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CLINICAL OUTCOMES OF STEREOTACTIC BODY RADIOTHERAPY FOR SMALL
LUNG LESIONS CLINICALLY DIAGNOSED AS PRIMARY LUNG CANCER ON
RADIOLOGIC EXAMINATION
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Pu : Image-guided biopsy occasionally fails to diagnose small lung lesions, which are highly suggestive of pri-
mary lung cancer. The aim of the present study was to evaluate the outcome of stereotactic body radiotherapy
(SBRT) for small lung lesions that were clinically diagnosed as primary lung cancer without pathologic confirmation.
Methods and Materials: A total of 115 patients were treated with SBRT in 12 institutions. Tumor size ranged from
510 45 mm in diameter, with a median of 20 mm.

Results: The 3-year and S-year overall survival rates for patients with a tumor size =20 mm in diameter (n = 58)
were both 89.8%, compared with 60,7% and 53.1% for patients with tumors >20 mm (n = 57) (p <0.0005), respec-
tively. Local progression occurred in 2 patients (3.4%) with a tumor size =20 mm and in 3 patients (5.3% ) with
tumors >20 mm. Among the patients with a tumor size =20 mm, Grade 2 pulmonary complications were observed
in 2 (3.4%), but no Grade 3 to 5 toxicity was observed. In patients with a tumor size >20 mm, Grades 2, 3, and 5
toxicity were observed in 5 patients (8.8% ), 3 patients (5.3%), and 1 patient (1.8%), respectively.

Conclusion: In patients with a tumor =20 mm in diameter, SBRT was reasonably safe in this retrospective study. The
clinical implications of the high local control rate depend on the accuracy of clinical/radiologic diagnosis for small
lung lesions and are to be carefully evaluated in a prospective study. © 2009 Elsevier Inc.

Lung cancer, Stercotactic radiotherapy, Stereotactic body radiotherapy.

INTRODUCTION

Pathologic diagnosis is essential for the treatment of primary
lung cancer. However, image-guided biopsy occasionally
fails to diagnose small lung lesions, which are highly sugges-
tive of primary lung cancer. When patients refuse re-biopsy
or surgical resection, watchful waiting is usually indicated.
There are other groups of patients in whom a pathologic di-
agnosis is very difficult to make, such as those with medical
reasons for not being able to undergo biopsy and those with
a history of surgical resection of non-small-cell lung cancer
(NSCLC) and a small peripheral lung lesion on follow-up
computed tomography (CT). The patients in the latter group

often have difficulty undergoing a second surgical resection
because of lowered respiratory function resulting from the
previous surgery. Patients with cancer who are under watch-
ful waiting are at risk for invasive growth of the primary tu-
mor, lymphatic spread, and distant metastasis. Patients who
choose to receive elective surgical resection of the small
lung lesions to quantify the pathologic diagnosis may experi-
ence serious respiratory dysfunction. A proportion of the pa-
tients who do not have malignant wmors are inevitably
overtreated and experience surgical complications.
Stereotactic body radiotherapy (SBRT) has been one of the
treatments for Stage I NSCLC in medically inoperable patients.
Recently, high local control and survival rates of SBRT were
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reported in several studies (1-7). Onishi e al, summarized the
results of a Japanese series retrospectively and reported that
a pulmonary complication rate of above Grade 2 arose in
only 5.4% of patients (1). For the patients who received
a dose compatible with the biologic effective dose (BED) of
100 Gy or more, the local control rate was 91.6%. For the pa-
tients who were judged to have been operable but who were
treated with SBRT, the 5-year overall survival rate was
70.8%, which is equivalent to that achieved in the previously
mentioned surgery series (1).

A serious question among radiation oncologists is whether
it is ethically justifiable not to give SBRT to those patients
who have peripheral lung lesions highly suggestive of lung
cancer but who failed to have lung cancer diagnosed patho-
logically. If SBRT is as safe as image-guided re-biopsy and
as effective as surgical resection, it may be ethical to give
SBRT to these patients. However, we cannot answer this
question, because the risk and benefit have not been com-
pared between elective surgical resection, watchful waiting,
and SBRT for small peripheral lung lesions without patho-
logic confirmation.

‘We have found in a national survey of SBRT that a small
number of patients with the clinical diagnosis of NSCLC are
actually treated with SBRT without pathologic confirmation
in each institution. The aim of the present study was to eval-
uate the outcome of SBRT for peripheral small lung lesions
that were clinically diagnosed as primary lung cancer without
pathologic confirmation in 12 institutions during the past 10
years in Japan.

METHODS AND MATERIALS

Eligibility criteria

Twelve institutions were selected from the member institutions of
the Japan Clinical Oncology Group trial, JCOG0403, for which the
quality of clinical record and dosimetry accuracy of SBRT had al-
ready been evaluated by audit (8). This is a multi-institutional retro-
spective study using the same eligibility criteria, which were that (a)
surgery was contraindicated or refused, (b) the tumor diameter was
<50 mm, (c) tumors were highly suggestive of primary lung cancer
and diagnosed as Stage I lung cancer clinically but the patients did
not have a pathologic diagnosis, and (d) the performance status was
0 10 2 according to World Health Organization guidelines.

