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tify, especially in patients with a small number of lymph
node metastases. Consequently, all the patients in the
current study received oral 5-fluorouracil, which is re-
portedly less toxic than cyclophosphamide, methotrexate,
and 5-fluorouracil or doxorubicin and 5-fluorouracil as
systemic adjuvant therapy. The local control rate for BCT
in Japanese women is also excellent, but the difference is
less striking than the survival rate. In our series, the
5-year local control rate for patients with negative, close
(=5 mm), and positive margins was 98.9%, 96.6%, and

92.2%, respectively (27). Local recurrence was usually
detected >3 years after BCT in previous studies of
MMIBC, and it occurred 10 years after BCT in our study.
Therefore, we need longer follow-up and more observa-
tion of different ethnicities to reach a firm conclusion.
However, our result at this stage suggests that patients
with MMIBC can be candidates for BCT, as long as each
tumor is operable by breast-conserving surgery criteria
and the close surgical margin is accurately detected and
treated with adequate boost RT.
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This study was performed to investigate the feasibility of FDG- and L-[methyl-!!C]methionine
(Met)-PET for the follow up of lung cancer after stereotactic radiotherapy (SRT). Nine patients (pt)
with solitary lung cancer underwent SRT. Met- and FDG-PET studies were performed one week
before SRT and from one week to 8 months after SRT. Responses to SRT were complete in 2 pt and
partial in 7 pt. Met- and FDG-PET scan showed high tracer uptake in all tumors before SRT. After
SRT, standardized uptake values (SUV) of FDG and Met changed concordantly. Both decreased
with time in 5 pt but did not decrease steadily in 4 pt, where 2 pt showed an increase at 1 to 2 weeks
after SRT and 2 pt showed an increase at more than 3 months after SRT. The former appears to reflect
the acute reaction to SRT and the latter radiation-induced pneumonitis. Although the addition of
Met-PET did not provide additional information over FDG-PET, FDG- and Met-PET could be used

to evaluate the treatment effect of SRT.

Key words: PET, lung cancer, stereotactic radiotherapy, FDG, methionine

INTRODUCTION

POSITRON EMISSION ToMOGRAPHY (PET) with 18F-labeled
fluorodeoxyglucose (FDG) has recently been applied
widely in clinical oncology.!-* However, FDG is not a
cancer-specific agent and is known to accumulate in acute
inflammation as well as granulomatous and autoimmune
diseases.*®

PET with L-[S-methyl-!!C]methionine (Met) has been
used to evaluate the treatment response of lung cancer
after conventional irradiation, since Met accumulates less
in inflammatory lesions than FDG.’

Stereotactic radiotherapy (SRT), which can localize a
single high dose selectively to the target, was first applied
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to the treatment of malignant intracranial tumors, and its
feasibility has been reported.® Recently, SRT was adopted
for lung cancer as an alternative to surgery in patients with
solitary lung cancer who did not meet the indications for
surgery.>!!

The response of a tumor to treatment was convention-
ally evaluated by measuring the tumor size using morpho-
logical imaging modalities such as CT and MRI. How-
ever, distinguishing viable residual tumors from fibrotic
scars after irradiation is always difficult. Aoki et al.
evaluated the CT appearance of tumors and lung injury
after SRT, and reported that it was difficult to distinguish
residual tumor from radiation fibrosis.'2 For precise dif-
ferentiation, metabolic imaging such as FDG- and Met-
PET may play a major role. Although the feasibility of CT
and FDG-PET image fusion in the treatment planning of
SRT of lung cancer was reported,? there has been no
reported study concerning the follow up of lung cancer
patients after SRT by PET. The aim of this study was to
investigate the feasibility of FDG- and Met-PET for the
follow up of lung cancer after SRT.

Original Article 669

—102—



PATIENTS AND METHODS

Patients

The study group comprised 9 patients (age range, 64-86
years), who had histologically-confirmed solitary lung
cancer less than 4 cm in diameter without distant metasta-
sis and underwent SRT between May, 1999 and February,
2000. The histological diagnoses were: 6 squamous cell
carcinomas (SqCC) and 3 adenocarcinomas (Adeno).
Details of the individual patients are shown in Table 1.
Before being enrolled in this study, each patient gave
written informed consent, as required by the Kyoto Uni-
versity Human Study Committee.

Stereotactic Radiotherapy (SRT)

The SRT procedures were previously reported in detail.!!
In brief, radiation therapy was delivered using a 6-MV
Linear Accelerator (Clinac 2300C/D Varian Associates,
Palo Alto, CA, USA) with the 6 to 10 fields non-coplanar
3D conformal technique. A total tumor isocenter dose of
48 Gy (12 Gy/fraction) was administered in 12 or 13 days.
CT (SCT700 TX/TH, Shimadzu Co., Kyoto, Japan) and
the three-dimensional treatment planning system
(CADPLAN R.6.0.8, Varian Associates, Palo Alto, CA,
USA) were used for treatment planning. The Stereotactic
Body Frame (Elekta Instrument AB, Stockholm, Swe-
den) was used for patient fixation.

