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plan. This suggested that the age-related degradation of respiratory
function leads to unstable erratic respiration, but that set-up
uncertainty is a more influential factor than the patient's
characteristics.

Tsunashima et al. investigated the continuous tumor motion in
end-expiration and they reported an average internal motion of
1.4-2.6 mm, these were regarded as corresponding to the residual
motion {31]. Proton beams in our facility are delivered every 2s
within 0.1 s after the trigger, and the respiratory wave period is
normally 3-4 s. Therefore proton beams are delivered at once in
a respiration cycle during usual treatment, when the respiratory
waveform dropped below the threshold of 25% in the expiratory
phase. However, proton beams are sometimes triggered repeatedly
during end-expiration when the patient breathes slowly. In this
study, intrafractional uncertainty was unexpectedly large on rare
occasions (i.e., in patients No. 15, the average uncertainty was
0.6 mm, but the maximum was 5.0 mm). This unexpected uncer-
tainty could have been caused by the residual motion of the liver.

The limitation of this study was the relation between the mark-
ers and the tumor, and short observation time. We have implanted
markers adjacent to the tumor, not into the tumor, because of the
risk of bleeding and spread of tumor cells when the marker is in-
serted into the hepatic tumor. Bedder et al. showed that the corre-
lation between the marker and tumor was good when the marker
was implanted close to the tumor (3.2 cm max) [21]. Considering
the median distance of 3.9 cm between the marker and tumor cen-
ter in this study and our previous good treatment outcomes for
hepatocellular carcinoma, the markers may correlate well with
the tumor [1-5].

In this study, observation time in one fraction was short. Thus,
baseline drift, which can be as large as much as 20% of the normal
breathing amplitude [32], is not considered. Many authors have
suggested the advantage of breathing control in high-precision
radiotherapy {9.33-35]. According to Guckenberger et al., baseline
drift occurred 15-30 min after the start of the treatment and was
reduced by body fixation and breathing control {14]. A tumor
tracking system for proton therapy holds great promise in the
future. ) ‘

In conclusion, it was indicated that localization of the targets
was more reproducibility in end-expiration than that in end-inspi-
ration. Also, feasible and practical margin values were obtained.
These should contribute accuracy of respiration synchronized pro-
ton radiotherapy for liver tumors.
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Appendix A
We indicate that DR was taken (1,2,...4,...n;;) times at each
(1.2,... 4, ... Ji) fraction, and a total of N, DRs were obtained for

each(1,2... k, ... K) patient (K = 30 in this study) during the expi-
ration and inspiration phases. Ny, and Ny, Was calculated as

Jk
Nk,ex = Zj nex‘i‘k

Ji
Nein =Y Mg,
i

where “ex” and “in” indicate the expiration and inspiration phases,
respectively.

The coordinates of the centroid of the observed markers at frac-
tion ' in the expiration and inspiration phase weré obtained by
each marker coordinate

-

exijk = Kexijies Ve gjjor Zexijk)s

Minijk = (Xiniji: Yiigjjo Zinik)-

Appendix B. Calculation of intrafractional error in the
expiration and inspiration phase

The coordinate of the centroid (E) of the observed markers in
each of the expiration and inspiration phases was obtained.

oy j Moy j Moy i
- (Zf"’xexj.k 2 Venjk Zi'”zexj,k)
b b

Coxjie = Kexjto Yenjt Zexjie) = Moy Mo Torrs
ex,j, R o

n Mex; .
Cingt = Kingior Vinjior Zinja) = 2 Konjpe 20 Yinjk 20 Zing
mjyr 1y, myj, mny, - b
’ B Mnjie Minjk Minjk

where “ex” and “in” indicate the expiration and inspiration phases,
respectively.