Patients

A total of 115 patients who were highly suspected of having lung
cancer but who lacked pathologic confirmation of the disease were
diagnosed with Stage I lung cancer clinically and treated with SBRT
in 12 institutions during the last 10 years in Japan. The patient char-
acteristics are given in Table 1. There were 93 cases of TINOMO and
22 cases of T2ZNOMO disease. The number of medically operable and
inoperable patients was 43 and 72, respectively. Tumor size was re-
corded at the maximum diameter on the CT scan taken at the stant of
radiotherapy. The median tumor size was 20 mm (range, 5-45 mm).
The median follow-up period was 14 months (range, 1-142
months), There were |1 patients whose follow-up period was <4
months at the time of this analysis.

Diagnosis was based on CT findings and enlargement of the
lesion on sequential examination with or without fluorodeoxyglu-
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Table 1. Characteristics of patients (115 patients)

Characteristic Value

Age (y)

Median i

Range 50-92
Gender (n)

Male 87

Female 28
Tumor size (mm)

Median 20

Range 545
T stage (n)

Ti 93

T2 22
Medical condition (n)

Operable 43

Inoperable T2

cose (FDG)-positron emission tomography (PET) findings. The tu-
mors were diagnosed as highly suggestive of primary lung
cancer by diagnostic radiologists when there was definitive en-
largement of the lesion on sequential CT examination and/or
positive findings on FDG-PET withoul any metastatic lesion in
the diagnostic evaluation. Several findings such as the configura-
tion of the lung lesion were also used in the diagnosis. Of 72
patients who were examined with FDG-PET, 67 patients had
positive findings on FDG-PET. Other clinical history and find-
ings as well as laboratory findings were also used for diagnosis
as much as possible 1o prevent inclusion of patients with meta-
static lung tumors or inflammatory or granulomatous lesions in
the study population.

The reasons for the lack of pathologic confirmation were as fol-
lows: {(a) bronchoscope- or CT-guided biopsy failed in 59 patients,
and these patients refused re-biopsy or surgical resection; (b) 21 pa-
tients were not indicated for a biopsy procedure or surgery because
of medical complications; (c) 14 patients refused a biopsy procedure
as well as surgery even at the initial examination; (d) a biopsy was
not indicated in 14 patients because their history of NSCLC was
strongly suggestive of the new development of a second primary
NSCLC, likely inoperable, and they refused surgery; and (¢) a biopsy
was not indicated in 7 patients because there was little possibility to
confirm the pathology because of the tumor's small size, and these
patients refused surgery.

Radiotherapy

All patients underwent irradiation using stereotactic techniques,
Three-dimensional treatment planning was performed using non-co-
planar static ports or dynamic arcs, Various techniques using breath-
ing control or gating methods and immobilization devices such as
a vacuum cushion with or without a stereotactic body frume were
used to reduce respiratory internal margins. Appropriate margins
were adopted for the clinical target volume and the planning target
volume.

A 1onal dose of 30 10 70 Gy a the isocenter was administered in
two to 10 fractions. Using a linear-quadratic model, we defined
the BED as nd(1+d/a/8), with Gray units, where n was the fraction-
ation number, d was the daily dose, and the a/4 ratio was assumed to
be 10 for tumors. The BED was not corrected with values for tumor
doubling time or treatment term. The median BED at the isocenter in
this study was 106 Gy (range, 56-141 Gy).
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Fig. 1. Kaplan-Meier curve of overall survival rates for the patients
with a tumor size (diameter) of 5 to 10 mm (n=11), 11 to 20 mm (n
=47), 21 to 30 mm (n = 35), and 31 10 45 mm (n = 22).

Ethical considerations

Use of SBRT was approved for Stage I lung cancer by the ethics
committee in each institution. Clinically diagnosed Stage I lung can-
cer was not included in the ineligibility criteria at each institution.
Written informed consent to receive SBRT was obtained from all
patients. This retrospective study was approved by the ethics com-
mittee of each institution and was performed in accordance with
the 1975 Declaration of Helsinki, as revised in 2000.

Statistical analysis

Overall survival rates were calculated from the first day of treat-
ment using the Kaplan-Meier method. The log-rank test was used to
calculate statistically significant differences. A value of p <(0.05 was
considered to be statistically significant.

RESULTS

Survival

We separated the patients into four groups by tumor size at
its maximum diameter, consisting of the 5 to 10 mm (Group
A:n=11), 11 10 20 mm (Group B; n = 47), 21 to 30 mm
(Group C; n = 35), and 31 to 45 mm (Group D; n = 22)
groups. The 3-year and 5-vear overall survival rates were
both 100% for Group A, both 87.2% for Group B, 58.7%
and 48.9% for Group C, and both 64.5% for Group D
(Fig. 1). When we excluded the 11 patients whose follow-
up period was <4 months, there was no apparent difference
in these results; 3-year and S-year overall survival rates
were both 100% for Group A, both 87.2% for Group B,
and 58.7% and 39.2% for Group C, and both 67.7% for
Group D.

