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EXTRAPULMONARY SOFT-TISSUE FIBROSIS RESULTING FROM
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Purpose: To clarify the incidence, symptoms, and timing of extrapulmonary fibrosis developing after hypofractio-
nated stereotactic body radiotherapy.

Patients and Methods: We analyzed 379 consecutive patients who underwent stereotactic body radiotherapy for
Iung tumors at four institutions between February 2001 and March 2007. The median follow-up time was 29
months (range, 1-72). We investigated the subjective and objective characteristics of the extrapulmonary masses,
redelineated the origin tissue of each on the treatment planning computed tomography scan, and generated dose—
volume histograms.

Results: In 9 patients (2.4 %), extrapulmonary masses were found 3-36 months (median, 14) after irradiation. Co-
existing swelling occurred in 3 patients, chest pain in 2, thumb numbness in 1, and arm edema in 1 patient. Extrap-
ulmonary masses occurred in 5 (5.4%) of 92 and 4 (1.4%) of 287 patients irradiated with a 62.5-Gy and 48.0-Gy
isocenter dose, respectively. The mean and maximal dose to the origin tissue was 25.8-53.9 Gy (median, 43.7) and
47.5-62.5 Gy (median, 50.2), respectively. In 5 of 9 patients, the standardized uptake values on 18F-fluorodeoxy-
glucose-positron emission tomography was 1.8-2.8 (median, 2.2). Percutaneous needle biopsy was performed in 3
patients, and all the specimens showed benign fibrotic changes without malignant cells.

Conclusion: All patients should be carefully followed after stereotactic body radiotherapy. The findings of any new
lesion should prompt an assessment for radiation-induced extrapulmonary fibrosis before an immediate diagnosis
of recurrence is made. Careful beam-shape modification and dose prescription near the thoracic outlet are re-
quired to prevent forearm neuropathy and lymphedema. © 2009 Elsevier Inc.

Radiation toxicity, Fibrosis, Stereotactic body radiotherapy, Lung cancer.
INTRODUCTION treated with SBRT and have not been the subject of any for-
mal study.

In this study, we retrospectively analyzed consecutive
cases of localized primary or metastatic lung cancer treated
with SBRT at four different institutions to clarify the inci-
dence, clinical symptoms, and timing of the appearance of
soft-tissue masses after SBRT.

High-dose hypofractionated stereotactic body radiotherapy
(SBRT) has recently been adopted into clinical use as radical
RT for early-stage non-small-cell lung cancer (1-6). How-
ever, in addition to large antitumor effects, SBRT has also
been found to produce various acute and subacute adverse re-
actions (2, 7-13). In addition to these events, we have
observed that tumorous soft-tissue fibrosis can occur in the

chest wall near the RT target volume. Although soft-tissue fi-
brosis after conventional RT is well-known (14-17), such
pathologic effects have rarely been encountered in patients

PATIENTS AND METHODS

We analyzed 379 consecutive patients (with 388 lesions) who un-
derwent SBRT at four institutions for isolated T1-T2NOMO primary
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or metastatic lung tumors =3 cm in maximal diameter between
February 2001 and March 2007. The patient age range was 49-91
years (median, 74).

In brief, RT planning for SBRT was done as follows. Computed
tomography (CT) scans were obtained with patient immobilization.
Internal target volumes were determined directly by long-scan-time
CT (18) or by “slow” CT (68 s/slice). The planning target volumes
were delineated by adding 5- to 8-mm three-dimensional margins to
the internal target volumes. Pinnacle® (Koninklijke Philips Electron-
ics, Eindhoven, The Netherlands) or XiO (CMS, St. Louis, MO) was
used as the RT planning system. The collapsed-cone algorithm of
Pinnacle® or the multigrid superposition algorithm of XiO with
a density heterogeneity correction was used. The following dose
prescriptions were used: 50 Gy (at 80% isodose line) delivered in
five fractions within 5-8 days with dynamic conformal multiple
arcs (Institutions A and B) or 48 Gy (at isocenter) delivered in
four fractions with six to eight three-dimensional static portals
(Institutions C and D).

