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Purpose: To evaluate acute cardiac effects of concurrent chemoradiotherapy (CCRT) for esoph-
ageal cancer.

Methods and Materials: This prospective study was approved by the institutional review board,
and written informed consent was obtained from all participants. The left ventricular function
(LVF) of 31 patients with esophageal cancer who received cisplatin and 5-fluorouracil—based
CCRT was evaluated using cardiac cine magnetic resonance imaging. The patients were classi-
fied into two groups according to mean LV dose. The parameters related to LVF were compared

’ IesC magln between before and during (40 Gy) or between before and after CCRT using a Wilcoxon
Patients were classified into matched-pairs single rank test, and parameter ratios (during/before CCRT, after/before CCRT)
mean were also compared between the groups with a ¢ test. Data were expressed as mean £ SE.

Results: In the low LV-dose group (n = 10; mean LV dose <0.6 Gy), LV ejection fraction
decreased significantly (before vs. during vs. after CCRT; 62.7% + 2.98% vs. 59.8% =+
2.56% vs. 60.6% =+ 3.89%; p < 0.05). In the high LV-dose group (» = 21; mean LV dose of
3.6—41.2 Gy), LV end-diastolic volume index (before vs. after CCRT; 69.1 + 2.93 vs. 57.0 &
3.23 mL/m?), LV stroke volume index (38.6 & 1.56 vs. 29.9 + 1.60 mL/m?), and LV ejection
fraction (56.9% =+ 1.79% vs. 52.8% 4= 1.15%) decreased significantly (p < 0.05) after CCRT.
Heart rate increased significantly (before vs. during vs. after CCRT; 66.8 + 3.05 vs. 724 +
4.04 vs. 85.4 & 3.75 beats per minute, p < 0.01). Left ventricle wall motion decreased signif-
icantly (p < 0.05) in segments 8 (before vs. during vs. after CCRT; 6.64 + 0.54 vs. 4.78 4+ 0.43
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vs. 4.79 4 0.50 mm), 9 (6.88 & 0.45 vs. 5.04 £ 0.38 vs. 5.27 + 0.47 mm), and 10 (9.22 £+ 0.48
vs. 8.08 + 0.34 vs. 8.19 + 0.56 mm). The parameter ratios of LV end-diastolic volume index,
stroke volume index, wall motion in segment 9, and heart rate showed significant difference
(p < 0.05) after CCRT between the groups.

Conclusions: Concurrent chemoradiotherapy for esophageal cancer impairs LVF from an early
treatment stage. This impairment is prominent in patients with high LV dose. © 2012 Elsevier Inc.
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Introduction

Concerns about radiation-related cardiac toxicities have been
increasing, especially in patients with breast cancer who receive
adjuvant radiotherapy (1, 2). Because such patients are expected to
have a relatively good prognosis, cardiac toxicities that may cause
death are clinically important. It would be meaningless that the
patients lose their lives because of cardiac complications although
primary breast cancers are completely cured.

Cisplatin and 5-fluorouracil—based concurrent chemo-
radiotherapy (CCRT) has become a standard treatment option for
patients with unresectable or medically inoperable esophageal
cancer. Although the survival rate for this treatment has not been
satisfactory, it has been improving recently. Compared with breast
cancer treatment, the radiation dose to the left ventricle (LV) in
patients who receive CCRT for esophageal cancer is greater, and
the extent of the LV receiving radiation is also larger. In this
context, the importance of cardiac toxicities, including pericar-
ditis, cardiovascular damage including cardiac infarction, and
cardiomyopathy, has been increasing (3—6).

Ultrasonography and cardiac scintigraphy have been considered
suitable methods for evaluating cardiac function noninvasively;
however, magnetic resonance (MR) imaging including cine MR
imaging has been accepted as the most reliable method (7). To our
knowledge, however, the cardiac effects of CCRT for esophageal
cancer have not yet been evaluated using cine MR imaging.

The purpose of this study was to evaluate the acute cardiac
effects of CCRT for esophageal cancer by using cine MR imaging.
Our hypothesis was that CCRT for esophageal cancer impairs left
ventricular function (LVF) from an early treatment stage, and the
impairment of LVF may be prominent in patients with mid- or
lower thoracic esophageal cancer, in whom the LV dose is usually
higher than in those with cervical or upper thoracic esophageal
cancer.

Methods and Materials
Patients and treatment

This prospective study was approved by the institutional review
board, and written informed consent was obtained from all patients.
The 35 patients who were scheduled to receive CCRT for esopha-
geal cancer in our department between November 2007 and June
2010 were consecutively enrolled in this study. Those who had
a history of cardiovascular or neurovascular disease (1 case each of
angina pectoris, aortic aneurysm, and cerebral infarct) and 1 patient
who received radiotherapy alone because of renal dysfunction were
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excluded. Thus a total of 31 patients (25 male and 6 female; 47—85
years of age; median age 66 years) were included in this study. The
locations of the disease were as follows: 8 cervical, 3 upper thoracic,
15 mid-thoracic, and 5 lower thoracic. The stages of the disease
according to International Union Against Cancer 1997 criteria were
as follows: 4 Stage I, 7 Stage II, 18 Stage III, and 2 Stage IV. The
histologic diagnoses were all squamous cell carcinomas, except for
1 case of lymphoepithelial carcinoma. Patient characteristics are
summarized in Table 1. ,

Radiotherapy was performed at a daily dose of 1.8—2.0 Gy,
five times per week using a Varian 21EX linear accelerator
(Varian Medical Systems, Palo Alto, CA). Radiotherapy was
delivered through anteroposterior portals using 4-, 6-, or 10-MV
photon beams with a T-shaped or I-shaped field including primary
lesions and regional nodes to 40—41.4 Gy, and the boost was
delivered through parallel opposed oblique portals avoiding the
spinal cord. Twenty-five patients were treated by CCRT with
a low-dose protocol (cisplatin 5 mg/m? bolus infusion and
5-fluorouracil 300 mg/m® 24-h continuous infusion during
radiotherapy), and the remaining 6 patients were treated with
a standard-dose protocol (cisplatin 70 mg/m? bolus infusion on
Day 1, and 5-fluorouracil 700 mg/m2 24-h continuous infusion on
Days 1—4; two cycles are given during radiotherapy). This study
included two types of treatments: Type A included patients who
received radical CCRT with a total radiation dose of 55.4—71 Gy
(n = 24, 18 patients treated with a low-dose chemotherapy
protocol and 6 patients with a standard-dose one). (Total radiation
dose of approximately 60 Gy with 30 fractions is a standard
CCRT for advanced esophageal cancer in Japan.) Type B
included patients who received a total radiation dose of 40—41.4
Gy and were treated by surgery after CCRT (n = 7, all patients
treated with a low-dose chemotherapy protocol). The treatment
schema is shown in Fig. 1.

Patient classification according to LV dose

The patients were divided into two groups according to their mean
total LV dose: a low LV-dose and a high LV-dose group. The
contour of LV was defined and the mean LV dose was calculated
with an Eclipse planning system (Varian Medical Systems). This
procedure was performed by a radiation oncologist (T.N.) with 12
years’ experience, who was blinded to the data of MR imaging.
Representative dose distributions are shown in Fig. 2.