The distance from the centroid to each marker was denoted by
“d".

i -
exjik = \/ Cexjse — Mexjx

" ~
injige = \[ |Cinjk = Minji|

The average distance (D) throughout all sessions for each patient
was calculated as follows:

n
Eszn'ldex‘i,i.k
NCX

S F Y i

Dcx,k = Nm

Dy =

Appendix C. Calculation of PTV margin

The planned marker coordinates with the isocenter-origin for
the patient k was denoted by DRRy = (Xpgrr» Yorr i Zorex)- The devi-
ation of the planned coordinates (P) for each patient from the ob-
served coordinates for i times in j sessions during the expiration
phase was as follows:

—

Pyij = DRRy — Meyijx
= (XDRRK ~ Xexijk> YDRRK — Yexijk> ZDRRK — Zexijk)

The average of P for each patient was denoted by § which repre-
sents the systematic error for each patient.

3 S P Brisu SIS By sk SIS Bk
k= (Sx,kasy,kasz,k) = |~ N, N, ) Ni

The group mean of the set-up variation averaged over all dose frac-
tions for each patient was denoted by 1

7= _ (TS s i Szk
““(H*’“Y’“Z)“( K"K K
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The SD of the interpatient set-up error was denoted by ¥~ {28,29].

lef(;x,k - I_i)z
K-1

K G — 1)’
K-1 ’

[k Gae— 1)
2= K-1

The SD of deviation from the treatment plan for each patient was
denoted by gy, which represents the random error for each patient.
Then, the root-mean-square of ¢y of the patient group was denoted
o [29,36]:

Oy = O’xk,O'yk,O'zk)

\/ Zj" S (D)’
Ny—~1 ’

Ef"Z?’ (pyN k) \/Ejk pz,u k)
Ne—1 Ny —1

0= (6009,0) = \/Ef(gx,kf, \/zf (0" \/25 (0

Using 2 and ¢, the PTV margins were calculated as 2% + 0.7¢.

Appendix D. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi;:10.1016/j.radonc.2011.05.009.
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CLINICAL INVESTIGATION Esophagus

HYPERFRACTIONATED CONCOMITANT BOOST PROTON BEAM THERAPY FOR
ESOPHAGEAL CARCINOMA

Masast Mizumoro, M.D.,* Sam SUGAHARA, M.D.,*w TosHIYUkt OKUMURA, M.D.,*T
Takavukt Hasamvoro, M.D.,*" Yosuiko Ostiro, M.D.,*T NopuyosHr FurumiTsu, M.D.,*T
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- *Proton Medical Research Center and Departments of TRadlauon Oncology, *Gastroenterological Medicine, and SSurgery, University
of Tsukuba, Tsukuba, Ibaraki, Japan; and Tokyo Medical University Ibaraki Medical Center, Ibaraki, Japan

Purpese: Te evalunate the efficacy and safety of hyperfractionated concomitant boest proton beam therapy (PBT)
for patients with esophageal cancer.

Metheds and Materials: The study participants were 19 patients with esophageal cancer who were treated with
hyperfractionated photon therapy and PBT between 1990 and 2007. The median total dose was 78 GyE (range,
76-83 GyE) over a median treatment period of 48 days (range, 38~53 days). Ten of the 19 patients were at clinical’
T Stage 3 or 4.

Results: There were no cases in which treatment interruption was required because of radiation-induced esoph-
agitis or hematologic toxicity. The overall 1- and 5-year actuarial survival rates for all 19 patients were 79.0%
and 42.8%, respectively, and the median survival time was 31.5 months (95% limits: 16.7- 46.3 menths). Of the
19 patients, 17 (89 %) showed a complete response within 4 menths after completing treatment and 2 (11 %) showed
a partial response, giving a response rate of 100% (19/19). The 1- and 5-year local control rates for all 19 patients
were 93.8% and 84.4 %, respectively. Only 1 patient had late esophageal toxicity of Grade 3 at 6 months after hy-
perfractionated PBT. There were no other nonhematologic toxicities, including no cases of radiation pneumonia or
cardiac failure of Grade 3 or higher.

Conclusions: The results suggest that hyperfracuonated PBT is safe and effective for patients with esophageal can-
cer. Further studies are needed to establish the appropriate rele and treatment schedule for use of PBT for esoph-
ageal cancer. © 2011 Elsevier Inc.