The median follow-up time was 29 months (range, 1-72). Whole-
chest CT scans were obtained every 3 months for 2 years and every
4-6 months after 2 years. Additional scanning was done when clin-
ically necessary. Subjective findings, as well as objective findings
detected by palpation or clinical radioimaging, were used as the
study endpoints. 18F-Fluorodeoxyglucose-positron emission to-
mography (FDG-PET) was performed in patients whose soft-tissue
masses were suspected to be recurrent lesions. We reviewed all CT
images of the patients who were suspected to have soft-tissue
masses on the basis of the physical examination or CT findings.
In such cases, we redelineated the origin tissues (i.e., the origin of
the soft-tissue mass) from the treatment planning CT data obtained
with the RT planning systems to yield the dose—volume histograms
(DVHs) in the patients with soft-tissue masses. Furthermore, biolog-
ically effective doses (BEDs) (19) with an «/g ratio of 3 Gy (20)
were obtained to represent the radiation dose to the origin tissues.
The Spearman correlation coefficient (two-sided) was used to exam-
ine the relationship between the mean BED and the volume of the
origin tissues using the Statistical Package for Social Sciences, ver-
sion 14.0 (SPSS, Chicago, IL).

RESULTS

Soft-tissue masses were found in the chest wall of 9 (2.4%)
of the 379 patients. The lesions were detected on CT 3-36
months (median, 14) after RT. In 6 patients whose soft-tissue
lesions were found subjectively, this occurred 3-21 months
(median, 10.5) after RT. In 3 patients without subjective find-
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ings, the masses were found on follow-up CT scans 15-36
months (median, 24) after RT.

The patient characteristics and radiation doses prescribed
for the lung tumors are given in Table 1. The clinical target
volume was located in the upper lobes in 7 patients and in
the lower lobes in 2. Soft-tissue masses were found in 5
(5.4%) of 92 patients whose target lesions were irradiated
with 62.5 Gy in five fractions as an isocenter dose compared
with 4 (1.4%) of 287 patients whose target lesions were
irradiated with 48.0 Gy in four fractions as an isocenter dose.

The details of the radiation-induced soft-tissue masses and
findings from the follow-up examinations are presented in
Table 2. All the DVHs of the origin tissue are shown in
Fig. 1. The origin tissue volumes were 1.4-16.4 cm? (median,
6.9). The mean doses to the origin tissue were 25.8-53.9 Gy
(median, 43.7). The maximal doses to the origin tissues were
47.5-62.5 Gy (median, 50.2). The volume of the origin tis-
sues vs. the mean BED is plotted in Fig. 2. A negative corre-
lation between these two variables was observed.

The soft-tissue masses were detected by CT concurrently
with, or subsequent to, the occurrence of symptoms in the
6 symptomatic patients. The symptoms consisted of a swollen
chest wall in 3 patients, ipsilateral chest pain in 2, ipsilateral
thumb numbness in 1, and ipsilateral arm edema in 1 patient.

The FDG-PET examinations were conducted 16-36
months (median, 24) after RT in 5 of 9 patients whose soft-
tissue masses were suspected to be local recurrences. The
studies were performed 0-20 months (median, 4) after the
subjective or objective detection of the soft-tissue masses.
The standardized uptake values of FDG-PET in the patients
was 1.8-2.8 (median, 2.2). Subsequently, 3 of 5 patients
who had undergone a PET study underwent percutaneous
needle biopsy of the lesion 1638 months (median, 19) after
RT. All of the pathology findings showed only benign
soft-tissue fibrotic changes and no malignant cells.

The follow-up period in 9 patients who had soft-tissue
masses was 15-61 months (median, 35). At the end of the fol-
low-up period, 7 patients were alive without locoregional re-
currence or distant metastasis and 2 were alive with disease.
In the 2 patients with disease, 1 had ipsilateral hilar metastatic
adenopathy and 1 had local tumor recurrence. The CT find-
ings in 2 representative cases of soft-tissue masses are shown
in Figs. 3 and 4.

Table 1. Patient characteristics

Pt. No. Age (y) Gender Primary/ Metastasis Tumor location Histopathologic finding Isocenter dose (Gy/Fx)
1 60 Female Primary LUL SCC 62.5/5
2 70 Male Primary RUL Adenocarcinoma 62.5/5
3 82 Male Primary LUL ScC 62.5/5
4 62 Female Primary RUL Adenocarcinoma 64.5/5
5 76 Female Primary LUL Adenocarcinoma 64.8/5
6 62 Male Primary LUL Adenocarcinoma 48.0/4
7 86 Female Primary RLL Adenocarcinoma 47.5/4
8 86 Male Metastasis LUL SCC 48.0/4
9 79 Male Primary LLL Adenocarcinoma 48.0/4