MR imaging

Magnetic resonance examination was performed with a 1.5-T
system (Gyroscan Intera Achieva; Philips Medical Systems, Best,
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The Netherlands), and a cardiac coil with five channels was used.
The LVF was evaluated using cine MR imaging with 20 heart
phases, a 350-mm field of view, 10-mm slice thickness, 0-mm
slice gap, 192 x 184 matrix, 3.2-ms repetition time, 1.6-ms echo
time, 55° flip angle, and balanced turbo field-echo sequence. The
cine MR imaging was obtained before CCRT for all 31 patients, at
a primary lesion dose of approximately 40 Gy for 27 patients, and
after CCRT for 19 patients. The duration between the MR
examination before CCRT and the start of CCRT was 0—11 days,
and the median was 1 day. The duration between the MR exam-
ination after CCRT and the completion of CCRT was 0—12 days,
and the median was 3 days. The exact radiation doses to the
primary lesion at the MR examination performed at approximately

Type A CORT
i A4 1
MRI MRI MRI
before CCRT at about 40 Gy after CCRT
Tvpe B | CCRT ] | Sureery |
¢ 4
MRI MRI
before CORT at about 40 Gy
Fig. 1. Scheme of the treatments. CCRT = concurrent che-

moradiotherapy; MRI = magnetic resonance imaging.

40 Gy and after CCRT were distributed from 34.2 to 43.4 Gy
(median, 41.4 Gy) and from 60.0 to 71.4 Gy (median, 65.4 Gy),
respectively. (Some patients received MR examination either at
approximately 40 Gy or after CCRT.)

Data acquisition and analysis

Patient characteristics were compared as follows: age and body
mass index were compared between low and high LV-dose groups
using a  test, and other categoric data were compared using a x*
test. Probability (p) values of <0.05 were considered statistically
significant.

The LVF analysis was performed with View Forum (Philips
Medical Systems) and by M.Y. and K.N. in consensus (M.Y. has 8
years of experience in cardiac imaging, and K.N. has 15 years of
experience in MR imaging). Both were blinded to the CCRT method
used for each patient. Several parameters related to LVF (end-dia-
stolic volume index [LV-EDVI], end-systolic volume index [LV-
ESVI], stroke volume index [LV-STVI], ejection fraction [LV-EF],
cardiac output index [COI], heart rate [HR], and LV wall motion
[LV-WM] and LV wall thickening [LV-WT] at the mid-LV portion
[segments 7—12 according to the American Heart Association])
were measured and compared between before CCRT and at
approximately 40 Gy or after CCRT using a Wilcoxon matched-
pairs single rank test. The parameter ratios of LV-EF, LV-EDVI, LV-
ESVI, LV-STVI, HR, COI, LV-WM, LV-WT, and body weight at
approximately 40 Gy (i.e., the LV-EF, LV-EDVI, LV-ESVI, LV-
STVI, HR, COI, LV-WM, LV-WT, and body weight at approxi-
mately 40 Gy divided by those before CCRT) and those after CCRT
(LV-EF, LV-EDVI, LV-ESVI, LV-STVL HR, COI, LV-WM, LV-WT,
and body weight after CCRT divided by those before CCRT) were
compared between the low and high LV-dose groups using a f test. A
p value <0.05 was considered statistically significant. Data were
expressed as the mean =+ SE unless otherwise specified. To minimize
the effects of height and body weight, LV-EDVI, LV-ESVI, LV-
STVI, and COI (divided by body surface area) were used.

Results
Patient classification according to LV dose

The low LV-dose group included 10 patients and consisted of
cervical and upper thoracic cancers. The mean LV dose was <0.6
Gy (mean, 0.37 Gy) at MR examination at approximately 40 Gy
and <0.5 Gy (mean, 0.33 Gy) at MR examination after CCRT.
The constitution of the patients undergoing cine MR imaging
differed between the MR examinations at approximately 40 Gy
and that after CCRT;, therefore, the mean LV dose at MR exam-
ination at approximately 40 Gy was greater than that at MR
examination after CCRT. The high LV-dose group included 21
patients and consisted of mid- and lower thoracic cancers,
including 1 case of cervical cancer with extended lymph node
metastasis. The mean LV dose was distributed from 3.6 to 29.4 Gy
(mean, 15.5 Gy; median, 15.6 Gy) at MR examination at
approximately 40 Gy and from 4.6 to 41.2 Gy (mean, 18.1 Gy;
median, 16.3 Gy) at MR examination after CCRT. There were no
significant differences with respect to age, gender, disease stage,
cardiac risk factors, or chemotherapy method between patients
receiving low and high LV doses, but the primary lesion location
did differ significantly between the two dose groups. The
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Fig. 2.

Representative dose distributions of cases in the low left ventricle (LV)-dose (a, b) and high LV-dose (c, d, ¢) group. Coronal (a) and

axial (b) views of dose distribution in a case with cervical esophageal cancer. Left ventricle receives no direct radiation. Coronal (c), axial (d),
and short LV axis (e) views of dose distribution in a case with mid-thoracic esophageal cancer. A summation of the anteroposterior and parallel
opposed oblique fields is shown. Numbers indicate the cardiac segments according to the American Heart Association classification ().

classification of patient characteristics according to LV dose is
summarized in Table 1.

Comparison of parameters related to LVF between
before CCRT and at approximately 40 Gy or after
CCRT

In the low LV-dose group, the LV-EF decreased significantly (p <
0.05) both at approximately 40 Gy (59.8% =+ 2.56%) and after
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CCRT (60.6% =+ 3.89%) compared with before CCRT (62.7% =+
2.98%). No other parameters showed significant change. In the
high LV-dose group, the LV-EF, LV-EDVI], and LV-STVI
decreased significantly (p < 0.05) after CCRT compared with
before CCRT. The HR increased significantly (p < 0.01) both at
approximately 40 Gy and after CCRT compared with before
CCRT. The LV-WM of segments 8, 9, and 10 decreased signifi-
cantly (p < 0.05) both at approximately 40 Gy and after CCRT
compared with before CCRT. No other parameters showed
significant change. The data are summarized in Table 2.
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Comparison of parameter ratios related to LVF
between the low and high LV-dose groups

Significant differences (p < 0.05) in the parameter ratios between
the low and high LV-dose groups were observed only in the values
calculated after CCRT for LV-EDVI ratio, LV-STVI ratio, HR
ratio, and LV-WM ratio of segment 9. No other parameters,
including LV-EF ratio and body weight ratio, showed significance
either at approximately 40 Gy or after CCRT. The results are
summarized in Fig. 3.

Discussion

The results of this study indicate that LVE, both systolic and dia-
stolic, is impaired from an early treatment stage in patients who
received cisplatin and 5-fluorouracil—based CCRT for esophageal
cancer. The cardiac toxicity of CCRT for esophageal cancer has
been considered as one of the late toxicities (3, 8, 9); however, the
results of this study reveal that parameters related to LVF decrease
significantly immediately after CCRT compared with those before
CCRT. To our knowledge, this is the first report to detect acute
cardiac dysfunction, that is a reduction in LV-EF, LV-EDVI,
LV-STVI, and LV-WM and an increase in HR, using cine MR
imaging in patients who received CCRT for esophageal cancer. As
for LV-EF, a significant reduction has also been reported in patients
who received platinum-based chemoradiotherapy for esophageal
cancer after treatment, according to multigated acquisition scan-
ning (10, 11).

