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Abstract

radiotherapy (SRT) for primary lung cancer

mild if present.

Background: Chest wall injury after stereotactic radiotherapy (SRT) for primary lung cancer has recently been
reported. However, its detailed imaging findings are not clarified. So this study aimed to fully characterize the
findings on computed tomography (CT), appearance time and frequency of chest wall injury after stereotactic

Materials and methods: A total of 177 patients who had undergone SRT were prospectively evaluated for
periodical follow-up thin-section CT with special attention to chest wall injury. The time at which CT findings of
chest wall injury appeared was assessed. Related clinical symptoms were also evaluated.

Results: Rib fracture was identified on follow-up CT in 41 patients (23.2%). Rib fractures appeared at a mean of
212 months after the completion of SRT (range, 4 -58 months). Chest wall edema, thinning of the cortex and
osteosclerosis were findings frequently associated with, and tending to precede rib fractures. No patients with rib
fracture showed tumors > 16 mm from the adjacent chest wall. Chest wall pain was seen in 18 of 177 patients
(10.2%), of whom 14 patients developed rib fracture. No patients complained of Grade 3 or more symptoms.

Conclusion: Rib fracture is frequently seen after SRT for lung cancer on CT, and is often associated with chest wall
edema, thinning of the cortex and osteosclerosis. However, related chest wall pain is less frequent and is generally
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Background

Stereotactic radiotherapy (SRT) for primary lung cancer
has recently attracted attention because of its promising
treatment effects [1-10]. A recent report demonstrated
that SRT achieved a good survival rate for patients with
non-small cell lung carcinoma, comparable to those of
surgery [10]. SRT has now been applied not only to
medically inoperable patients but also to operable ones.
In the near future, SRT might become an alternative
treatment to surgery for stage I non-small lung
carcinoma.
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One major concern that must always been taken into
consideration when selecting treatment methods is
treatment sequelae. SRT is generally considered a safe
treatment, with fewer complications than surgery.
However, several studies have reported complications
in SRT, such as radiation pneumonitis [11,12] and
chest wall injury, including rib fracture [5-7,13-16].
Frequencies of rib fracture after SRT have already been
reported in several investigations. However, detailed
CT findings of chest wall injury have yet to be
clarified.

The present study therefore aimed to fully character-
ize detailed CT findings of chest wall injury after SRT
for primary lung cancer using thin-section CT.

© 2011 Nambu et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



Nambu et al. Radiation Oncology 2011, 6:137
http://www.ro-journal.com/content/6/1/137

Methods

The institutional review board approved all study proto-
cols. Written informed consent was obtained from all
patients prior to participation in this study.

Patients

Between November 2001 and April 2009, a total of 210
patients with primary non-small cell lung carcinoma
underwent SRT in our institution. Of these patients, 177
patients agreed to participate in this prospective study.
Patient characteristics are summarized in Table 1.

Methods of radiotherapy

SRT was performed using noncoplanar 10 dynamic arcs.
A total dose of 48-70Gy at the isocenter was adminis-
tered in 4-10 fractions, and approximately 80% isodose
line of prescribed dose covered planning target volume
(PTV) using a 6 MV X-ray, comprising three different
methods, namely 48Gy/4fractions, 60Gy/10fractions, and
70Gy/10fractions, (Table 1). We essentially used 60Gy/
10fractions but when tumor measured more than 3 cm
(ie. T2) 70Gy/10fractions was used, and cases that were
registered in a certain clinical trial were treated with
48Gy/4fractions. The dose was not constrained by sur-
rounding normal tissues including chest wall. Heteroge-
neity corrections were made in all cases.

After adjusting the isocenter of the PTV to the
planned position in a unit comprising a CT scanner and
linear accelerator, irradiation was performed under
patient-controlled breath-holding and radiation beam
switching.

CT examination

Preradiotherapeutic and follow-up CT were performed
using the same 16 multidetector row scanner (Aquilion
16 (Toshiba Medical Systems, Otawara, Japan)) and with
the identical protocols.

Parameters for CT scanning were as follows: peak vol-
tage 120 kVp, tube rotation time 0.5 second, slice colli-
mation 1.0 mm, and beam pitch 0.94. Tube currents
were determined by an automatic exposure control with
the noise factor for determining the applied tube current
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was set at 11 (standard deviation) and the tube currents
actually ranging from 110 to 400 mA.

Contrast-enhanced CT was performed for 116 patients
(67.1%) after unenhanced CT. Contrast material (Omni-
paque 300, Daiichi Sankyo, Tokyo) in a volume tailored
to the body weight of each patient (600 mg iodine/kg
body weight) was injected from the anterior cubital vein
within a fixed injection time of 50 s (i.e. injection rate
was variable.). CT scans were started at 60 and 120 s
after beginning of the contrast injection.

These data were reconstructed into 5 mm sections.
Thin-section CT (slice thickness, 1 mm) was also pro-
duced for regions that included tumor or radiation-
induced opacities targeting the affected lung, which was
mainly used for the evaluation of chest wall injury.

Preradiotherapeutic CT was performed within 1
month before SRT, while follow-up CT was performed
at 3 and 6 months after the completion of the radiother-
apy, and every 6 months thereafter.

CT evaluation
Preradiotherapeutic CT was interpreted by either of two
chest radiologists (A.N, E.S) in our institution. Maxi-
mum tumor size and the shortest distance between the
tumor margin and chest wall (tumor-chest wall dis-
tance) were measured on 1 mm contrast-enhanced CT
with a reconstruction kernel for viewing lung parench-
yma as a part of the radiology report. Maximum tumor
size was defined as the maximum dimension of a tumor
in all of axial CT sections that included the tumor.

Follow-up CT was also examined by either of the
same radiologists with special attention to abnormal
findings of the chest wall in addition to routine radiolo-
gical assessment. Rib fracture in this study was defined
as a disruption of cortical continuity with malalignment.
Thinning of cortex was defined as a focal area of cortex
with a thickness less than half of the surrounding nor-
mal cortex. Osteosclerosis was defined as an area of
increased attenuation comparable to cortex in the
medulla of rib.

The time at which each finding first appeared after the
completion of SRT was reviewed. Final outcomes of rib

Table 1 Characteristics of the 177 primary lung cancer patients enrolled in this study

Lung cancer patients (n = 177)

*Average age(range)

773 + 70 (55-92)

*Gender {male: female) 132:45

**Range of follow-up period (median) 11-99 (27)

Tumor diameter (average + standard deviation) 8-55 mm(30.0 + 9.1)
central tumors: peripheral tumors 22:155

Method of radiotherapy (48Gy/4fr60Gr/10fr:70Gr/10fr) 75:37:65

*Presented as mean * standard deviation.
**Presented as median.
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fractures during the follow-up period were also assessed
on follow-up CT.

Follow-up of patients

Every patient was basically asked to visit our clinic at
3, 6, and every 6 months thereafter after the comple-
tion of radiotherapy. At every visit, a thorough exami-
nation was performed, consisting of inquiry focusing
on pain at the chest wall near the irradiated tumor
and respiratory symptoms, physical examination by an
attending radiation oncologist, blood test, and CT.
Clinical symptoms considered related to chest wall
injury after SRT were graded according to the criteria
for pain in Common Terminology Criteria for Adverse
Events, version. 3. Chest radiologists interpreted the
results of CT just after the examinations. If the patient
complained of pain, analgesics were prescribed as
appropriate.

Evaluation of dosimetry
Among the 177 patients, detailed dosimetries were avail-
able for review in 26 patients with rib fracture and 22
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patients without. Patients without fracture were ran-
domly sampled among those with no evidence of frac-
ture on CT for more than 30 months. We set this
period as a cut-off point as most rib fractures after SRT
in this series had occurred within 30 months after com-
pletion of SRT. At the point on the chest wall that had
received the maximum dose, BED was calculated in
each case assuming the a/B ratio as 3 (BEDj3) (Figure 1).
The chest wall volume (cc) that received in BED; > 50
Gy was also calculated.

