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Fig. 3. Discrepancy between the planned position and the actual position of the gravity center of the phantom in (left)
one-marker translational setup and (right) three-marker translational setup in the x (upper row), y (middle row), and z
(lower row) directions. The discrepancy of coordinates in x-direction (squares), y-direction (triangles), and z-direction

(diamonds) is shown in mm.

of the gravity center of the phantom was as large as 20 mm
when the rotation angle was 30 degrees in one-marker
translational setup for the 6.0 X 6.0 X 6.0 cm’ cubic
phantom. Using three-marker translational setup, the dis-
crepancy was 0.9 = 0.3 mm (mean * standard deviation
[SD]), 0.4 = 0.2 mm, and 0.6 * 0.2 mm throughout the
rotation angle in the range from 0-30 degrees for the x, y,
and z axes, respectively, in the gravity center of the phan-
tom. .

The differences in the treatment fields between no correc-
tion, one-marker translational setup and 3D-CSU were shown
from 10--30 degrees around the x, y, and z axes (Fig. 4). The
experiment showed us that a one-marker setup may reduce the
rotational setup error around the y (8) and z ('y) axes in Fig. 4.
However, one-marker setup may result in an alipnment worse
than the alignment without any correction that is seen with the
rotational setup error around x axis (o) in Fig. 4. This is
because the displacement of one marker can be larger than the

displacement of the gravity center of the target volume in the
rotational setup error. If we use the marker that moved more
than the gravity center of the target volume in translational
“correction,” the gravity center of the target volume may be
“overcorrected.” Three-dimensional conformal setup was able
to reduce the error due to rotation without any deterioration in
translational alignment («, B3, v; Fig. 4).

Table 1 shows the mean and SD of the angles measured
with the 3D-CSU system. The mean = SD was —0.4 = 0.4,
—0.2 = 04, and 0.0 = 0.5 degrees for «, B, and v,
respectively, from 0-90 degrees.

DISCUSSION

The setup system using two orthogonal diagnostic fluo-
roscopies and one internal fiducial marker has been shown
to be useful for reducing translational setup error (4). How-
ever, this system was vulnerable to misalignment due to
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Fig. 4. The differences in dose distribution at the surface of the
phantom, which was rotated from 10-30 degrees around the x (),
y (B), and z axes (v). The dose disiribution was measured without
correction, with one-marker translational setup of the phantom,
and with three-dimensional conformal setup (3DCSU) of the phan-
tom.

rotation of the CTV, as we have seen in this study. The
present study showed that three-marker translational setup
using the gravity center of three markers is better than
one-marker setup for reducing the translational setup error
when there is some rotational error. The three-dimensional

Table 1. Mean and standard deviation of the rotation around the
x(e), ¥(B), and z(y) axes as estimated by three-dimensional
conformal setup

Average SD

Degrees @ B oy o B L%
0 —-0.3 -1 0.6 04 02 0.3
5 04 —03 0.0 1.4 0.7 1.4
10 -0.5 0.5 0.8 0.6 0.1 0.7
15 —0.5 0.1 0.6 0.2 0.6 04
20 ~0.5 0.2 0.7 0.4 0.7 0.5
25 -0.3 0.3 0.4 04 0.5 0.6
30 —0.7 0.2 0.6 0.6 0.5 0.6
35 —-0.5 —0.2 0.3 0.3 0.1 0.5
40 -0.6 —0.6 0.3 0.2 0.8 04
45 -0.7 —04 0.2 04 0.6 0.6
50 -0.7 —0.2 -0.1 02 03 0.5
55 —0.4 —-0.2 —0.1 0.2 0.1 0.3
60 -0.7 —0.4 0.0 04 0.6 0.6
65 -03 —0.8 -03 0.2 0.3 0.2
70 -0.4 —0.4 —0.6 0.6 0.6 02
75 -0.1 —0.7 ~-0.7 0.5 0.2 0.3
80 -0.6 0.2 -03 0.2 0.3 0.5
85 -0.2 ~1.1 -1.0 09 0.4 0.8
90 -0.2 1.4 -0.7 0.5 0.3 0.1
-0.4 —-0.2 0.0 04 0.4 0.5

conformal setup system is expected to be useful for correct-
ing the rotational setup error by adjusting the gantry, couch,
and collimator of the linear accelerator to the calculated
rotational angles.

The present study showed that 3D-CSU is sufficiently
accurate for clinical usage provided that the rotating subject
is rigid and there is no migration of the markers. However,
there are several possible shortcomings of this method.
First, the tumors are soft and deformable, so the effect of
deformation may mimic the rotation of the subject. Second,
migration of the markers can influence the calculation of the
rotation angle. Third, if the organ motion in the body is too
large, the distance between the skin surface and the tumor’s
center of gravity changes significantly from the planned
beam. In other words, even when 3D-CSU corrected the
beam angle’s relation to the surface of the tumor, it did not
cotrect the beam angle in relation to the skin surface. Thus,
the depth from the skin to the surface of the tumor will
change, resulting in a change in dose distribution. The dose
to the organs at risk close to the target volume can also
change when the corrected beam passes the orgaas at risk
after 3D-C8U. Three-dimensional conformal setup is appli-
cable only when these uncertainties are controllable or taken
into account in treatment planning.

Even though its clinical application has limitations, implant-
ing three gold markers method may be useful for certain
situations if careful quality control is employed. In practice, the
deformation of the tumor and migration of the marker can be
estimated based on the distance among three markers to avoid
uncertainty. Because the effect of a few millimeters’ difference
in depth on the absorbed dose is negligible in the case of a
megavoltage MV X-ray, the dose to the target volume may not
change significantly. Spinal or paraspinal lesions are reason-
able candidates for the present version of 3D-CSU since the
distance between the skin and the spine does not change
significantly. Three markers were attached to the vertebrae
during the surgical operation. The steadiness of the marker
fixation has been reported previously (2, 6). We have used
3D-CSU for 2 patients with spinal schwannoma in the last
year. It was necessary to monitor the disease for more than 3
years to judge the clinical outcome, but there has been no
relapse and no adverse effect.