Cisplatin and 5-fluorouracil—based chemotherapy impairs
systolic LVE. Systolic dysfunction detected as a reduction in
LV-EF was observed both in the low LV-dose and high LV-dose
groups in the present study. This suggests that the decrease in
LV-EF may happen irrespective of the LV radiation dose. The fact
that the ratios of LV-EF after CCRT (i.e., the LV-EF after CCRT
divided by the LV-EF before CCRT) showed no significant
difference between the low and high LV-dose groups supports this
interpretation (Fig. 3). The fact that 5-fluorouracil has been
reported to induce ischemic syndrome, arrhythmia, and cardio-
myopathy (12, 13) is not discrepant with our results. Late
cardiovascular complications by cisplatin have also been reported
(14). Platinum-based therapies are also known to increase the risk
of thrombus formation (15—17).
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Direct radiation to LV might impair diastolic LVF dominantly.
In the high LV-dose group, the LV-EDVI and LV-STVI decreased
significantly after CCRT (Table 2), and the LV-ESVI showed no
significant change. Further, the impairment of LV-WM was
detected both at approximately 40 Gy and after CCRT only at
segments 8, 9, and 10 (Table 2), where the radiation dose is higher
than at the other segments (Fig. 2). These results suggest that
direct radiation to LV might predominantly impair diastolic
function through a restriction of wall motion in the radiated areas.
The result that a significant difference was observed in the ratio of
LV-EDVI, LV-STVI], and LV-WM in segment 9 after CCRT
between the low and high LV-dose groups supports this interpre-
tation (Fig. 3). The fact that the ratio of LV-EF after CCRT showed
no significant difference between the low and high LV-dose groups
also supports this interpretation (Fig. 3). Radiation-induced direct
myocardial damage, that is, a significant elevation in troponin I
and brain natriuretic peptide during radiotherapy for lung and
breast cancer, has been reported (18). In the present study, T2-
weighted images with fat saturation were obtained in some
cases as to detect edematous or fibrotic change of LV; however, no
signal increase or decrease in the irradiated areas compared with
the nonirradiated areas was observed visually (data not shown).
We suspected that a difference in the degree of dehydration related
to CCRT between the low and high LV-dose groups may have
affected the results, with respect to the decrease in LV-EDVI and
increase in HR, and we therefore compared the ratio of body
weight between these two groups. However, no significant
difference was observed. We consider that a difference in the
degree of dehydration related to CCRT does not affect the results.
Late diastolic dysfunction and its association with stress-induced
ischemia and a worse prognosis have been reported in patients
who received mediastinal radiation of >35 Gy for Hodgkin’s
disease (19). On the other hand, in breast cancer, systolic LV
dysfunction, a regional strain and strain rate reductions, immedi-
ately after adjuvant radiotherapy has been reported in a study
assessing LVF using cardiac ultrasonography (20). The difference
in the extent and location of LV that receive radiation may
contribute to the difference in results between breast and esoph-
ageal cancer. The LV area included in the radiation field is usually
restricted to the apex in only left-sided breast cancer. We also
consider that the lack of change in COI in the high LV-dose group
either at approximately 40 Gy or after CCRT was probably due to
a compensation for the decrease in LV-STVI by the elevation of
HR. The fact that LV-STVI and HR showed the opposite
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Fig. 3. Comparison of parameter ratios (after concurrent chemoradiotherapy [CCRT]/before CCRT) between low left ventricle (LV)-dose

and high LV-dose groups. Left ventricle ejection fraction (LV-EF) ratio (a), LV end-diastolic volume index (LV-EDVI) ratio (b), LV stroke
volume index (LV-STVI) ratio (c), heart rate (HR) ratio (d), and LV wall motion (LV-WM) ratio of segment 9 (e) are shown.

directional changes after CCRT supports this interpretation (Table
2 and Fig. 3).

The results of this study are limited in that the total number of
patients is small. A more comprehensive study with a larger
number of patients and detailed evaluation on cardiac function,
including diastolic LVF, will be needed to reach a definitive
conclusion. Further, a study with longer observation time may also
be needed to determine whether the acute cardiac impairment
observed in this study continues to correlate with late cardiac
toxicities.

In conclusion, cisplatin and S-fluorouracil—based CCRT for
esophageal cancer impairs LVF from an early treatment stage, and
this impairment is prominent in the high LV-dose group.
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Abstract Laryngeal radionecrosis is one of the most
troublesome late complications of radiotherapy, because it is
frequently resistant to treatment and laryngectomy is required
in the worst case. Here, we report a case of laryngeal radio-
necrosis, successfully treated by use of hyperbaric oxygen
(HBO) therapy, in which laryngectomy was avoided. A
67-year-old male received radical chemoradiotherapy (CRT)
for mesopharyngeal cancer, which included radiotherapy
with a total dose of 71.4 Gy/38 Fr and chemotherapy
with CDDP -+ S-1. He developed dyspnea and throat pain
9 months after completion of CRT. Laryngoscopy revealed
vocal cord impairment because of severe laryngeal edema. He
was diagnosed as having laryngeal radionecrosis and initially
received conservative therapy combined with antibiotics,
steroids, and prostaglandins. Because his dyspnea was per-
sistent despite this treatment, HBO therapy was administered
20 times, and resulted in complete remission of the dyspnea.
HBO therapy, therefore, is regarded as an effective conser-
vative therapeutic option for laryngeal radionecrosis.
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Introduction

Chemoradiotherapy (CRT) is an important treatment
modality for head and neck cancer with regard to preser-
vation of organ structure and function. It is used widely as
the primary treatment for early-stage cancers. Acute
adverse effects, for example mucositis, dermatitis, and
guttural edema, develop, to different extents, in almost all
cases of CRT; usually, however, these are resolved within a
few months after the treatment. On the other hand, serious
late adverse effects, for example mucosal ulceration of the
gingiva, neck fistula, and osteo/chondroradionecrosis, are
observed in rare cases. Despite the rarity of these late
adverse effects, because of severe and persistent symptoms
that are often resistant to treatment patients’ quality of life
tends to be substantially impaired. Laryngeal radionecrosis
is one of the most troublesome late adverse effects, because
laryngectomy is sometimes inevitable in severe cases.
Hyperbaric oxygen (HBO) therapy is a standard adjuvant
treatment modality for mandibular osteoradionecrosis
(ORN) [1]. However, reports of its use to treat laryngeal
radionecrosis are limited and a treatment procedure has not
yet been established [2]. Here, we report a case of laryngeal
radionecrosis successfully treated with HBO therapy.

Case report

A 67-year-old male received CRT for mesopharyngeal
cancer (left lateral wall, cT2N2bMO) as initial treatment at
our department from May to June 2010. Radiotherapy with
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a total dose of 71.4 Gy/38 Fr using 4 MV X-ray was
performed in combination with chemotherapy using cis-
platin and S-1. Of the 71.4 Gy the patient received,
41.4 Gy was irradiated in 23 fractions on the initial field
including the whole neck and supraclavicular region.
30 Gy was then boosted in 15 fractions on a field fitted to
the primary tumor and metastatic lymph nodes. The esti-
mated dose to the larynx was 95-100% of the prescribed
dose and no hot spot was detected in the larynx (Fig. 1).
During the first 5 days of radiotherapy, 20 mg/m? CDDP
was administered to the patient as the first kur (total amount
160 mg). However, this chemotherapy regimen had to be
changed to 80 mg/day of S-1 because of renal failure, and
S-1 was administered for 14 days instead of the second kur
of CDDP (total amount of 1120 mg). The initial responses
of the primary site and cervical lymph node metastases
were complete response and partial response, respectively.
Therefore, left radical neck dissection was performed
1 month after completion of CRT. The patient complained
of throat pain and hoarseness, and laryngoscopy revealed
marked mucositis on the treatment site and laryngeal edema
at the time of CRT completion. However, all of these
symptoms resolved within 1 month, with laryngoscopy
confirming the resolution of mucositis. Laryngeal edema, on
the other hand, was still observed 6 months later.