Data analysis
Data analyses were performed retrospectively using the
prospectively interpreted radiology reports.

First, we calculated the crude incidence of rib fracture
after SRT on follow-up CT during the follow-up periods
of the patients. As crude incidence may underestimate
actual incidence of rib fracture, we also performed a
Kaplan-Meier method to obtain a more accurate esti-
mate of incidence of rib fracture. We also assessed the
relationship between rib fracture and related findings in
terms of time frame.

Figure 1 An 86-year old woman with adenocarcinoma. A:Dosimetry overlaying CT shows the maximum prescribed dose of chest wall as
63Gy, with a BED; of 233.2Gy. B: Rib fracture was noted at 24 months after completion of SRT. Amorphous osteosclerosis is also seen (arrow).

r
I’i k¢

B

/




Nambu et al. Radiation Oncology 2011, 6:137
http://www.ro-journal.com/content/6/1/137

Second, we determined the threshold tumor-chest wall
distance on preradiotherapeutic CT to discriminate
patients who with rib fractures from those without. Fre-
quencies of rib fracture when the tumor-chest wall dis-
tance was less than or equal to the threshold distance
and when the distance was 0 mm were also calculated.

Third, we evaluated the frequency of clinical
symptoms.

Fourth, mean BED; and BED; 2 50 Gy were calcu-

“lated in fracture and non-fracture groups and were com-
pared between the two groups using unpaired t test.
Fisher’s exact test or 2 test was used to see differences
between groups. :

Value of p < 0.05 were considered statistically
significant.

All statistical analyses were performed using IBM
SPSS Statistics version 18(New York, USA).

Results

Frequency of rib fractures after SRT

The crude incidence of rib fracture was 23.2% (41/177)
at a median follow-up of 27 months (Table 2). The fre-
quency of rib fracture was not statistically different
among the three different dose fractionations (2 test, p
= 0.391). Kaplan-Meier method estimated the incidence
to be 27.4% at 24 months.

Imaging findings of rib fracture and related findings and
appearance times

Results of appearance time and frequency of rib frac-
tures are summarized in Table 2. Rib fractures appeared
at a mean of 21.2 months (range, 4 -58 months) on fol-
low-up CT. Fractures invariably occurred at the ribs
close to the irradiated tumor, and were solitary or multi-
ple (Figure 2). Final outcomes for fractures were non-
union in 28 patients, including 14 patients with pseu-
doarthrosis (defined as covering of cortex over the frac-
tured surface), and bony union in 13. Chest wall edema
was seen in 45 of 177 patients (25.4%), appearing at a
mean of 12 months after SRT (range, 2 -57 months).
Such edema was seen as asymmetrical swelling of the
ipsilateral chest wall compared with the contralateral
chest wall along with effacement of interlaced
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intramuscular fat attenuation. Low-attenuation areas in
the chest wall were occasionally associated, which
became more conspicuous on contrast- enhanced CT
(Figure 3). Thinning of the cortex was observed in 36
patients (30.3%) at 4 to 36 months. Osteosclerosis was
evident in 26 patients (14.7%) on follow-up CT at a
mean of 15 months (range, 4-57 months). This finding
appeared as mottled sclerosis of the affected bone (Fig-
ure 4). These findings related to rib fracture typically
preceded the identification of rib fracture.

Symptoms of rib fracture

Clinical symptoms in patients with rib fracture and
without rib fracture are summarized in Table 3. Chest
wall pain was seen in 18 of 177 patients (10.2%), of
whom 14 patients developed rib fracture. No patients
complained of Grade 3 or more symptoms. Four
patients without rib fractures complained of Grade 1
chest wall pain with all 4 cases showing radiological evi-
dence of chest wall edema. In the study population as a
whole, the frequency of chest wall pain was 21.5% (38/
177). The frequency of chest wall pain was not signifi-
cantly different between the patients with union (6/13,
46%) and non-union (7/28, 25%) rib fracture (Fisher’s
exact test, p = 0.160).

Threshold tumor-chest wall distance in the occurrence of
rib fracture

Mean tumor-chest wall distance was 12.3 mm (range, 0
- 53 mm). No patients with rib fracture showed a
tumor-chest wall distance > 16 mm, while frequency of
rib fracture was 31.3% (41/131) for a distance < 16 mm,
and 37.1% at 24 months by Kaplan-Meier method.
When the distance was 0 mm, frequency of rib fracture
was 36.7% (22/60) and 51.8% at 24 months by Kaplan-
Meier method (Table 4).

Maximum BED3 of the chest wall in patients with and
without rib fracture, and threshold dose for rib fracture
occurrence Mean BED3 of the chest wall was 240.7 +
38.7 in 26 patients with rib fracture and 146.8 + 74.5 in
22 patients without rib fracture, representing a signifi-
cant difference between groups (p < 0.001). The lowest
BED3 that resulted in rib fracture was 152.4 Gy. Mean

Table 2 Appearance time and frequencies of the rib fractures and related findings

Appearance time ranges

Crude frequency of each

Frequency at 24 months by Kaplan-Meier

(months)* finding method
Rib fracture 21.2 (4-58) 41/177(23.2%) 27.4%
Thinning of the 15.6 (4-36) 36/177 (20.3%)
cortex
Osteosclerosis 14.7 (4-57) 26/177(14.79%)
Chest wall edema 120 (2-57) 45/177 (25.4%)

*Presented as mean (range).
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Figure 2 An 85-year-old man with a rib fracture after SRT. A, A preradiotherapeutic thin-section CT showing a spiculated nodule with air-
containing spaces (arrow). B, Seven months later after SRT, CT shows edema of the right chest wall adjacent to the tumor, as evidenced by

asymmetrical swelling and effacement of the fat planes (arrow). C, On follow-up CT at 13 months after SRT, thin-section CT with a bone window
setting demonstrates thinning of cortex with mild sclerotic foci of the medulla in a rib. D, At 20 months after SRT, rib fracture with malalignment
of the cortex is apparent (arrow).

chest wall volume (cc) with BED3 > 50Gy was 110.3 £
45.0cc in the fracture group and 50.1 + 59.8 in the non-
fracture group, again representing a significant differ-
ence (p < 0.001). The minimum volume that resulted in
rib fracture was 25cc.

Discussion

Our results demonstrated that the development of rib
fracture after SRT is not uncommon with a frequency of
23.2% for the whole study population. Not unexpectedly,
frequency increased with closer proximity of the tumors
to the chest wall, from 31.3% <16 mm to 36.7% at 0 mm.
The reported frequencies of rib fracture after SRT vary
widely among investigators, ranging from 3% to 21.2%
[5-7,13-16]. Our result is closest to that reported by Pet-
terson, et al., who reported the highest frequency (21.2%)
among the previous reports [14]. We speculate that these
discrepancies are mainly caused by differences in the
methods for estimating frequency. Petterson, et al. and the
present study obtained frequencies based on follow-up
CT, whereas other studies based frequencies on findings

for patients who complained symptoms. That is, differ-
ences may be largely due to whether asymptomatic
patients with rib fracture were likely to be included in fre-
quency calculations. Our clinical experience supports this
speculation. Differences in follow-up periods, methods of
SRT or the proportion of tumors close to the chest wall
may also have contributed to the discrepancies between
studies. The frequency of rib fracture reported by Petter-
son, et al. is still lower than our result despite the fact that
they used a higher prescribed SRT dose than we did. This
may be because thin-section CT in the present study may
have allowed sensitive detection of rib fracture.

In Kaplan-Meier method, the frequency of rib fracture
was calculated to be even higher (27.4% at 24 months).
This incidence is considered to be a more accurate esti-
mate of frequency of rib fracture as there were censored
cases during the follow-up periods.