Proton beam therapy, Esophageal cancer, Hyperfractionated, Radiotherapy, Toxicity.
INTRODUCTION does not develop in these organs despite the use of high-
dose irradiation (3, 4). However, irradiation of the normal
esophagus around a tumor is unavoidable, and severe late
toxicity may occur in the esophagus after PBT.
Hyperfractionated radiotherapy is a well-established tech-
nique for head-and-neck cancer and lung cancer (8, 9). Zhao
et al. have shown that hyperfractionated radiotherapy is also
effective for esophageal carcinoma and that the toxicity is
tolerable (10, 11). In our institute, hyperfractionated PBT
of 96.6 GyE in 56 fractions (1.65 GyE and 1.8 GyE/
fraction) has been tried for supratentorial glioblastoma
multiforme, with achievement of good efficacy without
severe late toxicity (12). Thus, we hypothesized that hyper-
fractionated PBT for esophageal cancer may reduce late tox-
icity in the esophagus. In this report, we evaluate the efficacy

Esophageal carcinoma is a common cancer in Japan. This
disease can be treated with radiotherapy using a standard ex-
ternal beam schedule of 60 Gy in 30 fractions with concur-
rent chemotherapy using 5-fluorouracil -and cisplatin (1).
Ishikura ez al. achieved a 5-year survival rate of 29% using
this chemoradiotherapy schedule (2). We have shown that
proton beam therapy (PBT) is also effective for patients
with esophageal cancer (3, 4). In these reports, the patients
were treated with PBT and X-rays, and the median total
dose of combined X-ray and proton radiation was about 80
GyE. With PBT, irradiation of organs such as the heart,
lungs, and spinal cord is reduced in comparison to three-
dimensional conformal X-ray therapy and intensity-
modulated radiation therapy (5-7), and severe late toxicity
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Table 1. Patient and tumor characteristics in cases treated
with hyperfractionated proton beam therapy

Number

Characteristics
Age (y) 55-84 (median 70)
Sex
M 18
F : 1
Primary tumor size (cm)
Median 6
Range 2-15
TNM stage ‘
TINO 5
TIN1 1
T2NO : 1
T2N1 2
T3NO 3
T3N1 4
T4N1 3

and safety of hyperfractionated PBT in patients with esoph-
ageal cancer.

METHODS AND MATERIALS

Patients

The study participants were 77 patients with carcinoma of the
esophagus who were treated by photon radiotherapy and PBT at
our hospital from January 1990 to December 2007 and met the fol-
lowing eligibility criteria for the study: (1) histologically confirmed
diagnosis of carcinoma, (2) World Health Organization perfor-
mance status of 0-2, (3) provision of written informed consent
for treatment, and (4) absence of uncontrolled malignant disease.
PBT was considered to be an experimental treatment, and patients
who received PBT were mainly those who were difficult to treat
with standard therapy such as surgery or chemoradiotherapy.

Of the 77 patients, 19 were treated with hyperfractionated con-
comitant boost PBT. These 19 patients comprised 18 men and 1
woman, and had a median age of 70 years old (range, 55-84 years).
The primary tumor sizes were 2.0 to 15.0 cm (median, 6.0 cm). The
clinical stages were TINOMO in 5 patients, TIN1MO in 1, T2NOMO
in 1, T2N1M0in 2, T3NOMO in 3, T3N1MO0 in 4, and TAN1MO in 3.
Histologically, 18 of the 19 patients had squamous cell carcinoma
and 1 had adenocarcinoma. The characteristics of the 19 patients
are shown in Table 1. Pretreatment tests included complete blood
counts, liver function tests, esophagoscopy using the Lugol dye
method (13), esophagography, chest X-rays, computed tomography
of the chest and upper abdomen, and bronchoscopy when neces-
sary. Endoesophageal ultrasonograpy was initially optional, but
was performed for all patients (41 in total) from 2001. Bone scans
were obtained when indicated.