FDG and Met Preparation
Both FDG and Met were synthesized at the in-house
cyclotron facility at Kyoto University Hospital. Fluorine-
18 ['8F] and carbon-11 {''C] were produced with a cyclo-
tron, CYPRIS-325R (Sumitomo Heavy Industries, Co.
Ltd., Tokyo, Japan). ¥F-FDG was synthesized by the
nucleophilic substitution method with an '*F-FDG-syn-
thesizing instrument, F-100 (Sumitomo Heavy Indus-
tries, Co. Ltd., Tokyo, Japan).'416

Met was synthesized by reaction of L-homocysteine
thiolactone and [V'C]methyl iodide.'¢ {''C]Carbon diox-
ide, produced by a *N(p, @)!'C reaction, was transported

into an automated [''CJmethyl iodide synthesis system
(C-11-BII; Sumitomo Heavy Industries, Co. Ltd., Tokyo,
Japan). [!!C]Methyl iodide was prepared as previously
described,!” then trapped in a mixture of acetone (500 1)
and 100 mg/m! L-homocysteine thiolactone solution (50
u). After the addition of 0.2 M NaOH (500 pl), the
reaction mixture was heated at 80°C for 3 min. The
solution was neutralized with 0.2 M HCl, and evaporated.
The resulting residue was then dissolved in sterile saline
and passed through a sterile 0.22-ym filter. Radiochemi-
cal purity was >97% as determined by analytical HPLC
using a Partisil 10-SCX column (4.6 x 250 mm; Whatman,
Clifion, NJ, USA) eluted with 50 mM citric acid/triso-
dium citrate (10/1).

PET Imaging :

One week before SRT, initial Met- and FDG-PET studies
were performed on the same day with a dedicated PET
scannet (PCT3600W; Hitachi Medical, Tokyo, Japan).
This scanner had 8 rings and provided 15 tomographic
sections at 7 mm intervals. We certified the scan range,
which was marked on the body surface, by referring to CT
images previously obtained. All patients fasted for at least
4 hours and underwent a 10-min transmission scan of the
lung before Met injection. At the same body position, a
Met-PET image was obtained 20 min after intravenous
injection of 768.2 + 224.5 MBq of Met. Sixty min after
Met injection, 370.0 £ 37.5 MBq of FDG was intrave-
nously injected and FDG-PET images were obtained 60
min later. At the time of FDG-PET scan, the residual
radioactivity of Met was estimated to be 4.6% % 1.4% of
FDG activity, Although Met radioactivity could not be
completely eliminated, it was substantially low compared
with FDG activity. The emission scan time for both Met-
and FDG-PET was 10 min. Attenuvation corrected PET
images were reconstructed by the filtered back projection
method. The tumor uptake of FDG and Met was evaluated
semiquantitatively as a standardized uptake value (SUV)
in the regions of interest {ROIs) placed over the treated
lesion. The ROI placed over the lesion was 10 x 10 mm

Table 1 Patient characteristics

. Local Time Tumor size Tumor size at the
Pu#  Age/Sex Histology response interval* before SRT** maximum response**
1 68/M S$qCC PR 4 months 34x33 2.1%x21
2 74/M SqCC PR 2 months 32x28 22x1.8
3 TIE Adeno. PR 17 months 24x1.7 08x%0.7
4 TUF SqCC CR 3 months 1.7x1.4 0.0x00
5 86M Adeno. PR 6 months 29%2.7 19x13
6 T0M SqCC CR 11 months 21x1.5 0.0x0.0
7 72M S$qCC PR 10 months 34x 1.7 10x08
g 1M 8qCC PR 16 months 33x3.1 1.0x 1.0
9 M Adeno. PR 16 months J1x25 26%056

*: time interval between SRT and maximum response on CT
**; Jong axis x shert axis (cm) on CT images
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Fig.1 The temporal changes in SUV in 9 patients are shown. (#—& FDG, @---@ Met) In pt. 6,
increased uptake of FDG and Met are observed (*) corresponding to the SRT-induced pneumonitis
separated from the treated tumor. In pt. 7 and pt. 9, increased uptakes (*) are observed because the treated
turnors are involved in SRT-induced pneumonitis.

Before SRT

FDG

Met

14days after SRT

140days after SRT

(preamonitis) SUY 3,92

Fig.2 (patient #6). (Left) Before treatment, CT shows a mass lesion (1.5 cm) in the left lower lung (S6).
FDG- and Met-PET show high tracer uptake in the tumor. (Middle) Fourteen days after SRT, both FDG-
and Met-PET show higher uptake in the tumor than in the pre-treatment study. The comesponding CT
shows slight enlargement of the treated tumor. (Right) One hundred and forty days after SRT, the uptake
of FDG and Met to the tumor is decreased, while both FDG- and Met-PET show higher uptake in the
peripheral lung field. CT shows a decrease in tumor size. Furthermore, CT reveals a new consolidation
in the peripheral lung field suggestive of radiation-induced pneumonitis, corresponding to the high
uptake of FDG and Met. One year later, follow-up CT showed a decrease in size of this opacity (not

shown).
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Fig.3 (patient #7). (Lefr) Before treatment, CT shows a mass (3 cm) in the left lower lung {89). FDG-
and Met-PET show high tracer uptake in the tumor. (Middle) Both at 28 and 133 days after SRT, the
uptakes of FDG and Met in the tumor have decreased steadily. (Right) Seven months after SRT, CT
shows consolidation surrounding the tumor arez, consistent with radiation-induced pneumonitis. FDG-
and Met-PET show higher uptake in the corresponding area. The uptake of the tumor cannot be separated

from that of infiammation,

(independent of tumor size) and was placed in tumor areas
that showed the highest tracer activity. The SUV was
calculated as the mean value in this ROL. Follow-up PET
studies were performed in the same manner from 2 weeks
to 8 months after SRT. Overall, 56 (28 Met- and 28
FDG-) PET examinations were conducted for these 9
patients.

The tumor size was also evaluated by CT images before
and after SRT, and a local response was defined according
to the Response Evaluation Criteria in Solid Tumors
(RECIST) as follows'8:

CR (complete response): no visible tumor

PR (partial response): 30% or greater decrease in tumor
diameter

NC (no change): less than 30% reduction or less than
20% increase in tumor diameter

PD (progressive disease): 20% or greater increase in
tumor diameter

The local response was evaluated at the time of maxi-
mum local response, and the time interval between SRT
and evaluation of response was from 2 months to 17
months (Table 1).

