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5-Fluorouracil, which is one of the key drugs for treatment of
esophageal cancer, was also reported to have immediate car-
diotoxicity (20). However, in the present study, concurrent
chemotherapy did not significantly enhance the radiation-
induced myocardial injury. Although it might not enhance
radiation cardiotoxicity in the late phase, the influence of
chemotherapy is unclear because chemotherapy is often not
performed in patients with poor creatinine clearance.
Although there was no investigation of the relationship be-
tween BNP or MMP-3 concentrations and dose—volume of
the left ventricle in the present study, Rutqvist er al. (21)
and Gyenes et al. (22) analyzed mortality from ischemic heart
disease according to estimated heart dose—volume and found
that the cumulative mortality rate was significantly higher in
patients in the high dose—volume subgroup than in patients
who received no radiotherapy. Thus, radiation oncologists
may have to make efforts to reduce irradiated cardiac volume
to minimize the risk of radiation-associated adverse events.
However, the thoracic esophagus is located close behind

the heart and near the lung and spinal cord, which are impor-
tant critical organs. Recently, there have been some reports of
treatment for esophageal cancer using intensity-modulated
radiation therapy (23, 24). It is hard to avoid the heart being
irradiated to some extent, and it is necessary to establish the
constraints of heart.

CONCLUSIONS

In this study, we found that the level of BNP was signifi-
cantly increased more than 9 months after the start of radio-
therapy for the mediastinum and that the levels of BNP and
MMP-3 were significantly higher in patients who had high
FDG accumulation corresponding to the irradiated field,
indicating the need for careful follow-up of such patients.
Although the relationships between prognosis and BNP or
MMP-3 levels should be investigated further, the results of
this study indicate that plasma BNP and MMP-3 concentra-
tions might be early indicators of radiation-induced myocar-
dial damage.
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for Stage | Non-small Cell Lung Cancer: Updated Results of
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Introduction: Hypofractionated stereotactic radiotherapy (HypoFXSRT)
has recently been used for the treatment of small lung tumors. We retro-
spectively analyzed the treatment outcome of HypoFXSRT for stage I
non-small cell lung cancer (NSCLC) treated in a Japanese multi-institu-
tional study.

Methods: This is a retrospective study to review 257 patients with
stage I NSCLC (median age, 74 years: 164 TINOMO, 93 T2NOMO)
were treated with HypoFXSRT alone at 14 institutions. Stereotactic
three-dimensional treatment was performed using noncoplanar dy-
namic arcs or multiple static ports. A total dose of 18 to 75 Gy at the
isocenter was administered in one to 22 fractions. The median
calculated biological effective dose (BED) was 111 Gy (range,
57-180 Gy) based on /B = 10.

Results: During follow-up (median, 38 months), pulmonary com-
plications of above grade 2 arose in 14 patients (5.4%). Local
progression occurred in 36 patients (14.0%), and the local recur-
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rence rate was 8.4% for a BED of 100 Gy or more compared with
42.9% for less than 100 Gy (p < 0.001). The 5-year overall survival
rate of medically operable patients was 70.8% among those treated
with a BED of 100 Gy or more compared with 30.2% among those
treated with less than 100 Gy (p < 0.05).

Conclusions: Although this is a retrospective study, HypoFXSRT
with a BED of less than 180 Gy was almost safe for stage I NSCLC,
and the local control and overall survival rates in 5 years with a BED
of 100 Gy or more were superior to the reported results for
conventional radiotherapy. For all treatment methods and schedules,
the local control and survival rates were better with a BED of 100
Gy or more compared with less than 100 Gy. HypoFXSRT is
feasible for curative treatment of patients with stage I NSCLC.

Key Words: Stereotactic radiotherapy, Non-small cell lung cancer,
Stage I, Hypofractionated.

(J Thorac Oncol. 2007;2: Suppl 3, S94-S100)

n Japan, due to the routine use of computed tomography

(CT), detection of early-stage lung cancer is increasing. For
patients with stage 1 (T1 or 2, NO, M0) non-small cell lung
cancer (NSCLC), full lobar or greater surgical resection and
regional lymphadenectomy is the standard treatment choice;
the local control rates exceed 80% and the overall 5-year
survival rates surpass 50%.! However, surgical resection is
often not feasible or involves a high risk for lung cancer
patients with tobacco-related pulmonary illnesses, severe car-
diovascular disease, or other medical conditions. Moreover, a
small proportion of the patients who are fit for surgery may
refuse it for personal reasons.

Radiotherapy (RT) can offer a therapeutic alternative in
these cases, but the outcome with conventional RT is unsat-
isfactory.2 The reason for the poor survival with conventional
RT is thought to be that the dose of conventional RT is too
low to control the local tumor. To give a higher dose to the
tumor without increasing the adverse effects, hypofraction-
ated high-dose stereotactic RT (HypoFXSRT) has recently
been used to treat small cell lung tumors, particularly in
Japan.3-6 Although the optimal treatment technique and
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schedule of HypoFXSRT for stage I NSCLC are unknown,
the nationwide number of Japanese patients with stage 1
NSCLC who are treated with small-volume stereotactic RT
(SRT) has increased rapidly.

Therefore, it is meaningful to investigate the results of
SRT for stage I NSCLC from many institutions, even in a
retrospective manner, despite the large differences in treat-
ment protocols. Previously, we reported the result of a Jap-
anese multi-institutional review of 300 patients with stage I
NSCLC treated with SRT.” We concluded that SRT with a
biological effective dose (BED) of less than 150 Gy is effective
for the curative treatment of patients with stage I NSCLC and
that the local control and survival rates are better with a BED of
100 Gy or more compared with less than 100 Gy.

The survival rates in selected medically operable pa-
tients with a BED of 100 Gy or more were promising and
potentially comparable with those of surgery. These results
for SRT were encouraging for stage 1 NSCLC patients;
however, the 300 subjects in that report included 17 patients
irradiated with comparatively small fractions (<4 Gy) and 26
patients irradiated in combination with conventional RT. This
article presents the results for patients irradiated with Hy-
poFXSRT alone in a multi-institutional study. In this study,
we compared the reported results for surgery and conven-
tional RT with those for HypoFXSRT.

PATIENTS AND METHODS
Eligibility Criteria

This was a retrospective study to review patients who
were treated by HypoFXSRT for their stage [ NSCLC in 14
different hospitals in Japan. .

All the patients enrolled in this study satisfied the
following eligibility criteria: identification of TINOMO or
T2NOMO primary lung cancer on chest and abdominal CT,
bronchoscopy, bone scintigraphy, or brain magnetic reso-
nance imaging; histological confirmation of NSCLC; perfor-
mance status of 2 or less according to the World Health
Organization (WHO) guidelines; and an inoperable tumor
due to a poor medical condition or refusal to undergo surgery.

No restrictions were imposed concerning the locations
of eligible tumors, irrespective of whether they were located
adjacent to a major bronchus, blood vessel, chest wall, or the
esophagus. Patients were informed of the concept, method-
ology, and rationale of this treatment, which was performed
in accordance with the 1983 revision of the Declaration of
Helsinki.