Abbreviations: Pt. No. = patient number; Fx = fraction; LUL = left upper lobe; SCC = squamous cell carcinoma; RUL = right upper lobe;
RLL = right upper lobe; LLL = left lower lobe.
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Table 2. Clinical, pathologic, irradiation, and postirradiation characteristics of patients with soft-tissue fibrotic masses

Symptom Biopsy timing
breakout Objective (mo)/
Estimated absorbed  Fibrosis volume (mo)/local fibrosis FDG-PET  histopathologic Follow-up
Pt. No dose* (Gy) (em) symptom breakout (mo)  (mo)/SUV finding (mo)/prognosis
1 25.8 (70.2)/49.9 (216) 7.3 3/Swelling 8 16/2.2 19/fibrosis 44/NR
2 53.9 (248)/62.2 (320) 59 Asymptomatic 36 36/2.8 38/fibrosis 61/NR
3 50.6 (221)/61.0 (309) 2.1 21/Swelling 21 NA NA 43/NR
4 47.0 (194)/62.5 (323) 6.9 2/Thumb 3 NA NA 30/WD
numbness
5 32.7 (104)/62.5 (323) 16.4 7, 13/chest pain, 14 27/2.3 NA 28/NR
arm edema
6 39.9 (173)/50.2 (260) 12.7 12/swelling 13 16/1.8 16/fibrosis 43/NR
7 43.7 (203)/47.5 (236) 14 6/chest pain 6 NA NA 15/NR
8 46.8 (229)/50.1 (259) 6.5 Asymptomatic 15 NA NA 35/WD
9 43.6 (202)/47.9 (239) 7.1 Asymptomatic 24 24/2.1 NA 25/NR

Abbreviations: Pt. No. = patient number; FDG-PET = 18F-fluorodeoxyglucose-positron emission tomography; SUV = standard uptake
value; NA = not available; NR = alive without recurrence; WD = alive with disease.
* Data presented as mean/maximal dose at fibrosis with calculated biologically effective dose (/g ratio, 3 Gy) in parentheses.

DISCUSSION

Adverse events due to SBRT can be classified into two
types according to the location in the lung where they arise.
The first type arises in the pulmonary centrums near or next
to the mediastinum, and the second type arises in the pulmo-
nary periphery. The first type is associated with severe and
lethal radiation injuries, including radiation esophagitis (2,
7, 9), radiation bronchitis (2, 8), and pulmonary artery hem-
orrhage (2). In addition, Timmerman et al. (12) have strongly
emphasized that great care must be taken in performing
SBRT when the targets are located near the pulmonary hilum
because of the high incidence of Grade 5 secondary bacterial
pneumonia in such patients. Adverse events that arise in the

Volume (%)

i i i
0 1006 2006 3000 4000 5000 6000 7000
Irradiated Dose (cGy)

Fig. 1. Dose~volume histogram (DVH) of origin tissues (i.e., origin
of soft-tissue mass). With regard to follow-up computed tomogra-
phy images showing soft-tissue masses, contour of volume rede-
lineated on treatment planning computed tomography images to
calculate DVH. Two groups of curves noted. Seven curves (heavy
lines) represent therapeutic, high-dose, uniform irradiation to vol-
umes. Other two curves (thin lines) indicate gradually increasing ir-
radiation from low to high dose. Consecutive numbers near DVH
curves correspond to patient numbers in Tables 1 and 2.

pulmonary periphery (type 2 events) include rib fractures
(10) and chest pain (11). The adverse events found in our
study, namely soft-tissue masses causing chest pain, forearm
neuropathy, and lymphedema, also qualify as the second type
of event. Although adverse events resulting from SBRT
might not directly affect the prognosis, the adverse events
we found can cause the clinical issues described in our study.

A soft-tissue mass in the absence of marked chest pain was
observed in several of the patients in our series, with analge-
sics not needed for patients with only slight chest pain. Chest
pain after SBRT can also occur in patients who do not have
any soft-tissue mass (3, 7, 11). Therefore, chest wall pain is
not always indicative of a soft-tissue mass. A fibrotic mass

175 - y = 15.393 - 0.044 x
_____ x p=0.021
150 T
125 T *
=
Ewod T
s 1 T
g .......
= 7154 x T
3 g X
3 g x
50- T
25 X
X
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i i ] I 1 T
0 50 100 150 200 250

Recalculated mean BED (Gy)