RESULTS
The temporal changes in SUV of FDG and Met are shown
in Figure 1. The local response of the treated tumor

evaluated by CT images was complete response (CR) in
2 patients and partial response (PR) in 7 patients. An
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initial PET study showed high FDG and Met uptake to the
tumors in all patients. In the follow up studies, SUV of
FDG and Met had decreased gradually with time in 5
patients. In contrast, in the remaining 4 patients, SUV of
FDG and Met did not decrease steadily, with 2 patients
(Pt. 3 and 6) showing a ternporal increase in SUV of both
FDG and Met at 2 weeks after SRT, and 2 patients (Pt. 7
and 9) showing a delayed increase of both SUVs more
than 3 months after SRT (Figs. 2 and 3). In the latter two
patients, CT showed the presence of radiation-induced
preumonitis in the treated area. An additional patient (Pt.
6) developed radiation pneumonitis in the vicinity of the
tumnor site about 5 months later, which showed increased
FDG uptake, although the FDG-uptake in the treated
tumor remained low. In all cases, changes in the tumor
uptake of Met paralleled those of FDG, and there was no
discrepancy between Met and FDG uptake changes.

DISCUSSION

SRT is a new and attractive technique, which can localize
a high radiation dose selectively to the target. It is reported
clinically effective and can be performed safely without
serious complications.'® However, the temporal changes
in tumor viability or metabolism after this treatment have
not been clarified. The response of tumor tissue to SRT
might be different from that to conventional radiotherapy
since the single dose is higher and the overall treatment
time is shorter in SRT.
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In the follow up of lung cancer patients, tumor size
measurements using CT have been the standard method of
the evaluation of the treatment response, '8 but it could be
falsely positive after treatment due to the fibrotic or
necrotic tissue remaining in the tumor. Differentiating
residual tumor from radiation fibrosis is also difficult in
lung cancer patients after SRT.!2

FDG-PET, which can depict tumor glucose metabo-
lism, is widely used for the evaluation of malignant
tumors in clinical oncology. Since FDG is a good marker
of tumor viability, FDG-PET is also widely applied for the
evaluation of lung cancer after treatment.!*?® However,
Haberkorm et al. reported the contribution of inflamma-
tory reactions caused by radiation injury in falsely in-
creased FDG uptake after radiation therapy.?! FDG has
some limitations in the evaluation of an irradiated tumor
because it is known to accurnulate not only in malignant
cells but also in inflammatory reactions. Met is an essen-
tial amino acid necessary for protein synthesis. The trans-
port and metabolism of Met are increased in malignant
cells,” and Met-PET is useful in the evaluation of lung
cancer.2? Met uptake in tumor tissue is reported to be more
specific for viable cancer cells than FDG, where granula-
tion tissue and macrophages show lower uptake of Met.”
Therefore, Met-PET appears to be more suitable for the
monitoring of the treatment response of cancers.??

In the present study, all patients showed a favorable
response to SRT (2 CRs & 7 PRs) with no treatment
failures noted. In 5 of 2 patients, tumor uptake of both
tracers (FDG & Met) decreased with time, implying the
feasibility of FDG- and Met-PET in the follow up of
patients after SRT, However, in the remaining 4 patients,
tumor uptake of both tracers did not decrease steadily. In
2 patients, a temporal increase in SUVs of both tracers at
1 to 2 weeks after SRT appeared to reflect the acute
reaction of the tumor to SRT.?* In the other 2 patients, the
delayed increase in both SUVs at more than 3 months after
SRT occurred along with the appearance of radiation-
induced pneumonitis at the site of the tumor. In an
additional patient, pneumonitis at the vicinity of the tumor
showed increased FDG and Met uptake, while FDG and
Met uptakes in the treated tumor were low. In these 3
patients, therefore, it is highly likely that both FDG and
Met accumulated in the inflammatory tissue of radiation-
induced pneumonitis.

The present results, namely the accumulation of Met in
the inflammatory change evoked by SRT, were not con-
sistent with our initial expectations of a difference be-
tween the two tracers. Only a few studies have described
Met uptake in inflammatory? or granulomatous? lesions,
and the exact reason why Met accumulated in SRT-
induced inflammation is not clear. Higashi et al. reported
from an in vitro study that the increased FDG and Met
uptake in cancer cells observed 12 days after irradiation
could be attributed to giant-cell formation and accelerated
repair of cells.?” They suggested that tumor cells them-
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selves could transiently increase FDG and Met uptake
early after irradiation. Among the present 5 patients who
had a temporal increase in the uptake of FDG and Met in
the tumor, this mechanism may have occurred in 2 cases
in which increased tracer uptake was observed 1 to 2
weeks after SRT, However, in the 3 other patients, in
whom an increase of both tracer uptakes occurred at more
than 3 months after SRT, an acute reaction of cancer cells
was not the likely cause and the increased uptake could
only be explained by the contribution of infiltrating in-
flammatory cells in SRT-induced pneumonitis, which
actively accumulated both tracers. In the follow up of
patients after SRT, Met-PET did not provide any addi-
tional information to that obtained from FDG-PET and
was not useful in distinguishing an inflammatory reaction
evoked by SRT.

To evaluate the precise treatment effect by FDG- and/
or Met-PET, the contribution of inflammatory reactions
after SRT, which includes both the acute reaction and
irradiation-induced pneumeonitis, should be minimized.
Aoki et al. reported that the initial changes of the irradi-
ated lung detected by CT appeared 2—-6 months after
SRT.!2 In this small number of cases, no temporal in-
creases of FDG or Met uptake were observed between 2
weeks and 2 months after SRT. FDG- and Met-PET might
possibly evaluate the treatment effect without interfer-
ence from inflammation during this period. However, the
number of patients was quite small, and further studies are
warranted to optimize the timing of the PET examination
after SRT of lung cancer.

