionated stereotactic radiation therapy is consid-
ered to be appropriate for lung cancer, but the optimal
fractionation scheme has not yet been decided.

We started a feasibility study of this stereotactic body
radiation therapy for small lung tumors in July 1998. The
stereotactic body frame shown in Fig. 1 was used. The
patient was placed in this body frame, and immobilized. We
used both X-ray and computed tomography (CT) simula-
tors, with the same table, to improve the accuracy of the set-
up. The movement of the tumor caused by respiration was
estimated using fluoroscopy, and if that movement in the
craniocaudal (CC) direction was greater than 8mm, a dia-
phragm control was employed to suppress the movement of
the chest wall. Then the three-dimensional treatment
planning was casried out. We verified the tumor location in
each treatment. As regards the movement of the tumor
caused by respiration, the largest movement was in the CC
direction. It was 0-22mm, and movement of less than
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Shaped state

15mm occurred in 90% of all tumors. When that movement
was over 20mm, we used the diaphragm control, and, with
the use of this device, the movement of the respiration
decreased significantly. The set-up error with patients was
greater than 3mm in at least one direction. Patient reposi-
tioning had to be undertaken in 21.6% of all treatments.

The eligibility criteria for primary lung cancer were as
follows: solitary tumor less than 4cm; inoperable, or the
patient refused operation; histologically confirmed malig-
nancy; no necessity for oxygen support; performance status
equal to or less than 2; and the tumor was not close to spinal
cord.

The eligibility criteria for metastatic lung cancer were as
follows: one to two tumors less than 4cm each, primary
tumor controlled, no other metastasis, no necessity for oxy-
gen support, performance status less than 2, and tumors not
close to the spinal cord. Between July 1998 and September
2002, a total of 70 patients received this treatment modality.
Their ages ranged from 70 to 87 years, with a mean of 71
years, Fifty patients had primary tumors, and 20 patients
had secondary tumors. Seven of the 20 secondary tumors
were solitary. In 57 tumors, a total dose of 48 Gy was deliv-
ered, in four fractions in 2 weeks. Ten tumors were treated
with a total dose of up to 60 Gy. In the initial three tumors,
a total dose of 40 Gy was administered.

We examined the toxicity by National Cancer Institute-
Common Toxicity Criteria (NCI-CTC) version 2. Lung tox-
icity was grade Il in 4%, grade Iin 92 %, and grade 0 in 4 %.
No grade II toxicities for spinal cord, bronchus, pulmonary
artery, or esophagus were observed. The clinical course of 1
patient who responded well to this treatment is shown in
Fig. 2.
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Fig. 2. Clinical course of a patient treated with stereotactic radiation therapy (SRT). The patient, a 71-year-old man, had primary lung cancer
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Fig. 3. Survival curves of patients with stage IA: TINOMO non-small-
Tell lung cancer (NSCLC) treated with SRT. F-U, follow-up

Survival curves for 29 patients with stage IA, TINOMO
NSCLC are shown in Fig. 3. No local recurrence was ob-
served in a follow-up of 6-50 months (median, 18 months).
Regional lymph node recurrence developed in 1 patient,
and bone metastases developed in 2 patients.

Survival curves for 14 patients with stage IB, T2NOMO
NSCLC are shown in Fig. 4. No local recurrence was ob-
served at a follow-up of 3-45 months (median, 20 months).
Liver and bone metastases developed in 1 patient each.
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Fig. 4. Survival curves of patients with stage IB: T2NOMO NSCLC
treated with SRT