Fig. 2. Relationship of recalculated mean biologically effective
dose (BED) to volume of origin tissue. In calculating BEDs, a/@ ra-
tio of 3 Gy was assumed for late reaction of normal tissue of chest
wall. Negative correlation between these two variables observed
(Spearman r = -0.745, n = 9, p = .021).
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Fig. 3. Case of primary lung, Stage cT1NOMO, squamous cell carcinoma in left upper lobe (Patient 1 in Tables 1 and 2).
Axial computed tomography image before (a) irradiation and (b) isodose distributions. The second curve from inside
indicates 80% isodose and corresponds with planning target volume. Patient was aware of subcutaneous swelling on
left side of front chest about 3 months after irradiation. (¢) Follow-up computed tomography study showed soft-tissue
mass around ribs and in left greater pectoral muscle that continued to enlarge. (d) 18F-Fluorodeoxyglucose-positron
emission tomography study at 16 months after irradiation showed localized uptake (standardized uptake value, 2.2)
corresponding to the lesion. Percutaneous needle biopsy specimen revealed fibrosis and not malignant lesion. No clear

recurrence was detected after that.

that arises in a noncritical region is likely to have a minimal
affect on a patient’s quality of life. However, a fibrotic lesion
around the brachial plexus might cause forearm neuropathy
and lymphedema (21-24), which, although not life-threaten-
ing, will affect a patient’s quality of life. To prevent these se-
quelae, beam-shape modification and dose prescription must
be done in such a way during the planning of SBRT for a tu-
mor in the lung periphery that the beam does not pass through
the areas near the subclavian and axillary regions.

The pathoetiology of brachial plexus neuropathy has not
been clearly elucidated in patients who undergo SBRT. In
breast cancer patients treated with conventional RT, both
perineural fibrotic entrapment and direct nerve injury have
been documented as causes of brachial plexus neuropathy
(22). The pathology findings after intraoperative RT with
a single high-fraction dose might also shed light on the etiol-
ogy of brachial plexus neuropathy in patients who underwent
SBRT. In this regard, Kinsella et al. (25) claimed that both
nerve entrapment by perineural fibrosis and direct nerve in-
jury could be the causes of neurologic impairment after RT
with a single high-fraction dose observed in a canine model.
In another canine model, Vujaskovic et al. (26) observed that
axon and myelin loss, increased nerve connective tissue, and
loss of small vessels occurred after intraoperative RT. It is,

therefore, possible that brachial plexus neuropathy induced
by SBRT might have a pathoetiology similar to that seen
by these other researchers. Additional research is necessary
to clarify this issue.

Severe lymphedema of the ipsilateral arm was also ob-
served in our study population. It is well-known that forearm
lymphedema frequently occurs after RT of the axilla in breast
cancer patients (27). Patients treated with conventional RT
and SBRT are at appreciable risk of this adverse event.
Thus, lymphedema in a location remote from the site of RT
is not an uncommon sequela. Physical and manual massage
(28) and microsurgical lymphatic venous anastomosis (29,
30) have been attempted as treatments for such lymphedema;
however, none of these are definitive treatments.

Among the DVHs of the origin tissue for the 9 patients in
our study with soft-tissue masses after SBRT, we noted seven
curves representing high-dose uniform RT to the volumes
and two other curves representing gradually increasing RT
from a low dose to high dose. The former seven curves are
believed to represent typical dose distributions for the ad-
verse reactions focused on in the present study. In the case
of the latter two curves, the soft-tissue fibrotic masses were
located in muscle. In this setting, we might have included
in the origin tissue not only the soft-tissue mass but also
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— 90% —60%

80% 40%

Fig. 4. Primary lung cancer (cT1NOMO, adenocarcinoma) in right upper lobe (Patient 4 in Tables 1 and 2). Axial computed
tomography image before (a) irradiation and (b) isodose distributions. The second curve from inside indicates 80% isodose
and corresponds with planning target volume. Patient complained of numbness of ipsilateral fingers 2 months after irradi-
ation. Computed tomography images showed soft-tissue density in right axilla. (c,d) Subsequently, density enlarged and
seen as soft-tissue mass on computed tomography (arrows). Patient had interdigital and thenar eminence muscle atrophy of
ipsilateral hand 18 months after irradiation. These symptoms were diagnosed as neuropathy of brachial plexus resulting
from soft-tissue mass. Soft-tissue mass grew until 17 months after irradiation, after which it stopped. Primary lesion
also remained unchanged and was judged as well controlled. However, computed tomography 29 months after irradiation

revealed ipsilateral hilar metastatic adenopathy.

muscular swelling near the target due to RT. Muscular swell-
ing after RT has been reported to be a radiation injury (31,
32). Therefore, the volumes of the origin tissue in these 2 pa-
tients might have been overestimated, and this overestima-
tion might have been the source of the leftward shift of the
DVHs. In addition, a negative correlation was found between
the volume of the origin tissue and the recalculated mean
BED in all 9 patients. This suggests a volume effect resulting
from this adverse event.