The frequency of rib fracture is also more common in
SRT for lung cancer than in breast conserving surgery
combined with radiotherapy, which has a reported fre-
quency of 0.3-2.2% [17,18], probably due to much higher
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Figure 3 A 65-year-old man with a rib fracture after SRT. A, Preradiotherapeutic thin-section CT showing a spiculated nodule with

surrounding ground-glass opacity close to the chest wall (arrow). B, Twelve months later after SRT, a rib fracture is apparent (arrow). C, At 6
months after SRT, enhanced CT shows swelling of the left chest wall with an area of low attenuation (arrows).

AN

dose delivered to the rib in SRT when tumors are close  months after completion of SRT, and were frequently
to the chest wall. preceded by chest wall edema, thinning of the cortex of

Rib fractures occurred at a mean of 21.2 months the rib or sclerosis of the medulla of the rib. We may
(range, 4-58 months) after SRT, mostly within 30 summarize the typical course of chest wall injury after
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Figure 4 A 85-year-old woman with adenocarcinoma. A, Preradiotherapeutic thin-section CT at the bone window shows no marked
abnormality of the ribs. B, At 18 months after SRT, bone sclerosis of the rib adjacent to the lung tumor appeared (arrow). C, At 30 months after
completion of SRT, multiple rib fractures with areas of sclerosis are seen. Pseudoarthrosis is present in one of the fractured bones (arrow head).

SRT as depicted on thin-section CT as follows: at sev-
eral months after SRT chest wall edema first appears.
The cortex then becomes thinner and the medulla
sometimes becomes sclerotic in a mottled fashion, and
the affected rib eventually undergoes fracture. These CT
findings presumably correspond to soft tissue edema
and changes in bone vascularity due to increased perme-
ability or occlusion of the capillaries caused by irradia-
tion of the soft tissue, and a decrease in number of
osteoblasts resulting in decreased collagen production,
in turn causing osteopenia and subsequent bone injury
[19]. Osteosclerosis after radiotherapy is considered to
represent reactive bone formation caused by remaining
osteoblast cells [20].

Under such conditions, the rib becomes extremely
vulnerable and often fractures. Although these bone
changes may actually represent insufficiency fracture
[19], radiation osteitis [21], callous formation secondary
to microtrabecular fracture or osteonecrosis [22], we did
not use these terms as we had no pathological

Table 3 Frequency and degree of chest wall pain

Degree of pain* Fracture group Non-fracture group

(n = 41) (n = 136)
Grade 0 27 (65.9) 132(97)
Grade 1 7(017.0) 4(3)
Grade 2 7(17.7) 0(0)
Grade 3 and 4 0(0) 0(0)

*The degree of chest wall pain was evaluated according to Common
Terminology Criteria for Adverse Events, Ver. 3.

**The numbers in the parentheses are percentages

confirmation of such findings. We therefore employed
the common terms for imaging findings.

We think that these preceding findings may be usable
as predictors of rib fracture. Prediction of rib fracture
may be informative to the referring physicians as well as
to patients as we might initiate treatment for chest wall
pain related to the forthcoming rib fracture in advance
or possibly take some preventive measures against rib
fractures. Although the frequency of clinical symptoms
was not high in patient with rib fracture and the clinical
symptoms were generally not severe, most symptomatic
patients had rib fracture. Therefore, prediction of rib
fracture will clinically be important.

In addition, bone sclerosis or focal loss of cortex may
be mistaken for metastasis. Familiarity with these find-
ings will therefore minimize the potential for confusion.

The outcomes of rib fracture were non-union in 28
patients, including 14 patients with pseudoarthrosis and
bony union in 13. Needless to say, the proportion of
union and non-union largely depends on the duration of
follow-up and the prescribed dose to tumors. However,
we can at least say that a substantial proportion of rib
fractures after SRT for lung cancer can remain a state of
non-union for a long time after SRT and that pseudoar-
throsis is not uncommon. However, the outcomes of rib
fracture seem unrelated to the frequency of clinical
symptoms.

A tumor-chest wall distance of 16 mm appears to
represent a threshold value, beyond which rib fracture
did not occur, in our series. This threshold offers a con-
cise and convenient reference value. Undoubtedly, the
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Table 4 Frequency of rib fracture in relation to tumor-chest wall distance

Tumor-chest wall distance(mm) Crude frequency

Frequency at 24 months by Kaplan-Meier method

<25 41/148(27.8%) 33.2%
<16 30/131(31.3%) 37.1%
0 22/60(36.7%) 51.8%

*The numbers in the parentheses in frequency are percentages.

risk of rib fractures depends much more on the dose
delivered to the rib and therefore a dosimetry-based eva-
luation can provide a more accurate estimate of the risk
of rib fractures. However, dosimetry can only be pro-
duced after SRT is chosen as the treatment. Our
approach can provide a patient or referring physician
with information about the risk of rib fracture based
only on preradiotherapeutic CT before decision is made
to undergo SRT. Our result may not be simply applic-
able to patients in other institutions as prescribed doses
differ among institutions, but will be valid when pre-
scribed doses are less than or equal to our own.

Mean BED; of the chest wall (240.7 £ 38.7 Gy) and
mean chest wall volume (cc) with BED; > 50Gy (110.3
45.0cc) in 26 patients with rib fracture were much higher
than those (146.8 + 74.5Gy and 50.1 + 59.8cc) in 22
patients without rib fracture, with statistical significances,
respectively. These values may also be usable to predict
the risk of rib fracture. The lowest BED; that resulted in
rib fracture was 152.4Gy. The threshold BED; for produ-
cing rib fracture seemed to be around 150Gy, but further
investigation is necessary to make a definitive conclusion.

This study has some limitations that must be consid-
ered. First, we regarded the appearance time of rib frac-
ture and other related findings as that when these
findings were first seen on follow-up CT. However,
these events would actually have occurred within the
interval of time since the previous CT. The present
study would thus have overestimated time that elapsed
until these events.

Second, for BED; of chest wall, only a small number of
cases from the study population were sampled. This was
because of the limited capability of our treatment planning
computer for data handling, which requires a substantial
amount of time to reproduce a dosimetry. Calculating
dosimetries of all cases is obviously the best way to obtain
a threshold BED, but we believe that our random sampling
method provided a clear and concise reference value,
which would offer a benchmark when considering risk of
rib fracture in clinical practice. Third, the method of SRT
for lung cancer has yet to be standardized. So, our results
cannot be simply applied to other institutions.

Conclusion
Rib fracture is seen with high frequency after SRT for
lung cancer when the tumor is close to the chest wall.

Chest wall edema and thinning and osteosclerosis of the
cortex represent related findings that often precede rib
fracture and might be predictive of a forthcoming rib
fracture. However, related chest wall pain is less fre-
quent and is generally mild if present.
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STEREOTACTIC BODY RADIOTHERAPY (SBRT) FOR OPERABLE STAGE I
NON-SMALL-CELL LUNG CANCER: CAN SBRT BE COMPARABLE TO SURGERY?
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Purpose: To review treatment outcomes for stereotactic body radiotherapy (SBRT) in medically operable patients
with Stage I non-small-cell lung cancer (NSCLC), using a Japanese multi-institutional database,

Patients and Methods: Between 1995 and 2004, a total of 87 patients with Stage I NSCLC (median age, 74
years; TINOMO, n = 65; T2NOMO, r = 22) who were medically operable but refused surgery were treated using
SBRT alone in 14 institutions. Stereotactic three-dimensional treatment was performed using noncoplanar dy-
namic arcs or multiple static ports. Total dose was 45-72.5 Gy at the isocenter, administered in 3-10 fractions.
Median calculated biological effective dose was 116 Gy (range, 100-141 Gy). Data were collected and analyzed
retrospectively.

Results: During follow-up (median, 55 months), cumulative local control rates for T1 and T2 tumors at 5 years
after SBRT were 92% and 73%, respectively. Pulmonary complications above Grade 2 arose in 1 patient
(1.1%). Five-year overall survival rates for Stage IA and IB subgroups were 72% and 62%, respectively. One
patient who developed local recurrences safely underwent salvage surgery.