In the present study, it was not fully evaluated whether
FDG- and Met-PET provided additional information over
CT scan. Although PET imaging is expected to have ad-
ditional value over morphological imaging such as CT
or MR, further studies are needed to elucidate the impact
of PET images as compared to morphological imaging
medalities.

CONCLUSIONS

The present study showed, for the first time, that FDG-
and Met-PET could be used for the follow up of lung
cancer patients after SRT, although the addition of Met-
PET did not provide additional information to that gained
from FDG-PET. Further investigations are necessary to
elucidate the optimal timing of FDG- and Met-PET ex-
aminations after SRT to evaluate the precise treatment
effect.
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Evaluation of Lung Injury
after Three-dimensional
Conformal Stereotactic
Radiation Therapy for
Solitary Lung Tumors:

CT Appearance’

PURPOSE: To evaluate the computed tomographic (CT} appearance of tumors and
lung injury in patients who have undergone stereotactic radiation therapy (SRT) for
solitary lung tumors,

MATERIALS AND METHODS: Twenty-seven patients with primary lung cancer
and four with metastatic lung cancer who underwent SRT for solitary lung tumors
were enrclled for evaluation. SRT was delivered by using a three-dimensional
conformal technique with a stereotactic body frame. A total dose of 48 Gy was
administered in four fractions during a period of 2 weeks. After SRT, follow-up CT
images were obtained every 2-3 months. Radiation-induced pulmonary injuries
were classified into four patterns on CT images. The minimal lung dose to areas
demonstrating pulmonary injury at CT was evaluated, and the correlation between
the dose and the percentage volume of the whole lung irradiated by more than 20
Gy in total (V20) was assessed by using Spearman rank correlation.

RESULTS: Tumor shrinkage continued for 2-15 months after SRT. Asymptomatic
changes in the irradiated lung were noted at CT in all patients within 2-6 months
(median, 4 months) after SRT. As the pattemn at pulmonary CT changed, patchy
consolidation was more predominantly seen as an acute change than were slight
homogeneous increase in opacity, discrete consolidation, or solid consolidation;
solid consolidation was the mare predominantly seen late change. The minimal lung
dose to the area demonstrating pulmonary injury in each patient ranged between
16 and 36 Gy (median, 24 Gy). The dose was significantly (P < .001) inversely
correlated with the V20 in each patient.

CONCLUSION: The reaction to SRT of the lungs seems similar to the reaction to
conventional radiation therapy.
© RSNA, 2003

The techniques of three-dimensional conformal radiation therapy and patient immobili-
zation have recently been developed, which enables us to focus high doses of irradiation
on the target area and relatively less irradiation on normal tissues. In radiation therapy for
solitary lung tumors, the local control may be improved safely by using these techniques
to deliver a higher dose to only the target volume. The results of several clinical studies on
hypofractionated high-dose stereotactic radiation therapy (SRT) with the three-dimen-
sional conformal radiation therapy technique for irradiation of solitary lung tumors have
been reported (1-7).

It was considered that the clinical and radiographic appearances of radiation-induced
pulmonary change caused by hypofractionated SRT would not be similar to the change
induced by conventional radiation therapy because of differences in the total radiation
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dose, dose per fraction, dose distribution,
overall treatment time, and other vari-
ables (2-8). Few reports have demon-
strated computed tomographic (CT) im-
ages associated with hypofractionated
SRT of lung tumors, although the CT
findings after conventional radiation
therapy have been reported previously
(9-14). Thus, the purpose of our study
was to evaluate the CT appearance of tu-
mors and lung injury in patients who
have undergone SRT of solitary lung tu-
mors.

MATERIALS AND METHODS
Patients

Since July 1998, three-dimensional con-
formal SRT with a body frame has been
performed in patients with solitary lung
tumors at our institution with the approval
of our institutional review board and with
written informed consent from all patients
(4,8). The study reported here comprised
40 patients who were treated with this
technique between July 1998 and Novem-
ber 2000.

The eligibility criteria for patients with
primary lung cancer were as follows: (a) a
solitary pulmonary nodule without nodal
or distant metastases (T1-3INOMO) was
present, (b) tumor size was less than 40
mm in diameter, (¢) the patient could
remain stable in the body frame for more
than 30 minutes, (@) oxygen was not nor-
mally required, (e) the histologic findings
could be confirmed, (f} surgery was con-
traindicated or refused, and (g) the spinal
cord could be kept out of the high-dose
area (5 Gy per fraction). The eligibility
criteria for patients with metastatic lung
cancer were as follows: (@) one or two
pulmonary nodules were present, (b) tu-
mor size was less than 40 mm in diame-
ter, (c) the patient could remain stable in
the body frame for more than 30 min-
utes, (d) oxygen was not normally re-
quired, (¢) the spinal cord could be kept
out of the high-dose area (5 Gy per frac-
tion), and (f) the primary tumor was con-
trolled.

Of the 40 patients, 34 (27 with primary
lung cancer and seven with metastatic
lung tumor) were irradiated with 48 Gy
in total, three were irradiated with 40 Gy
in total, and three were irradiated with 60
Gy in total. In this study, of the 34 pa-
tients irradiated with 48 Gy, 31 patients
(27 with primary lung cancer and four
with metastatic lung tumor) treated for
single tumors were enrolled for analysis;
three patients with metastatic tumors,
who were treated for two tumors each,
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TABLE 1
Histologic Diagnoses of Primary
Lung Cancer Types

TABLE 2
Primary Lesions of Metastatic Lung
Tumors

No. of Patients

No. of Patients

Note.—Data in parentheses are percentages.