Previous studies have suggested that intrafractional organ
motion is negligible in prostate cancer patients in the supine
position but can be large in prone position (7). The distance
among the three markers was useful to detect the possible
migration and deformation of the prostate gland in our
previous study (6). Previous studies have suggested that
inter-fractional rotational movement of the prostate gland
can be so large that 3D-CSU may be usable for prostate
cancer (1, 9, 10). Head-and-neck tumors may also benefit
from 3D-CSU, as it is often difficult to correct the rotation
of the head in the plastic mask attached to the treatment
table (11). Uterine cervical cancers may benefit from 3D-
CSU as well. For these tumors, reduction of rotational error
by 3D-CSU would lead to the reduction in adverse effects
and increase in local control rates. For lung tumors, the
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intrafractional movement is so large that the benefit of
3D-CSU may be limited unless real-time tumor-tracking of
the marker is used during the delivery of the therapeutic
beam as well (12).

There have been several attempts to fix the imaging tools
onto the gantry of the linear accelerator (13, 14). Although
these technologies are promising for the purpose of improv-
ing precision radiotherapy, 3D-CSU may not be practical
with these configurations because the imaging tools would
be obstacles to rotating the table. Our system uses imaging
tools on the floor and ceiling so that there is no obstacle to

Volume 60, Number 2, 2004

the performance of 3D-CSU as well as to 3D noncoplanar
irradiation.

In conclusion, phantom studies showed that 3D-CSU is
useful for rotational correction of the target volume without
correcting the position of the patient. This method can
improve the accuracy of external radiotherapy. However,
the uncertainty regarding the deformation of the tissue,
migration of the matker, and the change of distance between
the surface of the body and the center of gravity of the target
volume must all be estimated for this method to be used in
clinical practice.
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BAGKGROUND. Stereotactic irradiation (STI) has been actively performed using
various methods to achieve better local control of Stage I nonsmall cell lung
carcinoma (NSCLC) in Japan. The authors retrospectively evaluated results from a
Japanese multiinstitutional study.

METHODS. Patients with Stage I NSCLC (n = 245; median age, 76 years; TINOMO,
n=155; T2NOMO, n=90) were treated with hypofractionated high-dose STI in 13
institutions. Stereotactic three-dimensional treatment was performed using non-
coplanar dynamic arcs or multiple static ports. A total dose of 18-75 gray (Gy) at
the isocenter was administered in 1-22 fractions. The median calculated biologic
effective dose (BED) was 108 Gy (range, 57-180 Gy).

RESULTS. During follow-up (median, 24 months; range, 7-78 months), pulmonary
complications of National Cancer Institute-Common Toxicity Criteria Grade > 2
were observed in only 6 patients (2.4%). Local progression occurred in 33 patients
(14.5%), and the local recurrence rate was 8.1% for BED = 100 Gy compared with
26.4% for < 100 Gy (P < 0.05). The 3-year overall survival rate of medically operable
patients was 88.4% for BED = 100 Gy compared with 69.4% for < 100 Gy (P < 0.05).
GONCLUSIONS. Hypofractionated high-dose STI with BED < 150 Gy was feasible
and beneficial for curative treatment of patients with Stage I NSCLC. For all
treatment methods and schedules, local control and survival rates were better with
BED = 100 Gy compared with < 100 Gy. Survival rates in selected patients
(medically operable, BED = 100 Gy) were excellent, and were potentially compa-
rable to those of surgery. Cancer 2004;101:1623-31.

© 2004 American Cancer Society.

KEYWORDS: stereotactic, radiotherapy, altered fractionation, nonsmall cell lung
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scans. For patients with Stage I (TINOMO or T2NOMO0)
NSCLGC, full lobar or greater surgical resection repre-
sents a treatment choice that promises local control
rates = 80% and overall survival rates > 50% after 5
years.! However, surgical resection is often not feasi-
ble or involves excessive risk for some patients with
lung carcinoma with tobacco-related illness, severe
cardiovascular disease, or other medical conditions. A
small proportion of patients who are eligible for sur-
gery may refuse procedures for personal reasons. Ra-
diotherapy can offer a therapeutic alternative for these
patients, but outcomes for conventional radiotherapy
are unsatisfactory, and are potentially amplified by
selection bias, with local control rates of 40-70% and
5-year survival rates of only 5-30%.>"* Doses of con-
ventional radiotherapy to treat NSCLC have been sug-
gested to be too low to achieve tumor control. How-
ever, providing a higher dose to the tumor without
increasing adverse effect was previously impossible,
due to technical uncertainties over focusing irradia-
tion only on the tumor-bearing area of the lung.

With the increasing accuracy of localization for
tumor-bearing areas using various imaging tech-
niques, hypofractionated or single high-dose stereo-
tactic irradiation (STI) has been actively investigated
for Stage I NSCLC in Japan.> 8 STI can also substan-
tially reduce overall treatment time from several
weeks for a conventional radiotherapy schedule to a
few days, offering important advantages to the patient.
A landmark study by Uematsu et al.,® one of the pio-
neers of STI for extracranial lesions, revealed excellent
survival rates for medically operable patients, approx-
imating those for full lobar surgical resection. Under
the guidelines of the Japanese Society of Radiation
Oncology study group,” Stage I NSCLC has been
treated using small-volume ST in numerous Japanese
institutions since the late 1990s, with far fewer symp-
tomatic adverse effects than conventional radiother-
apy. Although optimal STI techniques and schedules
for Stage I NSCLC remain unclear, the number of
patients with Stage I NSCLC treated nationwide using
small-volume, high-dose STI has accumulated rapidly.
Although differences in techniques and schedules may
vary widely, retrospective investigation of the results
of STI for Stage I NSCLC from the many institutions
that have used small-volume, high-dose irradiation in
this short period should yield some meaningful data.
The current study retrospectively evaluated Japanese
multiinstitutional results for high-dose STT for Stage I
NSCLC, and sought to answer the following questions:
1) What is the optimal dose to limit toxicity and still
obtain local control? 2) Are the results from single-
institution studies reproducible? 3) Are STI resulis
comparable to those of surgery?

TABLE 1

Patient Characteristics

Total no. of patients 245

Age 35-92 yrs (median, 76 yrs)

PS PS 0,94, PS 1, 104; PS 2, 47

Pulmonary chronic disease  Positive, 196; negative, 96

Histology Squamous cell carcinoma, 110; adeno carcinoma, 109;
others, 26

Stage Stage IA, 155; Stage 1B, 90

Tumor diameter
Medical operability

7-58 mm (median, 28 mm)
Inoperable, 158; operable, 87

PS: performance status.