Conclusion: Stereotactic body radiotherapy is safe and promising as a radical treatment for operable Stage I

NSCLC. The survival rate for SBRT is potentially comparable to that for surgery. © 2011 Elsevier Inc.

Stereotactic body radiotherapy, Lung cancer, Non-small-cell, Operable, Stage I.

INTRODUCTION

With the popularization of computed tomography (CT)
screening, lung cancers are increasingly detected at an early
stage. For patients with Stage I (T1 or 2, NO, MO) non-
small-cell lung cancer (NSCLC), resection of the set of full
lobar and systemic lymph nodes represents standard treat-
ment. Five-year overall survival rates for clinical Stage IA
and IB treated surgically are approximately 60-75% and
40-60%, respectively (1-3). However, a proportion of

patients who meet the criteria for surgery refuse such
intervention for various reasons. Radiotherapy offers
a therapeutic alternative in such cases, but the effects of
conventional radiotherapy in patients with Stage I NSCLC
are unsatisfactory, with local control rates of approximately
50% during a short 5-year survival period in 15-30% of
patients (4—7). Survival rates for conventional radiotherapy
for a statistically sufficient number of cases of operable
Stage I NSCLC have not been reported, because most
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patients receiving radiotherapy are inoperable. The poor local
control rates with conventional radiotherapy have been
attributed to doses of conventional radiotherapy that are too
low to control the tumor. Mehta et al. (8) provided a detailed
theoretical analysis of NSCLC responses to radiotherapy and
arationale for dose escalation. They concluded that higher bi-
ologically effective doses (BED) irradiated during a short pe-
riod must be administered to achieve successful local control
of lung cancer. To provide a higher dose to the tumor without
increasing adverse effects, three-dimensional conformal ra-
diotherapy techniques have been used, and better local con-
trol and survival have recently been reported (9-11). Over
the last decade, hypofractionated high-dose stereotactic
body radiotherapy (SBRT) has been actively performed for
early-stage lung cancer, particularly in Japan (12-17). We
have previously reported preliminary results for a Japanese
multi-institutional review of 257 patients with Stage I
NSCLC treated with SBRT (18). The resuits showed that lo-
cal control and survival rates were better with BED =100 Gy
than with <100 Gy, and survival rates were much better for
medically operable patients than for medically inoperable pa-
tients. These results were encouraging, but the duration of
follow-up for the study was somewhat short (median, 38
months), and we have not presented a detailed analysis of
medically operable patients as a distinct subgroup. Although
the standard therapy for operable Stage I NSCLC remains
surgery, the effect of SBRT on medically operable patients
is an issue of great concern. We provide herein detailed and
matured results of SBRT (BED =100 Gy) for medically op-
erable patients with Stage I NSCLC, using a retrospectively
collected Japanese multi-institutional database.

PATIENTS AND METHODS

Eligibility criteria

All patients who satisfied the following eligibility criteria
were retrospectively collected from 14 major Japanese insti-
tutions in which SBRT for lung cancer was actively per-
formed: (/) identification of TINOMO or T2NOMO primary
lung cancer on chest and abdominal CT, bronchoscopy,
bone scintigraphy, or brain magnetic resonance imaging;
(2) histopathologic confirmation of NSCLC; (3) medically
operable cancer but selection of SBRT after refusal to un-
dergo surgery. Medical operability was discussed within
the multidisciplinary tumor board of each institution accord-
ing to respiratory function, age, and complicating diseases.
Basic cutoff values for medical operability were World
Health Organization performance status =2, pressure of arte-
rial oxygen =65 mm Hg, predicted postoperative forced ex-
piratory volume in 1 s =800 mL, no heart failure requiring
pharmacotherapy, no diabetes requiring insulin, no severe ar-
rhythmia, and no history of cardiac infarction. Positron emis-
sion tomography was not essential in the staging procedures.

Patients were informed of the concept, methodology,
and rationale of this treatment, which was performed in
accordance with the 1983 revision of the Declaration of
Helsinki.

Table 1. Patient characteristics

Number (14 institutions) 87
Male 63
Female 24

Age (y), median (range) 74 (43-87)

ECOG performance status

-0 51
1 30
2 6

Histology
Adenocarcinoma 54
Squamous cell carcinoma 25
Other 8

Stage
1A 64
1B 23

Tumor diameter 25 (7-50)
(mm), median (range)

21
1B 39

Chronic lung disease
Positive 38
Negative 49

Abbreviation: ECOG = Eastern Cooperative Oncology Group.
Values are number unless otherwise noted.

Patient characteristics

A summary of patient pretreatment characteristics is given
in Table 1. From April 1995 to March 2004, a total of 87
medically operable patients with primary NSCLC were
treated using hypofractionated high-dose SBRT in 14 major
Japanese institutions. Each of these 87 cases was judged
medically operable, and surgery was initially recommended,
but the patients declined surgery and selected SBRT as arad-
ical treatment. Pathology of all tumors was confirmed as
NSCLC by transbronchial or CT-guided percutaneous bi-
opsy. The 14 participating institutions were these: Hokkaido
University; Kyoto University; Cancer Institute Hospital; To-
kyo Metropolitan Komagome Hospital; Kitasato University;
Tohoku University; Hiroshima University; Tokyo Metropol-
itan Hiroo Hospital; Sapporo Medical University; Institute of
Biomedical Research and Innovation; International Medical
Center of Japan; Tenri Hospital; Kitami Red Cross Hospital;
and Yamanashi University.

Treatment methods

Although the techniques to accomplish stereotactic
methods differed among these institutions, all ‘‘stereotactic
radiotherapy techniques’” fulfilled the following five require-
ments: (/) reproducibility of the isocenter (setup error =5
mm), as confirmed by image guidance for every fraction;
(2) respiratory motion (internal margin) suppressed using
as much as possible, to <5 mm; (3) slice thickness on CT
=3 mm for three-dimensional treatment planning; (4) irradi-
ation with multiple noncoplanar static ports or dynamic arcs;
and (5) single high dose =5 Gy.

Gross target volume (GTV) was delineated on CT images
displayed with a lung window level. Clinical target volume
(CTV) marginally exceeded GTV by 0-5 mm as judged by
the individual radiation oncologist. Internal margin was
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calculated and set around the CTV by 2-5 mm according to
the individual measurements for respiratory motion of each
institution. Internal margin caused by respiratory motion
was reduced by gating, tracking, breath-hold technique, or
abdominal compression. Planning target volume (PTV) com-
prised the CTV, a proper internal margin measured in each
patient, and a 5-mm safety margin. The total margin between
PTV and GTV was thus 7-15 mm. The irradiated port mar-
ginally exceeded PTV by 3-5 mm to secure the surface
dose of PTV. Dose calculation was performed using the
Clarkson algorithm and heterogeneity correction. A total
dose of 45-72.5 Gy (mean, 58.7 Gy) at the isocenter in 3—
10 fractions with single doses of 6.25-15 Gy was adminis-
tered with 6-MV X-rays within 20% heterogeneity in the

PTV dose. Minimum dose in the PTV corresponded to 85— -

95% of the prescribed dose in most cases. Typical dose/frac-
tionation schedules were 75 Gy in 10 fractions for 42 patients
and 48 Gy in 4 fractions for 38 patients. In principal, patients
were treated on consecutive days, but some patients were
treated every other day. No chemotherapies were adminis-
tered before or during radiotherapy.

To compare the effects of various treatment protocols
with different fraction sizes and total doses, BED was uti-
lized in a linear-quadratic model (19). Biologically effective
dose was here defined as nd(1 + d/a/B), with units of Gy,
where n is fractionation number, d is daily dose, and o/
8 is assumed to be 10 for tumors. Biologically effective
dose was not corrected with values for tumor doubling
time or treatment term. Biologically effective dose was cal-
culated at the isocenter in this study. Median calculated
BED was 116 Gy (range, 100141 Gy).