The 3-year and 5-year overall survival rates were both
£89.8% for patients with a tumor size =20 mm (n = 58) com-
pared with 60.7% and 53.1% for patients with a tumor size
>20 mm (n = 57) (p <0.0005; Fig. 2). According to medical
operability, the 3-year and 5-year overall survival rates for
operable patients (n = 43) were both 88.4%, compared with
67.0% and 60.9% for inoperable patients (n = 72) (Fig. 3).
According to BED, the 3-year and 5-year overall survival
rates for the patients with BED <100 Gy (n = 17) were

(%)

an 21-45mm

1]
o o o0 0 0 0 60

(months)

Fig. 2. Kaplan-Meier curve of overall survival rates for the patients
with a tumor size (diameter) of 5 to 20 mm (n = 58) and 21 1045 mm
(n=157). A statistically significant difference was found (p < 0.0005)
between the two groups.

both 71.8%, compared with 76.6% and 61.9% for the patients
with BED = 100 Gy (n = 98) (Fig. 4).

Lacal mumor response and distant metastases

Local progression occurred in 2 patients (3.4%) with a tu-
mor size =20 mm and in 3 patients (5.3%) with a tumor size
>20 mm. Lymphatic and distant metastasis were observed in
3 patients (5.2%) and 6 patients (10.3%) with a tumor size
=20 mm and in 6 patients (10.5%) and 10 patients (17.5%)
with a tumor size >20 mm, respectively. For the patients
with BED <100 Gy, no local progression occurred.

Toxicities

Pulmonary adverse effects were graded according to the
Common Toxicity Criteria for Adverse Events version 3.0. In
brief, radiation pneumonitis was graded as follows: Grade 1.
asymptomatic, radiologic findings only; Grade 2, symptom-
atic, not interfering with activities of daily life (ADL).
Grade 3, interfering with ADL, O2 indicated; Grade 4,
life-threatening, ventilatory support indicated; and Grade 5.
death.

Of patients with a tumor size =20 mm in diameter, Grade 2
pulmonary complications were observed in 2 patients (3.4%),
whereas no patients experienced Grade 3 to 5 toxicities, In
patients with a tumor size >20 mm, Grades 2. 3. and 5 pulmo-
nary toxicities were observed in § patients (8.8%). 3 patients
(5.3%), and 1 patient (1.8%), respectively. A Grade 5 pulmo-
nary complication occurred in 1 patient with interstitial pneu-
monia, which resulted in acute worsening from SBRT after
1.5 months. One case of radiation pleuritis, one case of inter-
costal neuralgia, and one case of rib fracture were observed,
but these patients” symptoms were controlled easily by con-
servative treatment. Grade 2 pulmonary toxicity occurred in 3
cases (17.6%) in patients with BED <100 Gy and in 8 cases
(8.2%) in patients with BED =100 Gy.

DISCUSSION

There is no doubt that pathologic diagnosis is the most
accurate diagnosis for lung wumors. When possible, clinicians
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Fig. 3. Kaplan-Meier curve of overall survival rates for operable (n
= 43) and inoperable (n = 72) patients. No statistically significant
difference was found (p = 0.07) between two groups.

should persuade patients to receive pathologic confirmation
before SBRT and to receive surgical resection if they are op-
erable. However, as we have observed in this retrospective
study, for patients with poor respiratory function, pathologic
confirmation of the small lung lesions is often difficult or life
threatening and occasionally abandoned by pulmonologists
and thoracic surgeons. Therefore, it is extremely important
to find a subset of patients who would benefit from SBRT
instead of the conventional strategy of watchful waiting or
elective surgical resection.

In patients with clinically diagnosed lung cancer =20 mm
in diameter, the 3-year survival rate was 89.8% in our series.
Although the median follow-up is still short, the 5-year sur-
vival rate was projected to be 89.8% for these patients. Be-
cause of the very low complication rate for these patients,
SBRT for inoperable patients highly likely to have Stage |
lung cancer with tumors =20 mm in diameter may be justifi-
able. However, the excellent survival rates for those patients
with tumors =20 mm may be partly caused by the inclusion
of nonmalignant lesions in the radiation-treated patients. The
clinical implications of the high local control rate depend on
the accuracy of clinical/radiologic diagnosis for small lung
lesions and are to be carefully evaluated in a prospective
study.

Median follow-up period 14 months was relatively short,
including 11 patients whose follow-up period was <4
months. However, 3- and 5-year survival data were not im-
pacted so much by them because follow-up period of the
other patients was much longer.

Onishi er al. reported that the patients treated with BED
<100 Gy had a tendency to have worse clinical outcomes
than those treated with larger dose in SBRT (1), In this study,
there were only 17 patients who received BED <100 Gy.
There was no significant difference in overall survival rates
between those treated with BED <100 Gy and those treated
with BED=100Gy, probably because of the small number
of the patients who received BED <100 Gy.