Nine months after CRT, he revisited our hospital,
complaining of dyspnea and throat pain. He presented
stridor with the oxygen saturation (SpO,) of 97-98% at

room air. Laryngoscopy revealed severe mucositis of the
larynx and meso-hypopharynx. In addition, the glottis
could not be seen clearly, because of marked laryngeal
edema, and the right and left vocal cords appeared to be
fixed and impaired, respectively (Fig. 2). Therefore, he was
diagnosed with grade III laryngeal radionecrosis based on
Chandler’s classification (Table 1) [3] and was admitted to
the hospital as an emergency. Medical interview revealed
no history of alcohol consumption, smoking, use of ste-
roids, or tooth extraction during or after CRT, all of which
can trigger radionecrosis. Computerized tomography (CT)
scan on the same day revealed an obvious low-density area
indicative of severe edema in meso-hypopharynx and lar-
ynx. In addition, the thyroid cartilage and the arytenoids
cartilages were found to be fragmented and collapsed
(Fig. 2). Conservative therapy, initiated immediately upon
admission, included antibiotics, steroids, and prostaglan-
dins, combined with other supportive care, for example
steam inhalation and nutrition support. The amount of
administered steroids was reduced from 200 mg predonine
to 10 mg in 3 weeks, and antibiotics and prostaglandins
were administered intravenously for the initial 2 weeks,
and then orally. Although this treatment resolved the stri-
dor and throat pain, dyspnea persisted even after 3 weeks
of this therapy. Laryngoscopy found some improvement of
laryngeal edema but the right vocal cord was found still
fixed. Therefore, the patient was transferred to another
hospital to receive HBO therapy. HBO therapy was

Fig. 1 a Initial planning of radiotherapy: bilateral neck and supra-
clavicular region were irradiated, using the half-beam method.
b Boost planning of radiotherapy: oblique opposed beams were set
to boost a field which fitted the primary tumor and lymph node

metastases. ¢ Section of the larynx at CT planning: the larynx was
covered by the 95% line (orange line) of the prescribed dose. No hot
spot was observed in the larynx
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Fig. 2 a Laryngoscopy

6 months after completion of
chemoradiotherapy: marked
mucositis of the larynx is
revealed. The glottis is hardly
visible because of severe
edema. b—d CT scan on the
same day as laryngoscopic
examination: the low-density
area indicative of severe edema
has expanded into the meso-
hypopharynx and larynx (black
arrows). The shapes of the
thyroid cartilage and the
arytenoids cartilages are
obscure and fragmented (white
arrows), implying
chondronecrosis

Table 1 Chandler’s classification

Ref. [3])

for laryngeal necrosis (from

Grade Symptoms

Signs

I Slight hoarseness
Slight mucosal dryness
I Moderate hoarseness

Moderate mucosal edema
III Severe hoarseness with
dyspnea
Moderate odynophagia
and dysphagia
v Respiratory distress,
severe pain
Severe odynophagia,
weight loss

Dehydration

Slight edema, telangiectasia

Slight impairment of cord
motility, moderate edema
and erythema

Severe impairment of cord
motility or fixation of one
vocal cord

Marked edema, skin changes
Fistula, fetor oris
Fixation of skin to larynx

Laryngeal obstruction and
edema occluding airway,
fever

performed daily at 2 atmospheres absolute (ATA) with
100% oxygen for 1 h each. After 20 sessions of HBO
therapy, his dyspnea completely resolved, and movement
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of the vocal cords was confirmed by laryngoscopy,
recovering to normal. The CT scan also revealed marked
shrinkage of the low-density area with the shapes of the
cartilages obviously becoming well defined, implying
improvement of the radionecrosis (Fig. 3). Furthermore,
laryngoscopy performed at subsequent monthly check-ups
revealed gradual improvement of laryngeal edema and no
recurrence of cancer.

Discussion

Chandler classified radiation-induced laryngeal injury into
four stages according to clinical findings and symptoms
(Table 1) [3]. This system is very useful and widely used
for establishing guidelines for therapy. Chandler’s grade 11
and IV are regarded as “radionecrosis” by clinical con-
sensus, although pathological evidence is lacking. The
reported incidence of laryngeal radionecrosis after radical
radiotherapy has been less than 1% since the 1990s.
Although typical occurrence of laryngeal necrosis is
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Fig. 3 a Laryngoscopy after 20
sessions of HBO therapy:
mucositis is obviously resolved
and edema is slightly improved.
b-d CT scan after 20 sessions of
HBO therapy: the low-density
area has become almost
negligible (black arrows). The
shapes of cartilages are more
defined and fragmentation is not
observed (white arrows)

accompanied by predisposing factors, for example contin-
uous smoking and alcohol consumption, diabetes, steroid
use, infection, and local tumor recurrence after radiother-
apy [2], the patient in our case had no such history.
Because neck dissection can induce hypoxic conditions in
the larynx, this could have been the trigger of radionecrosis
in our case. However, this remains speculative, because no
complication was observed after neck dissection and a
definitive causal relationship cannot be drawn.

Initial standard treatment for laryngeal radionecrosis is
conservative therapy including steam inhalation, nutrition
support, antibiotics, steroids, and, in recent times, prosta-
glandins. When a patient does not respond well to these
treatments, HBO therapy and surgical intervention are
considered as the next step. Hypoxia, hypocellularity, and
hypovascularity due to irradiation have been thought of as
the main causes of radionecrosis, although its mechanism
of pathogenesis has not been fully elucidated [1]. HBO
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therapy is regarded as an effective means of rescuing such
conditions, because it stimulates angiogenesis, fibroblast
and osteoblast proliferation, and collagen formation in
irradiated tissues. HBO therapy has been used for man-
agement of ORN, particularly mandibular ORN, since the
1960s [4]. Marx established the procedure for HBO therapy
combined with surgery for ORN in 1983 [I]; this has
become the standard adjuvant treatment for ORN. On the
other hand, reports of HBO therapy for laryngeal radio-
necrosis are limited and a treatment procedure has not yet
been established. In 2000 Filntisis et al. [2] reported 18
cases treated with HBO therapy and conducted a literature
review of 25 cases. However, few reports have been pub-
lished since then [5-9]. The cases reported previously were
all of Chandler’s grade III/IV laryngeal radionecrosis and
received radiotherapy of 45-86 Gy. HBO regimens varied
from 2.0 to 2.5 ATA for 60—120 min with the number of
treatment sessions ranging from 6 to 80 (Table 2). In such
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Table 2 Summary of the published literature on HBO therapy for laryngeal radionecrosis (from Refs. [2, 5-9])