Patient Characteristics

The patient pretreatment characteristics are summa-
rized in Table 1. From April 1995 to March 2004, a total of
257 patients with primary NSCLC was treated using high-
dose HypoFXSRT in the following 14 institutions: Hokkaido
University, Kyoto University, Cancer Institute Hospital, To-
kyo Metropolitan Komagome Hospital, Kitasato University,
Tohoku University, Hiroshima University, Tokyo Metropol-
itan Hiroo Hospital, Sapporo Medical University, Institute of
Biomedical Research and Innovation, International Medical
Center of Japan, Tenri Hospital, Kitami Red Cross Hospital,

Copyright © 2007 by the International Association for the Study of Lung Cancer

TABLE 1. Patient Pretreatment Characteristics

Total cases: 257

Age: 39-92 yr (median, 74)

Performance status: PS 0, 109; PS 1, 103; PS 2, 39; PS 3, 6
Pulmonary chronic disease: 168 positive, 89 negative
Histology: 111 squamous cell, 120 adenocarcinoma, 26 other
Stage: 164 1A, 93 1B

Tumor diameter: 7-58 mm (median, 28)

Medical operability: 158 inoperable, 99 operable

and University of Yamanashi. Of the 257 patients, 158 were
considered medically inoperable mainly because of chronic
pulmonary disease, advanced age, or other chronic illness.
The remaining 99 patients were considered medically oper-
able, but had refused surgery or had been advised to select
HypoFXSRT by medical oncologists.

Treatment Methods

All the patients were irradiated using stereotactic tech-
niques. For the purposes of this study, all the hypofraction-
ated stereotactic techniques met five requirements: reproduc-
ibility of the isocenter of 5 mm or less, as confirmed for every
fraction; slice thickness on CT of 3 mm or less for three-
dimensional (3-D) treatment planning; irradiation with mul-
tiple noncoplanar static ports or dynamic arcs; dose per
fraction size more than 4 Gy; and a total treatment period of
fewer than 25 days. Details of the techniques and instruments
used to achieve SRT in the 14 institutions were summarized
in a previous report.” The clinical target volume (CTV)
marginally exceeded the gross target volume (GTV) by 0 to
5 mm. The planning target volume (PTV) comprised the
CTV, a 2- to 5-mm internal margin and a 0—5-mm safety
margin. A high dose was concentrated on the tumor-bearing
area, while sparing the surrounding normal lung tissues using
SRT. The irradiation schedules also differed among the
institutions. The number of fractions ranged between 1 and
14, with single doses of 4.4 to 35 Gy. A total dose of 30 to 84
Gy at the isocenter was administered with 6- or 4-MV x-rays
within 20% heterogeneity in the PTV dose. No chemotherapy
was administered before or during RT.

To compare the effects of various treatment protocols
with different fraction sizes and total doses, the BED was
used in a linear-quadratic model.? Here, the BED was defined
as nd(1 + d/c/B), with gray units, where n is the fractionation
number, d is the daily dose, and o/f3 is assumed to be 10 for
tumors. The BED was not corrected with values for the tumor
doubling time or treatment term. In this study, the BED was
calculated at the isocenter. The median BED was 111.0 Gy
(range, 57.6-180.0). The BED was 100 Gy or more in 215
patients and less than 100 Gy in 42 patients. The median BED
for the less than 100 Gy and 100 Gy or more subgroups was
79.6 Gy (range, 57.6-98.6) and 117.0 Gy (range, 100.0—
180.0), respectively.

Dose constraints were set for the spinal cord only. The
BED himit for the spinal cord was 80 Gy (a/8 was assumed
to be 2 Gy for chronic spinal cord toxicity).

S95
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Evaluation

The objectives of this study were to retrospectively
evaluate the toxicity, local control rate, and survival rate
according to the BED. All patients underwent follow-up
examinations by radiation oncologists. The first examination
took place 4 weeks after treatment, and patients were subse-
quently seen every 1 to 3 months. Tumor response was
evaluated using the Response Evaluation Criteria in Solid
Tumors by CT.° Chest CT (slice thickness, 2—5 mm) was
usually obtained every 3 months for the first year and re-
peated every 4 to 6 months thereafter. A complete response
(CR) indicated that the tumor had disappeared completely or
was replaced by fibrotic tissue. A partial response (PR) was
defined as a 30% or more reduction in the maximum cross-
sectional diameter. It was difficult to distinguish between
residual tumor tissue and radiation fibrosis. Any suspicious
confusing residual density after RT was considered evidence
of a PR, so the actual CR rate might.have been higher than
that given here. Local recurrence was considered to have
taken place only when enlargement of the local tumor con-
tinued for more than 6 months on follow-up CT. Two radi-
ation oncologists interpreted the CT findings. The absence of
local recurrence was defined as locally controlled disease.
Lung, esophagus, bone marrow, and skin were evaluated
using version 2 of the National Cancer Institute-Common
Toxicity Criteria (NCI-CTC).

Statistical Analysis
The local recurrence rates in the two groups were
compared with the x? test. The BED among patient groups at

FIGURE 1. A typical example in-
volving SRT for a 76-year-old man
with TINO adenocarcinoma. He
was treated with HypoFXSRT. (A)
Before hypofractionated stereotactic
radiotherapy (HypoFXSRT). (B) The
calculated dose distribution. The
isocenter dose was 75 Gy/10 frac-
tions/5 days, and the tumor was
fully enclosed with the 90% dose
line. (C) Twelve months after Hy-
poFXSRT, a scarred tumor is rated
as a partial response.

S96

each pulmonary toxicity grade was compared using the
Kruskal-Wallis test. The cumulative local control and sur-
vival curves were calculated and drawn applying the Kaplan-
Meier algorithms with day of treatment as the starting point.
Subgroups were compared using log-rank statistics. Values of
p < 0.05 were considered statistically significant. Statistical
calculations were conducted using version 5.0 StatView soft-
ware (SAS Institute, Cary, NC).

RESULTS

All the patients completed the treatment with no par-
ticular complaints. The median duration of follow-up for all
patients was 38 months (range, 2-128).

Local Tumor Response

Of the 257 patients evaluated using CT, CR was
achieved in 66 (25.7%) and PR in 157 (61.1%). The overall
response rate (CR + PR) was 86.8%. The overall response
rates for tumors with a BED of 100 Gy or more (n = 215) or
less than 100 Gy (n = 42) were 87.5% and 86.7% in 3 years
(?), respectively. A typical case of a T1 tumor after Hypo-
FXSRT is shown in Figure 1.

Toxicity

Symptomatic radiation-induced pulmonary complica-
tions (NCI-CTC criteria grade >1) were noted in 28 patients
(10.9%). Pulmonary fibrosis or emphysema before treatment
was observed in 25 (89%) of the 28 patients with pulmonary
complications above grade 1. Pulmonary complications of
NCI-CTC criteria above grade 2 were noted in only 14

Copyright © 2007 by the International Association for the Study of Lung Cancer
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TABLE 2. Recurrence Rate According to the BED and Stage

Total cases BED <100 Gy BED =100 Gy P Stage 1A Stage 1B P
Local tumor 36/257 (14.0%) 18/42 (42.9%) 187215 (8.4%) <0.01 20/164 (12.2%) 16/93 (17.2%) 021
Regional nodal metastasis 29/257 (11.3%) 9/42 (21.4%) 20/215 (9.3%) <0.05 17/164 (10.4%) 12/93 (12.9%) 0.54
Distant metastasis 51/257 (19.8%) 11/42 (26.2%) 40/215 (18.6%) 03 32/164 (19.5%) 19/93 (20.4%) 0.87

BED, biological effective dose.

patients (5.4%). The pulmonary symptoms resolved in most
patients without steroid therapy, but six patients who had
very poor respiratory function or severe pulmonary fibrosis
before irradiation needed continuous oxygen. Chronic seg-
mental bronchitis and wall thickening causing atelectasis in
the peripheral lung was observed in one patient (0.4%).
Transient grade 3 esophagitis was observed in two patients
(0.8%) with tumors adjacent to the esophagus. Grade 3 or 4
dermatitis was observed in three patients (1.2%) with tumors
adjacent to the chest wall. Rib fracture adjacent to the tumor
was found in four patients (1.6%). No vascular, cardiac, or
bone marrow complications had been encountered as of the
last follow-up.