Improvement of clinical/radiologic diagnosis of small lung
tumors is essential if SBRT is used for clinically diagnosed
Stage I lung cancer. Before the introduction of FDG-PET.
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Fig. 4. Kaplan-Meier curve of overall survival rates for the patients
with a biologic effective dose (BED) <100 (n= 17)and a BED =100
(n = 98). No statistically significant difference was found (p = 0.95)
between the two groups.

the percentage of benign diseases in the solitary lung nodules
detected by plain chest X-ray or CT was reported to be 25%
to 50%, which is obviously too high (9-12). However,
improvement of imaging modalities has made it possible to
diagnose small peripheral lung cancer much more precisely
than before. There were recent reports that FDG-PET and
PET/CT showed 88% to 96.8% sensitivity, 77% to 77.8%
specificity, and 91.2% accuracy in diagnosis of primary
lung cancer (13, 14), A combination of positive FDG-PET
findings, enlargement of the nodule on CT image, and nega-
tive laboratory tests for worsening of inflammatory diseases
would reduce the false-positive diagnosis of Stage I lung can-
cer. However, Nomori er al. reported that lung nodules that
were <10 mm in size or that showed ground-glass opacity
on CT image cannot be evaluated accurately by FDG-PET
(15). Therefore, for solid round tumors =10 mm and those
with ground-glass appearance, watchful waiting would be
the preferable choice at present, and improvement in diagnos-
tic imaging is warranted. In addition, even if small lung
lesions are highly suggestive of primary lung cancer on clin-
ical/radiologic examination, the possibility of small-cell lung
cancer (SCLC), for which it is better to be given additional
chemotherapy, cannot be excluded. Some tumor markers
such as neuron-specific enolase or progastrin-releasing pep-
tide are shown to have relatively high sensitivity and specific-
ity for SCLC (16). Tumor marker screening has the potential
to reduce the inclusion of SCLC, although the tumor size may
be too small to detect marker elevation.

Recently video-assisted thoracoscopic surgery (VATS) for
lung cancer has become a safe and common procedure. In
comparison with open surgery, VATS is less invasive and
is associated with less morbidity and monality (17). How-
ever, a recent review showed that VATS sull has a 3.3% 10
13.4% complication rate for surgical biopsy and a 7.7% 1o
36.6% complications rate for lobectomy (17). In 567 patients
with peripheral NSCLC =20 mm who were operable as eval-
uated by cardiopulmonary function tests and had no history
of previously treated cancer, the complication rate was re-
ported to be 6.6% for sublobar resection and 7.3% for lobar
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resection with 1 operative death (18). In the present SBRT
study, for patients with a peripheral lung tumor =20 mm
who were often inoperable based on cardiopulmonary func-
tion tests and who could have a history of previously treated
cancer, only 3.4% (2 of 58) experienced Grade 2 pulmonary
complications and none experienced Grade 3 to 5 complica-
tions. Therefore, although the comparison of the complica-
tion between surgery and SBRT is difficult, SBRT can be
regarded as a safer treatment than lobectomy using VATS
and as safe as biopsy using VATS for patients with a umor
size =20 mm. On the contrary, for patients with a tumor
size >20 mm, Grade 2, 3, and 5 pulmonary complications
were observed in 8.8% (5 of 57), 5.3% (3 of 57), and 1.8%
(1 of 57) of study patients, respectively. Because the risk of
SBRT is not minimal for these patients, the indication of
SBRT for clinically diagnosed Stage I lung cancer with a
tumor >20 mm should be very carefully evaluated by mem-
bers of the cancer board in each institution.

It is important to state that our study does not give any
guidance for inoperable patients whose tumors are highly
suggestive of benign lesions but that cannot be definitely

determined not to be malignant, as this study looks only at
those with tumors highly suggestive of malignant lesions. Pa-
tients with benign pulmonary lesion such as hamartoma,
granulomatous inflammation, and focal fibrosis may require
pathologic confirmation because these patients sometimes
have tumors highly suggestive of benign lesions but that can-
not be definitely determined not to be malignant. At present,
it is obvious that VATS should be recommended for operable
patients with tumors that are highly suggestive of benign
lesions but that cannot be definitely determined not to be
malignant, as VATS gives us pathologic confirmation.

CONCLUSION

In conclusion, in clinically diagnosed Stage I lung cancer
patients with a tumor =20 mm in diameter, SBRT was rea-
sonably safe in this retrospective study. The clinical implica-
tions of the high local control rate depend on the accuracy of
clinical/radiologic diagnosis for small lung lesions and are to
be carefully evaluated in a prospective study.
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Abstract

Precise localization of mobile tumor positions in real time is critical 1o the
success of gated radiotherapy. Tumor positions are usually derived from
either internal or external surrogates. Fluoroscopic gating based on internal
surrogates, such as implanted fiducial markers, is accurate however requiring
a large amount of imaging dose. Gating based on external surrogates, such
as patient abdominal surface motion, is non-invasive however less accurate
due to the uncertainty in the correlation between tumor location and external
surrogates. To address these complications, we propose to investigate an
approach based on hybrid gating with dynamic internal /external correlation
updates. In this approach, the external signal is acquired at high frequency
(such as 30 Hz) while the internal signal is sparsely acquired (such as 0.5 Hz
or less), The internal signal is used to validate and update the internal /external
correlation during treatment. Tumor positions are derived from the external
signal based on the newly updated correlation. Two dynamic correlation
updating algorithms are introduced. One is based on the motion amplitude
and the other is based on the motion phase. Nine patients with synchronized
internal /external motion signals are simulated retrospectively to evaluate the
effectiveness of hybrid gating. The influences of different clinical conditions
on hybrid gating, such as the size of gating windows, the optimal timing for
internal signal acquisition and the acquisition frequency are investigated. The
results demonstrate that dynamically updating the internal /external correlation
in or around the gating window will reduce false positive with relatively
diminished treatment efficiency. This improvement will benefit patients with
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mobile tumors, especially greater for early stage lung cancers, for which the
tumors are less attached or freely floating in the lung.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that respiration-induced tumor motion will degrade the effectiveness of
radiation treatment (Bortfeld er al 2002, Jiang ef al 2003). Gated radiotherapy is an advanced
radiation treatment method for tumors with respiratory motion (e.g., Jiang 2006) since gated
treatment holds promise to reduce the incidence and severity of normal tissue complications
and to increase local control through dose escalation (Keall er al 2002 ), However, due to the
reduced clinical tumor volume to planning target volume (CTV-10-PTV) margin, the success
of gated treatment largely depends upon precise target localization in real time,