Radiotherapy

Treatment planning was based on computed tomography images
taken at 5-mm intervals with the patient in the treatment position.
For PBT, the patient’s position was adjusted before each treatment
session based on fluoroscopy. A respiration-gated system was used
from February 1992 when respiratory movements of the esophagus
exceeded 5 mm (14). All patients were treated with a combination
of 10-MV X-rays and protons. :

To define the location of the tumor clearly on fluoroscopy, in situ
fiducial markers (iridium chips 0.5 mm in diameter and 3.0 mm in
length) were implanted endoscopically at the cranial and caudal

Volume 81, Number 4, 2011

boundaries of the primary tumor. The primary tumor and lymph
node region received about 50 GyE of irradiation. The field encom-
passed the supraclavicular fossa when the tumor was located on the
cephalic side of the carina. The nodes were included in the field
when mediastinal nodal metastasis was suspected. The cephalic
and caudal borders of the initial radiation field were 3 cm from
the primary tumor, and the lateral borders of the field were 2 cm
from the primary tumor. Proton beam boost therapy for a visible tu-
mor was administered with a 1-cm margin in the craniocaudal and
anteroposterior directions and a 5-mm margin laterally. The margin
for the PTV was 1 cm in X-ray radiotherapy and 5 mm for PBT. Be-
fore 2001, we were able to perform PBT only for a limited time, and
it was difficult to administer PBT in four to five fractions per week,
in part because of machine maintenance time. Therefore, we had to
use a large fraction size. From 2001, the use of PBT every weekday
has been available at the Proton Medical Research Center. With this
availability, we have been able to narrow the fraction size to reduce
late toxicity. In 7 of the 19 patients who received hyperfractionated
PBT, radiotherapy with X-rays of 45 Gy in 25 fractions (5 days per
week) was delivered in the morning, and concomitant boost PBT of
13 GyE in 10 fractions (2 days per week) was delivered >6 hours
after X-ray radiotherapy. Conventional PBT of 19.8 GyE in nine
fractions was then delivered as a boost. The total dose of this sched-
ule was 77.9 GyE. In 3 of the 19 patients, X-ray radiotherapy of 45
Gy in 25 fractions (5 days per week) was delivered in the morning,
and concomitant boost PBT of 35 GyE in 25 fractions (5 days per
week) was delivered >6 hours after X-ray radiotherapy. The total
dose of this schedule was 80.0 GyE. In 3 other patients, X-ray ra-
diotherapy of 25.2 Gy in 14 fractions (5 days per week) was deliv-
ered in the morning, and concomitant boost PBT of 23.1 GyEin 14
fractions (5 days per week) was delivered >6 hours after X-ray ra-
diotherapy. Conventional PBT of 25.7 GyE in 13 fractions was then
delivered as a boost. The total dose of this schedule was 74.0 GyE.
The other 6 patients were treated with different schedules. The me-
dian total dose for all patients was 78.0 GyE. The relative biologic
effectiveness of PBT was assumed to be 1.1 (15, 16).

Evaluation after treatment

Endoscopy or esophagography was used to evaluate the initial
tumor response immediately after the completion of treatment and
1 month later. Follow-up endoscopies were performed every 3
months for the first 2 years and every 4 to 6 months thereafter
or when necessary. Complete response was defined as complete
disappearance of all detectable tumors, without development of
a new lesion in the esophagus, as confirmed by another evaluation
performed 4 or more weeks later. Partial response was defined as
a reduction in the maximal diameter of the tumor of =50%. Local
progression was defined as tumor regrowth in the radiation field in
imaging with or without biopsy. Distant metastases were diag- .
nosed by imaging alone in most cases. Morbidity was scored ac-
cording to the criteria of the Radiation Therapy Oncology Group
and the European Organization for Research and Trcatment of
Cancer (17).

Statistics

Statistical tests were performed using the Dr. SPSS II package
(SPSS Inc., Chicago, IL). Overall survival was defined as the
time interval between the start of treatment and the last follow-up
when the patient was alive. Calculation of the local control rate
was based on the date on which tumor progression was found or
the time of the last examination in patients with no esophageal
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tumor after treatment. Overall survival and local control curves
were examined by the Kaplan-Meier method (18).