Diagnosis (n=27) Primary Lesion (n=4)
Adenocarcinoma 15 (56) Colon cancer 1
Squamous cell carcinoma 9(33) Oral floor cancer 1
Small cell carcinoma 1(4) Osteosarcoma 1
Unknown 2(N Tongue cancer 1

TABLE 3

Response Evaluation Criteria in Solid Tumors

Response

Definition

Complete response
Partial response
Stable disease

of the target

Progressive disease

The complete disappearance of the tumor for more than 4 weeks
At least 30% decrease in the maximal diameter of the target
Between 30% decrease and 20% increase in the maximal diameter

At least 20% increase in the maximal diameter of the target

were excluded, Among the 27 patients
with primary lung cancer, the histologic
diagnosis was confirmed with transbron-
chial lung biopsy or percutaneous biopsy
results in 25 patients. The histologic di-
agnoses are shown in Table 1. The clini-
cal stages of primary lung cancer were
TINOMO in 16 patients, TZNOMO in eight
patients, and T3INOMO in three patients.
The primary lesions in the four patients
with metastatic lung tumors are shown
in Table 2. The pulmonary function and
clinical background (presence of chronic
obstructive pulmonary disease, quantity
of cigarettes smoked, and other factors)
of the patients were not closely evaluated
in this study.

Treatment with SRT

A stereotactic body frame (Elekta In-
struments, Stockholm, Sweden) was used
to fix the patient’s body. The details of
patient fixation and treatment planning
were described in our previous reports
(4,8). CT images were obtained with 2 CT
simulator (CT Target; Shimadzu, Kyoto,
Japan). CT scanning was performed with
a 1- or 3-mm section thickness and inter-
val. Cadplan (Varian Associates, Palo
Alto, Calif) was used as the three-dimen-
sional treatment-planning system. Radi-
ation therapy was delivered by using a
6-MV linear accelerator (Clinac 2300C/D,
Varian Associates} with a three-dimen-
sional noncoplanar conformal technique
using five to 10 fields. The planning tar-
get volume was set with a margin of 5-10
mm to the clinical target volumne that
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was directly delineated with the three-
dimensional treatment-planning systern.
The total radiation dose at the isocenter
was 48 Gy administered over a period of
2 weeks, and the daily fraction size was
12 Gy. Dose-volume relationships for the
planning target volume and organs at
risk, such as the lung and spinal cord,
were calculated by the treatment-plan-
ning system. The target dose homogene-
ity was planned to be within 15%, and
the percentage volume of the whole lung
irradiated by more than 20 Gy in total
(V20) was planned to be less than 10%.

CT Imaging

Follow-up CT examinations (Xvigor;
Toshiba Medical Systems, Tokyo, Japan)
were performed regularly every 2-3
months in the 1st year after radiation
therapy and every 3-6 months thereafter
for the evaluation of tumor response and
the detection of radiation-induced pul-
monary injury after SRT. CT examina-
tions were performed by using a conven-
tional nonhelical technique at 120 kVp,
200 mAs, 5-mm collimation around the
tumor, and 10-mm collimation at other
sites, One hundred milliliters of nonionic
iodinated contrast agent were adminis-
tered intravenously at a rate of 1.0 ml/
sec (for the initial 40.0 mL) and 0.5 mL/
sec (for the remainder) by using an
automatic injector, and the scanning de-
lay was 60 seconds.

The tumor response at CT was evalu-
ated by using both lung window (level,
=700 HU; width, 900 HU) and soft-tissue
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Maximal Response on CT Images

No. of Patients

Response {n = 31)
Complete response 5(16)
Partial response 24 (77}
Stable disease 0 (0)
Progressive disease 2(6)

Note.—Data in parentheses are percentages.

window (level, 60 HU; width, 400 HU)
settings. Response Evaluation Criteria in
Solid Tumors, or RECIST, was used for the
evaluation of therapeutic efficacy en CT
images (15) (Table 3), The tumor sizes
were measured by a board-certified radi-
ologist (T.A.) by using a CT image ob-
tained at the isocenter level. If the tumor
location changed because of a change in
lung volume at follow-up CT, the tumor
size was measured on the section in

"which the tumor appeared to show the

largest size. The National Cancer Insti-
tute’s Commoen Toxicity Criteria (16)
(Table 4) were used to evaluate clinical
complications of the respiratory tract.
Grading was performed by one of the
authors (Y. Nagata). The CT appearance
of radiation-induced pulmonary injury
was classified into four patterns (by T.A.)
according to the categories reported by
Libshitz and Shuman (10): (2} homoge-
neous slight increase in opacity that uni-
formly Involves the [rradiated portions,
(b) patchy consolidation within the irra-
diated lung that does not conform to the
shape of radiation portal, (¢) discrete con-
solidation that conforms to the shape of
the radiation portal but does not uni-
formly outline it, and (d) solid consolida-
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volves the irradiated portions of the lung.

In SRT, the direction of radiation por-
tals is more complicated than it is in con-
ventional radiation therapy; therefore, it
was difficult to accurately compare the
shape of the radiation portals with the
shape of pulmonary change. For that rea-
som, in this study, the patterns of radia-
tion-induced pulmonary change were
evaluated by extending the Libshitz and
Shuman definitions by considering the
dose distribution at treatment-planning
CT. If the pulmonary injury contained
more than one of the classification pat-
terns, the dominant one was recorded. In
addition to this classification, we tried to
classify the CT findings of pulmonary
change according to the shape and ex-
tent of change. The shape of pulmonary
change was classified into three patterns:
(1) wedge shape, (b) round shape, and
{¢) irregular shape. The extent of pulmo-
nary change was classified into four pat-
terns: (a) peripheral extent, (&} central ex-
tent, (¢) a mixed pattern of peripheral
and central extent, and (d) a skip lesion,
which was isolated from the tumor,

In areas that demonstrated radiation-
induced pulmonary injury at CT, the
threshold lung dose was evaluated by
one of the authors (T.A.), who compared
the dose distribution at the treatment-
planning CT examination and the maxi-
mal extent of pulmonary changes at the
follow-up CT examination. The isodose
curve was made for every 4 Gy in total at
treatment-planning CT, and an image fu-
sion between the treatment-planning CT
images and the follow-up CT images was
manually established by referring to the
bony structures. Since the extent of pul-
monary injury did not always conform to
the isodose curve, the minimal dose in