Generally, gated treatments use various surrogates to derive tumor position during real-
time treatment, although recent efforts have been made to generate gating signals from direct
localization of the tumor mass (Berbeco et al 2005, Cui er al 2007). Gating based on internal
surrogates (i.e., internal gating), such as the gold markers implanted in or near a tumor
in the real-time tumor-tracking radiation therapy (RTRT) system (Shirato et al 2000a), has
satisfactory precision. However, marker implantation is invasive and radiation dose to patients
from fluoroscopic marker tracking is a big concern. With many treatment fractions or long
treatment duration of a single fraction, the accumulative imaging dose can be more than is
clinically acceptable (Jiang 2006). Gating based on external surrogates (i.e., external gating),
such as markers placed on the surface of the patients’ abdomen for the real-time position
management (RPM) respiratory gating system (Kubo and Hill 1996, Vedam er al 2001) is
easy, noninvasive, and radiation dose free. However, the precision is often less satisfactory
(Berbeco er al 2005, lonascu er al 2007, Seppenwoolde er al 2007).

Therefore, it is natural to combine the advantages of both internal and external gating. The
goal is to reduce the internal imaging frequency by utilizing the external marker together with
the internal marker. For effective gated treatment, updating the internal /external correlation
in real time during treatment is required since it improves the confidences of external gating.
One way of integrating internal /external markers has been explored on the CyberKnife System
(Murphy 2004, Schweikard er al 2000). Markers on the patients’ abdomen are constantly
tracked and used to derive tumor positions. X-ray images are taken periodically (every 30 or
60 s) to re-calibrate the internal /external correlation. There is no correlation updating during
a treatment beam. Kanoulas er al (2007) proposed an algorithm to update internal/external
correlation with a fixed updating frequency (such as 10 Hz), Both methods acquire internal
tumor positions at a fixed frequency and internal motion acquisition can occur at any stage
of a breathing cycle. They are suitable for radiation treatment with beam tracking. However,
they are not optimized for gated treatment.

We propose a hybrid gating technique which integrates the external and internal signals
specially optimized for respiratory gating. This approach addresses some special concerns of
gated treatment. For example, it ensures accurate internal /external correlation in or near the
gating window although the correlation outside the gating window is not guaranteed. This
paper will introduce two dynamic correlation updating algorithms optimized for hybrid gating
with low-updating frequency (<0.2 Hz).
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2. Methods and materials

2.1. Materials

We have retrospectively evaluated our proposed hybrid gating based on patient data collected at
the Nippon Telegraph and Telephone Corporation (NTT) Hospital in Sapporo, Japan (Berbeco
et al 2005). The 3D internal signals were acquired by fluoroscopic tracking of the implanted
fiducial markers in or near the tumor with a Mitsubishi real-time tumor-tracking radiation
therapy (RTRT) system (Shirato er al 2000a). The extemal signals are one-dimensional
relative movement of patient abdominal surface, acquired through an external surrogate using
the AZ-733V external respiratory gating system integrated with the RTRT system, The
synchronized internal and external signals are gathered at 30 Hz throughout a treatment.

Nine lung patients with multiple (>4) treatment sessions are studied, of which the
superior—inferior (SI) tumor motion is more than 7 mm. Only SI motion is studied in our
hybrid gating since it is the most significant motion. Together, there are 154 treatment sessions
for these nine patients. Detailed information about the patients studied has been introduced
by other investigators (Berbeco er al 2005, lonascu er al 2007).

2.2. Effects of correlation changes over gating treatment

Most patients exhibit one or more unsynchronized changes of amplitude variations, phase shifts
and baseline drifts between internal and external motion signals. Examples are demonstrated
in figure 1, which also shows the distinctive correlation patterns for the same patient at different
times. The changes of internal /external correlation have great effects over gated treatment,
which are illustrated in figure 2. The false positive is when the radiation beam is on while the
tumor is out of the gating window. During a false positive, more radiation dose goes to healthy
tissue and critical structures than was planned. The false negative is when the radiation beam
is off while the tumor is in the gating window. From the point of clinical practice, a false
positive is more serious than a false negative. Thus, the primary concern is to promote gating
accuracy while maintaining an acceptable gating efficiency.