MATERIALS AND METHODS

Eligibility Griteria

All patients enrolled in the current study satisfied the
following eligibility criteria; 1) identification of
TINOMO or T2NOMO primary lung carcinoma on chest
and abdominal CT scans, bronchoscopy, bone scintig-
raphy, or brain magnetic resonance imaging scans; 2)
histologic confirmation of NSCLC; 3) tumor diameter
< 60 mm; 4) performance status = 2 according to
World Health Organization guidelines; and 5) inoper-
able tumor due to poor medical condition or refusal to
undergo surgery.

No restrictions were utilized concerning the loca-
tion of eligible tumors, irrespective of whether they
were located adjacent to a major bronchus, blood
vessel, chest wall, or the esophagus or spinal cord.
However, the spinal cord was kept out of the high-
dose area.

Patients were informed as to the concept, meth-
odology, and rationale of this treatment. Written in-
formed consent was obtained from all patients. The
study was approved by the ethics committee of each
institution and was performed in accordance with the
1983 revision of the Helsinki Declaration.

Patient Gharacteristics

A summary of patient characteristics is provided in
Table 1. From April 1995 to February 2003, 245 pa-
tients with primary NSCLC were treated with hypo-
fractionated high-dose STI in 13 institutions. Of the
245 patients, 158 (65%) were considered to be medi-
cally inoperable, due predominantly to chronic pul-
monary disease, advanced age, or other chronic ill-
ness. The remaining 87 patients (35%) were
considered to be medically operable, but had refused
surgery or had been advised to select STI by medical
oncologists.

Treatment Methods
All patients were irradiated using stereotactic tech-
niques. For the purposes of the current study, all ste-
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TABLE 2
Treatment Schemes

Beam energy
Measures for respiratory motion

6-MV X-ray, 12; 4-MV X-ray, 1

Respiratory gating, 5; breath hold, 2;
non, 6

Vacuum pillow, 5; body frame, 4; non, 4

Regular, 4; conformal, 9

1-25 (muitiple, 11; single, 2)

Multipte (6-20) static ports, 7; dynamic

Fixation of patients
Irradiation port shape
Fraction numbers
Irradiation mode

arc, 6
Single dose (at the isocenter) 3-35 Gy
Total dose (isocenter) of stereotactic 20-69 Gy

irradiation
Conventional radiotherapy 30-44 Gy/15-20 fractions in 27 patients;
non, 218 patients

BED = nd(1+d/a/b) at the isocenter 57-180 Gy {median, 108 Gy)

BED: biologic effective dose; Gy: gray.

reotactic techniques fulfilled three requirements: 1)
reproducibility of the isocenter = 5 mm, as confirmed
in every fraction; 2) slice thickness on CT scan =3 mm
for three-dimensional (3D) treatment planning; and 3)
irradiation with multiple noncoplanar static ports or
dynamic arcs. Table 2 summarized various techniques
and instruments introduced to achieve STI in 13 in-
stitutions. To fulfill the first requirement, a CT scan or
two-directional portal graph was undertaken before
every treatment regimen in 12 institutions, whereas
real-time tumor tracking using a gold marker inserted
around the tumor'® was performed in 1 institution. A
CT scanner sharing a common couch with the linear
accelerator was placed in an irradiation room in two
institutions.!*?

Treatment planning with irregularly shaped
beams using noncoplanar multiple (3-10) dynamic
arcs or multiple static ports (6-20 ports) was estab-
lished with the help of a 3D treatment-planning com-
puter. Beam shaping was performed in some institu-
tions using an integrated motorized multileaf
collimator with 0.5-1-cm leaf width at the isocenter.
Furthermore, various technigues using breathing con-
trol or gating methods and immobilization devices
such as a vacuum cushion with or without a sterec-
tactic body frame were utilized to reduce respiratory
internal margins. Respiratory gating or breath-hold
methods were used in seven institutions.

Planning CT scans were performed with 2 or
3-mm slice thickness and displayed using a window
level of —700 Hounsfield units (HU) and a window
width of 2000 HU. In some institutions, irradiation
and planning CT scans were performed under breath-
hold conditions. In other institutions, irradiation and
planning CT scans were performed under free shallow

Stereotactic Irradiation for NSCLG/Onishi et al. 1625

breathing, with images taken using slow scanning (4
seconds per slice).

The clinical target volume (CTV) marginally ex-
ceeded the macroscopic target volume by 0-5 mm.
The planning target volume (PTV) comprised the CTV,
a 2-5-mim internal margin, and a 0-5-mm safety mar-
gin. An example of an STI dose distribution for Stage I
lung tumors is shown in Figure 1. A high dose was
concentrated on the tumor-bearing area while sparing
surrounding normal lung tissues using STIL

Irradiation schedules also differed among institu-
tions. The number of fractions ranged between 1 and
25, with single doses of 3-12 Gy. A total dose of 18-75
Gy at the isocenter in 1-25 fractions was administered
with 6-MV X-rays within 20% heterogeneity in the PTV
dose. Twenty-seven patients had received conven-
tional irradiation doses of 30—-44 Gy in 15-20 fractions
before STI due to physician preferences. No chemo-
therapy regimens were administered before or during
radiotherapy.

To compare the effects of various treatment pro-
tocols with different fraction sizes and total doses, a
biologic effective dose (BED) was utilized in a linear-
quadratic model.”® BED was defined as nd(1+d/a/g),
with units of grays, where n is the fractionation num-
ber, d is the daily dose, and a/ 8 is assumed to be 10 for
tumors. BED was not corrected with values for tumor-
doubling time or treatment term.

The median BED at the isocenter was 108 Gy
(range, 57-180 Gy). BED was = 100 Gy in 173 patients
and < 100 Gy in 72 patients. ‘

Daose constraints were set for the spinal cord only.
The BED limitation for the spinal cord was 80 Gy («/f
was assumed to be 2 Gy for chronic spinal cord tox-
icity). This dose constraint for the spinal cord was
achieved in all patients who satisfied all eligibility
criteria.