Authors Number  Chandler’s Chemoradiotherapy HBO therapy Outcome

of classification (ATA x min x numbers)

patients
Hart et al. [2] 5 v RTx; N/A CTx; N/A 2 x 120 x 60 4 improved, 1 failed
Farmer et al. [2] 1 v RTx; N/A CTx; N/A 2 x 120 x 40 Improved
Davis et al. [2] 1 v RTx; N/A CTx; N/A 2.4 x 90 x 60 Improved
Strauss [2] 1 v RTx; N/A CTx; N/A N/A x N/A x 20 Failed
Ferguson et al. [2] 8 v RTx; 60-70 Gy CTx; N/A 2 x 120 x 39-76 (49) 7 improved, 1 failed
Feldmeier et al. [2] 9 v RTx; 45-70 Gy CTx; N/A 2.4 x 90 x 841 (28) All improved
Filntisis et al. {2] 18 v RTx; 50-75.45 Gy CTx; N/A 2 x 120 x 6-80 (43) 13 improved, 5 failed
Hsu et al. [5] 1 v RTx; 60 Gy CTx; — 2 x 60 x 40 Improved
Nishida et al. [8] 1 v RTx; 64.8 Gy CTx; + 2 x 120 x 20 Improved
Matsushita et al. [9] 2 v RTx; 79.3-80 Gy CTx; + 2.5 x 60 x N/A All improved
Narozny et al. [6] 6 v RTx; 60-86 Gy CTx; N/A 2.5 x 60 x 8-20 (16) All improved
Scott et al. [7] 5 v RTx; 66.6-70 Gy CTx; N/A 2.5 x 90 x 15-25 4 improved, 1 N/A

RTx radiotherapy, CTx chemotherapy, N/A not available

reports, the therapy regimen largely depended on each
hospital’s guideline and the number of treatments was
usually determined by clinicians, on the basis of the
patient’s clinical symptoms. The effectiveness of HBO
therapy was estimated to be 86% overall, with all of the
successful cases avoiding laryngectomies. Interestingly, all
of Chandler’s grade III cases responded well to the treat-
ment, indicating the importance of early HBO intervention.

Regarding the adverse effects of HBO therapy, the
previous studies reported several cases in which myopia
and otalgia developed as manifestations of barotraumas,
necessitating myringotomies. However, these symptoms
resolved quickly, and no severe HBO complications, for
example pulmonary injury and seizure activity, were
reported [2, 7-9]. In addition to adverse effects, recurrent
tumor acceleration induced by HBO therapy may be
another concern. However, there has been no convincing
evidence that HBO therapy stimulates tumor growth; pre-
vious literature and our case revealed no definite cancer
growth enhancement as a result of HBO therapy [2, 5-9].

In conclusion, HBO therapy is an effective treatment
option and should be considered, in combination with other
conservative therapy, for laryngeal radionecrosis, espe-
cially in the situation of increased availability of HBO
facilities in recent years.
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We have developed a computerized method for estimating patient setup errors in portal images based on
localized pelvic templates for prostate cancer radiotherapy. The patient setup errors were estimated based on
a template-matching technique that compared the portal image and a localized pelvic template image with a
clinical target volume produced from a digitally reconstructed radiography (DRR) image of each patient.
We evaluated the proposed method by calculating the residual error between the patient setup error obtained
by the proposed method and the gold standard setup error determined by consensus between two radiation
oncologists. Eleven training cases with prostate cancer were used for development of the proposed method,
and then we applied the method to 10 test cases as a validation test. As a result, the residual errors in the
anterior—posterior, superior—inferior and left-right directions were smaller than 2 mm for the validation test.
The mean residual error was 2.65*1.21 mm in the Euclidean distance for training cases, and 3.10=x
1.49 mm for the validation test. There was no statistically significant difference in the residual error
between the test for training cases and the validation test (P =10.438). The proposed method appears to be
robust for detecting patient setup error in the treatment of prostate cancer radiotherapy.

Keywords: Computerized method; patient setup error; prostate cancer; portal image; digitally reconstructed

radiography; template matching technique

INTRODUCTION

The incidence of prostate cancer has increased throughout
the world, even in Japan [1] and other Asian countries that
historically have had a low incidence of prostate cancer.
This trend has led to a growing number of patients receiv-
ing radiation therapy as a definitive treatment for prostate
cancer. Recently, high-precision radiotherapies such as
conformal radiotherapy (CRT) and intensity-modulated

radiation therapy (IMRT) have been routinely employed for
dose escalation to the whole prostate and/or reduction of
rectal toxicity [2]. Accurate patient setup is essential in
high-precision radiotherapy for prostate cancer, because
deviations in the delivered beam geometry may result in
decreased tumor control and increased complications in the
surrounding normal tissue. However, the majority of clinic-
al facilities do not have an automatic setup system, and
thus the radiation oncologists or radiological technologists

© The Author 2012. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Therapeutic
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have to verify the patient setup during the radiation treat-
ment by subjective visual comparison between a portal
image and a digitally reconstructed radiograph (DRR) pro-
duced in treatment planning, without any objective data on
the setup errors, which are estimated by an independent
method. In addition, even in facilities that have an automat-
ic setup system, the patient setup error correction function
does not always work well in an actual clinical setting, and
thus a manual setup is often carried out after the automatic
one. In such cases, experienced radiation oncologists can
make a reproducible correction of the patient setup errors
within a short period of time, but less experienced oncolo-
gists may not achieve the same performance. To resolve
this issue, we here developed a computer-assisted radiother-
apy system that can provide radiation oncologists with the
objective data that are needed for correcting patient setup
errors.

Many automated or semi-automated methods for estima-
tion of patient setup errors have been studied based on
two-dimensional (2D) or three-dimensional (3D) registra-
tion [3-10]. There are two types of patient setup methods
based on registrations between two types of images, that is,
2D/2D and 3D/3D registrations. For 2D/2D registration, the
2D portal image and the 2D DRR image derived from a
planning kV-3D computed tomography (CT) image or pre-
treatment kV- or MV-3D CT image can be used [4, 5, 7, 8].
On the other hand, in 3D/3D registration, the planning
kV-3D CT image can be registered with the pre-treatment
kV- or MV-3D CT image [3, 6-10]. In conventional
methods, the patient setups are performed by using registra-
tions based on whole images including bony anatomical
structures and soft tissue around the prostate. However, the
displacements of the prostate and its surrounding anatomical
structures could be independent of each other [11]. For that
reason, radiation oncologists are likely to choose the loca-
lized anatomical structures closer to the prostate as reference
points for estimation of setup errors. In addition, Morishita
et al. [12] reported that localized anatomical templates that
included the thoracic field, cardiac shadows, the superior
mediastinum, lung apices, a part of the right lung and the
right lower lung were useful for patient recognition in the
picture archiving and communication system (PACS) envir-
onment. Therefore, based on the habits of radiation oncolo-
gists during clinical setup and the results of Morishita et al.,
we considered that localized anatomical templates extracted
from pelvic regions close to the prostate in the DRR image
could feasibly be used for identifying the irradiation center
in the portal image; these templates have not previously
been studied for the estimation of patient setup errors. The
purpose of this study was to develop a computerized method
for estimating patient setup errors in portal images based on
localized pelvic templates, including a clinical target volume
for prostate cancer radiotherapy.
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MATERIALS AND METHODS

Figure 1 shows an illustration of the overall scheme of the pro-
posed method for estimation of patient setup errors in portal
images, which mainly consisted of the following four steps.

(i) determination of an actual center of an irradi-
ation field in the portal image;

extraction of a localized pelvic template with a
prostate region of each patient using a mean
pelvic template and four anatomical feature
templates;

detection of a planned center in the portal image
based on a technique for matching the portal
image with the localized pelvic template;
estimation of the patient setup error by calculat-
ing the difference between the actual and
planned centers in the portal image.