Recurrence

The recurrence rates of local, regional nodal, and dis-
tant lesions according to the BED and stage are listed in Table
2. The local recurrence rate was significantly lower for a BED
of 100 Gy or more compared with a BED of less than 100 Gy
(8.4 versus 42.9%, p < 0.01). For greater BED subgroups, the
local recurrence rate was 11.8% for a BED of 120 Gy or more
(n = 93) and 8.1% for a BED of 140 Gy or more (n = 37).
The local recurrence rates for adenocarcinoma and squamous
cell carcinoma were 13.3% (16/120) and 17.1% (19/111),
respectively in 3 years. The cumulative local control rate
curves according to BED subgroup are shown in Figure 2.
The 5 (3? according to Table 2)-year local control rates of the
BED of 100 Gy or more and less than 100 Gy subgroups were
84.2% (95% confidence interval [CI]: 77.7%—90.8%) and
36.5% (95% CI: 10.4%—62.6%), respectively. According to
subgroup analysis, stage IB patients had a significantly higher
rate of local recurrence than stage 1A patients. The nodal and

Local control rate

BED » 100 Gy (a=215)
5-w LC{95%C1):84.2% (77.7-90.8%)

0.6 9
0.4 P<0.001
0.2
BED < 160 Gy (0742 )
0 - Sy LC (95%CT): 36.5% 10.4.6-62.6%)

ST T T T T T T T T
0 2 4 6 8 10 12

Time (years)
FIGURE 2. Cumulative local control rate according to the
biological effective dose (BED). LC, local control rate; Cl,
confidence interval.
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distant recurrence rates were almost identical in the stage IA
and IB subgroups.

In the patients with regional nodal recurrence, nodal
failures overlapped local failure in 3.1%, distant metastases in
3.9%, or both in 0.8% of the patients. Isolated local, nodal,
and distant recurrences were observed in 8.6%, 5.1%, and
13.6% of the patients, respectively.

Survival

The overall 3- and 5-year survival rates for all patients
were 56.8% (95% CI: 50.2%—63.5%) and 47.2% (95% CI:
38.7%-53.5%), respectively. The cause-specific 3- and
5-year survival rates were 76.9% (95% CI: 70.6%—83.2%)
and 73.2% (95% CI: 66.1%—80.2%), respectively. The over-
all survival rates differed significantly according to medical
operability, with intercurrent death in 36.8% of inoperable
patients and 10.3% of operable patients. The overall 5-year
survival rates of medically operable and inoperable patients
(Figure 3) were 64.8% (95% CI: 53.6%—75.9%) and 35.0%
(95% CI: 25.9%—44.1%), respectively. The overall survival
rates according to the BED in all patients differed signifi-
cantly between the BED of less than 100 Gy and 100 Gy or
more subgroups. The overall 5-year survival rates of the BED
100 Gy or more and less than 100 Gy subgroups were 53.9%
(95% CI: 46.0%—61.8%) and 19.7% (95% CI: 5.9%-33.4%),
respectively. For the subgroup of medically operable patients
with a BED of 100 Gy or more, the 3- and 5-year overall
survival rates were 80.4% (95% CI: 71.0%—89.7%) and
70.8% (95% CI: 59.3%—82.2%), respectively (Figure 2). The
overall 5-year survival rate according to stage in the operable
patients irradiated with a BED of 100 Gy or more was 72.3%

Saorvival

1 -
0.8 9 Medicaliy operadle (2=99)

S0 O (95%CT ) :64.8% (33.6-75.9%)
0.6
0.4 1 P <0001
0.2 9
medically &=158)
09 S-y OB{05%:CT) 35.0%0 25.9-44.1%)

TTTTTTTTT T T T T T T T
0 2 4 [ 8 10 12
Time (vears)

FIGURE 3. Overall survival rate according to medical oper-
ability. OS, overall survival rate; Cl, confidence interval.
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FIGURE 4. Overall survival rate in operable patients accord-

ing to the biological effective dose (BED). OS, overall survival
rate; Cl, confidence interval.

(95% CIL: 59.1%—85.6%) for stage IA and 65.9% (95% CIL:
43.0%—88.9%) for stage IB patients (Figure 4).

Reproducibility of the Data Among Institutions

Table 3 compares the irradiation method and results for
three major institutions enrolled in this study. These institu-
tions used a BED of 100 Gy or more. The local control and
3-year survival rates were almost identical.

DISCUSSION

At present, surgery is the standard treatment for stage I
NSCLC. RT is offered to patients who are unsuitable for
surgery because of medical problems and to patients who
refuse surgery. Most information on the results of RT for
stage | NSCLC is based on retrospective studies of RT-
treated inoperable NSCLC cases. Therefore, the role of RT
for stage 1 NSCLC, as a curative modality, has not yet been
established.

Qiao et al. summarized 18 papers on stage I NSCLC
treated with conventional RT alone published between 1988
and 2000.1° Local recurrence was the most common rea-
son for treatment failure of stage I NSCLC with conventional
RT, but the frequency of recurrence varied considerably
according the report (between 6.4% and 70%). The 3-year
recurrence rate was approximately 60%,!"-13 with a median
time to relapse that ranged from 21 to 30 months.12.1415
Generally, smaller tumor size, low T stage, and increased
dose had a favorable impact on local control, and increased
local control was followed by increased survival.!416 How-
ever, the overall treatment results- were disappointing. The

median survival in these studies ranged from 18 to 33
months. The 3- and 5-year overall survival rates were 34 *
9% and 21 = 8% (mean * 1 SE), respectively. The cause-
specific survival rates at 3 and 5 years were 39 = 10% and
25 * 9% (mean * 1 SE), respectively. Regarding treatment
toxicity, severe (grade 3 or above) radiation esophagitis'4 and
pneumonitis!! occurred in 4.1% and 6.1% of the cases,
respectively. Better local control may be achieved when the
total dose is increased,!s:'¢ and a trend has been growing
toward seeking better local control by increasing the
BED13-15 for a relatively limited span of doses (BED 59-76
Gy). Dose escalation has been the focus of developmental
therapeutic strategies for inoperable stage I NSCLC to im-
prove local control and survival.

Mehta et al.1? provided a detailed theoretical analysis
regarding the responses of NSCLC to RT and a rationale for
dose escalation. They concluded that a greater BED irradiated
during a short period must be given to gain local control of
lung cancers. Giving a higher dose to the tumor without
increasing the adverse effects was shown to be possible using
the SRT technique; this is now feasible due to the technolog-
ical progress that allows increasing the accuracy of localiza-
tion to the tumor-bearing area using various imaging tools.
SRT can also reduce the overall treatment time substantially,
from several weeks for conventional RT to a few days,
offering an important advantage to the patient.

After Uematsu et al.!® reported a landmark study on
SRT for stage I NSCLC using a CT-linac system, SRT has
been actively investigated for stage | NSCLC in Japan and the
United States. In the reports listed in Table 4,3-6.19-21 the
local control rates of primary lung cancer with SRT ranged
from 87% to 97% when the BED exceeded 100 Gy. Uematsu
et al.3 showed excellent survival rates for medically operable
patients, approximating those for full lobar surgical resection;
however, they studied only a few patients, and it is not known
whether the result is reproducible. Table 5 compares the
results of Uematsu et al.? with the HypoFXSRT results
presented here. These results suggest that the local control
and survival rates of HypoFXSRT for stage I NSCLC are
promising and reproducible when the BED exceeds 100 Gy.