We retrospectively analyzed data from 241 patients from
13 Japanese institutes. Their ages ranged from 35 to 92
years, with a median of 76 years. Histology was sqnamous
cell carcinoma in 106 patients, adenocarcinoma in 102 pa-
tients, and “others” in 33 patients. As regards clinical stage,
153 patients were stage TA, and 88 patients were stage IB.
Tumor diameter ranged from 7 to 58 mm, with a median of
28mim. One hundred and sixty-one patients were inoper-
able, and 80 patients were operable. The biological equiva-
lent dose (BED) was 57-180Gy, with a median of 108 Gy.
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Lung toxicities were minimal, with grade IT in only 2.2 %
and no grade III. Local response to the treatment was
complete response (CR) in 23%, and partial response (PR)
in 62%. The local recurrence rate was 20% when BED was
less than 100Gy, and 6.5% when BED was over 100Gy, at
follow-up periods of 4-72 months (median, 18 months).
Overall survival at 3 years was 42% when BED was less
than 100Gy, and 46% when BED was over 100Gy. For
tumors which received a BED of more than 100Gy, overall
survival at 3 years was 91% for operable patients, and 50%
for inoperable patients.

We are going to start a prospective multiinstitutional
phase II study with a grant from the Health and Welfare
Ministry of Japan. The target is stage IA NSCLC. A total
dose of 48Gy in four fractions will be delivered in 4 to 8
days. Entry of 150 patients from 15 institutes in 3 years is

355

expected. The primary endpoint is survival. This is the first
trial of the Radiation Therapy Study Group (RTSG), which
is the newest group in the Japanese Clinical Oncology
Group (JCOG). We hope that this trial will provide more
conclusive data on stereotactic body irradiation for early-
stage NSCLC.

In summary, regarding stercotactic body radiation
therapy for early-stage NSCLC, (1) long-term results, in
terms of local control, regional recurrence, survival, and
complications are not yet evaluated. (2) Technologies to
cope with tumor movement, gauging tracking, need to be
improved. (3) This treatment modality is highly expected
to be a standard treatment for inoperable patients, and may
be an alternative to lobectomy for operative patients. A
prospective trial ongoing is expected to resolve these
matters.
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THREE-DIMENSIONAL CONFORMAL SETUP (3D-CSU) OF PATIENTS USING
THE COORDINATE SYSTEM PROVIDED BY THREE INTERNAL FIDUCIAL
MARKERS AND TWO ORTHOGONAL DIAGNOSTIC X-RAY SYSTEMS IN
THE TREATMENT ROOM

Hirok1 SHIrRATO, ML.D., MasaTAKA Orra, M.S., KaTsunisa Fuirra, R.T., Sumicar Sumvizu, M.D.,
Rixiva ONmMARU, M.D., Samnr Uecaki, M.D., Yosumaru WaTaNaBg, R.T., Norio Kato, M.D., anD
Kazuo Mrvasaka, M.D.

Department of Radiology, Hokkaido University School of Medicine, Sapporo, Japan

Purpose: To test the accuracy of a system for correcting for the rotational error of the clinical target volume
(CTV) without having to reposition the patient using three fiducial markers and two orthogonal fluorescopic
images. We call this system “three-dimensional conformal setup” (3D-CSU).

Methods and Materials: Three 2.0-mm gold markers are inserted into or adjacent fo the CTV. On the treatment
couch, the actual positions of the three markers are calculated based on two orthogonal fluoroscopies crossing at
the isocenter of the limear accelerator. Discrepancy of the actual coordinates of gravity center of three markers
from its planned coordinates is calculated. Trauslational setup error is corrected by adjustment of the treatment
couch. The rotation angles (e, B, v) of the coordinates of the actual CTV relative to the planned CTV are
calculated around the lateral (x), craniccaudal (p), and anteroposterior (z) axes of the planned CTV. The angles
of the gantry head, collimator, and treatment couch of the linear accelerator are adjusted according to the
rotation of the actual coordinates of the tumor in relation to the planned coordinates. We have measured the
accuracy of 3D-CSU using a static cubic phantom,