(i)

(iii)

@iv)

Clinical cases

This study was performed under a protocol approved by the
institutional review board of the Kyushu University hos-
pital. A training data set of 11 patients (ages: 6084 years;
median: 71 years) with prostate cancer, who received CRT
through 2009, was selected for development of the pro-
posed method. A total dose of 72 Gy in 36 fractions (2 Gy
per fraction) was delivered for all patients during the

1. Determination of actual
center in portal image

4. Estimation of patient

3. Detection of planned ‘ 11 of patient
center in g ‘ setup error in portal image

center in portal image

. Aciga% {:ﬁ:}ter: v

\,

Fig. 1. An illustration of the overall scheme of our proposed
method for estimating patient setup error in a portal image based
on a localized pelvic template of an individual patient undergoing
prostate cancer radiotherapy. The patient setup error was estimated
by calculating the difference between the actual and planned
centers in the portal image.
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treatment course. The planning 3D CT images and the
portal images for the 11 patients were used for development
of the proposed method. All patients were scanned to
acquire planning CT images using a four-slice CT scanner
(Mx 8000; Philips, Einthoven, NL) with a slice thickness
of 3.0 mm. The pixel sizes of the planning CT images were
0.78 mm (n=2), 0.82 mm (n=1), 0.86 mm (n=2),
0.88 mm (n=4) and 0.98 mm (n=2). The radiation treat-
ment protocols were performed on an Eclipse treatment
planning system (Varian Medical Systems Inc., Palo Alto,
CA, USA). The portal images (matrix size: 512 x384;
pixel size: 0.56 mm; stored bits: 16) used for verification of
patient setup prior to actual radiation delivery were acquired
using 4- or 6-MV X-ray beams with a linear accelerator
(Clinac 21 EX; Varian Medical Systems Inc.) that was
equipped with an electronic portal imaging device (EPID)
(AS-500; Varian Medical Systems Inc.). We selected eight
portal images of eight patients at the last treatment time,
and six portal images of three patients at two treatment
times including the last one. The source-to-axis distance
(SAD) and source-to-image receptor distance (SID) were
100 cm and 140 cm, respectively. Orthogonal portal
images in the anterior—posterior (AP) (0°) and lateral pro-
jections (270°) were obtained to compare them with the
corresponding planning DRRs.

A test data set of 10 prostate patients (ages: 64—79 years;
median: 74.5 years) was selected for a validation test of
the proposed method. There was no statistically significant
difference in age between the training and test groups
(P=0.48). The pixel sizes of the test planning CT images
were 0.78 mm (n=2), 0.88 mm (n =6), 0.98 mm (n=1)
and 0.90 mm (n=1).

Reconstruction of DRR images from planning CT
images

The DRR images in the AP and lateral views were recon-
structed as two beam’s eye views from a 3D planning CT
image in a world coordinate system including a linear accel-
erator and a planning CT image. The SAD and SID were
100 cm and 140 cm, respectively, which was the same
geometry as for the EPID mounted on the linear accelerator.
The isocenter in the planning CT image was placed at an
SAD of 100 cm in the world coordinate system. The iso-
center coordinate was obtained in a file of digital imaging
and communications in medicine (DICOM) for radiation
therapy, that is, a DICOM-RT file. Figure 2 shows an illus-
tration of the reconstruction of a digitally reconstructed
radiography (DRR) image from a planning CT image based
on a ray casting method [13], where sampling points are
obtained on a ray. For reconstruction of the DRR image, a
divergent primary beam with a number of rays produced
from an X-ray focal spot of the linear accelerator was virtu-
ally delivered to a 3D CT image. Then, CT values on each
ray in the divergent beam in the 3D CT image were
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Fig. 2. An illustration of the reconstruction of a digitally
reconstructed radiography (DRR) image from a planning CT
image based on a ray casting method [13], where sampling points

are obtained on a ray.

sampled at a certain interval and accumulated for each pixel

in a virtual imaging plane, which had the same pixel size

as the EPID (0.56 mm), but a 512 x 512 matrix size. The

DRR image was reconstructed by the following equation:
N(i)

D(i,j) = Z I (xalisf))

n=1

(1)

where D(i, j) is the pixel value on a virtual imaging detector for
production of the DRR image, fis the planning CT image, 1, (i, j)
is the nth sampling position vector on a ray from a pixel, P(, j),
on the imaging detector to an X-ray focus, F, which was used for
sampling CT values, and N(i, j) is the number of the sampling
data points for a pixel (i, j). The CT values on the ray were
interpolated by using a cubic interpolation technique, because the
coordinate of the sampling position on the ray was not always an
integer but was always a real number.

Production of a mean pelvic template and
anatomical feature templates

A localized pelvic template including a prostate region,
which was used for detection of a planned center in the
portal image, was extracted from the DRR image for each
patient using a mean pelvic template and the four anatomic-
al feature templates described below. A mean pelvic tem-
plate image was produced from five training DRR images
by registering all cases to one reference case by using an
affine transformation with the anatomical feature points.
Five training images with a typical bony pelvis in terms of
size and shape were manually selected for producing the
mean pelvic template image from the 11 training images
used in this study, because the anatomical feature points
used for production of localized pelvic templates were not
accurately detected by the mean pelvic template and ana-
tomical feature templates including atypical cases.
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(a)

Fig. 3.

(a) A mean DRR image in the anterior-posterior view,
and (b) a mean pelvic template image. The white lines in Fig. 3a
indicate four anatomical feature template regions.

In the clinical setting, the patient setup is usually per-
formed based on anatomical characteristic bony structures
around the prostate. Because the difference in movement
between the prostate and the more distant bony structures
can be large, radiation oncologists tend to select the loca-
lized bony structures closer to the prostate as anatomical
feature points for estimating patient setup errors. Therefore,
we manually selected the left and right lower ends of the
ischial bone, and left and right ends of the foramen ischiadi-
cum majora as four anatomical feature points in the AP
view of the DRR image for the registration. The rectangular
region, which was determined by the four feature points,
included a prostate region. On the other hand, the four
feature points in the lateral view were the apex of the sym-
physis pubis, acetabular upper end, inferior pubic ramus and
back side of the upper end of the femur in the lateral view.
Finally, the pelvic region in the mean DRR image was
cropped as mean pelvic templates so that the four anatomic-
al feature points could be included. Figure 3a and b shows
a mean DRR image in the AP view, and a mean pelvic tem-
plate image extracted from the mean DRR image, respect-
ively, and Figure 4a and b show those in the lateral view.

Four anatomical feature templates of the corresponding
anatomical regions mentioned above were extracted by a
certain square region from the mean pelvic DRR images in
the AP and lateral views, respectively. The template matrix
size was empirically determined as 23 mm x 23 mm (41 x
41) pixels in this study. Figures 3a and 4a also show four
regions (white lines) corresponding to the anatomical
feature templates.