In Japan, we consider a BED greater than 100 Gy to be
a satisfactory dose for HypoFXSRT of stage I NSCLC, with
a local control rate better than 85%, and a further dose
escalation study is not necessary for tumors smaller than 4 cm
in diameter. Conversely, in the United States, Timmerman et
al.22 concluded that 60 Gy in three fractions (BED = 180 Gy)
is the proper dose, and they adopted this dose and fraction
protocol for their prospective study. We need to observe the

TABLE 3. Comparison of the Irradiation Methods and Results for Three Major Institutions

No. of Total Isocenter Single Isocenter Median Follow-up 5-yr Overall
Institution Patients Dose (Gy) Dose (Gy) BED (Gy) (mo) Local Failure, % Survival, %
Kyoto 42 48 12 106 40 3 64
Cancer Institute - 30 50-62.5 10-12.5 100-141 25 4 77
Kitami 27 50-60 7.5-10 100-105 71 4 63

BED, biologically effective dose (a/B = 10) recalculated at the isocenter.
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TABLE 4. Reports of Stereotactic Radiotherapy for Stage | Non-small Cell Lung Cancer

No. of Total Single Median Local . 3-yr Overall
Author (ref.) Patients Dose* (Gy) Dose* (Gy) BEDY (Gy) Follow-up (mo) Progression, % Survival, %
Uematsu et al.3 50 72 72 124 60 6 66
Nagata et al.* 42 48 12 106 52 3 82
Fukumoto et al.? 17 48-60 6-1.5 99-137 24 6 NA
Onishi et al.® 28 T2 7.2 124 24 8 75
Hof et al.”® 10 19-26 19-26 55-94 15 20 NA
McGarry et al.?° 47 75 25 263 15 13 NA
Wulf et al.1 12 26-57 19-26 94-165 11 5% NA

BED, biologically effective dose; NA, not assessed.
*Stereotactic radiotherapy dose is calculated at the isocenter.
1BED (/B = 10) recalculated at the isocenter.

results of ongoing phase II studies on SRT for stage | NSCLC
conducted in Japan (12 Gy X 4 = 48 Gy prescribed to the
isocenter) and the United States 20 Gy X 3 = 60 Gy
prescribed to cover 95% of the PTV).

The 5-year overall survival rate for medically operable
patients with HypoFXSRT is encouraging (Table 6). Repre-

TABLE 5. Comparison of the Results between the
Multi-institutional Study and the Uematsu et al. Study

Uematsu et al. * Multi-institutional

Total no. of cases 50 215
TINOMO 24 141
T2NOMO 26 75

Follow-up duration, mo (median) 22-66 (36) 2-128 (38)

Local control, % 94 90

Regional lymph nodes 4 7

metastases, %

Distant metastases, % 14 19

Grade =3 toxicity, % 0 3

3-yr overall survival rate, % 66 64

3-yr cause-specific survival 88 ) 83

rate, %

S-yr overall survival rate, % 55 55

S-yr cause-specific survival 81 77

rate, %

3-yr overall survival rate in 86 82

operable patients, %

S-yr overall survival rate in 77 72

operable patients, %

TABLE 6. Comparison of 5-Year Overall Survival Rate
between Stereotactic Radiotherapy and Surgery

Stage Author

Mountain?>* Naruke et al.>** Shirakusa and Koybayashi®>* Onishit

1A 61% 1% 2% 72%
IB 40% 44% 50% 66%
*Surgery.

THypoFXSRT presented here.

Copyright © 2007 by the International Association for the Study of Lung Cancer

sentative 5-year overall survival rates for clinical stage IA
and IB with surgery range from 61% to 72% and 40% to
50%, respectively.23-25 According to our data, the survival
rate for SRT was not worse than that for large surgical series.
Furthermore, concerning toxicity, approximately 3% of pa-
tients died as a result of surgery, and chronic morbidity
occurs in 10% to 15% of patients after surgery.2¢ Hypo-
FXSRT is much less invasive than surgery, and it is postu- -
lated that SRT will become a major treatment choice for stage
I NSCLC, at least for medically inoperable patients.

Multi-institutional phase II studies of SRT for stage I
NSCLC have been started in Japan (JCOGO0403)?7 and the
United States (RTOG0236).28 However, it will take several
years to obtain conclusive results, and an inevitable selection
bias exists in comparing SRT with surgical series for patients
in retrospective or phase II studies.

Although the differences in techniques and schedules of
the institutions enrolled in this study may be large, it is
meaningful that a safe, effective BED was suggested because
the optimal dose-fraction schedule of SRT for stage I NSCLC
is not known. Furthermore, this is the only report that gives
the results of SRT for a large number of medically operable
stage ] NSCLC patients. Based on our excellent SRT results,
it is arguable that a phase III study comparing surgery and
SRT for medically operable patients is warranted. However,
it is very difficult to perform a phase III study because most
patients will opt for less invasive therapy such as SRT. We
need much more experience and must study more patients
with a longer follow-up duration to establish a safe, effective
irradiation method that will instill both medical and social
confidence in SRT for treatment of stage I NSCLC.

When we compare the results of conventional RT and
surgery with those of HypoFXSRT, we conclude that
HypoFXSRT has the following benefits for stage I NSCLC.
First, HypoFXSRT is a safe and promising treatment modal-
ity. Second, the local control and survival rates are superior to
those of conventional RT. Third, HypoFXSRT should be a
standard of care for medically inoperable patients. Fourth,
HypoFXSRT should be randomly compared with surgery for
medically operable patients. Finally, we need additional ex-
perience with a longer follow-up duration to conclusively
validate these points.
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Abstract

Purpose. The aim of this study was to establish an animal
experimental model of pulmonary stereotactic irradia-
‘tion and clarify the morphoiogical patterns of pulmo-
nary radiation injury with computed tomography and
the histopathological features.

Materials and methods. Tiny spherical regions in the
lungs of seven anesthetized rabbits were irradiated ste-
reotactically with a single fractional dose of 21-60Gy.
Subsequently, the irradiated lungs were observed
biweekly with computed tomography (CT) for 24 weeks.
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Radiation injury of the lung was examined histopatho-
logically in one specimen.

Results. Localized hypodense changes were observed 7-
15 weeks after irradiation in three rabbits irradiated with
60 Gy, and the findings persisted beyond that time. The
electron density ratios in the lung fields obtained from
the CT images were shown to be decreasing, correspond-
ing to the hypodensity changes. No clear increased
density opacity was observed in any rabbit in the 60-Gy

- irradiated group. Severe localized fibrotic change was

observed in the histopathological specimens.
Conclusion. Specific localized hypodensity changes were
found in only three rabbits irradiated with 60Gy, the
highest dose we employed.

Key words Stereotactic radiotherapy - Rabbit - Lung"
Computed tomography - Radiation injury

Introduction

Hypofractionated stereotactic radiotherapy of early
non-small-cell lung carcinoma is developing as a mini-
mally invasive treatment. Compared to conventional
radiotherapy, such as with rectangular coplanar portals
with a vusual fractional dose, the new method can provide
a higher dose and concentration of irradiation of a local-
ized tumor. Considerable clinical experience and favor-
able outcomes have been reported.'