2.3. Gated treatment based on updated internal [external correlation

The proposed hybrid gating is a two-step procedure: correlarion initialization (a pre-treatment
step) and correlation adjustment (an online treatment step), which are introduced below:

(i) Correlation initialization. Before gated treatment, both the internal and external motion
signals are acquired at high frequency (30 Hz for our test data) for a few breathing
cycles. These high-frequency pre-treatment data will be applied to build the initial
internal /external correlation. For the simulation presented in this paper, the training data
are the first three full breathing cycles (a breathing cycle starts from the beginning of
an exhale and ends at the end of the immediate next inhale). A variety of correlation
algorithms can be used in this step, We have used the min max normalization (Han and
Kamber 2006) in which the internal motion signal will not change while the external
signal is scaled as follows:

. (e(?) — emin) - (Xmax — Xumin)

Cmax — €min

e'(r) + Xinins (1

where e(r) and /(1) are the original and the correlated external signals, respectively, ep
and ey (O Xpax and Xp,ip) are the maximum and minimum values of the original external
(or internal) signal.
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Figure 1. Internal/external motion signals and correlation patterns with phase shift (a) and (b), with
baseline drift and amplitude variation (c) and (d) und with combination of phase shift, baseline
drift and amplitude variation (e) and (f). The figures on the right (b). (d) and (D display the
internal /external correlations of the first (dark black dots) and last breathing cycles (gray dots) of
each corresponding pair of motion signals.

(ii) Correlation adjustment. Due to changes of internal /external correlation over time, the

initial correlation may not be a good reflection of the correlation during treatment.
Updating the correlation in real time is necessary to accurately derive the intemal tumor
location based on the external signal. When an updating event occurs at f;, the internal
position is acquired, denoted as x(r;). Any external signal after #; will be calculated
according to the following equation:

€' (1) = e (1) = [epge (i) — x ()], (2)
where ¢, () and e},.(r;) are the correlated external signals, at times ¢ and ; respectively,
calculated based on the previous active correlation at ;. Equation (2) will be the active
correlation after #; until the next updating event.




Gating based on internal /external signals

Moation signal (mm)

Gating signal

[\ intemal . extemal internal beam , Extomal boam , Beam Error |

)ﬁ::‘/::\/"""-\m

7
" False v
positive
&4

LML

-
w

-
-

w
]

ol

89 85 88
Time (second)

Figure 2. The effects of i | I correl changes over gated treatment. The internal
gating shows the beam on and off based on intemal motion signal while the external gating is
based on the correlated external signal. Gating errors show the differences of internal and extemal

gating.

It is critical to update the internal/external correlation when the tumor moves into

the gating window to improve the effectiveness of gated treatment (supporting results are
demonstrated in figure 6 and section 3.1). A successful updating algorithm needs to address
two important issues: (i) when is the best time to update the correlation and (ii) how
frequently an update is needed. This paper will describe two updating algorithms to determine
the optimal updating time: one is based on the amplitude and the other is based on the phase.

s Updating based on amplitude. For this approach, the gating window is divided into

different percentages based on amplitude, as illustrated in figure 3(a). One of these
percentage lines is defined as the updating trigger line. Once the external signal passes
the trigger line from below to above, an updating event will be triggered. Figure 3(a)
demonstrates the corresponding updating events at the 0%, 25% and 50% percentage
lines, for which the updating frequency is one update per breathing cycle. The amplitude-
based updating is simple and straightforward. However. there can be no updating point
for some breathing cycles. For instance, there is no update for the 50% percentage line
for the first breathing cycle since the external signal never passes the 50% line in this
breathing cycle. The worst case is that the external signal is always below the predefined
amplitude percentage line. In this case, there will be no updates at all.
Update based on phase. A piecewise linear representation (PLR) of respiratory motion
(Wu et al 2004) decomposes a normal breathing cycle into three states: exhale (EX), end-
of-exhale (EOE) and inhale (IN). The gating window (generally at the EOE state) for the
external signal is divided into different phases based on the duration as demonstrated in
figure 3(b). When the external signal passes the predefined triggering phase, the updating
event will be activated. The phase-based algorithm ensures there is one updating point
for every breathing cycle.

2.4. Gating window determination

We propose a clinical oriented approach to determining the gating window position, as shown

in

figure 4, The peak points at the EOE states are identified and the mean position of these peak



H Wu eral

Figure 3. Two algorithms for online correlation adj during radiati (u) based
on amplitude inside a gating window and (b) based on the phase of a piecewise linear model of
external signal.
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Figure 4. Determination of a gating window position based on the trining data sets. The average
of the peak points at the end-of-exhale is the center of the gating window.

points will be the middle position of the gating window. The simulation results presented in
this paper use the first three breathing cycles to calculate the gating window position. Various
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gating window sizes (from 2 mm to 6 mm) will then be simulated to assess the effect of gating
window sizes on gated treatment.