Estimation of the patient setup error
Determination of the actual center of an irradiation
field in a portal image

The actual center in an irradiation field on the portal image
was determined by searching a measuring scale within the

Fig. 4. - (a) A mean DRR image in the lateral view, and (b) a
mean pelvic template image. The white lines in Fig. 4a indicate
four anatomical feature template regions.

irradiation field in the portal image using a template-
matching technique based on the cross-correlation coeffi-
cient (CC). However, determination of the actual center of
an irradiation field in a portal image depends on the indi-
vidual institution, the imaging system used and whether or
not the system includes an EPID. For example, the actual
centers of the irradiation field in the portal image were
determined by using hardware such as a measuring scale in
some systems, including the system at our institution, but in
other systems, the actual centers are identified using soft-
ware. Therefore, the details of the method used to deter-
mine the actual center in an irradiation field on the portal
image are described in Appendix A, because the method
has not yet been standardized.

Extraction of a localized pelvic template of each
patient

A localized pelvic DRR template of each patient in AP or
lateral view was automatically extracted from his own DRR"
image by cropping a rectangular region, which was deter-
mined by using the mean pelvic template and four anatom-
ical feature points. First, the mean pelvic template was
registered with a DRR image of each patient by using the
template-matching technique while maximizing a CC. The
template matching was carried out within a radius of
1.0 cm from the isocenter in the DRR image. Next, each
anatomical feature template was registered with its corre-
sponding similar anatomical region within a radius of
1.0 cm from the original position in the mean pelvic tem-
plate. Then, the localized pelvic template was extracted as a
rectangular region determined with the minimum and
maximum coordinates of the centers of four anatomical
feature templates. Figure 5a, b and ¢ shows a DRR image
of a patient, its corresponding Sobel-filtered image (green)
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(b)
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Fig. 5.

(a) An original DRR image of a patient, (b) the corresponding Sobel-filtered image (green) with

four feature regions (pink) detected by the anatomical feature templates and (c) a localized pelvic template

of the same patient.

with four feature regions (pink) detected by the anatomical
feature templates, and a localized pelvic template of the
patient, respectively. Note that the size of the localized
pelvic template shown in Fig. 5c is 80% of the size of the
original pelvic template, which was automatically obtained
from the patient’s own DRR image by using the proposed
method explained in this section. Because we investigated
the effect of enhancement of bony anatomical structures on
the overall performance of the proposed method, the loca-
lized pelvic template images with enhancement of bony
structures by a Sobel filter were also produced for the esti-
mation of patient setup errors.

Detection of the planned center in a portal image
The planned center in the irradiation field in a portal image
was detected using the following two steps: (i) reduction of
scale points on the portal image; and (ii) detection of the
planned center based on a template-matching technique
between the portal image and the localized pelvic template
obtained as described in the previous section.

Although a measuring scale is needed to verify the
center of the portal image and compare it with the planned
isocenter of the planning DRR image in clinical practice,
the measuring scale points should be reduced for more ac-
curate template matching between the portal image and the
localized pelvic template image. Therefore, the measuring
scale points were reduced by inpainting each scale point
with a mean filter and a measuring scale binary template.
However, since the method seemed to be specific only
when the measuring scale was used, the details of the
method are illustrated in Appendix B.
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The planned center in the irradiation field in the portal
image was detected by performing a template matching
between the localized pelvic template and the portal image.
The planned center (x,., y,.) of the irradiation field was
determined by finding a location with the maximum simi-
larity measure S (x, y) between the portal image I (x, y)
and the template image T (x, y) based on the following
equation:

)

(XperYpe) = afgxI;laX(S(x,y))
In this template matching, we investigated the effects of the
following three parameters on the performance of the pro-
posed method: (i) the optimum size of the localized pelvic
template; (i) similarity measures, that is, the CC and
mutual information (MI); and (iii) the enhancement of
bony anatomical structures, which are described in
‘Evaluation of the proposed method’.

Calculation of patient setup error

The patient setup error was estimated as the distance
between the actual center and planned center in the irradi-
ation field of the portal image in the AP, SI and (LR) direc-
tions and the 3D Euclidean distance.

Evaluation of the proposed method

The residual error [9] between the patient setup errors
obtained by the proposed method and gold standard setup
errors obtained by the radiation oncologists was calculated
for evaluation of the proposed method. The gold standards
for the setup errors were determined based on a consensus
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between two experienced radiation oncologists in this
study. However, note that we did not investigate the inter-
observer variability and intra-observer variability of the
gold standards of patient setup errors. The residual error
denotes the differences between the patient setup errors
obtained by the proposed method and the gold standard
patient setup errors. Residual error was calculated in the
AP, SI and LR directions and for the Euclidean distance.
The residual error of the 3D Euclidean distance was
employed for evaluation of the overall performance of the
proposed method.

We applied the proposed method to the training data set
of 11 prostate patients, that is, a resubstitution test, as well
as to the test data set of 10 prostate patients, which was not
used for development of the proposed method, that is, a
validation test.

To find the optimum parameters for use in the proposed
method, we investigated the effects of the following three
parameters on the performance of the method: (i) the
optimum size of the localized pelvic template; (ii) similarity
measures, that is, the CC and MI; and (iii) the enhancement
of bony anatomical structures.

Optimum size of the localized pelvic template

In a majority of image-guided radiotherapy systems, the
patient setups are performed by using registrations based
on whole anatomical structures including soft tissue
around the prostate. However, since the prostate and its
surrounding anatomical structures can displace independ-
ently of each other [11], radiation oncologists are likely to
adopt the anatomical structures closer to the prostate (e.g.
the pubic symphysis) as reference points. Therefore, the
optimum size of the localized pelvic template was investi-
gated by reducing the localized pelvic template size deter-
mined in the previous section from 100% to 40% relative
size. We defined the 100% relative size for the localized
pelvic template as the size of the original pelvic template,
which was automatically obtained from the patient’s own
DRR image by using the method described in the previous
section.

Similarity measures

In general, since the accuracy of the registration or
template-matching technique in this study depends on the
similarity measure, the detection accuracy of the planned
center in the irradiation field may change with the similar-
ity measure. In addition, according to a study of Wu et al.
[14], the robust similarity measures in the patient setup
using a registration technique were a normalized CC and
normalized MI. Therefore, we evaluated the performance of
the proposed method with two similarity measures, that is,
the CC and MI, which are widely used for registration in
radiological fields.

The CC between the portal image I (x, y) and the
template image T (x, y) was based on the following equa-
tion [15, 16]:

I S Uxy) 1)(T(x,y) T)
X YZZ - Oy (3)

x=0 y=0

C(x,y)

where x and y are the coordinates in the image within the
overlapped area between the portal and template images, x’
and y' are the center coordinates of the template image,
I (x, y) is the pixel value at (x, ¥) in the portal image, T (x, y)
is the pixel value at (x, y) in the template image, I and o; are
the mean and the standard deviation of the pixel values
of the portal image, respectively, T and o, are the mean and
the standard deviation of the pixel values of the template
image within the same overlapped area, respectively, and X
and Y are the numbers of pixels in x and y widths of the tem-
plate image, respectively.

The mutual information at the center coordinate (x/, y')
between the template image and the portal image was cal-
culated from the following equation [17]:

L1 L1
M(,Y) = ZPi,(a,b) logz% 4)
a=0 b=0 : t
Pyfa,b) = M40 ©

L1

Pia) = Pila,b) (6)
=0
L-1

Pi(b) =) Py(a,b) (7)
a=0

where L is the number of quantization levels; P;(a) is the
probability that the intensity at a pixel in the portal image
is a; P/(b) is the probability that the intensity at a pixel in
the template image is b; P;(a, b) is the joint probability
that the intensity at a pixel in the portal image is a in con-
junction with the event that the intensity at a pixel in the
template image is b; h(a, b) is the 2D histogram for the
case that the intensity at a pixel in the portal image is a in
conjunction with the event that the intensity at a pixel in
the template image is b.