The dose prescriptions of the irradiation method are
controversial;"* however, the biological effective doses
(BEDs)® calculated from these reports were similar to
ensure clinical safety. Koenig et al.® categorized com-
puted tomography (CT) findings of radiation injury
induced with hypofractionated three-dimensional radio-

- 150 —



454

Radiat Med (2007) 25:453-461

therapy, and subsequently Takeda et al.” also analyzed
by CT the radiation injury induced with hypofraction-
ated stereotactic radiotherapy of human lung tumors.
The patients described in these articles were irradiated
with the dose prescription described above. These studies
clarified only the patterning of radiation injury induced
with the same dose prescription; therefore, the variety of
the CT findings arising from differences of BED was not
mentioned. This lack of information led us to study the
dose dependence of radiation injury during stereotactic
irradiation of animal lungs. As for an attempt to examine
morphological changes of animal extracranial viscera
induced with focused single-high dose irradiation, Her-
farth et al.® formerly reported experimental single copla-
nar rotationalirradiation to normal rabbit liver; however,
in their article none of the changes in the irradiated liver
 were documented by CT images or in histopathological
specimens.

In this investigation, we attempted to establish an
experimental technique for irradiating stereotactically a
tiny spherical partial volume of normal rabbit lung with
a linear accelerator and for examining the induced radia-
tion injury with a CT scanner. This is the first report of
stereotactic irradiation of rabbit lung. We report the CT
characteristics of acute and subacute radiation injury
generated with varied single-fractional-dose stereotactic
irradiation in the lungs of seven rabbits. Histopathologi-
cal findings in one rabbit lung irradiated with 60 Gy as
a single fractional dose are also mentioned.

Materials and methods
Preparation

Institutional guidelines for the care and use of labora-

tory animals were followed in all experiments, and the

use of rabbits was approved.

Seven Japanese White Rabbits (all male, weighing
2.9-3.2kg) were used. In all procedures of this experi-
ment, the rabbits were anesthetized with 100mg
ketamine hydrochloride intramuscularly and with con-
tinuous intravenous injections of pentobarbital sodium
at 20mg/kg/h.

Each rabbit was immobilized on a vacuum-forming
patient-holding pillow (Vacufix; Muranaka Medical
Instruments, Osaka, Japan) in a supine position in a
wooden box. On the top and lateral surfaces of the box,
straight aluminum wires were attached diagonally to
measure the three-dimensional coordinates in the box on
the CT images.

Irradiation

Each rabbit was scanned with a CT simulator machine
(Xvision GX, TSX-002A; Toshiba Medical Systems,
Tokyo, Japan), and the beam isocenter was aimed at the
peripheral point adjacent to the left lung base center.
The isocenter was placed on the point so the effect of
pulmonary respiratory movement would be minimal as
verified by fluoroscopic observation. The side beam
marker points were marked on the surface of the wooden
box containing the rabbit, which was positioned on the
couch of the X-ray linear accelerator.

A partial spherical volume centered on the isocenter
was irradiated stereotactically by 4 MV of X-ray energy
in a narrow rectangular beam (11 x 11 mm) with a linear
accelerator. Three noncoplanar arcs (couch rotation:
—-45°, 0°, +45°) were used for arc rotation. Each gantry
rotation arc was 160° to avoid opposing beams.

The irradiation was done in a single fraction in I day.
Each rabbit received a different total irradiated dose.
The doses were 21, 30, 39, 48, 60, 60, and 60Gy. Each
dose was normalized at the beam isocenter. The dose
distributions and monitor units of irradiation were cal-
culated using the Batho power law algorithm’ as an
inhomogeneity correction on a Eclipse radiotherapy
planning system (Varian Medical Systems, Palo Alto,
CA, USA) (Fig. 1). The irradiated volumes of the rabbit
lungs using the irradiation plan were shown as a dose—
volume histogram (Fig. 2). The doses of irradiation were
also estimated using convolution and superposition dose
calculation algorithms from the actual irradiated dose
monitor units (Table 1). These algorithms were applied
with Focus XiO version 4.2 (CMS, St. Louis, MO,
USA).

CT scanning

All rabbits were examined for 24 weeks after irradiation.
Each rabbit was scanned with a CT scanner (Toshiba
Aquilion, TSX-101A; Toshiba Medical Systems) approx-

Table 1. Actual irradiated doses calculated with Batho power law
algorithm and corresponding doses estimated with convolution
and superposition algorithms

Irradiated dose
(Gy)

Batho power law

Estimated dose (Gy)

Convolution Superposition
60.00 - 54.23 55.78
48.00 43.39 - 44.63
39.00 35.25 36.26
30.00 27.12 27.89
21.00 18.98 19.52

- 151 -



Radiat Med (2007) 25:453-461

455

Fig. 1. Beam configuration
(bottom lefty and other
isodose distributions. The
isodose lines represent 100%,
95%, 90%, 80%, 70%, S0%,
respectively (from the inside)

Fig. 2. Dose-volume Irradiated Dose [cGy]
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imately biweekly, and the image data were collected as
Digital Imaging and Communications in Medicine
(DICOM) standard files. The CT images were scanned
with a slice thickness of 2mm and helical pitch of 1. All
rabbits were under intravenous general anesthesia with
the method as described above during the CT scanning
procedures.

Relative Dose (3]

CT image analysis

The image data were transferred to a workstation via a
local area network and were analyzed by a radiologist
visually for detecting hyperdense or hypodense changes
deviating from the normal CT appearance in the lung
fields.
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The data were also analyzed by technical computing
language software (MATLAB version 7.2.0.232; The
Mathwork, Natick, MA, USA). Initially, the pixel values
of the CT images were converted from Hounsfield units
(HU) to electron density. For the procedure, a convert-
ing formula'® was used as follows:

p =1.000 + 0.001 No; for —1000 < N < 100
where p is the electron density of tissue relative to water,
and N (CT number) is the Hounsfield unit.

In the electron density image at the beam isocenter,
two round regions of interest (ROIs) 11 mm in diameter
were delineated. One corresponded to the stereotacti-
cally irradiated area (ROI A), and the other was placed
on the same part of the contralateral lung (ROI B)
(Fig. 3).

The mean electron density of all the pixels in each
ROI was calculated and their ratios (ROl A/ROI B)
were determined. These calculations were performed
for all the acquired CT images. The electron density
ratios were plotted for examining the time-evolution
tendency.

Histopathological observations

One of the rabbits irradiated with 60 Gy was killed with
an intravenous injection of an excessive dose of pento-
barbital sodium 489 days (69 weeks) after irradiation,
and the whole lung with trachea was obtained as a path-
ological specimen. Formaldehyde solution (10%) was
added through the trachea with positive pressure to fill
the pulmonary air cavity. The fixed lung was observed
macroscopically and then was embedded in paraffin.
Thin-slice sections were cut, stained with hematoxylin-
eosin (H&E), and were examined with an optical
microscope.