The formation of a soft-tissue mass in an extrapulmonary,
as well as an intrapulmonary, location resulting from SBRT
can be confused with recurrence or metastasis. One observa-
tion that can help distinguish between a benign and a malig-
nant process is that intrapulmonary radiation fibrosis can
occur =1 year after the completion of SBRT for lung cancer.
In contrast, recurrence can occur sooner than this. However,
even when CT is performed as an aid to the diagnosis of the
lesion, it is often difficult to distinguish a soft-tissue mass
from tumor recurrence, and CT findings can even be misin-
terpreted (33). FDG-PET also might not be helpful in this re-
gard, because the standardized uptake value cutoff level for
arecurrent lesion after RT for lung cancer has not been estab-
lished (34-36). Therefore, percutaneous needle biopsy was
necessary in some cases in our study to establish the true na-
ture of the lesion.

Recurrent lung tumors in the thorax often take the form of
local tumor regrowth, pleural dissemination, or thoracic bone

metastasis. It is rare for recurrences to arise in the soft tissue
of the chest wall apart from but near the primary tumor site. In
our study, we found soft-tissue masses in the chest wall in 9
(2.4%) of 379 patients after RT, and all the lesions were
diagnosed as benign fibroses. Thus, when an unexpected ex-
trapulmonary soft-tissue mass is found after SBRT, it should
not immediately be judged a recurrence. Soft-tissue fibrosis
should also be considered.

CONCLUSIONS

A soft-tissue mass was found in 2.4% of patients in our
study population who had undergone SBRT for pulmonary
tumors in the chest wall near the planning target volume. In
all these patients, the masses proved to be radiation fibroses
and not recurrences. Forearm neuropathy and lymphedema
were common symptoms and resulted because the soft-tissue
masses arose near the brachial plexus. Careful beam-shape
modification and dose prescription are required for target le-
sions located near the thoracic outlet to prevent these compli-
cations. We recommend careful follow-up of patients after
SBRT that includes surveillance for radiation-induced ex-
trapulmonary soft-tissue masses. If such masses are found,
they should not immediately be judged as recurrences,
however.
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Our newly designed image-guided radiotherapy (IGRT) system enables the dynamic tracking irradiation
with a gimbaled X-ray head and a dual on-board kilovolt imaging subsystem for real-time target locali-
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Organ motion is an important issue during external-beam irra-
diation of extra-cranial lesions, particularly in the intra-thoracic
and upper-abdominal regions, in which a tumor may move 1-
2 cm as a result of respiration [1,2]. This motion results in blurred
dose distributions and an enlarged beam penumbra at the radia-
tion field edge [3,4]. Therefore, sufficiently large safety margins
are required to compensate for motion effects when using conven-
tional techniques. Several approaches have been used to minimize
motion effects, including respiratory inhibition {5], breath-hold
[6,7], respiratory gating [8-10], and tracking.

Real-time tracking irradiation is classified into two subcatego-
ries, according to the delivery scheme [2]. The first is intercepting
irradiation, in which a therapeutic beam is gated to irradiate a tu-
mor at a planned position by intercepting the tumor trajectory.
This is in contrast to pursuing irradiation or dynamic tracking,
which involves irradiating the target continuously as it moves
through a three-dimensional (3D) space. Pursuing irradiation pro-
vides higher delivery efficiency and greater comfort than gating
and intercepting irradiation, in which the relative low duty cycle
(typically 30-50%) prolongs treatment time. In a robot-mounted
linear accelerator (LINAC) system [11], pursuing irradiation is
achieved through the use of a robotic arm, whereas dynamic mul-
ti-leaf collimator (DMLC)-based tracking utilizes a moving aper-
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Applied Therapy, Graduate School of Medicine, Kyoto University, 54 Kawahara-cho,
Shogoin Sakyo-ku, Kyoto 606-8507, Japan.
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ture [12]. Alternatively, a robotic couch moving in real time in
response to organ motion has been considered {13}, although this
approach may be problematic in terms of patient discomfort and
potential danger.