RESULTS

Toxicity

As of June 2010, 11 of the 19 patients had died. The other
8 patients were alive, and the median follow-up period for
survivors was 111.3 months (range, 10.8-121.3 months).
Eighteen of the 19 patients completed PBT. The treatment
was stopped at 48 GyE in the other patient because of uncon-
trollable aspiration pneumonitis. The median treatment
period was 48 days (range, 38-53 days).

Acute treatment-related toxicities were generally mild: 9
patients experienced Grade 1 dermatitis in the irradiated
skin; 11 and 5 experienced acute esophagitis of Grades 1
and 2, respectively; and 1 developed Grade 3 esophagitis.
This patient required intravenous hyperalimentation at the
end of treatment. However, we continued PBT because
the irradiated field in the PBT boost was narrow and we be-
lieved that the acute reaction was controllable. Immedi-
ately after endoscopy after PBT, 3 of 19 patients had
ulcer and 4 had pseudomembranous inflammation. Only
1 patient had Grade 3 late esophageal toxicity 6 months af-
ter PBT. This patient had a refractory ulcer and died of
liver disease 8 months after PBT. There were no other non-
hematologic toxicities such as radiation pneumonia or car-
diac failure of Grade 3 or more.

Local control and overall survival
The clinical courses of the 19 patients are shown in Table 2.
The overall 1-and 5-year actuarial survival rates for all 19 pa-
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Fig. 1. Kaplan-Meier estimates of overall survival for patients with
esophageal cancer treated with hyperfractionatedor conventional
proton beam therapy.

tients were 79.0% and 42.8%, respectively (Fig: 1), and the
median survival time was 31.5 months (95% limits: 16.7—
46.3 months). Of the 11 deaths, 9 were due to the tumor,
one was caused by liver disease, and one death occurred for

- an unknown reason.

Of the 19 patients, 17 (89%) showed a complete response
within 4 months after completing treatment, and 2 (11%)
showed a partial response, giving a response rate of 100%
(19/19). Two patients had local recurrence at 7.0 and 17.7
months after PBT. The 1- and 5-year local control rates
for all 19 patients were 93.8% and 84.4%, respectively

Table 2. Clinical course of 19 patients with esophageal carcinoma treated with hyperfractionated proton beam therapy

Age TMN Tumor Tumor Pattern of . Overall Follow-up
Patient ) Sex  classification  length (cm) response recurrence survival (mo) and status
1 70 M TINO 8.0 CR No recurrence 47.9 Alive
2 63 M TINO 2.0 CR Local recurrence 352 Died of tumor
3 77 M TINO 2.0 CR No recurrence 68.7 Alive
4 69 M TIN1 3.0 CR LN metastasis 63.5 Alive
Salvage surgery
5 80 M T2NO 2.0 CR No recurrence 10.8 Alive
6 62 M TINO 5.0 CR LN metastasis 315 Died of tumor
7 77 M T3N1 7.0 CR LN metastasis 12.1 Died of tumor
8 74 M T2N1 8.0 CR No recurrence : 93.8 Alive
9 72 M T3NO 10.0 CR No recurrence 7.6 Died of liver disease
10 70 M T3N1 5.0 CR LN metastasis 23.8 Died of tumor
11 70 M T3NO 5.0 CR Esophageal recurrence* 116.5 Died of tumor
12 84 F T3NO 6.0 CR No recurrence 36.2 Alive
13 55 M T4N1 4.0 . CR Lung metastasis 8.0 Died of tumor
14 60 M T3N1 9.0 PR Liver metastasis 153 Died of tumor
15 66 M T3N1 7.0 CR Bone metastasis 9.0 Died of tumor
16 58 M T4N1 3.0 CR No recurrence 121.3 Alive
17 80 M T2N1 10.0 CR No recurrence 13.7 Alive
18 72 M T4N1 15.0 PR Local recurrence 9.0 Died of tumor
Bone metastasis
19 79 M TINO 4.0 CR Lung metastasis 29.4 Died of unknown reason

Abbreviation: LN = lymph node.