Enhancement of bony anatomical structures

In the current image-guided radiation therapy for prostate
cancer, in general, the patient setup is performed based on
the pelvic bony anatomical structures close to a target.
Therefore, we investigated the effect of the enhancement of
the bony structures in the pelvic DRR templates and portal
images on the performance of the proposed method. Prior
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to the investigation, we applied two famous edge enhance-
ment filters, that is, the Sobel filter and Laplacian of
Gaussian (LoG) [18]. As a result, the residual errors in the
Euclidean distance for the Sobel filter and LoG were 2.65
+1.21 mm and 2.81+1.2 mm, respectively, which indi-
cated no statistically significant difference. However, it
takes more time to apply the LoG filter compared with the
Sobel filter. Consequently, the Sobel filter with the struc-
ture element of a 3 x 3 square was used for enhancement of
the bony structures in this study. Kondo et al. [19] reported
that their template matching technique with a Sobel filter
was useful in preventing ‘wrong’ images from being stored
in the correct location, for example, in the proper patient’s
folder in a PACS environment.

RESULTS

The actual centers in an irradiation field on the portal
images were determined with high accuracy by the pro-
posed method of searching a measuring scale using a
template-matching technique. The average errors between
actual centers derived from the proposed method and the
gold standard actual centers were 0.3+0.14 mm in
Euclidean distance for the resubstitution test and 0.25 =+
0.31 mm for the validation test.

We determined the optimum size of the localized pelvic
template image by investigating the effect of the template
size on the residual error of the Euclidean distance in the
patient setup errors. The proposed method was applied to
11 training cases. Figure 6 shows an example of localized
pelvic templates for an AP and lateral views with a reduc-
tion of 100% to 40% relative size. Figure 7 shows the rela-
tionship between the relative size for the localized pelvic
template image and the residual error in Euclidean distance

100%
231%199

80%

100% 80%

185x%151

183%159

185x151

967

obtained by the proposed method. The results showed that
the optimum localized pelvic template size was 80% of the
original localized template image that was used for estima-
tion of the patient setup errors in this study.

Tables 1 and 2 show the residual etrors for the training
and test data sets, respectively, that is, the mean, SD and
minimum and maximum values of residual error in the LR,
SI and AP directions and for the Euclidean distance
obtained by using the CC or MI, and with or without a
Sobel filter. Each value was obtained by averaging the
values for all cases. The proposed method using the CC
with the Sobel filter achieved the minimum residual errors
of 2.65+1.21 mm and 3.10+ 1.49 mm for the resubstitu-
tion and validation tests, respectively. The second minimum
residual error was obtained by the method using the mutual
information with the Sobel filter in both tests. Tables 3 and
4 show the P-values for statistical significance for the train-
ing and test data sets, respectively, in the residual error of
the Euclidean distance between combinations of two simi-
larity measures, that is, the CC and MI, with or without a
Sobel filter. According to these results, the residual errors
of the Euclidean distance by the two similarity measures
with the Sobel filter were significantly smaller than those
without the Sobel filter. In addition, there were no statistic-
ally significant differences in the residual errors of the
Euclidean distance between the methods using the cross-
correlation coefficient and mutual information with a Sobel
filter (P> 0.05). Furthermore, there were no statistically sig-
nificant differences in the residual errors in the three direc-
tions and the residual error for the Euclidean distance
between the resubstitution and validation tests (P > 0.05).

The residual errors in the three directions (LR, SI and
AP) obtained by the method using the CC with the Sobel
filter were smaller than 2 mm in both tests, as shown in

80%

137x119 91x79

60%
111x91

Fig. 6. An example of localized pelvic templates for an AP and lateral views with reductions of 100% to
40% relative size. The percent relative size and matrix size are shown under each template.
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Fig. 7. Relationship between the relative size for the localized
pelvic template image and the residual error in Euclidean distance
obtained by the proposed method. Note that the 100% relative
size for the localized pelvic template was the original pelvic

template, which was automatically obtained from the patient’s
own DRR image by cropping a rectangular region.

Tables 1 and 2. These residual errors are smaller than a
tolerance of 2 mm for imaging and treatment coordinate
coincidence in the EPID, which is recommended by the
American Association of Physicists in Medicine Task
Group 142 [20]. Tables 5 and 6 show the P-values for stat-
istical significance for the training and test data sets, re-
spectively, in the residual error between the two directions
using CC and MI with a Sobel filter. These results indicate
that there were no statistically significant differences in the
residual error between the two directions by either method
or with either test (P> 0.05).

The average calculation time of patient setup errors by
the proposed method was about 10 s on a personal com-
puter with a 3.33-GHz central processing unit (Intel, Core
(TM) 2 Duo) and 4.0-GB memory, excluding the produc-
tion of AP and lateral DRR images, which required about
8 min on average to obtain the DRR images.

DISCUSSION

Although a number of papers have been published on the
detection of patient setup errors, most of these papers have
involved phantom studies rather than patient studies. We
compare the proposed method with two past studies, in
which the methods for detection of setup errors were
applied to patient data as validation tests. Thilmann ez al
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Table 1. The mean, SD and minimum and maximum
values of residual error in the left-right, superior—inferior and
anterior—posterior directions and residual error for the
Euclidean distance obtained by using the cross-correlation
coefficient or mutual information, with or without a Sobel
filter, for a training data set

Residual error (mm)

Method Direction = Mean SD Min Max
CcC LR 1.17 098 0.00 4.20
SI 1.44 123 0.00 4.48

AP 6.60 359 112 1153

Euclidean 7.27 3.09 2.46 11.87

CC + Sobel LR 1.33 0.93 0.56 4.20
SI 1.28 0.98 0.00 2.80

AP 1.58 0.86  0.00 2.81

Euclidean  2.65 121 0.56 5.78

MI LR 1.81 2.17 0.00 6.99
SI 4.56 343 0.56 9.53

AP 4.68 3.69 0.56 9.85

Euclidean 8.25 2.84 3.23 13.43

MI + Sobel LR 1.33 0.93 0.56 4.20
SI 1.28 098  0.00 2.80

AP 2.14 223 0.00 9.57

Euclidean  3.13 223 0.56 9.84

LR =left-right; SI=superior-inferior; anterior—posterior = AP;
CC = cross-correlation coefficient; MI = mutual information.

[6] developed a reliable workflow from image acquisition
to correction of interfraction setup errors using kV cone
beam CT (CBCT). In their method, the registration between
the CBCT with the planning CT is achieved by using an
automatic matching algorithm that maximizes mutual infor-
mation. In their application of the automatic registration to
two prostate cancer patients, the mean residual error was
3.2 mm. Wierzbicki et al. [10] proposed two fully automat-
ic image-guided radiotherapy (IGRT) techniques, that is,
‘forward’ and ‘reverse’ IGRT techniques, based on a
linac-integrated CBCT system that requires a significantly
smaller imaging dose. When using the reverse technique,
which involves non-rigid deformation of the planning CT
and contours to match the CBCT, their image guidance
method showed a mean residual error of 3.3 mm for pros-
tate cancer in 10 patients while requiring only 20% of the
standard imaging dose. On the other hand, our results
showed that the mean residual error was 3.1 mm for the
validation test with 10 cases, which seems to be compar-
able with past studies.