The image-guided radiation therapy (IGRT) system described
here, which was designed for precise initial setup, high throughput,
and pursuing irradiation of moving targets, was developed by Mits-
ubishi Heavy Industries in collaboration with Kyoto University and
the Institute of Biomedical Innovation and Research. The system
involves a novel gimbaled X-ray head that directs a multi-leaf col-
limator (MLC)-shaped beam to a designated point in real time, This
paper describes a novel method for pursuing irradiation, termed
“gimbals tracking”, and provides data demonstrating its efficacy
in reducing motion-induced marginal blurring.

Materials and methods
IGRT and the gimbals mechanism

The concept and configuration of this IGRT system using a gim-
baled X-ray head were previously introduced by Kamino et al. [14].
Briefly, a compact, lightweight, C-band 6-megavolt (MV) LINAC
was mounted on a gimbaled X-ray head with a MLC, and the entire
moving unit was installed on a ring-shaped gantry within a cres-
cent-shaped cover. The X-ray head can rotate along the two
orthogonal gimbals (pan and tilt rotations) up to +2.4°, which
swings the MV beam up to #4.2 cm in each direction from the
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isocenter on the isocenter plane perpendicular to the beam. In the
gimbals tracking mode, this mechanism enables the MV beam to
track a target in real time. Two imaging units, each consisting of
a kilovolt (kV) X-ray tube and a flat panel detector (FPD), were
mounted on the gantry and provided real-time orthogonal serial
radiographs. A gantry-mounted electronic portal imaging device
(EPID) provided the information of the MV beam shape and
position.

In this study, a prototype IGRT system was used. One of the dif-
ferences from the commercial system was the MLC; the prototype
used in this study had 40 pairs of 4-mm-thick leaves, which made a
16 x 16-cm field at the isocenter, whereas the commercial version
had 30 pairs of 5-mm-thick leaves, which provide a 15 x 15-cm
field.

Movable phantom system

A three-dimensionally movable phantom was developed to
evaluate pursuing irradiation; the mechanical characteristics and
accuracy of this system have been described previously [15]. The
phantom system consisted of a drive unit, a computer control unit,
and a spherical phantom (diameter, 19 cm). Radiographic film was
inserted between the hemispheres of the phantom, and a copper
plate was attached to the inside of the upper hemisphere to mini-
mize film exposure. A pin-hole with a diameter of 2 mm at the cen-
ter of the plate was used as a fiducial marker. The drive unit
consisted of three linear stages designed to move the phantom
according to the three-dimensional (3D) trajectory and velocity
specified by the control unit,

Film irradiation

Irradiation tests using a prototype of our IGRT system were per-
formed to evaluate the efficacy of gimbals tracking in reducing
dose blurring. A 6-MV beam was used to irradiate an 8 x 8-mm
field of film in the phantom under the following conditions:

(a) Stationary state: stationary phantom with a stationary X-ray
head;

(b) Non-pursuing state: phantom in motion with a stationary X-
ray head;

(c) Pursuing irradiation: phantom in motion with gimbals track-
ing enabled.

The phantom moved in the horizontal plane, parallel to the film
and perpendicular to the MV beam. The following motion patterns
were tested:

(1) linear reciprocal motion of a triangular wave (stroke,
20 mm; velocity, 10 mm/s);

(2) circular motion on the horizontal plane (radius, 10 mm; tan-
gential velocity, 5 mmy/s);

(3) linear reciprocal motion of a respiration-like wave (stroke,
20 mm).

During pursuing irradiation, the frame rate for real-time imag-
ing was 7.5 frames/s, and an original predictive protocol based on a
linear autoregressive model was applied to compensate for the
mechanical and image processing lag of the tracking system. The
Levinson-Durbin recursion algorithm was used to determine the
coefficients of the model at a high speed [16]. This protocol allows
prediction of the target position based on the past time series data
and provides the gimbal control unit with positional information
within milliseconds after obtaining the current position.

The irradiated film was developed, and its optical density was
evaluated using a film analyzer. To mimic the clinical setting, mo-

tion effects in a 48 x 48-mm field were also examined, using a res-
piration-like wave, which was created from measured data for
human abdominal wall motion.