Evaluation

The objectives of the current study were to retrospec-
tively evaluate toxicity and the local control and sur-
vival rates according to BED. Follow-up examinations
were performed by radiation oncologists for all pa-
tients. The first examination took place 4 weeks after
treatment, and patients were subsequently seen every
1-3 months. Tumor response was evaluated using pre-
viously published National Cancer Institute (NCI) cri-
teria.? Chest CT scans (slice thickness, 2-5 mm) were
usually obtained every 3 months for the first year, and
repeated every 4-6 months thereafter. A complete re-
sponse (CR) indicated that the tumor had completely
disappeared or was replaced by fibrotic tissue. A par-
tial response (PR) was defined as a = 30% reduction in
the maximum cross-sectional diameter. Distinguish-
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FIGURE 1. An example of three-dimensional ireatment planning. (A) Isodose curves on axial CT 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.

ing between residual tumor tissue and radiation fibro-
sis was difficult. Any suspicious residual confusing
density after radiotherapy was considered to be evi-
dence of PR, so the actual CR rate may be higher than
presented in the current study. Local disease recur-
rence was considered to have occurred only when
enlargement of the local tumor continued for > 6
months on follow-up CT scans. Findings on CT scans
were interpreted by two radiation oncologists. Ab-
sence of local disease recurrence was defined as lo-
cally controlled disease.

Lung, esophagus, bone marrow, and skin were
evaluated using Version 2 of the National Cancer In-
stitute-Common Toxicity Criteria (NCI-CTC).

Statistical Analysis

Local disease recurrence rates in the two groups were
compared using the chi-square test. BED among pa-
tient groups at each pulmonary toxicity grade was
compared using Kruskal-Wallis tests. Cumulative sur-
vival curves were calculated and drawn using Kaplan—
Meier algorithms with the day of treatment as the
starting point. Subgroups were compared using log-
rank statistics. Values of P < 0.05 were considered to
be statistically significant. Statistical calculations were
conducted using Version 5.0 StatView software (SAS
Institute Inc., Cary, NC).

RESULTS

All patients completed treatment with no particular
complaints. The median period of follow-up was 24
months (range, 10-78 months). BED (/8 is assumed
to be 2 Gy for chronic toxicity of the spinal cord) did
not exceed 80 Gy in any of the patients.

Local Tumor Response
Of the 245 patients evaluated using CT scans, CR and
PR were achieved in 57 (23.3%) and 151 (61.6%) pa-

tients, respectively. The overall response rate (CR-+PR)
was 84.8%. Overall response rates for tumors with BED
= 100 Gy (n = 173) and < 100 Gy (n = 72) were 84.5%
and 83.3%, respectively. An example of a CR is shown
in Figure 2.

Toxicity

Treatment toxicities are summarized in Table 3.
Symptomatic radiation-induced pulmonary complica-
tions (NCI-CTC criteria Grade > 1) were observed in
17 patients (6.9%). No significant differences in BED
were identified among patient groups at each pulmo-
nary toxicity grade. Pulmonary fibrosis or emphysema
before treatment was observed in 15 (88%) of the 17
patients with pulmonary complications > Grade 1.
Pulmonary symptoms resolved in most patients with
or without steroid therapy, but continuous oxygen
supply was required in three patients who displayed
poor respiratory function before irradiation. Chronic
segmental bronchitis and wall thickening causing at-
electasis on the peripheral lung was observed in one
patient. Grade 3 esophagitis was temporarily observed
in two patients with tumors adjacent to the esopha-
gus. Grade 3 or 4 dermatitis was observed in two
patients with tumors adjacent to the chest wall. No
vascular, cardiac, or bone marrow complications had
been encountered as of the last follow-up.

Disease Recurrence

Local disease recurrence occurred in 13.5% of all pa-
tients, with rates being significantly lower for BED
= 100 Gy (8.1%) compared with < 100 Gy (8.1% vs.
26.4%, P < 0.01). Patients with Stage IB disease dis-
played significantly higher rates of local disease recur-
rence compared with patients with Stage 1A disease.
However, no differences in the local disease recur-
rence rate were observed between patients with Stage
IA disease and patients with Stage IB disease for BED
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FIGURE 2. An example of a patient with a complete response (CR). The patient was an 80-year-oid male with T2NO adenccarcinoma. (A) Computed tomography
scan (CT) before stereotactic irradiation (STI) of 70 gray/10 fractions/5 days. (B) CT scan 6 months after STL. CR-was acquired and no radiation-induced pneumonia

was apparent.

TABLE 3
Toxicity

Pneumonitis®
Grade 0, 32.8%

- Grade 1, 59.6%
Grade 2, 4.1%
Grade 3, 1.2%
Grage 4, 1.2%

Esophagitis®
Grade 0, 95.6%
Grade 1, 2.4%
Grade 2, 1.2%
Grade 3, 0.8%

Dermatitis®
Grade 0, 98.0%
Grade 1, 0.8%
Grade 2, 0.4%
Grade 3, 0.4%
Grade 4, 0.4%

Pleural effusion (1.6%)

Rib fracture (0.8%)

Bone marrow suppression (0.0%)

® Graded according to National Cancer Institute-Common Toxicity Criteria (Version.2.0}.

= 100 Gy. Rates of local disease recurrence were also
significantly lower in the total group and Stage IA and
Stage IB subgroups for BED = 100 Gy compared with
< 100 Gy. In particular, when BED was < 100 Gy, the
local disease recurrence rate in patients with stage IB
disease was 41.4% (12 of 29) compared with 16.3% (7
of 43) for patients with Stage IA disease. For BED
= 100 Gy, the local disease recurrence rate was 7.5%
for BED = 120 Gy (1 = 80) and 9.8% for BED = 140 Gy
(n = 40). The local disease recurrence rates for ade-
nocarcinoma and squamous cell carcinoma were
13.6% (15 of 110) and 13.8% (15 of 109), respectively.

The patterns of first disease recurrence are listed
in Table 4. Some sites of disease recurrence over-
lapped, and isolated local, lymph node, and distant

disease recurrences were observed in 8.6%, 3.3%, and
9.8% of patients, respectively. The local disease recur-
rence rate of patients with Stage IB was twice that of
patients with Stage IA disease, whereas lymph node
and distant disease recurrence rates were basically
identical in the two subgroups.