—110—

TABLE 4
National Cancer Institute’s Common Toxicity Criteria in the Lung
Grade
Adverse
Event 0 1 2 3 4
Cough Absent  Mild, relieved by nonprescription Requiring narcotic Severe cough or coughing
medication antitussive spasms, poorly
controlled or
unrespansive to
treatrent
Dyspnea Normal Dyspnea on exertion Dyspnea at normal level Dyspnea at rest or
of activity requiring ventilator
. support
Pneumonitis/  None Radiographic changes but Radiographic changes and  Radiographic changes and  Radiographic changes
pulmenary asymptomatic or symptoms not requiring steroids or requiring oxygen and requiring
infiltrates requiring stergids diuretics assisted ventilation
Putmonary None Radiographic changes but Requiring steroids or Requiring oxygen Requiring assisted
fibrosis asymptomatic or symptoms not diuretics ventilation
requiring steroids
TABLE 5 tion that conforms to and totally in- the area demonstrating the pulmonary

changes was recorded. If the volume of
the involved lung changed, surrounding
structures on the CT images, such as pul-
meonary vessels, bronchi, or fissures, were
also used for reference. In addition, the
correlation between the minimal lung
dose and V20 was evaluated to assess
whether there was a dose-volume rela-
tionship affecting the likelihood of pul-
monary injury.

Statistical Analysis

Spearman rank correlation coefficient
was used to assess the correlation be-
tween the minimal lung dose (when ra-
diation-induced pulmenary injury ap-
peared on CT images) and V20. Statistical
significance was defined by P < .05.

RESULTS

The planning target volume was 0.5-38.6
em?® (median, 15.1 cm?). The maximum
dose of the planning target volume was
100.4%~-105.0% {(median, 102.3%), and
the minimum dose of the planning target
volume was 84.7%6-96.9% (median, 92.596)
of the isocenter dose. The V20 was 1.0%-
11.6% (median, 4.6%).

Patients underwent follow-up CT ex-
aminations for 2-31 months (median, 14
months) after SRT. The maximal re-
sponses on CT images were complete re-
sponse in five patients, partial response
in 24 patients, and progressive disease in
two patients (Table 5}, Thus, the overall
response rate {(combined complete re-
spense and partial response) was 94% (29
of 31). In some cases it was difficult to
distinguish the residual tumor from radi-
ation fibrosis, and, therefore, we assessed
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any suspicious residual irregular density
after SRT as a residual tumor.

The tumor response or shrinkage con-
tinued for 2-15 months (median, 6
months) after radiation therapy. The
changes in tumor size in all 31 patients
after SRT are presented in Figure 1. Two
(696) of 31 patients had no tumor regres-
sion and had continuous progression.
These two patients had metastatic lung
tumors. Therefore, within the time frame
of this study, only two patients with met-
astatic lung tumors developed local re-
currence, while none of the patients with
primary lung cancer developed local re-
currence, Four patients with primary
lung cancer and two with metastatic lung
tumors died during the follow-up period.
Autopsy was not performed in any of
these patients.

Changes in the normal lung at CT were
noted in all 31 patients, However, none
developed severe (grade 2 or higher, Ta-
ble 4) symptomatic pulmonary complica-
tions. All 31 patients developed grade 1
pneumonitis, and the performance status
was not worsened in any patient after
SRT. The changes in the lung at CT de-
veloped 2-6 months (median, 4 months)
after SRT, and chronic radiation fibrosis
with volume loss appeared 6-15 months
{median, 11 months) after SRT. The CT
findings of radiation-induced pulmonary
change are summarized in Table 6, and
CT images showing representative exam-
ples of the clinical course after radiation
therapy are shown in Figures 2-8. As an
acute change, a patchy consolidation
pattern was predominantly seen (Figs 2,
3), followed by a homogeneous, slight
increase in opacity (Fig 4). As a late
change, a solid consolidation pattem was
predominantly seen (Figs 2, §), followed
by a discrete consolidation (Fig 6). In re-
gard to the shape and spread of the pul-
monary change, a wedge (Fig 7) or round
(Fig 8) shape and peripheral spread from
the tumoz were mainly seen.

In comparison with the dose distribu-
tion of treatment-planning CT examina-
tions and the extent of radiation-induced
pulmonary change at the follow-up CT
examinations, the minimal lung dose for
which pulmonary injury appeared at CT
for each patient ranged between 16 and
36 Gy (median, 24 Gy). An example of
the correlation between dose distribution
and radiation-induced pulmonary change
at CT is shown in Figure 9. The minimal
dose of pulmonary change was signifi-
cantly (P < .001) inversely correlated with
the V20 (Fig 10).

104 « Radlology * January 2004

35
30
25
E 20
N 15
#s]
10
5
0 n = |
20 25 30 35
Months

Figure 1. Graph shows the changes in tumor sizes in all patients. The tumor size was measured
as the product of the widest diameter and the perpendicular diameter of the target. Measurements
were obtained in the CT image showing the greatest tumor size of each image set,

TABLE 6

Summary of CT Findings of Radiation Pneumonitis

Finding Nao, of Patients
Pattern*
=6 months after SRT (n = 31)
No change 0(0)
Homogeneous, slight increase in opacity 8 (26)
Patchy consolidation 21 (68)
Discrete consolidation 2(6)
Solid consolidation (0
>6 months after SRT (n = 26)
No change 00
Homaogeneous, slight increase in opacity 00
Patchy consolidation 2(8)
Discrete consolidation 7(27)
Solid consolidation 17 (65)
Shape (n = 31)
Wedge 11 (35)
Round 11 (35)
Irreqular 9(29)
Extent {n = 31)
Peripheral 15 (48)
Mixed peripheral/central 1239
Central 2(6}
Skip lesion 2(6)

Note.—Data in parentheses are percentages.

recorded.