Results

In every motion pattern, pursuing radiation using the method
described here significantly reduced motion effects (i.e., blurring).
Fig. 1 shows the two-dimensional (2D) dose distributions and line
dose profiles for an 8 x 8-mm field moving in a triangular wave or
a circular motion. During linear reciprocal motion (Fig. 1 [1]), the
2D dose distribution for the phantom showed significant marginal
blurring, reflecting the motion probability density function (PDF).
Pursuing irradiation dramatically reduced blurring and produced
a dose profile slope similar to that of the stationary state
(<~1 mm). During circular motion (Fig. 1 [2]), a faint circular dose
distribution was obtained; by contrast, pursuing irradiation pro-
duced a square dose distribution, similar to that of the stationary
state, with only a slight marginal blurring in all directions.

Fig. 2 demonstrates the efficacy of pursuing irradiation while
irradiating a 48 x 48-mm field in respiration-like motion. The sta-
tionary X-ray head produced significant blurring while the phan-
tom was in motion. The high-dose area, defined as the distance
between 95% dose points in the left and right slopes, decreased
to approximately 70% (26.4/38.1) of the stationary state. The slope
of the low-dose area, defined as the distance between 20% and 80%
dose points, declined to approximately 5-fold that of the stationary
state. During pursuing irradiation, blurring was so slight that the
high-dose area was equivalent to the stationary state and the slope
was only 1.5-fold that of the stationary state.

Discussion

The data presented here demonstrate the utility of gimbals
tracking as a new method for pursuing irradiation. Gimbals track-
ing has three primary advantages. First, one-degree-ordered small-
angle rotations of the gimbals provide quick and accurate beam
adaptation to designated positions of a mobile target. Second, the
mechanism is relatively simple and thus minimizes mechanical
load. Finally, our system is safer than systems involving a robotic
arm because the moving unit is covered.

However, we acknowledge that the beamn path in the gimbals
tracking system varies from the planned beam to some extent. This
is one of the differences from the robot-mounted LINAC system, in
which the beam path changes in parallel to the original path during
beam tracking. Variation in the beam path is greatest when a target
on the isocenter moves on a plane perpendicular to the beam.
When the gimbaled head swings its maximum rotation by as much
as 2.4° along both the pan and tilt axes of the gimbals, the target
can be located 5.9 cm from the isocenter on the plane, and the dis-
tance between the target and radiation source is 100.2 cm. This
discrepancy in distance compared to 100 cm means an approxi-
mate 1% dose change when calculated based on the percent depth
dose (PDD) of the beam. Therefore, the effect of the beam path var-
iation due to limited rotation of the gimbals appears to be reason-
ably small in terms of the dose. However, it would be better to
simulate the impact of the described effects and to confirm
whether possible dose differences are within clinically acceptable
limits using a treatment planning system. Therefore, we plan to de-
velop a treatment planning program for our system that will allow
us to simulate and evaluate the dose distribution of tracking irra-
diation with a gimbal-mounted head.

In stereotactic body radiotherapy, gimbals tracking provides
higher delivery efficiency than either gating or robotic tracking,
and in comparison with robotic tracking it produces a more homo-

—189—



K. Takayama et al./ Radiotherapy and Oncology 93 (2009) 45-49 47

Motion pattern

2D dose distribution

Line dose profile

%
100
[1] linear reciprocal motion NN
of a triangular wave (a) ,l/ \\\\
\“l
10 50 j \
e" (b) |
‘g’ 0 .' ‘Y
3 | TN
£ -10 /
-18
o 1 2 3 4 5 6 7 8 4 Y N
) c L
Time (sec) () 0% 5 10 5 0 5 10 15 20mm
— (a) Stationary state
(b) Phantom motion
(c) Pursing irradiation
[2] l o
2] circular motion 100
on the horizontal (a) lﬁ %\
plane ] {
\
|
50
P "l TN
7 ) Hi i "
(b) : M Il \ "' ‘\'
0 /' / —jx ‘\’\
20 -15 -10 -5 0 5 10 15 20 mm

e (@) Stationary state

---------------- (b) Phantom motion
..... (c) Pursing irradiation

Fig. 1. Film irradiation experiments using an 8 x 8-mm field. Two-dimensional dose distributions and line dose profiles are shown for each motion pattern. After background

compensation, the profiles were normalized for integral dose.

geneous in-field dose distribution, without cold spots. This is be-
cause, as in DMLC tracking, gimbals tracking uses ten or fewer flat-
tened beams that are MLC-shaped to include the whole target in
the beam’s eye view. By contrast, robotic tracking is more time-
consuming because several tens to 100 narrow conical beams are
used, creating greater inhomogeneity in the dose distribution pro-
files compared with those of conventional MLC. Moreover, tracking
error may occur independently in each beam, resulting in unpre-
dictable hot and cold spots in the target.