No restriction was placed on whether the tumor was lo-
cated peripherally or centrally in the lung, but dose for the
spinal cord was limited. Biologically effective dose limita-
tion for spinal cord was 80 Gy («/6 was assumed to be 2
Gy for chronic spinal cord toxicity). Doses for other organs
were not restricted.

Evaluation

The objectives of this study were to retrospectively evalu-
ate toxicity, local control rate, and survival rate. Follow-up
examinations were performed 4 weeks after treatment first,
then patients were seen every 1-3 months. Tumor response
was evaluated using the Response Evaluation Criteria in
Solid Tumors by CT (20). Chest CT (slice thickness, 2-5
mm) was usually obtained every 2 to 3 months for the first
year and repeated every 4-6 months thereafter. Complete re-
sponse indicated that the tumor had completely disappeared
or was judged to have been replaced by fibrotic tissue. Partial
response was defined as a =30% reduction in maximum
cross-sectional diameter. Distinguishing between residual tu-
mor tissue and radiation fibrosis was difficult. Any suspicious
residual confusing density after radiotherapy was considered
evidence of partial response, so actual complete response rate
may have been higher than presented herein. Distinguishing
between local recurrence and inflammatory change was also
difficult. Here, local recurrence was considered to have oc-
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curred only when enlargement of the local tumor continued
for >6 months on follow-up CT, obviously positive findings
were identified on positron emission tomography, or histo-
logic confirmation was acquired. Findings on CT were inter-
preted by two radiation oncologists in each case. Absence of
local recurrence was defined as locally controlled disease.
Lung, esophagus, bone marrow, and skin were evaluated us-
ing version 2 of the National Cancer Institute—Common Tox-
icity Criteria.

Statistical analysis

Cumulative rates of progression-free status at local, re-
gional lymph node, and distant sites and survival were calcu-
lated and drawn using Kaplan-Meier algorithms, with day of
treatment as the starting point. Subgroups were compared us-
ing log-rank statistics. Values of p < 0.05 were considered
statistically significant. Statistical calculations were con-
ducted using StatView version 5.0 software (SAS Institute,
Cary, NC).

RESULTS

All patients completed treatment without obvious com-
plaints. Median durations of observation for all patients and
survivors as of final follow-up were 55 and 63 months, re-
spectively.

Local tumor response
Complete response was achieved in 28 patients (32.2%),
and partial response was seen in 43 patients (49.4%).

Toxicity

Radiation-induced pulmonary complications of National
Cancer Institute-Common Toxicity Criteria (version 2.0)
Grade 0, 1, 2, and 3 were noted in 21 (24.1%), 61 (70.1%),
4 (4.6%), and 1 patient (1.1%), respectively. Rib fracture
and Grade 3 dermatitis were observed in 4 (4.6%) and 3 pa-
tients (3.4%), respectively. All tumors bordered the chest
wall. Grade 3 radiation-induced esophagitis was produced
in 1 patient, in whom the tumor slightly bordered the esoph-
agus. Maximum esophageal dose in this case was 30 Gy in 5
fractions. No vascular, cardiac, or bone marrow complica-
tions had been encountered as of last follow-up. In total,
Grade 3 toxicities were identified in 8 patients (9.2%).

No definite second malignancies were found during
follow-up, but 1 patient died of acute myelogenous leukemia
3.7 years after completing SBRT.

Recurrence

Local recurrence, lymph node metastases, and distant me-
tastases occurred in 8 (9.2%), 13 (14.9%), and 19 cases
(21.8%), respectively.

Cumulative local progression—free rate curves according
to stage are shown in Fig. 1. Cumulative local progression—
free rate after 5 years was 86.7% (95% confidence interval
[CI], 78.3-94.9%) for total cases. Cumulative local progres-
sion—free rate at 5 years was 92.0% (95% ClI, 83.8-99.6%)
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Fig. 1. Cumulative local progression—free rate curves, according to
stage. SBRT = stereotactic body radiotherapy.

for the Stage IA subgroup, significantly superior (p = 0.01) to
that for the Stage IB subgroup (73.0%; 95% CI, 52.2-
93.7%). Five-year local progression—free rates were not sig-
nificantly different between adenocarcinoma (80.9%; 95%
CI, 68.7-93.1%) and squamous cell carcinoma (95.5%;
95% (I, 86.7-100.0%). One patient who developed local re-
currence underwent surgery and has remained healthy for
more than 3 years after operatively. The operation method
was upper lobectomy and mediastinal lymphadenectomy,
and they were performed safely without any trouble.

Cumulative curves of regional lymph node and distant
metastases—free rates according to stage are shown in
Figs. 2 and 3, respectively. The 5-year lymph node metas-
tasis—free rate and distant metastasis—free rate for total cases
was 85.3% (95% CI, 77.6-93.0%) and 75.1% (95% CI,
64.8-85.4%), respectively. No significant difference was
identified between Stage IA and IB subgroups.

In patterns of regional nodal recurrence, 8 patients (61.5%)
showed nodal failure alone, 2 patients (15.4%) had nodal fail-
ure combined with local failure, and 3 patients (23.1%)
showed nodal failure combined with distant metastases.
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Fig. 2. Cumulative regional lymph node metastasis—free rate
curves, according to stage. SBRT = stereotactic body radiotherapy.
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Fig. 3. Cumulative distant metastasis—free rate curves, according to
stage. SBRT = stereotactic body radiotherapy.

Survival

Overall and cause-specific 5-year survival rates for total
cases were 69.5% (95% CI, 58.8-80.1%) and 76.1% (95%
CI, 65.9-86.3%), respectively. Overall and cause-specific sur-
vival curves according to stage are shown in Figs. 4 and 5, re-
spectively. Five-year overall survival rate was 72.0% (95% CI,
59.6-84.4%) in Stage IA patients and 63.2% (95% ClI, 42.7—
83.6%) in Stage IB patients. A marginal but nonsignificant (p
=0.14) difference was found between overall survival rates of
Stage 1A and IB groups. In terms of histology, overall 5-year
survival rate was 72.2% (95% CI, 59.2-85.2%) in the adeno-
carcinoma subgroup and 60.8% (95% Cl, 38.4-83.2%) in the
squamous cell carcinoma subgroup.

DISCUSSION

Exposing a tumor to a higher dose of radiation without in-
creasing adverse effects can be achieved using stereotactic
techniques. Stereotactic irradiation is an approach using
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Fig. 4. Cumulative overall survival rate curves, according to stage.
SBRT = stereotactic body radiotherapy.
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Fig. 5. Cumulative cause-specific survival rate curves, according to
stage. SBRT = stereotactic body radiotherapy.

multiple noncoplanar convergent beams, precise localization
with a stereotactic coordinate system, rigid immobilization,
and single high-dose treatment, maximizing delivery to the
tumor and minimizing the exposure of normal tissue. This ap-
proach can also substantially reduce overall treatment time
from several weeks of conventional radiotherapy schedule
to a few days, offering an important advantage to the patient.
Stereotactic irradiation techniques are well established for the
treatment of intracranial malignancies, but use in extracranial
malignancies has been considered problematic because of the
issues of fixation and internal motion. In 1994, Blomgren
et al. (21) described a technique of SBRT using a custom-
made body cast and stereotactic coordinates. In 1996, Ue-
matsu et al. (22) reported a CT-linear accelerator unit sharing
a common couch, enabling image-guided fractionated SBRT
without rigid immobilization. Since verification of the effects
and safety of SBRT for lung cancer (12), this treatment
method has rapidly been adopted in many institutions
(Table 2) (12-17, 23, 24). Although various fractionation
schedules are undergoing evaluation around the world,
a frequently used BED prescribed for tumors with SBRT
for Stage I NSCLC in Japan has been set at a little over
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100 Gy, as recommended in our previous study (18). How-
ever, concerning determination of the truly optimal dose of
SBRT for Stage I NSCLC, many problems and controversies
remain, such as dose-calculation algorithms (16), inhomoge-
neity corrections, essential dose for tumor control (24), and
dose constraints for organs at risk (25, 26).