Survival

The overall 3 and 5-year survival rates were 56% and
47%, respectively. The cause-specific 3 and 5-year sur-
vival rates were both 78%. Overall survival rates dif-
fered significantly according to medical operability.
For example, intercurrent deaths occurred in 19.1% of
inoperable patients and in 3.4% of operable patients
(Fig. 3). Overall survival rates according to BED in all
patients revealed significant differences between the
subgroups for BED < 100 Gy and = 100 Gy (Fig. 4).
Overall survival rates according to BED in operable
patients revealed identical 3 and 5-year survival rates
of 88% for BED = 100 Gy (Fig. 5). Overall 5-year
survival rates according to stage in operable patients
irradiated with BED = 100 Gy were 90% for patients
with Stage IA disease and 84% for patients with Stage
1B disease (Fig. 6).

DISCUSSION _

Surgical resection remains the standard management
for patients with Stage I NSCLC. The 5-year overall
survival rates for patients undergoing resection range
from 55% to 72% for Stage I NSCLC.'*™'” Results for
treating early-stage NSCLC using conventional radio-
therapy are disappointing. Qiao et al.'® reviewed 18
studies on Stage I NSCLC treated using conventional
radiotherapy alone, and reported that the 3-year over-
all and cause-specific survival rates were 34 * 9%
(mean # standard error of the mean) and 39+10%,
respectively. Although CR represents an important
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TABLE ¢
Patterns of First Disease Recurrences According to Stage and BED

Site of disease recurrence® Total no. of patients (%) Stage IA (%) Stage IB (%) BED < 100 Gy (%) BED = 100 Gy (%)
Local disease recurrence 33/245 (13.5) 15/155 {9.7) 18/90 (20.0) 19/72 (26.4) 14/173 (8.1)
Regional lymph node recurrence 207245 (8.2) 121155 (7.7) 8/90 (8.9) 8/72 (11.1) 12/173 (6.9)
Distant metastasis 36/245 (14.7) 23/155 (14.8) 13/90 (14.4) 14/72 (19.4) 22/173 (12.7)
BED: biologic effective dose; Gy: gray.
*Some of the disease recurrences overlapped each other.
Survival Survival
17 19
- Operable (n = 87) o
0.8 ] 0.8 :’ BED > 100 Gy (n = 172)
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FIGURE 3. Overall survival rate according to medical operability.

prognostic factor, particularly for tumors < 5 cm in
diameter,'®?° local disease recurrence is common af-
ter conventional radiotherapy for early-stage
NSCLC.!#222 Several studies have shown the value of
dose escalation in Stage I NSCLC.'®"2° Although in-
creased radiation dose to the tumor is essential, esca-
lating the dose is difficult under conventional radio-
therapy techniques, given the relatively large amount
of normal lung tissue enclosed in the high-dose re-
gion, including internal and safety margins to accom-
modate respiratory movements and daily setup errors.
The most common reactions caused by radiation dose
escalation are pneumonitic changes, which can in-
duce acute symptoms of fever and cough, leading to
interstitial fibrosis and subsequent reduction in lung
capacity. In patients with already compromised respi-
ratory function, such reductions can prove fatal.
Because excessive dose escalation, which im-
proves local control in patients with NSCLC,'®2324 is
so hard to obtain using conventional techniques, new
approaches must be taken to improve outcomes. In
1995, Blomgren et al.®® introduced a new STI tech-
nique for extracranial radiotherapy that was analo-

LI BN LA R L L A
0 1 2 3 4 5 6 7
Time (yrs)

FIGURE 4. overall survival rate according to the biologic effective dose in all
patients.

gous to cranial radiosurgery. The advantages of this
radiotherapeutic technique include narrow X-ray
beams, concentrated in such a manner as to provide
intense irradiation to small lesions at high doses, and
a small number of treatment fractions. The ability to
concentrate radiotherapy on a small tumor while
sparing surrounding tissues had already been made
possible using STI. Results from treating small brain
metastases are excellent, with local control rates of
approximately 90%. Application of STI techniques to
the treatment of small lung tumors is reasonable, as
the ratio of high-dose radiation volume to normal
tissue volume should be smaller than that for the
brain. Moreover, the limited volume of radiation dam-
age on the lung or adjacent structures is unlikely to
result in the severity of symptoms possible with dam-
age to cerebral tissues. The current data reveal that
Grade 3 or 4 radiation pneumonitis was observed in
few patients (4%). Acute esophagitis, dermatitis, and
chronic bronchitis were also observed in relatively few
patients for whom tumors bordered on these organs.
No other life-threatening toxicities were encountered.

- 188 -



Suarvival
1 BED > 100 Gy (n = 64)
08 |
06 J BED < 100 Gy (1 = 23)
04
0.2 ; P <005
0]
o 1 2 3 4 5 & 7
Time (yrs)

FIGURE 5. Overall survival rate according to the biologic effective dose in
medically operable patients.
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FIGURE 6. Overall survival rate according to stage in medically operable
patients irradiated with biologic effective dose = 100 gray.

However, the chronic effects of hypofractionated irra-
diation on major vessels, bronchus, esophagus, heart,
and spinal cord remain unknown. Lethal pulmonary
bleeding has been reported after a schedule of 24-Gy
single-dose irradiation (BED = 81.6 Gy).?® Long and
careful follow-up is therefore warranted.

Recently, ST1 for small lung tumors using a linear
accelerator has gained acceptance as an effective
treatment modality. Irradiation methods and local
disease recurrence rates from several institutions in
which STI has been performed for primary Stage I
NSCLC are listed in Table 5.57%7*° Although BED