Results: The gravity center of the phantom was corrected within 0.9 =+ 0.3 mm (mean * SD), 0.4 = 0.2 mom, and
0.6 = 0.2 mum for the rotation of the phantom from 0-30 degrees around the x, p, and z axes, respectively, every
5 degrees. Dose distribution was shown to be consistent with the planned dose distribution every 10 degrees of
the rotation from 0-30 degrees. The mean rotational error after 3D-CSU was —0.4 = 0.4 (mean = SD), —0.2 %
0.4, and 8.0 = 6.5 degrees avound the x, y, and z axis, respectively, for the rotation from 0-90 degrees.
Conclusions: Phantomn studies showed that 3D-CSU is useful for performing rotational correction of the target
volume without correcting the position of the patient on the treatment couch. The 3D-CSU will be clinically useful
for tumors in structures such as paraspinal diseases and prostate cancers not subject to large infernal organ
motion. © 2004 Elsevier Inc,

Three-dimensional conformal setup, Real-time tumor-tracking radiation therapy, Fiducial marker, Setup error,
Rotation correction, Rotational setup error, Real-time tumor-tracking system, Linear aceelerator.

INTRODUCTION

Rotational ertor due io internal organ motion and setup is an
important issue that has not been well understood. Van Herk ef
al. have shown that internal rotation of prostate gland was
observed and that the rotation was largest around the left-right
axis with the standard deviation of 4.0 degrees in the sequential
measurement using computed tomography (CT) (I). Rota-
tional setup error has been detected in the treatment of spinal
schwannoma with the systematic/random error of rotation at

7.1/5.9, 6.6/4.6, and 3.0/3.1 degrees around left-right, cranio-
caudal, and anteroposterior, respectively (2).

A radiopaque internal fiducial marker implanted into or near
the tumor has been shown to be useful for correcting transla-
tional setup error using two sets of orthogonal fluoroscopy in
the treatment room (3-7). However, translational setup using
only that marker would be misleading if there were rotational
setup errors of the clinical target volume (CTV). When there is
a large rotational error of CTV, one cannot notice it when using
only one implanted marker.
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Fig. 1. Ilustration of three-dimensional (3D) conformal setup. (a) The patient is manually positioned on the couch. (b)
The center of gravity of three markers is translated to the planned position (three-markers translational setup). (c)
Correction for the rotational error by rotating the gantry and couch around the isocenter. (d) Correction for the rotational
error by rotating the collimator. (¢) After performing steps (a) to (d), the relationship between the clinical target volume
and beam is three-dimensionally consistent with the planned relationship.

The implantation of three markers around the CTV
may be useful for the calculation and reduction of the
rotational setup error. We have developed a system for
reducing the rotational setup error by using three im-
planted markers and two sets of orthogonal fluoroscopy
in the treatment room. As this procedure makes it possi-
ble to correct the three-dimensional conformality of the
actual treatment, we call it “three-dimensional conformal
setup” (3D-CSU) in this article.

In the present study, we tested the accuracy of 3D-CSU
using a phantom and film measurement.

MATERIALS AND METHODS

The concept of the 3D-CSU is as follows (Fig. 1).

1. Three 2.0-mm gold markers are inserted into or adja-
cent to the CTV. The technique and its feasibility have
already been published (6). Three markers should be placed
in the tissue surrounding the CTV.

2. The CTV is then determined using CT images with 1-3
mm slice thickness. The planning target volume (PTV) is
determined by adding a setup margin. The coordinates of

the three markers relative to the target center are transferred
to the setup system. The setup system calculates the coor-
dinates of the gravity center of the triangle made by the
three markers as well as the coordinates of the CTV relative
to the isocenter.

3. On the treatment couch, the actual positions of the three
markers are calculated based on two orthogonal fluoroscopies
crossing at the isocenter of the linear accelerator. The actual
position of the gravity center of the triangle made by the three
markers is comrected by parallel translation of the treatment
couch to be consistent with its planned position (Fig. 1). As a
result, the gravity center of the CTV should be consistent with
its planned position as long as migration of the marker and
deformation of the CTV are negligible. The three-marker
translational setup is to be more accurate than one-marker
translational setup as it minimizes the adverse effect of the
rotation of the CTV relative to the isocenter. Because the
gravity center of the CTV matches its planned position in the
three-marker translational setup, large setup error, which can
occur with one-marker setup, can be avoided.