Results
Computed tomographic analysis

Table 2 shows the timing and acquired findings of rabbit
chest CT examinations conducted for 24 weeks after
irradiation. Overall, only slight changes were observed
in the irradiated lungs. Localized hypodense changes
suggesting emphysematous change appeared 7-15 weeks
after irradiation in the parts of the three rabbits irra-

Fig. 3. Computed tomographic (CT) analysis of electron density
changes in irradiated rabbit lungs. The region of interest, irradi-
ated area (ROI A) and that of corresponding area in the contra-
lateral lung (ROI B) were delineated. The mean electron density
of each area was calculated with MATLAB software

Table 2. Radiographic follow-up timing with computed tomography and the findings observed in each irradiated rabbit

Interval after irradiation (weeks)

Rabbit  Irradiated

no. Dose (Gy) O 2 4 6 8 10 12 14 16 18 20 22 24
1 60 - - - - - - # H H# OB OH # # # # # # # # #

2 60 - - - - - - # B # # # # # # # # # # # #

3 60 - -+ - - - -+ - - = = - - #® # # # # #

4 48 - - - - - - - - - = = - - - - - -

S 39 - - - - - - - - + - - = - -

6 30 - - - - - - + + + - - - - - - - - -

7 21 - - - - - - - - - - - - -

#, Localized hypodense change; +, localized increased opacity; ~, nothing particular
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diated with 60Gy (Fig. 4). The findings persisted
throughout the experimental period after the first
visualization.

As shown in Table 2, localized increased opacities
were observed 3-16 weeks after irradiation in only three
rabbits irradiated with 30, 39, and 60 Gy. The findings
were slight (Fig. 5), persisted for only 1-3 weeks, and
then vanished: Two rabbits irradiated with 21 and 48 Gy
did not have any significant findings.

The time evolutions of electron density ratios of two
roundly delineated areas in the rabbit lung fields are
shown in Fig. 6. In the 60-Gy group, there is a marked
decrease of the electron density ratios that corresponds
to the localized hypodense changes observed 6-7 weeks

Fig. 4. Localized hypodense change appeared in rabbit lung irra-
diated with a single fractional dose of 60 Gy 11 weeks after irradia-
tion (arrows)

N
1

afterirradiation. No remarkable decreases were observed
in the rabbits irradiated with <48 Gy.

Histopathological findings

Severe localized fibrotic and scarring were observed on
the parietal pleural surface toward the central area of the
lung field (Fig. 7). In the fibrotic area showing contrac-
ture of the overlying pleura (Fig. 8), there was thickening
of alveolar septa and narrowing of air cavities (Fig. 9).
Localized ossification was observed away from the center
of the major localized fibrotic change. Mild concentric
thickening of the small arteries and scattered foreign
body giant cells were also identified.

DN S
.S

Fig. 5. Slight localized increased opacity in rabbit lung irradiated
with a single fractional dose of 30Gy 10 weeks after irradiation
(arrow)

N
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3 .

Fig. 7. Macroscopic appearance of rabbit lung irradiated with a
single dose of 60 Gy obtained 69 weeks after irradiation. Severe
localized scarring appears on the pleural aspect near the irradia-
tion target (arrows)

Fig. 8. Histopathological specimen of rabbit lung irradiated with
a single dose of 60Gy obtained 69 weeks after irradiation. Note
the severe fibrotic change continuing from the pleural aspect
(arrow). (H&E, low-power field)

Discussion

Our study was inspired by the recent retrospective CT
analysis of radiation injury after stereotactic or three-
dimensional conformal irradiation of a human lung.
Takeda et al.” reported the CT manifestations of serial
changes from pulmonary radiation injury after hypo-
fractionated stereotactic irradiation for lung tumors.
The irradiation dose generally consisted of 50 Gy in five
fractions administered over 5-7 days. As a result, ground-
glass opacities were observed around 4 (18%) of 22
lesions 3—-6 months after irradiation. Increased density
opacities, including dense consolidation, on or near the
irradiated areas were observed in 16 (73%) of 22 target
lesions within 6 weeks after irradiation. Koenig et al.®
identified pulmonary ground-glass opacities in all (100%)

Fig. 9. High-power field focused on the area depicted by the gray
arrow in Fig. 8. There is marked local thickening of the alveolar
and vessel walls. These changes are localized (black arrow points
the pleural aspect). (H&E)

seven patients who underwent CT scanning within 3
months after irradiation. Aoki et al."" detected increased
density opacities (chiefly patchy consolidation) within
2-6 months after irradiation in all 31 lesions irradiated
stereotactically. Based on these reports, it is likely that
certain increased density opacities in human lungs will
be observed in high frequency on CT scans within 6
months after stereotactic irradiation. o

We expected to acquire new knowledge of radiation
injury induced with single high-dose stereotactic irradia-
tion of normal rabbit lung. We believe our study is the
first one using pulmonary stereotactic irradiation using
such an animal model. Localized hypodense change cor-
responding to the irradiated target was observed in each
lung irradiated with 60Gy as a single dose. However,
minimal changes were observed during the observation
period in the lungs irradiated with 48Gy and lower
doses. As a whole, no major increased opacities were
detected in any of the irradiated lungs. Therefore, we
focus on our two findings about localized hypodense
change and increased density opacity.

Localized hypodense change is a new finding. In the
retrospective human study cited above, this finding was
not described. We did not examine the rabbit lung his-
topathologically at the site of the change because we
needed to perform additional CT imaging examinations.
Although the histopathology of the opacity was not
clarified, hypodense changes on CT images are known
to represent emphysematous change.'” This change had
specific morphology that expanded over the spherical
target volume that was about lcm in diameter and
extended to the subpleural area. It has been noted that
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the increased opacity due to stereotactic irradiation of
human lung also extends to the subpleural area;’ there-
fore, the existence of a common mechanism for develop-
ment of subpleural opacity can be predicted. This finding
may possibly be found on CT images of lungs irradiated
stereotactically with higher single doses as therapeutic
doses are escalated.

We compared the features of the CT findings of
increased density opacity in this study with those of the
human changes reported in the literature.*” Increased
density opacities arising in the acute and subacute phases
are categorized as ground-glass, consolidation, and
linear opacities. Our experiments showed only transient
and slight localized increased opacities in three of seven
rabbits. Rabbit lung might be more tolerant of irradia-
tion than human lung;"’ however, previous rabbit experi-
ments'*"” have documented severe radiation reactions
due to broad photon beam irradiation. This discrepancy
cannot be explained as a species difference, so further
research is needed. '

We also studied the CT findings with MATLAB soft-
ware on a workstation to evaluate pulmonary parenchy-
mal changes numerically. It was revealed that the electron
densities of the lung field irradiated with 60Gy were
gradually decreasing nearly corresponding to the appear-
ance of localized hypodensity changes on the CT images.
In contrast, no remarkable hyperdense opacity was seen.
Although an increase of CT numbers reflecting the
increased density of the lung field after irradiation was
reported in a similar experiment using a mouse model,'®
such a tendency was not apparent in our experiment.

About 16 months after irradiation with 60Gy in a
single dose, severe localized pulmonary fibrotic change,
centric thickenings of the vessel intima, and tiny ossifica-
tions were observed. These histopathological findings
were similar to those following pulmonary radiation
injury induced with broad photon beams;"” however,
their localized and severe expression were specific in our
results. No radiation injury was detected apart from the
targeted volume in our work. These findings suggest
the existence of a threshold dose for severe puimonary
fibrotic change. The fact that the severe fibrotic change
continued to the visceral pleural aspect may be due to
the pathological mechanisms that produced localized
hypodense change in our study or subpleural increased
opacity observed in human lungs.

The results of documented animal experiments should
be considered. Experiments were reported in which
rabbit lungs were radiographically observed following
irradiation with photon beams. In these experiments, a
large volume of the lung was irradiated with whole-
or hemi-lung irradiation,""” Resl et al."” administered
single-dose irradiation of 24Gy to whole lungs. They

reported that pulmonary radiation injuries were observed
within 2-3 weeks after irradiation. Hermann et al.’®
irradiated rabbit hemi-lungs with 38 Gy. The dose was
administered in five fractions over 5 weeks. They reported
that acute pulmonary injury was detected in 9 (37%) of
24 rabbits at 2-18 weeks after irradiation. In sum, these
authors demonstrated that radiation injury of rabbit
lung was generated with standard photon beams at a
high rate; hence, their results differ from ours, where we
used stereotactic irradiation to small target volumes in
rabbit lungs.