Stereotactic Irradiation for NSCLC/Onishi et al. 1629

analysis using the linear-quadratic model is not quite
appropriate for radiotherapy with a large single dose
or short treatment period,®® the model is useful to
compare outcomes {rom a variety of treatment sched-
ules using different single doses and number of frac-
tions. Cheung et al®" summarized several clinical
studies. In their study, crude local recurrence rates
with conventional radiotherapy were 36-70%, with
BED of 59.6-76.4 Gy at an «/f ratio of 10. They rec-
ommended dose escalation to increase the local con-
trol rate. STI appears to represent an ideal modality for
dose escalation. Local tumor recurrence rates of Stage
I NSCLC after STI with a BED of 99-137 Gy were
0-6% for a median follow-up period of 19-60
months.*7?"?8 The comparatively high local disease
recurrence rate reported by Hof et al.?® may be attrib-
utable to lower BED. In the current study, the local
control rate was 91.9% for BED = 100 Gy. For BED
< 100 Gy, the local control rate was poor, particularly
in patients with Stage IB disease. Given our clinical
results, additional dose escalation studies may be pos-
sible. However, patients receiving BED = 120 Gy or
= 140 Gy did not display significantly better local
control rates than patients receiving lower BED, even
for patients with Stage IB disease. Satisfactory BED to
achieve local control for Stage I NSCLC is approxi-
mately 100 Gy. Representative examples of dose regi-
mens performed in the current study that provided
approximate BEDs > 100 Gy were 48 Gy/4 fractions or
50 Gy/5 fractions. However, treatment outcomes for
patients who received conventional irradiation before
STT in our study were not significantly different from
those of other patients. Although a longer follow-up is
necessary to determine final control rates of tumors in
our study, local control rates for STI may be equivalent
to surgical results, as most local disease recurrences
generally occur within 3 years after treatment.'®

In our study, the overall survival rates were excel-
lent for limited patients considered operable before
treatment and with BED = 100 Gy. The 88% three-year
overall survival rate in operable patients treated with
BED = 100 Gy was consistent with singte institutional
results (a 3-year overall survival rate of 88% in 29
medically operable patients) reported by Uematsu et
al.®> The patients in that study (from the Medical De-
fense College, Saitama, Japan) were not included in
the current multiinstitutional study. Survival rates af-
ter STI for BED = 100 Gy may well match those after
lobectomy for Stage I NSCLC. We believe that good
treatment outcomes from STI depend on a high BED,
a large single dose, a short treatment period, and
delivery of a modest dose to a large lung volume. STI
can reduce substantially overall treatmeént time from
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TABLE 5

Comparison of STI Methods and Local Control Rates for Stage I Nonsmall Cell Lung Carcinoma

Single Safety  Breath-hold or  Image- Median Local disease
Total tumor  dose Treatment  BED Margin  respiratory guided follow-up  recurrence
Author No. of patients  dose (Gy) (Gy) time (days)  (Gy)* (mm)”  gating repositioning  (mos) (%)
Uematsu et al>? 50 50-60 5-6 5-12 100-120 0 No Yes 60 6
Nagata et al5® 27 48 12 12-13 106 0 No Yes 19 0
Fukumoto etal” 17 48-60 6-75 14 99-137 0 Yes Yes 24 6
Hof et al.® 10 19-26 19-26 1 55-94 5 Yes No 15 20

Gy: gray; STI: stereotactic irradiation; BED: biological effective dose (a/g = 10).
#BED was recalculated at the isocenter.

b Safety margin: subtract the clinical target volume and maximum respiratory motion from the planning target volume.

several weeks of conventional radiotherapy to a few
days, offering important advantages to the patient.

In conclusion, hypofractionated high-dose STI
with BED < 150 Gy represents a feasible and bene-
ficial method for obtaining curative treatment of
patients with Stage I NSCLC. Local control and sur-
vival rates were better for BED = 100 Gy than for
BED < 100 Gy for all treatment methods and sched-
ules. Survival rates for STI in selected patients (med-
ically operable and BED = 100 Gy) were excellent
and reproducible among institutions, irrespective of
specific treatment methods, and were potentially
equivalent to those of surgery. The current study
was a retrospective review, and unknown selection
biases for treated and analyzed patients may have
been present. Moreover, treatment parameters were
very heterogeneous. However, STI may become a
standard radical treatment strategy for Stage I
NSCLC, at least for compromised patients. More
patients and longer follow-up, or a prospective
Phase II study based on a single treatment schedule
followed by a Phase III trial comparing surgical out-
comes with those of STI, are necessary to determine
standard treatments for Stage I NSCLC.
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— 7, HEBH %60 Gy £ #70 Gy 2R
BRI ¥ 280 ERE 2R L3 D0
T v AMUEBEBRO XY 7 ) v AN T
W, WO IC L DIBT DA v XN
0.69 (0.51~0.95) LBEWET Lz, 7272
L, ZHREEN T AEESERBNE (60
Gy/30 18, 6:8) & 45 El M4 (69.6 Gy/
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1.2Gy 1 H2E, 6:H) %L -REE:
T v AL EAER (of 5 458 f1) 12 T,
MEEOAFRCBEFEEZITD O T W
WV, £72, Cox oBBEEEED L v (KPS
70-100, REHA <5%) T1-3N2III H#AFE/)
MRS 2R To /2 1E1.2Gy, 1H2
EOBSEEHIC LB 79.2Gy ETD T v
5 LMELCEGARR'Y Tik, 69.6 Gy Btz hl
HEERMEINUI: 744Gy, 79.2Gy D 2 FE
IV Y FRCEERNTE P12, TOEEIZ
THATH 503, JRFETHE CIXIREEF TR &
{75 % 7: DIEFE AN DOFENEE U8
M2 P 5, Maguire 59 1%, 73.6~80 Gy/
4.5~5 BOHE B EIRE < L > TRMEE
= mEEOBENSE L&D, MST &
MAHI13 2, HIBH10A A TH -7z &
WEL T3, ZORBEIBESERIIC X
LRES v REVE L, SHEESN XD
REEICDEARH 2 2 EERLTWE D
DEFEZBND,
BAEREIC & 270Gy & TRBHOZL
SHERHERINTWS Y, HESTIIEER
WELD bBESERNEHET LR ET
VAWM R ECDLELRZRV, £, 70
Gy 22 2BBO &SN, BRI
TWwighy, JRER, EEAB~OFE»EE
U7z 3 RITEHRBSIC X 2 B8 25D
7o BRERR £ 2 IREIEINEER DS E D & LT
%,

2) ERgiE

R AT O RS EF X R FERE,  [REIHT,
ftmrED 2 OPFEENTHL (M2 £
Mehs, SHE LY v HiERACREE LS
IR ICED 52, LEEDZVIE SO THH

H M :63%3%
B - RS s EE EEE T2
I IBET LT b IR AR N S  TE B,
R 2 2 4 BRET I SRR 1T A &
BRIZTIEDD TR, BERMHADY A
T HEL LD THEITLERETH S, BEE
TGRS ¥ 2B/, EEIE
5 1.5~2cm, FRAKBEHE (EREGE
BPTV) TWHlcmiis:d 2, 8, A
EHES L LT grade 2 DL O BEHREIEL O
FEE R Z 57 D121, 20 Gy DUERE SR
BIEEIOEREV 50 75, BEHEEMOBE I
BTESEOEED 0% BBLL VLS
(TCEZRTBRLUTICRE X 3)¥, 1t
Seg BB CIE 25% B8 2 v X 5 o3t
T 519, EFEESITHRML I H 5 EH T
i, IRETEF ORI S LR ) VoS
i BEEHEF B T IR T 2 i b TN
THB,