2.5. Evaluation of hybrid gating

Three metrics, namely, dury cycle, target coverage and residual motion, are defined 10
retrospectively evaluate the outcomes of hybrid gating. Assuming 7 is the total treatment
duration, including both beam-on and beam-off time, 1, is the beam-on time based on a
specific updating algorithm (true positives plus false positives), and r; is the correct beam-on
time (true positive), the two metrics are defined as follows:

duty cycle (DC) = :—I - 100%. (3)
(]

target coverage (TC) = :—? - 100%. 4)
1

Both false positives and false negatives are considered in the two metrics. The more false
negatives the lower the duty cycle. The more false positives the lower the target coverage.
Ideally, a good hybrid gating algorithm should result in high DC and high TC. If a tradeoff
between DC and TC is required, the focus is on improving TC while maintaining the DC at
an acceptable level.

The residual motion is used 1o evaluate the statistical variability of the motion signals in
the gating window. To calculate the residual motion, first, the motion position is classified
either in or outside a gating window. The residual motion is the standard deviation of the
corresponding motion signal inside the gating window, which is calculated based on the
following formula:

n-=1
where x; is the motion signal inside a gating window of either the original signals or the
updated signals.
The residual error between the internal target position and the edge of the gating window
for all false positives is also measured. The relative average distance and total distance of false
positives during a treatment fraction are calculated.

residual motion = (,t,- - ZI') " (5)

3. Results and discussion

The differences of hybrid gating with or without dynamic online adjustment of
internal /external correlation are illustrated in figure 5. The updating algorithm is based
on the piecewise linear model (PLR) at the 0% phase. It can be observed from the figure that
both false positives and false negatives have been reduced for this specific patient. Similar
results have been observed in the amplitude-based updating algorithm.

3.1. Results on the effects of updating timing

The optimal timing (o update the internal/external correlation is an important issue for an
updating algorithm. Figure 6 demonsirates the timing effects using amplitude-based updating
algorithm. Nine timing options inside or outside the gating window at the exhale stage are
illustrated in figure 6(a). The changes of target coverage (TC) and the duty cycle (DC) for one
patient and the average for all the patients are illustrated in figures 6(b) and (c).
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The figures showed that hybrid gating with online correlation adjustment improves target
coverage (TC), however it also brings down the duty cycle (DC). This is true at different
timings. The improvement of TC is most prominent when the tumor moves into the gating
window (updating timing T3, T4 and T5), i.e., near the transition points from exhale to end-
of-exhale state. The improvement decreases as the updating timing is away from (both before
or afier) the transition points, The reduction of DC is significant in the exhale state but does
not change too much in the end of exhale state.

The detailed effects of updating timings inside the gating window on gated treatments for
nine patients are summarized in table 1. The phase-based updating yields similar results to the
amplitude-based updating. A common observation from the table is that correlation updating
will improve the target coverage but decrease the duty cycle inside the gating window. In
addition, for most patients, updating at the earlier stage of the gating window shows greater
improvements in the target coverage. In the following, we will focus on the updating results
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Table 1. The timing effects inside a gating window for amplitude-based updating of nine
where gating window is 3 mm and updating frequency is once every cycle.

T (%) b (%)
Patients  ext TS T6 T ext T5 T6 Ly
Pl 7539 9046 9002 8540 2139 2042 1959 1628
P2 8166 9252 B39 B664 4185 1872 3513 3634
P3 7893 9448 0086 8978 4077 2007 2971 3086
P4 7863 B820 B7.10 8775 2200 2155 2058 1978
PS5 7753 9652 93.00 9047 3319 2128 2289 2258
P6 5409 7053 7471 7L13  IR61 1480 1453 17.1
7 5576 7500 B218 7732 4036 1102 1735 1983
P8 80.64 8819 8291 8101 3492 2911 2946 3053
P9 7756 8436 8766 8559 1993 2311 2179 19.89

on updating at lower edge of the gating window, i.e., the updating timing option T5 as shown
in figure 6(a).

3.2. Results on the effects of updating frequencies

The choice of the updating frequency can be a challenging issue for real-time dynamic
correlation updating. The effects of updating frequencies are demonstrated in figure 7 and
table 2 for amplitude-based updating, where the updating frequencies range from one update
per breathing cycle to one update every three breathing cycles. The average differences
between updating every cycle and every two cycles are 1.65 £ 0.26% for TC (column
TC; — TC3) and 0.18 £ 0.14% for DC (column DC; — DC;). The differences between
updating every cycle and every three cycles are 4.98 + 1.34% for TC and 0.63 + 0.55% for
DC. One notable exception is patient 9, who has extremely irregular external motion signal
with erratic baseline shift, large amplitude oscillation, and frequency changes. Although its
TC has improved with low-updating frequency, its DC has decreased. Similar results have
been observed for the phase-based updating. The higher the frequency at which the updating
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Table 2. The effects of the updating frequencies on amplitude-based updating where gating
window size is 3 mm and the frequencies are one update per one (DCy and TC ) or two (DC; and
TC;) or three (DC3 and TC3) breathing cycles.

TC (%) DC (%)
Patients TC;—TC: TC;-TC; DCy = DC; DCy = DCs
P1 2.62 14.36 —0.41 0.10
P2 0.60 4.45 0.17 =217
P3 1.03 4.78 =0.09 -3.25
P4 2.06 407 0.27 0.11
P5 1.60 397 0.23 -1.14
P6 1.92 343 =0.19 0.66
P7 2.57 043 0.94 -1.24
(] 0.79 435 0.55 1.92
P9 1.08 -9.51 0.46 -11.37

Average (Plwo P9)  1.65 £ 026 498 £ 1.34 0.1B+0.14 -063+055

is performed, the better the target coverage (TC). The effects of updating frequencies are
relatively small for DC.