The dose prescriptions for three conditions (human
studies, our current study, past rabbit studies) described
above can be evaluated by BEDs, calculated using
the linear-quadratic model of Fowler.® The formula is

" not usually applicable to a high-dose single fraction

above 23Gy;'"® however, we expediently use it for com-
parison here. Although the o/ ratios have not been
decided definitively, we propose 10 and 3 Gy for early
and late lung injury, respectively. Species difference
is not considered in this calculation. Under these
assumptions, calculated BEDs for the rabbit lung
irradiation experiments cited above have a range of
66.9-130.7 Gy, for acute pulmonary injury and 103.3-
362.3 Gy, for late pulmonary injury. The fractional
doses prescribed in our experiments ranged from 21 to
60 Gy, which correspond to 65.1-420.0 Gy,, and 168.0—
1260.0 Gy,. The prescribed median dose of 48Gy is
equal to 278.4 Gy,, or 816.0 Gy., both of which exceed
the values calculated with the doses cited above.
Nevertheless, acute pulmonary radiation injury was
slight in our experiment.

We did not evaluate functional changes of the rabbit
lung after irradiation; however, we do not think this
information is important in view of the slight CT changes.
CT analysis of radiation injury is known to be more
sensitive than pulmonary function tests.” Additionally,
Ohashi et al.”’ reported minimal functional changes after
stereotactic radiotherapy of human lung.

The question might arise whether the minimal acute
and subacute radiation reactions on the CT images of
the rabbit lungs in this study are due to the lack of irra-
diation accuracy. If the accuracy cannot be guaranteed,
the irradiation dose on the target volume could be
reduced. We have three reasons to dismiss this issue.
First, we set the target volume center apart from the
diaphragm and eliminated the effect of respiratory move-
ment. The advantage was confirmed fluoroscopically.
Second, we observed the small target respiratory move-
ment with real-time CT dynamic mode. Finally, our
histopathological findings ensure the accuracy of the
irradiation. Therefore, dose reduction due to pulmonary
respiratory movement can be ignored.
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We should point out that the target objects were
normal rabbit lungs. In the clinic, the target volume
trradiated contains nodular malignant lesions. There-
fore, rabbit lungs that had such a lesion shouid have
been used in the experiment. We considered two methods
for producing an artificial tumor in the rabbit lung, but
neither was useable. First, a technique producing artifi-
cial pulmonary metastatic tumors by intravenous injec-
tion was evaluated.” In this model, the tumor could not
be implanted in a specific point and tumor growth during
the experimental period could not be predicted. Second,
we designed a technique for percutaneous injection of
malignant tumor cells or water-equivalent density mate-
rial into rabbit lung. This method would induce pulmo-
nary parenchymal density changes, and it would interfere
with the CT observation of irradiated lungs. For these
reasons, naive rabbit lungs were used as the irradiation
objects. ‘

The discrepancy of our results with the clinical experi-
ence should be pointed out, but we believe that our
results may be applicable as a model mimicking certain
kinds of human pulmonary malignancies, especially
early lung adenocarcinoma presenting slight ground-
glass opacity, highly differentiated adenocarcinoma, and
bronchoalveolar adenocarcinoma. They are histopatho-
logically known to be rich in air and to have slight
destructive changes in the existing structure of the lung,
particularly alveolar septa, bronchioles, and blood
vessels.”? Thus, our study has a similarity to a clinical
subset of lung malignancy.

Conclusion

Specific and new localized hypodense changes were
observed in only three rabbits irradiated with 60 Gy, the
highest dose we employed. Rabbit lung might be more
tolerant to acute and subacute radiation effects of single-
fraction stereotactic radiotherapy than other animals’
lungs because no major radiographic hyperdense changes
could be observed.
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Abstract

Purpose. As the conventional graphical user interface
(GUD) associated with DOSXYZnrc or BEAMnrc is
unable to define specific structures such as gross tumor
volume (GTV) on computed tomography (CT) data, the
quantitative analysis of doses in the form of dose-volume
histograms (DVHs) is difficult. The purpose of this study
was to develop an interface that enables us to analyze
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the results of DOSXYZnrc output with a commercial
radiation treatment planning (RTP) system and to inves-
tigate the validity of the system.

Materials and methods. Interface software to visualize
three-dimensional radiotherapy Monte Carlo (MC) dose
data from DOSXYZnrc on the XiO RTP system was
developed. To evaluate the interface, MC doses for a
variety of photon energies were calculated using the CT
data of a thorax phantom and a uniform phantom as
well as data from patients with lung tumors.

Results. The dose files were analyzed on the XiO RTP -
system in the form of isodose distributions and DVHs. |
In all ¢cases, the XiO RTP system perfectly displayed the
MC doses for quantitative evaluation in the form of dif-
ferential and integral DVHs.

Conclusion. Three-dimensional display of DOSXYZnrc
doses on a dedicated RTP system could provide all the
existing facilities of the system for quantitative dose
analysis. '

Key words Monte Carlo simulation - Radiation
treatment planning system - User interface

Introduction

BEAMnrcMP Monte Carlo (MC) code' based on EGS4?
is widely recognized as providing accurate calculation
of particle transport through the accelerator head.
DOSXYZnrc' is a general-purpose Monte Carlo. EGSn-
rcMP? user code for three-dimensional absorbed dose
calculations. The available graphics user interface of -
BEAMnre, known as “dosxyz_show”’ can only display
the dose of DOSXYZnrc on the phantom or computed
tomography (CT) phantom (egsphant) data in the form
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of isodose distributions. A radiotherapy treatment plan
(RTP) requires contouring the target structure, includ-
ing parameters such as gross tumor volume (GTV), clini-
cal target volume (CTV), planning target volume (PTV),
and organs at risk (OARs), to evaluate the dose distribu-
tion quantitatively in the form of an integral or differ-
ential dose-volume histogram (DVH). Itisalso important
to analyze treatment parameters such as dose con-
formity and dose homogeneity as well as maximum,
minimum, and average doses described in a treatment
plan as suggested by the International Commission on
Radiation Units and Measurements (ICRU) reports 50
and 62.%7

Therefore, the display of the dose from DOSXY Znrc
on a dedicated RTP system could provide all of the
facilities needed to evaluate an MC dose plan. In this
study, we have developed interface software (interface)
to display the DOSXYZnrc MC dose on the XiO RTP
system. The interface can export three-dimensional MC
dose files into the XiO RTP system and is helpful for
evaluating MC doses in the form of DVH, dose confor-
mity, dose homogeneity, and so on.