3) {bEEmathREA

(b atiEE I, T L8 v il
BAILFEGICZD I EEZLONTWE, B
KR T, 7T0RM EDERE IS 516
SEEEGHA ORI S h Tk R, HHH
X LT, YRXA75F hkey drug T
HYY, TIFFEFHEESAEREEDERE
ENTWV3,

LRk & TR & OB, TERG
Ay bRBFEAVPHERINLTWSY, &
7o, LR RHEA L CHBESEIRAET
DO NHE IR LG R 1T HE 60 Gy/6~T:BTH
59, {hEE L OFRERGEE Ti, SEEE
DEWD Tz DI ATV v ha—ABEEE L
Tb, BERIEMEMOEFIZN T 5 7%
VEEA S 5 TRV,
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(A) T - I8H SEAYEY Y

RELHOD | PRIARY

DBBE EA 5| B Sl DEIH]

Hemnagyy*
AT3aw

(B)MEA

fEERE
60~70Gy
el
e
40Gy

(SOFAEE)
(IR PR 8h)
2 FEANRIERE O ARG R RIS E O RS E SCEk 1) BIIME. 111 SRR O EERIE. R
—, B VTR, IIgkess, WERZR, 132, . IR0 BHmaE. B « SEiREREgean, 2003 : 160.
2) BJIIFIE, Jherd. st d 2 BET e O EHI. 2003 ;49 :1265-73. 6) FJIFIE. MaERias, i
RE). BEEE, BIRER, & 79774 AVARIY Y —X 1 & BEADT T —F hoEEDER
Hids T (T4 2 i), B : VLA, 2003: 96. X D 5IH)

(A) SERYEN NO BT {EITHRERI R & 2 5 2 WL L, FHBRENZLTLHITbRE L TL
Vi, BN ) VSEHEROY X2 3 EL, TR VRS0 CHENBRAE 6w 7T,
F5 « R~ DOFHBEE 2T L RFELERE,

(B) FZED B\ I3 T S BERAFICE, MEHMOREREF & LT HEB /NS S IRSE TR O )
USHIEED LI ENTE S, £, FEFERFITIR, FAAEEFLEEY Vo EHE THRETBCEDTHR
HEFIERE S ke skv, —f, TEERERREMTE, BEOWREERENCLYD, SO BEHFIIAS (R
%,

(C) Superior sulcus tumor TI3#IE F&, MAEH AAOBEERMNME S, ETFK D »rb & Th
FIY Y REEER O R WEFID Db 6 FEET 5, Hohik ) VoSEERSA SN WIEH T, ik
HEEE EEEESOLER LB CERERE 21T, g, VUNEIRERBEIEEL FRETFTH
%,

PERAZEFIOZ ST DWW TIE, REEE D
HENBET, YA7I9FrHiH0E bR

DETIET Ay 7 EREHR & ORERGA
BERTH S,

¥ RIS L AT RN Ze i FRT
ELFEXITHD, 4V /T EDERGA
T, ML LRER L & OFEMBEED Y
AZBELREBBRETH B, B, b

(LA RGBT RS O YRR % R LN &
% &, NEXRFFAREIGFERT LRI
RKEW2 Y, FRFFEAERSE CIEEBRIEI & 2
FEREE LTI RV,
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3 EEWCFEMTAREED 1/ BICNT B
G =t

1) FEHRSEIEORR @

B 2N FATANEE 72 1/11 BAFE /NG i fi 7
DBEHRIHE BT 2 KRB Y AT =T 4
w7V Ea—& LT, Rowell 5D 265X
2003 P DB BERABE D IO BB 5, FIZ
£ 5L, BEROEFED 2E33~T72%, 5
0~429% (FH15~20%) T, fIKIEDLS 11~
43%% 9, FREFEIT 24 54~93%, 5
F13~39%ThH - 1zo RFTEFIL 6~70% 12
Boohlz, 612, THFEMCRE LR
BHIREHIEE D L B 2 — T3, Sibley'® @
1058, Qiao 529 D 185 (1988~20004E)
DD 5, Sibley 12 & 5 &, B4R
3 15% A 60, SEOFERSF T
JRICHS 25% % 5 &, EIBEEFETEH 30% T,
JRFTEFIC X 20T B 30%TH - 7z 1K
B ED Grade 3~5 DFEHERIT 2% K TH
Tholee iz, QaobDV E 2 —20 T,
SEE, PELEFEENZFN PN 3419%, 21+
8% (FHfE+1SE), SLRRRIEFEL 3
£39+10%, 54E25+9% T, AfFHIM ik
E1X 18~ LA O®EHTH -7z, —77, B
FEA TR REEAEROFRMEI 40% LK
ERME TR LT, FigY >3
- BSROBEFRIZ 0~3.2% DA TH o7z,

PR 2 BV SR N BE 722 1/11 BAE /N0 e B 4
DOIRBRFEIZ DWW TIE, Tl &b~ L

TRUKERENDD, BT 32
cFTERn, LarLl, Tyldesley 523,
EBM CESKHA RIA4 VDY RT T 4
v 7V Ea—%{Tw, BENLEETFRA