Although a number of articles on SBRT for Stage I
NSCLC have been published, duration of follow-up in
most cases has not been sufficiently long, and almost all
treated patients were medically inoperable. The present study
thus provides data on two important areas.

One was cumulative local recurrence and metastatic rates
with a long duration of follow-up after SBRT. Rates of local
control and metastases depend largely on the duration of
follow-up and generally deteriorate as the duration of
follow-up increases. Furthermore, recurrence rates have
been reported in numerous articles, but most of them were
crudely calculated rate. We have presented 5-year camulative
local control, regional lymph node recurrence—free and dis-
tant metastasis—free rates, calculated using Kaplan-Meier
methods. The local progression—free rate in our results was
unsatisfactory, particularly for the T2 tumor subgroup. The
Japanese Clinical Oncology Group (JCOG) has thus started
a multi-institutional dose-escalation study for Stage IB
NSCLC patients (JCOG 0702).

Another meaningful result was the overall survival rate
with a longer follow-up duration, allowing comparison be-
tween SBRT and surgery. Although the survival rate in this
study was less than in our previous reports, we consider
this information worth reporting, because median duration
of follow-up was almost 5 years. Uematsu et al. (12) reported
a 3-year overall survival rate of 86% in 29 medically operable
patients with Stage I NSCLC, but the number of patients was
small, and follow-up duration was relatively short. Because
the number of medically operable patients treated with
SBRT was very small in individual institutions, the present
study collated the data of operable patients from multiple in-
stitutions. Whether the survival rate of SBRT was lower than
that of surgery could not be clarified from our results. Repre-
sentative 5-year overall survival rates of surgery for clinical

Table 2. Reports of SBRT for Stage I NSCLC

First author Total dose Single dose BED Median follow-up Local recurrence 3-y overall
(reference) N (Gy) (Gy) (Gy) (mo) (%) survival (%)
Uematsu (12) 50 72 7.2 124 60 6% 6
Nagata (13) 42 48 12 106 52 3% 82
Onimaru (14) 28 48 12 106 27 36" 82 (Stage IA)
32 (Stage IB)
Onishi (15) 26 72 7.2 124 24 8* 75
Takeda (16) 63 50 10 100 31 st 90 (Stage IA)
63 (Stage IB)
Koto (17) 31 45-60 7.5-15 105-113 32 29* 72
Hof (23) 10 19-26 19-26 55-94 15 40* 37
Fakiris (24) 47 60-66 20-22 180-211 50 12t 43

Abbreviations: SBRT = stereotactic body radiotherapy; NSCLC = non—small-cell lung cancer; BED = biologically effective dose («/8 = 10).

* Crude data.

t Cumulative data calculated with Kaplan-Meier method.
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Table 3. Comparison of 5-y overall survival rate between
surgical series and SBRT

Japanese Japanese
Clinical United National Cancer National
stage States (1) Center (2) Survey (3) SBRT
1A 61 7 77 76
B 40 44 60 64

Abbreviation: SBRT = stereotactic body radiotherapy.
Values are percentages.

Stage IA and IB NSCLC are listed in Table 3 (1-3), ranging
approximately 60-75% for Stage IA and 40-60% for Stage
IB. We cannot conclude that the survival rate for SBRT is
equivalent to that for surgery, because the present data for
SBRT are based on a retrospective study and small sample
size. However, the background of patients treated by SBRT
in this study seems likely to have included worse
prognostic factors than those in patients treated surgically.
Concerning the size and characteristics of tumors, good
prognostic factors such as smaller tumor size (27) or lower-
density mass (so-called ground-glass opacities) (28) might
be more frequently included in patients treated with surgery,
because the determination of histological malignancy before
SBRT was difficult for such tumors, In addition, median age
of patients treated by surgery was approximately 10 years
younger in the surgical series (median, 60—65 years) than
in the SBRT series (median, 75 years). We therefore believe
that survival rates for SBRT in medically operable patients
are potentially comparable to those for surgery.

Regarding treatment-related toxicity, the rate of severe
(Grade =3) acute and short-term chronic complications after
SBRT was very low and acceptable, despite the high age of
those patients (median, 74 years) in our experience. In results
for pulmonary lobectomy, Deslauriers et al. (29) reported
much higher mortality and morbidity rates that increased
with aging. In other reports, mortality rates for patients
aged >70 years old after pulmonary lobectomy were 7.6%
(30). Even though improvements of mortality and morbidity
of surgery may have recently been achieved (31), in particu-
lar under a technique of video-assisted thoracoscopic lobec-
tomy (32), we consider SBRT as a safer and less invasive
treatment modality than surgery, at least for peripherally lo-
cated lung tumor up to 5 years after treatment. However, re-
ports of SBRT for centrally located lung tumor have shown
a comparably high risk (25, 26), and long-term chronic tox-
icity remains unclear. A longer and larger follow-up of
SBRT is needed.

We thus consider that SBRT may offer a useful option for
initial radical treatment of at least peripheral Stage IA
NSCLC, not only for medically inoperable patients but also
for operable patients. However, regarding centrally located
or large T2 tumors, surgery must still be recommended as
the first choice of treatment until further data can be accumu-
lated. Although we encountered only 1 case in the present
study, pulmonary lobectomy and mediastinal lymph node re-
section were performed without difficulty for a locally recur-
ring tumor after SBRT. Surgery might be an option as salvage
therapy for locally recurrent cases after radical SBRT for
Stage I NSCLC. )

In Japan, the number of patients treated with SBRT has ex-
ploded, especially since SBRT for lung cancer has been cov-
ered by the national health insurance since 2004. A Phase II
multi-institutional study of JCOG researching the efficacy
and toxicity of SBRT for both medically operable and inop-
erable Stage IA NSCLC patients (JCOG 0403) started in
2004, and patient entry was completed in October 2008. A
total of 90 medically inoperable and 65 operable patients
have been enrolled. In the United States, a Phase II multi-
institutional study of SBRT for only medically inoperable.
Stage I NSCLC patients (Radiation Therapy Oncology
Group 0236) has been ongoing.

Even multi-institutional Phase II studies of SBRT for
Stage I NSCLC may have inevitable selection bias compared
with surgical series. A prospective randomized trial is essen-
tial to conclude whether outcomes of SBRT for medically op-
erable patients are truly comparable to those of surgery. A
protocol for randomized studies comparing SBRT with sur-
gery for Stage I NSCLC has been initiated (33) but has not
progressed. Such a randomized study is likely to prove
very difficult to perform, because most patients may hope
for more minimally invasive therapy, such as SBRT. Many
more experiences for more patients with a longer follow-up
duration are thus needed to confirm the safety and effects
of SBRT as a radical treatment for operable Stage I NSCLC.
If the experience of SBRT for medically operable Stage 1
NSCLC matures and produces no poor results in future,
SBRT will have a marked impact on standard treatment pro-
cedures for lung cancer and provide good news for Stage I
lung cancer patients, the prevalence of whom is likely to in-
crease.

In conclusion, treatment results of SBRT reviewed from
a Japanese multi-institutional database showed that SBRT
is safe and promising as a radical treatment for operable Stage
INSCLC. The survival rate of SBRT is potentially compara-
ble to that of surgery.
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MEGAVOLTAGE CONE BEAM COMPUT ED TOMOGRAPHY DOSE AND THE
NECESSITY OF REOPTIMIZATION FOR IMAGING DOSE-INTEGRATED
INTENSITY-MODULATED RADIOTHERAPY FOR PROSTATE CANCER
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Purpose: Megavoltage cone beam computed tomography (MV-CBCT) dose can be integrated with the patient’s
prescription. Here, we investigated the effects of imaging dose and the necessity for additional optimization
when using intensity-modulated radiotherapy (IMRT) to treat prostate cancer.

