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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.

Pl
.
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¥ Réproducibility measured by CT
cTv (1-3 mm)
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Defined on breath-holding CT

Prescription dose point

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} lsodose
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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by radiation technologist
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g Patient self switch-on

Radiation beam-on

Patient self switch-off
{E et

Radiation beam-off (finish)

Fig. 3 Flowchart for irradiation methed.

Ten different non-coplanar dynamic arcs (couch
angles between —20° and +25°) were used for irra-
diation. The isocenter was singlte 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 60Gy 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 6MV X-ray. According to
the linear-quadratic model [10], the biologically
effective dose {BED} at the isocenter was approx-
imately 120Gy. Under the patient’s self-initiated
breath-hold, the radiation beam 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

tumors by CT. Chest CT was usually obtained every
3 months for the first year, and repeated every 4—b6
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.

2.5. Statistica! 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 >20Gy 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.
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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 lo-
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 |A 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 TZNO adenocarcinoma: (A) CT before SRT; (B)

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

due to progression of metastatic lesions involy-
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 1A and IB patients are shown in
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Fig. 6 Actual cause-specific survival rate for all cases.

A b et e B e 38 e i s e L e T T A

Survival
]
"y

08 =
06 -. l"a.u. J
04
wd — operable r——"

- ***** jnoperable ,

0 P=0.14

0 0.5 1 1.5 2

Time (years)

Fig. 7 Actual overall survival rates for medically oper-
able and inoperable patients.

Fig. 8. Two-year cause-specific survival rates for
stages IA and IB patients were 86 and 80%, respec-
tively, and no significant differences were observed
between patients with stages |A and 1B 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 1B
patients,
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stage NSCLC with conventional radiation therapy
are disappointing. Local progression is common
112,13] 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-daily fractions
delivered to an involved field with a conventional
two-dimensional techniques for stage | NSCLC. At
2. years, overatl 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 made possible using SRT for the
treatment of brain lesions. Resuits 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 jrradiation 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
[t1]. 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 errot.’ It was confirmed
that set-up error using the FOCAL system 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-
low 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
proportion of lung volume receiving high-dose radi-
ation, compared to total lung volume. 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 tumors 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
[4—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. Bedy frames (Stereo-
tactic Body Frame, Elekta Corp.) and vacuum pil-
lows have been used to control movement in sev-
eralinstitutions. 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 PTY
including a sufficient internal margin at our institu-
tion, while it is normalized to the isocenter of the
PTV or the border of the PTY 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 PTY relative to normal lung velume [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 IB, and no local progressions
occurred among stage 1A 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 B83%, 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 totat five
progressive cases were stage IB, 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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As Dr. Senan commented, so we are also surprised
to find our presented data showing 47% of grade 3
or higher radiation pneumonits, which is in contrast
to a former phase Il study. We have evaluated the
cause of a high frequency of severe radiation pneu-
monits, and combined it with the irradiation tech-
niques (2D versus 3D) as well as the advanced age of
the patients. In our results, fatal chemao-radiation
pneumonitis was observed in 3 of 32 patients,
and the mean dimension of their radiotherapy
port was 194cm?, And further five patients died
from infectious pneumonia which occurred outside
the irradiated port. The poor respiratory function
caused by previously produced chemo-radiation
pneumonitis had an additional effect on the cause
of death in three of these five patients, and the
mean dimension of their radiotherapy port was
166 cm?.

Certainly, we know the merits of 3D techniques,
as reported in a number of papers and they are
superior to 2D technigues for trradiation of lung
cancer, which Senan and co-workers [1] also re-
ported in their article. We do not quite protest
that 2D techniques are always acceptable for con-
current chemo-radiotherapy schedules when portal
sizes are small. In many Japanese institutions, ra-
diotherapy is still performed using the 2D portal
technigue. Thus, physicians should be aware of the
present results when planning therapy, and that
a dose-modification of docetaxel or radiotherapy
is needed when radiotherapy is performed using a
2D portal technique with a large port (dimensions
>150cm?). Rosenman’s paper [2] includes impor-
. tant points for concurrent cheme-radiotherapy in
locally advanced non-small-cell lung cancer, How-
ever, we estimate that the resuttant dose—volume
histograms of normal tissue in their irradiation
method are not so different from ours. The irra-
diation techniques solely could not account for
the high frequency of severe radiation pneumonits
in our results, There may be a racial difference

in biological response of pulmonary normal tissue
to this chemo-radiotherapy schedule between the
Japanese and others; however, further research

“using a large number of patients or from other

Japanese institutions are necessary to confirm our
results.

In addition, Dr. Senan commented on a dif-
ference between our study and previous ' studies
concerning an induced pulmonary toxicity due
to the use of G-CSF We have learned that all
hematopoeitic-colony-stimulating factors should
be avoided in patients receiving concurrent
chemo-radiotherapy but in Japan, G-CSF is ad-
ministered to not a few patients with granulo-
cyte counts of under 1000 ul='. The reason why
there were no clear relations between the use
of G-CSF and the grade of chemo-radiation pneu-
monitis in our results was unclear; however, it may
be the small number of patients enrolled in this -
study.

In Japan, the standard treatment methods rec-
ommended by ASCO or the National Cancer Insti-
tute are not popular enough and besides, Japanese
pulmonary medical oncologists are not always know
of irradiation techniques. The most important point
we make in this paper is that we should not use
2D irradiation techniques and that we must pay at-
tention to severe pulmonary toxicity caused by this
chemo-radiotherapy schedule when portal sizes are
large, at least in Japan.
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Japanese structure of radiotherapy- concerning staffs and distribution of equipments :
How we can achieve the quality assurance and decrease mistakes of radiotherapy?
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