Materials and methods
Interface descriptions

We have developed an interface to read and analyze the
MC dose file on the XiO RTP system (version 4.2; CMS,
St. Louis, MO, USA). The flow chart of the interface is
shown in Fig. 1. The DOSXYZnrc code® allows sources
such as a monoenergetic diverging or parallel beam,
phase-space data generated by a BEAMnrc' simulation,

Linac Beam Model
from Phase Space file /
H muitiple source modet /
¥ energy spectra
Canversion T

[ CT data ] ’

CT data to egspham
v
i DOSXYZnre
icursonussrrnrear »| tric dose cal
: using CT phantom
—Y Patient ID ¥
Xi0 RTF Plan SOOI 1 L . interface

replacement of XiO dose file | g ovirreereeeeaiaonns

with MC dose fite Me dose conversion of MC dose fite

format to Xi0 dose file format

v
Monte Carlo Dose Evatuation
{using DVH}

Fig. 1. Flow chart to display the Monte Carlo (MC) dose on an
XiO radiation treatment planning (RTP) system. CT, computed
tomography

or a model-based beam reconstruction produced by
BEAMDP.’ To calculate the MC dose using CT data,
CT values of images need to be converted to physical
densities and written into a CT phantom file, which is
suffixed egsphant.’ Various sources to model the beam
from energy spectra, including phase space files, can be
used in DOSXYZnrc. The user may define the incident
angles of the phase space beam by changing angles theta
and phi.’ In the polar coordinate system, the polar angle
theta has a range of 0°-180°, and the azimuthal angle
phi has a range of 0°-360°. In our simulations, we applied
different beams around the gross tumor volume (GTV)
in the egsphant file by changing the angles theta
and phi.

The CT data to be used for MC dose calculations
needs to be exported to the XiO RTP system to make an
arbitrary plan; and later this arbitrary planned dose can
be replaced with the MC dose using the interface. The
interface is keyboard-interactive and works in two steps:
(1) conversion of an MC dose file into XiO dose file
format; and (2) export of the MC dose file to the XiO
RTP system and replacement of the XiO RTP dose file
with the MC dose file.

The conversion procedure requires input of the coor-
dinate of the reference point that appears on the XiO
plan and a calibration factor to convert the MC dose per
particle to absolute dose. Usually the reference point
coordinate is defined at the center of the isocenter slice,
and the corresponding coordinate in the egsphant file for
the MC dose calculation procedure should be the same
as in XiO. Variations of that coordinate between XiO
and the egsphant file may cause a mismatch between the
MC dose and the CT structure in the XiO plan; there-
fore, input of the coordinate from the XiO reference
point adjusts all of the coordinates of the MC dose file
to fit with the CT coordinate system in the XiO plan.
This is extremely important for exact spatial display of
the MC dose on the CT structure of the XiO plan.

During the procedure for replacing the XiO dose file
with the MC dose file, the patient identification (ID) and
plan ID are needed from the XiO plan. Upon execution
of the interface with the patient and plan IDs, the XiO
dose file is replaced with the MC dose file, and the XiO
dose file is converted to a backup file.

Interface evaluations

Evaluations of the interface were performed with three
data sets, which is considered to be enough for evaluat-
ing the system. MC doses are calculated based on the
three data sets: CT data from a thorax phantom; human
CT data from a patient with a lung tumor; and a uniform
phantom. The thorax phantom consisted of three densi-
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ties: The density of the lung region was 0.3g/cc; the
density of the tumor (GTV) and other soft tissue-equiva-
lent material was 1.0g/cc; and the density of the spine
was 1.3g/cc. The GTV was 2cm ¢ and was situated in
the center of the right lung. CT scans of the thorax
phantom were performed to obtain CT images. Patient-
specific CT images of a lung tumor and finally a cylindri-
cal uniform phantom of water-equivalent density were
also used to evaluate the interface by analyzing the MC
doses on the XiO RTP system. In all cases (thorax
phantom, human lung, and uniform phantom), the
thickness of the CT slices was 2mm, and the matrix size
of each slice was 512 x 512 pixels. Alt CT numbers in CT
images in this study were converted to egsphant data
using the corresponding electron density data. The
matrix size of egsdphant data was reduced to 256 x 256
pixels; these data were used in the Monte Carlo dose
calculation system.

In our previous work we modeled the linac systems
for 6-, 10-, and 18-MV photons,® and the particle data
were stored in a phase space file.! The full-phase space
files were applied to calculate MC doses using the thorax
phantom for 6-, 10-, and 18-MYV energies. Beams of 3 x
3cm were employed from four directions around the
center of the GTV of the thorax phantom.

Exact spatial positioning of the MC dose on CT struc-
tures in the form of isodose distributions in the XiO plan
is important, and the position was verified with previous
work with MC doses calculated for patient CT images
of a lung tumor using 200-, 300-, and 500-kVp X-ray
energies; those energies were modeled previously to eval-
uate a kilo-voltage 3DCRT system.” Three noncoplanar
converging arcs around the center of the GTV were
employed to calculate the MC dose for human lung with
200-, 300-, and 500-kVp X-ray energy. A 3 X 3cm beam
size was used in the dose calculation procedure and for
three couch angles, 0° and % 25° the gantry rotation
around the target was 200° both for the thorax phantom
(160°-360°) and human lung (190°-30°).

Further evaluation of the interface was performed by
comparing the MC and XiO dose distributions calcu-
lated for a uniform phantom. The XiO dose calculations
were performed using a superposition algorithm.'*"" A
coplanar arc around the center of the uniform phantom
was employed to calculate dose distributions for linac
energies of 6, 10, and 18 MV and a beam size of
4 x4cm.

All MC dose calculations were performed for 300
million photon events. The global electron and photon
cutoff energies in kilovoltage dose calculations were
0.5 and 0.001 MeV, and the corresponding values in
the MV dose calculations were 0.7 and 0.001 MeV,
respectively.

Results

Using the interface, all MC doses calculated with
DOSXYZnrc that were loaded into the XiO RTP system
for quantitative evaluation were displayed on the CT
structure of the XiO plan in the form of isodose distribu-
tions. An example of a display of MC dose on the XiO
RTP system for 6-MV photon energy is shown in Fig. 2,
in which the transverse, coronal, and sagittal views of
the images are displayed with isodose lines and DVHs.
A comparative study of MC DVHs for 6, 10, and 18MV
of energy extracted from the XiO plan is shown in Fig.
3; for each energy the differential DVHs were extracted
from the XiO plan and then for comparison the cumula-
tive DVHs in Fig. 3 were reconstructed. As the MC dose
calculations and the dose visualizations on the RTP
system are in two different environments, it is important
to ensure the spatial positioning of the MC dose distri-
butions on the CT structure of the XiO plan. These veri-
fications were done with the MC doses calculated for
patient CT images of a lung tumor using 200-, 300-, and
500-kVp X-ray energy; and these dose distributions were
shown on transverse and coronal planes taken through
the isocenter (Fig. 4).

Low-energy X-rays are sensitive to high-Z materials,
and therefore the high density of the rib bones caused
an elevation in absorbed dose due to photoelectron
absorption. Nevertheless, absorption of the dose by
bone from kVp X-rays ensured the spatial positioning of
the MC dose inthe CT structure of the XiO plan. The
range of the apparent dose to the ribs was 80%-90%
for 200kVp, 40%~60% for 300kVp, and 20%—40% for
500kVp; and the maximum dose was normalized to
100% at the center of the GTV. The DVHs of the GTV
delineated on human jung tumor for 200, 300, and
500k Vp are shown in Fig. 5. The DVH of 500kVp is
better than the histograms of the other energies. To
analyze DVHs on the XiO RTP system, the doses in all
cases were normalized with respect to the dose at the
center of the GTV.

The MC and XiO dose calculations were performed
for linac energies of 6, 10, and 18 MV using a uniform
cylindrical phantom. Their profiles through the isocenter
were compared (results not shown), and good agreement
was observed.

Discussion

The Monte Carlo method has been demonstrated to
be an accurate method for dose calculations in radio-
therapy."'>"* The BEAMnrcMP code based on EGS4’is
extensively used for modeling radiotherapy sources, and
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