Methods and Materials: An arc beam mimicking MV-CBCT was generated using XiO (version 4.50; Elekta, Stock-
holm, Sweden). The monitor units (MU) for dose calculation were determined by conforming the calculated dose to
the dose measured using an ionization chamber. IMRT treatment plans of 22 patients with prostate cancer were
retrospectively analyzed. Arc beams of 3, 5, 8, and 15 MU were added to the IMRT plans, and the dose covering
95% of the planning target volume (PTV) was normalized to the prescribed dose with (reoptimization) or without
optimization (compensation).

Results: PTV homogeneity and conformality changed negligibly with MV-CBCT integration. For critical organs,
an imaging dose-dependent increase was observed for the mean rectal/bladder dose (Dp,can), and reoptimization
effectively suppressed the D, elevations. The bladder generalized equivalent uniform dose (gEUD) increased
with imaging dose, and reoptimization suppressed the gEUD elevation when 5- to 15-MU CBCT were added, al-
though rectal gEUD changed negligibly with any imaging dose. Whereas the dose elevation from the simple addi-
tion of the imaging dose uniformly increased rectal and bladder dose, the rectal D,;,, increase of compensation
plans was due mainly to low-dose volumes. In contrast, bladder high-dose volumes were increased by integrating
the CBCT dose, and reoptimization reduced them when 5- to 15-MU CBCT were added.

Conclusion: Reoptimization is clearly beneficial for reducing dose to critical organs, elevated by addition of high-
MU CBCT, especially for the bladder. For low-MU CBCT aimed at bony structure visualization, compensation is

sufficient. © 2011 Elsevier Inc.

Dose compensation, Megavolt cone beam computed tomography, Prostate IMRT, Reoptimization.

INTRODUCTION

Megavoltage cone beam computed tomography (MV-
CBCT) using a MV treatment beam and an electronic portal
imaging device enables precise quantitative evaluation of
patient setup error (1-3). The
verification of organ alignment and estimation of the
actual dose delivered to patients (4-6). Advantages of MV-
CBCT include its stable geometry and low incidence of
metal artifacts compared to kilovoltage CBCT (kV-
CBCT). Disadvantages include elevated dose (7) and low

technology allows,

image contrast compared to kV-CBCT (8), although im-
provements to the latter have been made (9, 10).
Intensity-modulated radiotherapy (IMRT) allows a reduc-
tion in the dose to organs at risk (OARs) by modulating the
beam intensity in each beam field, using a multileaf collima-
tor (11, 12). Pelvic organs exhibit both systematic and
random motions, deformations, and size variations during
treatment and over the entire course of therapy (13-16).
Achieving the desired dose distribution requires still more
accurate patient setup, as any uncertainty will be
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accompanied by deformation of dose distribution, resulting
in the failure of dose delivery to targets and elevated dose
to OARs (17). For setup verification in our institution, we
routinely used a monitor unit (MU) value of 3 for CBCT,
which is the minimum value for image acquisition protocols.
We verified that the image quality of 3-MU CBCT was
adequate for recognizing skeletal structures. For soft tissue
visualization, however, we consider that 8 or more MU are
required, based on clinical experience. Similarly, Morin
et al. (1, 18) have suggested that the image contrast of 9-
MU CBCT is sufficient for soft tissue visualization.
Typically, an IMRT series consists of many fractions, and
the contribution of the MV-CBCT dose may be unacceptable
if image acquisition with high MU is applied to every treat-
ment fraction. The characteristics of the CBCT beam are
quite similar to those of the treatment beam, meaning that
MV-CBCT dose distribution can be estimated using a radio-
therapy treatment planning system (RTPS) (2). Morin et al.
(18) introduced a methodology for integrating MV-CBCT
dose with the prescribed dose, which used 5 MU for the
head and neck region and 9 MU for the pelvic region. Those
imaging doses were integrated into prescribed doses for
radiotherapy by scaling down the dose weights from the total
prescribed dose of the treatment beams. Miften et al. (19)
showed that IMRT optimization performed after addition
of the MV-CBCT beam reduced OAR dose by taking into
consideration the contribution of the MV-CBCT beam.
That study’s MV-CBCT protocols used 15 MU for the pelvic
region. The MU values for MV-CBCT were fixed in those
studies, and no study has investigated the effects of MU
alteration on dose distribution, although imaging dose is
known to affect both patient dose and MV-CBCT image
quality (2, 20).

Here, we investigated the effects of MV-CBCT imaging
dose alteration and the necessity for reoptimizing MV-
CBCT dose-integrated IMRT related to dose distribution in
treating prostate cancer.

METHODS AND MATERIALS

Linear accelerator and MV-CBCT system

Our institution’s Oncor Impression Plus linear accelerator
(LINAC) with Optifocus multileaf collimator (both from Siemens
Medical Solutions, Concord, CA) is capable of generating dual-
energy X-ray beams (6 and 10 MV). An MVision MV-CBCT
system (Siemens Medical Solutions) was installed. During MV-
CBCT acquisition, the gantry of the LINAC rotates from 270° to

110°, generating a 6-MV photon beam. The field width of the .

MV-CBCT system is 27.4 cm. The maximum range in the
superior-inferior direction is 27.4 cm, and the range can be adjusted
using Y-jaws.

Dose calculation and verification of MV-CBCT accuracy
Dose distribution for MV-CBCT and treatment planning was
done using an XiO version 4.50 (Elekta, Stockholm, Sweden) treat-
ment planning system. The MV-CBCT system with doses of 3, 5, 8,
and 15 MU (set MU) was calculated by regarding it as an arc beam
with a gantry rotation from 270° to 110°. The calculation step of the
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arc beam was 10°. Field length along the Y-axis (superior-inferior
direction) was 9 cm for the phantom study. The accuracy of dose
calculation was verified by measurement using an I'mRT Phantom
(IBA Dosimetry GmbH, Schwarzenbruck, Germany); a 0.6-cc
Farmer-type ionization chamber, model TN30013 (PTW, Freiburg,
Germany); and Gafchromic EBT2 film (International Specialty
Products, Wayne, NJ).

For calculation, the I'mRT Phantom’s electron density was
considered equivalent to that of water, and the measured values
were corrected using a solid phantom-to-water dose conversion
factor (21). Point dose in the phantom was measured at nine points,
namely the center of the phantom and points shifted vertically and
horizontally by 43 cm (Fig. 1A). To investigate the dose distribu-
tion of MV-CBCT alone, Gafchromic film in the I'mRT Phantom
was irradiated ten times. To simulate clinical use, films were irradi-
ated with MV-CBCT, as well as the series of IMRT beams from one
patient. The summed dose distribution was analyzed. For analysis
of radiochromic films, three-channel data (red-green-blue) were
acquired at 150 dpi, using a flatbed scanner (model ES-10000G;
Epson Seiko Corp., Nagano, Japan). We used software developed
inhouse to extract red channel data from scanned images and con-
verted them to dose distribution data, using dose calibration curve
prepared for EBT2 films. We confirmed that the difference in
responses of EBT2 film to 6 MV and 10 MV X-radiation was neg-
ligibly small (data not shown), and therefore, we used the calibra-
tion curve prepared using 10 MV X-rays for the analysis of films.
The planar dose maps extracted from films and exported from
XiO were imported into MapCHECK version 5.01.02 software
(Sun Nuclear, Melbourne, FL), and the differences between dose
distribution measured by films and that calculated by XiO were
evaluated using the v index (22).

Patients and IMRT planning
We retrospectively analyzed the treatment plans of 22 patients

with intermediate- or high-risk prostate cancer, who were treated

with IMRT between March and November 2009. A radiation oncol-
ogist delineated the prostate and seminal vesicles of all patients.
The clinical target volume (CTV) was generated for the prostate
and part of the seminal vesicles, and the overlapping region of
the CTV with margins for all directions and rectum was then sub-
tracted and defined as the planning target volume (PTV).