4. Rotational setup error is calculated assuming a coor-
dinate system specific for each CTV. The actual CTV co-
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3-marker

Planned field

translational setup

3D conformal setup

Fig. 2. Illustration of the dose distribution in the arbitrarily rotated cubic phantom with or without correction for rotation.
Dose distribution measured by film on the cubic phantom with (left) no rotation, (middle) arbitrary rotation and
correction by the three-marker translational setup, and (right) arbitrary rotation, calculation of the rotational angle (o,
B, ), and correction by three-dimensional (3D) conformal setup.

ordinate system is determined by the three markers in the
fluoroscopic images, and the planned CTV coordinate sys-
tem is determined by those in the CT images. Details of the
calculation method of the rotational setup error have already
been published (2). In brict, the actual CTV coordinates '
are expressed as 2.’ = M2, where M is the direction cosine
matrix and 2, represents the planned CTV coordinates. The
matrix M is calculated using the inverse of matrix 2 as
follows: M = %' 37!, The rotation angles (o, B, ) of the
coordinates of the actual CTV relative to the planned CTV
are calculated around the lateral (x), craniocaudal (), and
anteroposterior (z) axes of the planned CTV. The coordinate
system of the linac is calibrated to the tumor’s coordinates
derived from the position of the three markers.

5. The angles of the gantry head, collimator, and treat-
ment couch of the linear accelerator are adjusted according
to the rotation of the actual coordinates of the tumor in
relation to the planned coordinates. We call this procedure
the 3D-CSU in this article. These procedures should match
the actual beam’s-eye view consistent with the projection of
the actual CTV to the beam’s direction. The 3D-CSU pro-
cedure can improve three-dimensional conformality in com-
parison with three-marker translational setup.

In this study, the accuracy of the three-marker transla-
tional setup and 3D-CSU were measured using the cubic
phantom and film measurement. The phantom was fixed to
a rotating device with a protractor, which could be inten-
tionally rotated and stopped at a certain angle with an
accuracy of 0.5 degrees. The phantom was rotated every 5
degrees around the x, y, and z axes in the experiment. The
difference between the actual coordinates of the phantom’s
center of gravity and its calculated coordinates was mea-
sured by using three-marker translational setup from 0-30
degrees. The difference in the treatment field between the
setup methods was measured by putting the film at the
bottom of the phantom. The results were compared among
no correction, three-marker translational setup, and 3D-

CSU for the phantom rotated every 10 degrees from 0-30
degrees around the x, y, and z axes.

The actual angle of the phantom’s rotation and that cal-
culated using 3D-CSU was compared from 0-90 degrees.
The values are based on three measurements for each angle
from 0-90 degrees around the x, y, and z axes every 5
degrees.

RESULTS

Figure 2 illustrates the effect of 3D-CSU using an arbi-
trary irradiation field, “F”, made by multileaf collimators. A
6.0 X 6.0 X 6.0 cm® cubic phantom with a 2-mm fiducial
marker on each corner was scanned with CT using a 1-mm
slice thickness. Treatment planning was performed using a
beam perpendicular to one of the phantom’s surfaces. An
X-ray film (XVII, Kodak, Rochester, NY) was attached to
the phantom’s bottom surface. First, the phantom was irra-
diated with a 4-MV X-ray at the position consistent with the
planned position (Fig. 2, left). Second, the phantom was
rotated in three dimensions to unplanned angles. After
three-marker translational setup, the phantom was irradiated
without correction for the rotation (Fig. 2, middle). Dose
distribution to which the phantom was exposed was appar-
ently rotated away from the planned dose distribution.
Third, 3D-CSU was used, and the gantry, collimator, and
couch were rotated according to the calculation. After 3D-
CSU, the dose distribution was shown to be consistent with
the planned dose distribution for the nonrotated phantom
(Fig. 2, right).

The relationship between the phantom’s rotation angle
and the discrepancy of the coordinates of the gravity center
of the phantom from the planned position was improved by
using three-marker translational setup in comparison with
the one-marker translational setup (Fig. 3). The coordinates
were different from the planned coordinates considerably
when only one marker was used for setup. The discrepancy
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