H :63&%8%

AE 7 T/IT AR/ N B i X L T,
BE LD BIRBREEIRERIR 2T O RETH
5ELTW5,

) EEEHRE

/11 HAw o3 5 S R B O T D YR B AR
H5 b, BESBREEIC L 5 50~65Gy
FREDOHETIE, bFEFTED IBYFIETH
50w LT, 73.6~80Gy/4.5~5 DN
A B S Tk TR PR E 2 34 b
AW, »5wik@EsEIRK (69.6Gy/1.2Gy
1H2E/6) T5EEFEERINTH 0%,
TEA25% E WHOMRED D 5, F Tz, @E
SEIEE 60 Gy & i@ BS EHE S 0 —> T
H2CHARTIZX 554Gy £ DT > 5 A1k
HBREBRToO VILBREIO # D01, B
HAHBEEBEO 2ES & CAIELEFEER
24%, 12%CTH-> 72D L T CHART ##
TIRFENFTN Y, 18% & BRIFTH 722,
Jeremic 52V 1%, EEZEBYEIERAS 88 1/11 HE )
DiFE-SHREFE V2 — L, BE5HEEL
LCBHESEIREICHE L T 65~70 Gy 1
UL FOBEBIMERENDE L LT3, [k
2 Qiao 5DV E 2 —20 T4 BED & W IiF
CRATRIERSE WERR S 3 LGS T
w3 (B3, 72720, MPE~ D80Gy L
LORKEIHAGRELEI TR EEZON
22,

3 ftfmPrRsORSR

WEFREEON G L 3 I/ITHESI O %
IFEEE D EMEERETH D, ARERR
D fiEke « FFTY > SE D RRENTHE D 5 708
L Ly, FiC, FRARSHEREICEET
LHEHEICIE, HHFT - RO FHRE 21T
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Local component-failure (%)
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O’nrvu\uxuuvvvu‘vuulnlnu

BED (Gy)

3 FEFTE S % L BED (Biological effective
dose) (Cfk 20) Qiao X, Tullgren O, Lax I, et
al. The role of radiotherapy in treatment of
stage I non-small cell lung cancer. Lung
Cancer 2003 ;41:1-11. & Y 3|/)

#F : local component-failure (EFAFEF, &
i+ V) %, Rt EREHEE TNCE
), BED=nd (1+d/a/f), n:45 &l @ #,
d:1 HiR&E, «/f=10Gy (EE) t&R3h 3,
BESEIEE 60 GY/301E (6:38) X BD (Gy)
=30X2 (1+2/10)=72 (Gy) &% 3%,

CBEENAE LI L, WIRNES
#iE (GTV) KRB LB TOIS
ENRZ W, HEETO LIS /I
T BHEFRY v SHi A O TFEERES OB A BE
357 5 AMEHEKERER T WA, Rowell
B5¥ % Qiao 5 OV Ea—Tl, THTH
i, EFEROHOIRETH M - Hkmc 8
WEHRT 2AREMER 0~3%TH B, i,
Sibley 434719 T, [HIZHS 5 HEE T
BEOEDMHIHEZ IR TWRY, Lizho
T, REEER T & IHEFRMEEL 1 HA5)
WXL THEEREDOAANDBETH v FE
Zohb,

Uin L—77, FPERE s ol B T

55 60 65 70 75 80
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D URETRE DB IZE S R B2 L b,
R FREP TR 88~ TR
PEFHEBET AR B 2202920, ff
WO EE T, RREHEO A ORE
THMMMY REIEE S R TFCE D
5 Z, #MRY > YEIRRET RNz T b REE I
KEL B SRV, MFLERTIIREEIE
F D E FIBETHE VD S GTREMEDSE 2929,
RO FHBEHOMIIEELRETH
%,

4) TEAIFETHRIEST

I DS EEM OELSD—D L
T, TRHEHIC &b ¥ O BE 2175
3 RITERES . (3D conformal radiothe-
rapy) ®H %, FI/NEB L TE VK
AV P TRELZEP I 2 EMBEBERIRES
(stereotactic irradiation) BEH I TW
%, EMHFETIE, BEEINSWIH, &5
FHESNE L LT 1 BE*% < U CTRETEIE
%47 {9 % hypofractionation 23 W S i
Bo

RAE/ANBTHAFE /N g w X 3 3
Uematsu 5 D& TiE, FHEHEDHAAND
TENBESRRIGER T 3 FEFEK 669, .3 FEFR
EFE Y & RIFZRERBENRE N T
%, Nagata 527 & 16 @ T1 JlifE 5 L
THOLRRE 48 Gy/4 Bl D EALIR & % 1T,
B 6~36 4 A (FRE19 X H) T,
TRCFFHIEI N T EHEL TS,
ENIRENT & B IBEFE O R idk & 2
REE SN T D, EHESEIESECD
WTRSBOERERHRHNFETD %,
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) ElTFiRAaE

B TR E A A VAR F TR TR 20
FERESTS R 2 L 5 3 RITHESIC
LTBY, bPETREMR CHENED S
NTWw 3, BEHREFREMERTIThbLT
v 2 JiEF A B RN R W 5 2 SRR
o /KRR TR BRIF 2B ER R
ZO6NTW3EY, zhick3E, BEORE
ENT2THBEORT WHEL T86.4
Gy/18 [E (658) & 2\ 72Gy/9[E (3:8)
PLEORE % 1T 213 90~95% D iEF T /T
HIHTEETH Y, EEFHBRAOEE B
THEIEBDIDPH>TE, TNO6DT—F
FSBOB TG 3 KIITE KRS - B4
RROFRICAWCEL T 5 2 e sn
TWnd,

B) [EZRER/IRIFESE
HGFER P S b R e ) 3 3 [AE e
BEHNZ DWW TiX, bED & HRE DR E2%0
NBHAOGNEDAETH B, T LB &, &
~rhfE R EE/NEIR R Wit KRB X
RENERST & S BRSO OF F T 85% R D RN
HIEERZ 5 Tw 32, Larl, fEXkE
NESHI W E 7P RBENEROHBICA S H D
THY, EEREEE UTOFmISHROM
NRETD B, BRATE, SEEXY
2RV EECE, BEEE L THMRE 40
Gy/20 [+ 5B EPIESY 6 Gy X3 B (# 1
) BSHRESH 0B, 2B, BERNERIIZ
Bevay VRO INT ) — 5 R
Vv, BEFMOEE S L TRE - TREY
TIEBEETL2 S 10mm, EXMITTIES
mm ORERWD Z EMBEID LN TV B,

H l:63%8%

4l BHOIC

i DBEHRREEEAR OEHRIC L D, TR
TEEFE/ IR O JRFT R - YRR I
FEL2DH %, UL, FEATETIEIMER
s DI FRRE _E D T2 D12 13D FRERERH]
b & LR & ORIRAH RIS
LRGN ICEETH L, TR, b
DSENC BV B HETRR AT O 5B A B
DEMHRERBFETH %,
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