OARs were contoured by medical physicists and reviewed by
a radiation oncologist. Bladder and rectal volumes were defined
as solid structures within the external organ contour. The rectum
was delineated from the rectosigmoid junction to the level of the
ischial tuberosity or the anus. The prescribed dose was 74 Gy/37
fractions. PTV and OAR volume information for the patients is
listed in Table 1. A five-field coplanar treatment plan with beam
angles of 45°, 105°, 180°, 255°, and 315° was generated using
a 10-MV photon beam for each patient. After optimization, the final
dose was calculated using a fast Fourier transform convolution
algorithm with a grid size of 2.0 mm.

Imaging dose integration and reoptimization of the IMRT
plan

For all patients” IMRT plans, the dose covering 95% of PTV
(D95) was normalized to the prescribed dose (74 Gy). To create
simple addition plans, an arc beam mimicking 6-MV CBCT was
added to the clinically approved treatment plan of each patient.
The craniocaudal CBCT imaging range was 10 cm. The D95 value
from total beams clearly exceeded the prescribed dose.
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Fig. 1. (A) Dose distribution of MV-CBCT and location for measurement of point-dose using an ion chamber is shown.
The axial plane of the I'mRT Phantom, displaying measurement points, is shown. Isodose lines show relative dose to the
isocenter as calculated by using a XiO system. (B) MV-CBCT dose comparisons between measurements and calculations
are shown. The horizontal axis corresponds to the location in panel A. Columns and bars represent means + standard
deviations (SDs) for measurements. The lines indicate the calculated values. The +y analysis using EBT2 film for (C)
15-MU CBCT alone and (D) IMRT beams with 3-MU CBCT of a representative patient is shown. The criterion of +y anal-
ysis is 3%/3 mm, and the region exceeding the criterion is red. The dose distributions of films and calculations are shown

as gray-scale and lines, respectively.

Two further treatment plan types were created, one involving an

additional round of IMRT-beam optimization (reoptimization
plans) and a second without this additional optimization (compen-
sation plans). To create compensation plans, the total dose was nor-
malized to D95 by simple rescaling of IMRT beam weights,
keeping imaging doses constant. For reoptimization plans, another
optimization was performed after adding MV-CBCT. The dose
constraints for reoptimization were not altered from the clinically
approved treatment plans to eliminate any differences with regard
to planner’s individual techniques. After optimization, PTV D95
was normalized to the prescribed dose.

To assess the effects of daily portal imaging without incorporat-
ing imaging dose into the prescribed dose, two orthogonal beams
mimicking portal imaging beams were created in the RTPS. The en-
ergy, field size, and imaging MU values for the portal imaging
beams were 6 MV, 15 x 15 cm?, and 1 MU, respectively, for
both anterior-posterior and lateral beams. Total numbers of
fractions were equal for portal imaging and IMRT. Dose calculation
accuracy, linearity, and repeatability for X-ray beams with small
MU were verified monthly.

Plan evaluation
To evaluate target coverage quality, PTV homogeneity (H/) and
conformity (CI) indices were calculated using the following
formulas:
HI = Dmax/Dmin
and

Cl = Vg /Vprv

where Dpaxs Dumins Vrx, and Vpry represent maximum dose,
minimum dose, prescription isodose volume, and the PTV volume,
respectively. HI represents the increase or decrease of hot and cold

regions. The values are close to unity for homogenous plans and are
large for inhomogeneous plans. CI stands for plan conformality. In
this study, PTV D95 was normalized to the prescribed dose and was
never changed by compensation and reoptimization. CI therefore
stands for the ineffective dose delivered around PTV. CI values
are close to unity for conformal plans and become larger for
nonconformal plans.

For OARs, rectal and bladder mean doses (Diean) Were
calculated as follows:

DV
Dmean - Z—V_"
where V; is the volume receiving a certain dose (D;), and V stands for
total volume. To evaluate the variations of radiobiological effects
from the imaging dose, the generalized equivalent uniform dose
(gEUD) proposed by Niemierko (23) for each OAR was also
calculated, as follows:

n

‘/i n
gEUD = ZVD}/

where n is a parameter that describes the volumetric dependence of
the dose-response relationship for each organ. When n = 1, the

Table 1. Patient information and calculated dose of MV-
CBCT for each patients

Volume (cc) MV-CBCT dose (cGy)

Dose PTV Rectum Bladder 3MU 5MU 8§ MU 15 MU

Median 719 424 1329 80.8 1319 204.6 374.1
Minimum 529 28.8 232 771 1259 1953 357.1
Maximum 136.9 61.3  363.0 854 139.6 2165 3959
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with the same MU).

gEUD value is equal t0 Diyeqn, and a lower n value indicates stron-
ger high-dose sensitivity. The gEUD represents the homogeneous
dose distribution that results in the same probability of complica-
tions as that of an inhomogeneous dose distribution. The values
of n were 0.12 and 0.5 for rectum and bladder, respectively, as Bur-
man et al. previously reported (24). The rectal and bladder volumes
receiving a certain dose (Vx) were also analyzed. For calculating
Dieans gEUD, and Vx, the dose-volume data were derived from
dose-volume histogram (DVH) data exported from RTPS.

Statistical analyses

Statistical significance was assessed using the paired #-test, and
statistical significance was set at a p value of <0.05. The Bonferroni
correction was used for multiple comparison.

RESULTS

MV-CBCT dose calculation accuracy
The monitor chamber mounted on the LINAC indicated
values (actual MU) of 2.7 4= 0.0, 4.5 &+ 0.0, 7.2 + 0.0, and
13.3 £ 0.1 MU for MV-CBCT beams with set MU of 3, 5,
8, and 15 MU, respectively. In a preliminary study using ac-
tual MU for calculations, unacceptable calculation errors
(>10%) were observed, particularly for low-MU CBCT, al-
though the treatment arc beam was calculated accurately
(data not shown). In our study, the imaging MU values for
calculations were determined by conforming the calculated
dose to the dose measured using the ionization chamber.
The doses from MV-CBCT for 3, 5, 8, and 15 MU (set
MU) measured at the center of I'mRT Phantom corresponded
. t0 3.0, 4.9, 7.6, and 13.9 MU, respectively, determined by
using the XiO system. MV-CBCT doses measured by the

ionization chamber and calculated by the RTPS are com-
pared in Fig. 1B. For all eight points around the center of
the 'mRT Phantom (Fig. 1B, point E), the error between
the measured and calculated doses was less than 1.3% for
all imaging MU, and the maximum absolute error was
0.08 cGy.

We also assessed MV-CBCT dose distribution calculation
accuracy along the axial plane in the 'mRT Phantom
(Fig. 1C and D). The criterion of v analysis is 3%/3 mm,
and the region exceeding the criterion was colored red.
The CBCT dose distribution agreed well with the calculation
(Fig. 1C). To assess the calculation accuracy for clinical use,
two-dimensional dose distributions of MV-CBCT combined
with IMRT beams were measured using film and compared
with the calculation. The representative result using 3-MU
CBCT is shown in Figure 1D. Almost all regions passed
the criterion for any MU. The pass rate was greater than
98% for CBCT with or without IMRT.

Effect of reoptimization on PTV homogeneity and
conformality

Figure 2A and B shows the PTV DVH for compensation
and reoptimization plans, respectively. One patient with
PTV and OAR volumes close to the median values was
chosen. For both techniques, the curves of plans with 3- to
15-MU CBCT were highly similar to those of the nonimag-
ing plan (0 MU), indicating little change in PTV coverage.
Figure 2C and D shows PTV HI and CI indices, respectively.
For HI, no significant differences were noted for both tech-
niques compared with nonimaging values. Compensation
with 5 to 15 MU showed a statistically significant decrease