* If pneumonitis showed more than one of the classification patterns, the dominant pattern was

DISCUSSION

In our study, the complete response and
partial response rates in all patients were
16% (five of 31) and 77% (24 of 31),
respectively, and the overall (combined
complete and partial) response rate was
as high as 94%, although our median
follow-up period was short (14 months).
However, the actual complete response
rate may have been higher than shown
because it was difficult to accurately dis-
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tinguish a tumor from radiation-induced
pulmonary change in some cases, and we
assessed any suspicious masslike shadow
after SRT to be a tumor.

It was sometimes difficult to distinguish
radiation-induced pulmonary change from
a turnor, presumably because of the differ-
ence in the shape of the irradiated lung
between SRT and conventional radiation
therapy. In SRT, multiple noncoplanar
portals with various directions were used.
The shape of the dose distribution with a
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Before SRT  1mo 4 mo 6mo 8 mo 10mo  15mo 19mo 25mo 31mo

Figure 2, Transverse CT images obtained in a 69-year-old man with primary lung cancer (TINOMO, adenocarcinoma) show a representative case
of the clinical course after SRT. The irregularly shaped patchy consolidation and homogeneous slight increase in opacity appeared around the tumor
4 months after SRT; after 6 months, a new patchy consolidation appeared. Afterward, the patchy consolidation diminished and changed to solid
consolidation with scarring. Although it can not be accurately distinguished between the residual tumor and the solid consolidation in the image
15 moenths after SRT, no recurrence was observed, even in the 25- and 31-month images, and the tumor was considered as showing partial response.

Figure 3. Transverse CT images show a representative case of patchy
consolidation. Left: Image obtained for treatment planning at the
Isocenter. Right and bottom: Images obtained 5 months after SRT
show an irregularly shaped consolidation that does not conform to
the dose distribution curve. It is visible with the lung window setting
(top right) and can be partially detected with the soft-tissue window
setting (bottom),

: . - 7
Figure 4. Transverse CT images show a representative case of ho-
mogeneous slight increase in opacity. Left: [mage obtained for treat-
ment planning at the isocenter. Right and bottom: Images obtained 6
months after SRT. The opacity around the tumor (arrow) was slightly
and homogeneously increased with the lung window setting (top
right), and there were no abnormal shadows around the tumnor with
the soft-tissue window setting (bottom).

L IO

lower dose tended to become large and
irregular, while a higher dose could be con-
centrated uniformly on the tumor, In con-
trast, in conventional radiation therapy,

Volume Z30 - Number 1

the shape of the dose distribution of irra-
diated lungs was simple, and the boundary
between the nonirradiated and irradiated
lung was usually distinct. In the evaluation

—112—

of the patients who have undergone SRT,
radiologists should not hastily judge vol-
ume progression around the tumor to be
local recurrence. Of course, it is an essential
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Figure 5. Transverse CT images show a representative case of solid
consolidation. Left: Image obtained for treatment planning at the
isocenter. Right and bottom: Images obtained 13 months after SRT.
Consolidation involving the tumor and surrounding lung tissue In
the treatment-planning CT image was observed with the lung win-
dow setting (top right), and most of this consolidation was detectable
with the soft-tissue window setting (bottom).

problem to determine whether viable cells
are present in the fibrotic scar after SRT. In
this study, autopsies were not performed in
any patients. Therefore, we could not con-
firm the results by using histologic exami-
nation, and, at present, close follow-up

Figure 6. Transverse CT images show a tepresentative case of discrete
consolidation. Left: Image obtained for treatment planning at the iso-
center. Right and bottom: Images obtained 10 months after SRT. Con-
solidation (arrows) involving the high-dose area {= 24 Gy) (not strictly
conforming to the 24 Gy isodose line) in the treatment-planning CT
image was observed with the lung window setting (top right} and could

studies are necessary to make a correct di-
agnosis. Other modalities, such as positron
emission tomography, may also help in
evaluating the tumor response and detect-
ing tumor recurrence (17-19).

In this study, tumor shrinkage lasted
2-15 months {median, 6 months) after
SRT; that is, even if a higher radiation
dose was delivered with hypofraction-
ated SRT in comparison with the radia-
tion dose with conventional radiation
therapy, the tumor did not always reduce
rapidly.

The CT appearances of pulmonary
changes after conventional radiation
therapy were classified by Libshitz and
Shuman (10) into four patterns, as stated
previously. The homogeneous pattern
and the patchy pattern correspond to the
acute exudative phase of radiation-in-
duced injury, the discrete pattern corre-
sponds to the organizing or proliferative
phase, and the solid pattern corresponds
to the chronic fibrotic phase (14). In our
study, this classification was extended to
SRT because the shape of the dose distri-
bution differed from that in conven-
tional radiation therapy. As a result, the
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be partially detected with the soft-tissue window setting (bottom).

patterns could be grouped by using the
Libshitz and Shuman classification. In
our study, the patchy consolidation pat-
tern was predominantly seen as an acute
change, and the solid consolidation pat-
tern, which would reflect radiation fibro-
sis, was predominantly seen as a late
change.

In conventional radiation therapy,
acute pulmonary changes usually occur
about 1-8 months after the completion
of radiation therapy (10,12,14,20,21}. In
this study, the initial pulmonary changes
at CT appeared 2-6 months after the
completion of radiation therapy, which
is similar to the results in conventional
radiation therapy. If a new pulmonary
opacity coinciding with the high-dose
area (=16 Gy) appears within 6 months
after SRT, radiologists should consider
the appearance of radiation-induced pul-
monary change.