3.3. Results on the effects of gating window sizes

The effects of gating window sizes on the efficacy of gated treatments have been analyzed
and the results of two representative patients are illustrated in figure 8. Figure 8(a) shows a
patient with regular motion and figure 8(b) shows one with quite irregular motion. The target
coverage (TC) and duty cycle (DC) are compared among three gating approaches: external
gating without correlation updating, hybrid gating with amplitude-based updating, and hybrid
gating with phase-based updating. Generally, larger gating windows result in better target
coverage and higher duty cycle. The duty cycle of most patients is >20% when the gating
window =3mm.
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The results show the impact of gating window size, which is restricted by the process
of treatment planning. Most gated trearments use a gating window with fixed size and fixed
position determined by the treatment planning process. Further investigation is needed to
apply the proposed approach under clinical conditions, where the restriction of the treatment
planning process will be taken into consideration.

3.4. Evaluation of dynamic updating on gated treatments

Figure 9 summarizes the target coverage (TC) and duty cycle (DC) for each patient, averaged
over the whole treatment course. With dynamic updating, either amplitude- or phase-based
updating, the target coverage is improved, notably for six patients (10% more than without
updating), moderately for two patients, and slightly for one (patient 9 who has erratic
motion). The average increase in TC, averaged over all patients, is 12% for phase-based
updating and 11% for amplitude-based updating. However, the duty cycle has diminished
with internal /external correlation updating (except patient 4 increases the DC by 1.3% for
phase-based updating). The average decrease in DC is 10% for phase-based updating and
11% for amplitude-based updating,

Thus, applying either updating method will improve the outcome of gated treatment,
although the phase-based approach showed slightly better performance than the amplitude-
based approach for most patients. Target coverage demonstrates the precision of delivered
radiation dose to the patients while the duty cycle indicates the duration of a gated treatment.
Lower target coverage means more radiation dose to the healthy tissue or critical structures.
From the view of clinical applications, as long as the duty cycle satisfies a certain threshold
(such as at least 20%), the improvement of target coverage has great impact for precise
radiation treatment.

3.5. Residual motion in the gating window

The residual motion, which is the standard deviation of the corresponding motion signal in the
gating window, of two patients is illustrated in figure 10. One patient has regular motion and
the other has irregular motion. It is shown that the residual motion has no significant difference
whether the internal /external correlations are dynamically updated or not. Thus. our updating
algorithms do not create large dispersion of the motion signals in the gating window.
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The errors between the internal target position and the edge of the gating window for all
false positives are calculated. The average distances of a treatment fraction, either with or
without update, are illustrated in figure 11(a), which showed that dynamic correlation updating
reduced the residual error. The relative accumulative errors are demonstrated in figure 11(b),
where the error without update is normalized to 100. For this treatment fraction, the relative
accumulative errors with updates are less than 20 mm. One reason is that dynamic correlation
updates reduce the false positive rate.

4. Summary

Two internal /external correlation updating algorithms have been proposed in this paper. One
is based on the amplitude percentages in the gating window and the other is based on the
phases of the end-of-exhale state (which usually is the gating window) from a piecewise linear
representation (PLR) of motion signal. Comprehensive evaluation of gated treatment has been
performed to test the effects of altered updating frequency, various gating window sizes, and
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different updating timings for both amplitude- and phase-based updating approaches. Several
metrics, including target coverage, duty cycle, residual motion in the gating window, residual
error for all false positives, are defined 1o evaluate gated treatment.

The results showed that dynamic correlation updating is necessary for the success of
gated radiation treatment. Moreover, gated treatment has high requirements for the timing
of correlation updates, i.e., correlation updating near the gating window entry point improves
more for the average target coverage, with some sacrifice of treatment efficiency. This is the
major difference between our updating algorithms and other correlation updating methods
(Kanoulas er al 2007). One update per breathing cycle (~0.2 Hz for internal imaging)
is acceptable for most regular treatments with improved target coverage. For long lasting
treatments, internal imaging can be further reduced by a factor of two, i.e., one update every
two breathing cycles, with the sacrifice of a couple of percentages of target coverage (1.65%).
Compared to the RTRT system with an internal imaging rate of 30 Hz, our approach has
reduced the internal imaging dose more than 150 times. The residual errors in the gating
window or for all false positive showed that our updating algorithms reduce residual motion
and lower false positive rate.

Further investigation is being carried out to swdy gating based on updated
internal /external signals in a clinical environment. For example, one direction is to integrate
advanced features, such as the estimation of motion uncertainties and phase discrepancies
during internal imaging, and the impact of motion hysteresis, into the correlation updating
algorithm. Another direction is the simulation of gating during a real-time treatment with
motion prediction by considering the system delay and imaging rate (Sharp er al 2004). Yet
another direction is o integrate the updating algorithms to dynamically change the sizes and
positions of the gating window under the restrictions of treatment planning system. It will be
very useful for patients with irregular motion, especially with baseline drift. In addition, more
precise evaluation metrics for gating are under active exploration.
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