Strictly speaking, the movement of a target in the human body
involves both positional change and deformation. However, the
deformation is relatively small for a small solitary tumor without
lymph node metastasis, which is the most appropriate candidate
for pursuing irradiation in general, rather than a large tumor,
which may have a complex shape, subclinical extension, and
lymph node metastasis. However, if deformation could be detected
by an imaging system, such as a four-dimensional (4D) computed
tomography (CT) scanner, a 4D treatment planning system consid~
ering these movements would help to cope with this issue. We
have been developing an original 4D planning system at Kyoto Uni-
versity. If these technologies were available, gimbals tracking could
be achieved by adjusting the irradiation fields to cover the entire
target, including deformation. This is an advantage over a robot-
mounted LINAC system, which would not easily compensate for
deformation.

In terms of real-time imaging, our system uses a gantry-
mounted stereo kV X-ray imaging system to detect real-time 3D
positional information for a mobile target. This technique is capa-

ble of directly tracking tumors based on the density difference be-
tween the tumor and normal lung tissue, provided that the tumor
is well defined with a high-contrast edge. Several variations of our
tracking system would be possible in a clinical setting, such as di-
rect tracking, external surrogates, and internal surrogates (fiducial
markers, diaphragms, etc.). Further research is required to develop
prediction techniques and correlation models for the surrogate sig-
nal versus internal tumor motion. The EPID allows visualization of
the radiation field aperture and the tumor/internal surrogate, and
thus may play an important role in verifying MV beam allocation.

Regarding the validation data presented in this study, our re-
sults showed that a 48 x 48-mm field produced a 38-mm high-
dose area exposed to more than 95% of the dose in the stationary
state (See Fig. 2). However, motion blurring in the non-pursuing
state decreased the width of the high-dose area to 26.4 mm, which
theoretically means that the field size in the target motion direc-
tion should have been enlarged to about 60 mm to create a simi-
larly sized high-dose area. With pursuing irradiation, even if the
slight marginal blurring is considered, a 50-mm field was large en-
ough to create the same high-dose area. The slight blurring demon-
strated in this study arose for several reasons, such as delays in
image processing and communication, prediction error, and a
mechanical response time lag. In fact, the response delay of the
gimbals during the actual test was a maximum of 0.4-0.6 mm to
sinusoidal motion, as mentioned in Kamino et al. [14]. Further
investigation of these factors would improve the tracking accuracy
of our system. Another solution to improve prediction accuracy
may be to increase the sampling rate or imaging frame rate.
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However, the sampling rate is limited by processing time, and the
rate we used in this study (7.5 frames/s) is the maximum possible
using the system described here. Excessively high imaging frame
rates are not feasible in clinical practice because of exposure to
the imaging dose.

Although a few potential problems remain to be resolved, our
data indicate that this gimbals tracking system is well balanced
and potentially ideal for realizing pursuing irradiation.

Conclusion

A movable phantom was used to examine the basic capabilities
of a novel, gimbal-mounted IGRT system. Pursuing irradiation with
this system significantly reduced motion-induced marginal blur-
ring. Further research is underway to refine this technique for clin-
ical use.
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SUMMARY

Lobectomy for Local Recurrence Following Stereotactic Radiotherapy to Non-small Cell Lung Cancer
Shinya Neri et al., Department of Thoracic Surgery, Kobe City Medical Center General Hospital,
Kobe, Japan .

A 78vear-old man had non-small cell lung cancer (NSCLC) in the left upper lobe (squamous cell car-
cinoma, cTINOMO). He preferred less invasive treatment and undertook stereotactic radiotherapy
(SRT)[48 Gy/4 Fr] because his forced expiratory volume in 1 second percent (FEV,;,%) was 53.50%.
The therapeutic effect was partial response and the adverse reaction was dermatitis (grade 1). Seven
months after SRT, local recurrence was detected. The tumor was growing from 35 mm to 25 %25 mm
in size. Nine months after SRT, left upper lobectomy was performed successfully unaffected by SRT.
He is doing well 14 months after the operation without any signs of recurrence. This case might help
develop a new strategy for the treatment of stage I NSCLC. It is that patients with stage I NSCLC
have SRT as lst line treatment, and if local recurrence is observed after SRT, lobectomy may be per-
formed.
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