Chronic fibrous changes were also
evaluated in our study. The solid consol-
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idation pattern, which was regarded as
chronic fibrous change, was seen 6~15
months after SRT, and no solid consoli-
dation was seen as the predominant pat-
tern until more than 6 months after SRT
in this study. The solid consolidation
pattern was usually observed 6-24
months after conventional radiation
therapy (12,14,20),

It is important to note that none of the
patients with pulmonary changes on
transverse CT images had clinically se-
vere (grade 2 or more) symptoms in this
study. The reason is assumned to be that
the lung volume irradiated with a very
high dose was relatively small, and there
was sufficient nonirradiated lung tissue
since the lung is regarded as the parallel
organ. Graham et al (22,23) reported the
correlation between radiation pneumo-
nitis and the dose-volume relationship in
three-dimensional conformal radiation
therapy with conventional fractionation.
In the study by Graham et al (22), the
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Figure 7. Transverse CT images show a representative case of wedge-
shaped radiation-induced pulmonary injury. Left: Image obtained for
treatment planning at the isocenter. Right and bottom: Images ob-

tained 5 months after SRT. Wedge-shaped discrete consolidation in-
volving the hilar and peripheral side of the tumor was observed. This
shadow did not conform to any isodose curves.

Figure 8. Transverse CT images show a representative case of round-
shaped radlation-induced pulmonary injury. Left: Image obtained for
treatment planning at the isocenter. Right and bottom: Images ob-

tained 4 months after SRT. Round-shaped patchy consolidation was
observed around the tumor (arrows).
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Figure 10. Graph shows correlation between the minimal dose at
which radiation-induced pulmonary change occurred and the V20,
The dose distribution at CT generated by the three-dimensional treat-
ment-planning system and the radiation-induced pulmonary
changes at follow-up CT were compared, and the minimal dose for
the appearance of pulmonary change was determined. There was a
significant inverse correlation between the minimal dose and V20,

Figure 9. CT image shows the isodose curve
superimposed on radiation-induced pulmo-
nary change 4 months after SRT. In this case,

the pulmonary change (contoured with a
thick dashed line) appeared on and within
the 16-Gy line (thick solid line). The outer
thin dashed line indicates the 12-Gy line,
and the inner thin solid line indicates the
20-Gy line,

Volume 230 - Number 1

V20 was significantly (P = .001) corre-
lated with the presence of grade 2 or
higher radiation pneumonitis, and if the
V20 was less than 25Y%, 25%-37%, or
more than 37%, the incidence of radia-
tion pnieumonitis would be estimated at
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0%—4%, 2%~12%, or 19%-30%, respec-
tively. In our study, the V20 in all pa-
tients was less than 25%; therefore, it is
consistent that none of our patients de-
veloped clinically important pneumoni-
tis from the point of the dose-volume

Lung injury after Radlation Therapy « 107



Radiology

relationship. However, further investiga-
tion will be needed as to whether apply-
ing the results of Graham et al directly to
our own is appropriate, because the frac-
tion size and overall treatment time were
different between conventional radiation
therapy and SRT.

In our study, the pulmonary function
and clinical background of the patients
were not closely evaluated. Therefore,
further evaluation that includes the
change in pulmonary function is desir-
able,

In this study, the minimal dose for
which pulmonary injury appeared on CT
images of each patient was 16-36 Gy.
These doses were substantially lower in
patients with a higher V20. That is, the
minimal dose to the injured lung was
related to the percentage volume that re-
ceived more than 20 Gy. Although a
dose-volume relationship has been re-
ported for the occurrence of radiation in-
jury in the rectum after prostate cancer
treatment (24,25), to our knowledge ours
is a new finding not previously reported
for lung injury. The cells for repair may
migrate in the injured lung from the nor-
mal tissue that received a low dose, and
the further that low-dose region is from
the region of injury, the less likely it is
that the injured cell can be repaired. This
explanation is only speculative, and our
follow-up period was not very long.
Therefore, further follow-up studies are
necessary,

In conclusion, the CT appearance of
radiation-induced pulmonary injury
from SRT of the lung seems similar to
that from conventional radiation ther-
apy. However, the extension of the
change on CT images should be inter-
preted by considering the shape of dose
distribution peculiar to SRT.

Acknowledgment: The authors gratefully
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with the English translation.
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The current method of verification for external beam radiation therapy visually compares a simulation
image with a portal image. However, because this method depends largely upon the observer's experience, it
sometimes results in inter-observer differences. In this study, we developed software to measure atomatically
the quantitative difference between the simulation image and portal image using an image-analysis method.
The feasibility of this software was evaluated on a rectangular field in the pelvic region. We took 12 simula-
tion images of a pelvic phantom, setting 4 different field shapes on each of 3 isocenters. We then obtained 84
portal images setting 7 known distances from each of the 12 simulation images. Using this software, the di-
rection of shift was detected correctly, and the distance of shift was detected correctly to within less than 3
mm. We consider that this software could be a useful method of verification.

E"g: T ‘EE"EQ} words: Automated verification, Simulation image, Portal image, Pelvic region, Image processing
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Fig. 1 All simulation images.

Top to bottom: the isocenter is located in the central part of the sacrum, the iliac bone, and the hip joint. Left to right:
field shape is 5 cm sq., 10 cm sq., 15 cm sq., and 14x8 cm {asymmetrical).
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Fig. 3 Original simulation image and
original portal image. The
round marks in the figure show
5 datum points.

{a) Original simulation image.
(b} Original portal image.

Result of detection of datum

points on a simulation image.

(a) Original image.

(b) Peaks detected from the
profile of the Y-direction.

(c) Peaks detected from the
profile of the X-direction.

(d) Profile of mean pixel values
of the X and Y directions,

Fig. 5 Result of detection of datum

points on a portal image.

(a) Originat image.

{(b) Peaks detected from the
profile of the Y-direction,

{c) Peaks detected from the
profile of the X-direction.

(d) Profile of mean pixel values
of X and Y directions.
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