* Esophageal recurrence; out-of-field esophageal recurrence. Primary tumor was controlled.
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Fig. 2. Kaplan-Meier estimates of local control rates for patients
with esophageal cancer treated with hyperfractionated or conven-
tional proton beam therapy.

(Fig. 2). Eight patients (42%) remained disease progression-
free at their last follow-up, but 11 (58%) had recurrence: 5
with distant metastases, 2 with recurrence at a Iymph node
inside the irradiated area of photon radiotherapy but outside
the irradiated area of proton boost, 2 with metastasis to
a lymph node outside the irradiated area, and 2 with primary
recurrence.

Comparlson of hyperfractlonated PBTwzth conventional
PBT

Of the 77 patients with esophageal cancer who were eligi-
ble for the study, 58 were treated by conventional proton and
X-ray radiotherapy at our institute. The 58 patients com-
prised 53 men and 5 women and had a median age of 72
years (range, 45-95 years). The clinical stages were
TINOMO in 26 cases, TINIMO in 7, T2NOMO in 5,
T2NIMO in 1, T3NOMO in 8, T3N1MO in 8, and T4NOMO
in 3. The median total dose was 79.2 GyE (range, 61.6—
89.0 GyE), and the median treatment penod was 58 days
(range, 4477 days).

Acute treatment-related toxicities were generally mild:
26 patients experienced Grade 1 dermatitis in the irradi-
ated skin; 36 and 5 experienced acute esophagitis of
Grades 1 and 2, respectively; and 5 developed Grade 3
esophagitis. Fifteen patients had late esophageal toxicity
of Grade 3 or higher. These late toxicity events occurred
3 to 36 months after PBT (median, 8 months). Six of
the 15 patients had bleeding or esophageal perforation.
The overall 1- and S-year actuarial survival rates for all
58 patients were 70.4% and 46.7%, respectively (Fig. 1),
and the median survival time was 29.2 months (95%
limits: 7.2-51.1 months). The 1- and 5-year local control
rates were 76.4% and 56.1 %, respectively (Fig. 2). A
comparison of the characteristics and results of treatment
with hyperfractionated and conventional PBT is shown in
Table 3.
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Table 3. Characteristics of patients with esophageal cancer
treated by proton beam therapy (PBT)

Hyperfractionated PBT Conventional PBT

Characteristics (n=19) (n=158)
T stage

T1 6 (32%) 33 (57%)

T2 3 (16%) 6 (10%)

T3 7(37%) 16 (28%)

T4 - 3(16%) 3 (5%)
Treatment period ‘

(days)

Median (range) 48 (38-53) 58 (44-77)
Total dose (GyE)

Median (range) 78 (70-83) 79 (62-89)
Late toxicity :

(esophagus)

Grade 3 or more 1(5%) 14 (24%)
Histology

Squamous 18 (95%) 57 (98%)

Adenocarcinoma 1 (5%) 0

Carcinoma 0 1(2%)

DISCUSSION

The dose concentration in PBT allows irradiation at a high
enough dose to control tumors that are difficult to treat with
conventional radiotherapy (19-24). However, PBT for an
esophageal tumor can result in severe toxicities such as
esophagostenosis and esophageal ulcer. This problem may
be addressed using hyperfractionated radiotherapy. In this
study, we found that overall survival and local control after
hyperfractionated PBT were as good as or better than after
conventional PBT, even though the group of patients who
underwent hyperfractionated PBT included several with
advanced esophageal cancer. Most importantly, the rate of
severe esophageal late toxicity (Grade 3 or more) was
lower after hyperfractionated PBT (1/19, 5%) in
comparison with conventional PBT (15/58, 26%).

Late toxicity of normal tissue is associated with fraction
size (25, 26). The fraction size of hyperfractionated PBT
was 1.8 GyE or less, and this small fraction size may have
been an important factor in the low rate of late esophageal
toxicity. We also found that late toxicity was mild despite
the use of high-dose radiotherapy. The late toxicity of PBT
is low in comparison with photon radiotherapy, and this is
probably due to the excellent dose concentration in PBT.
However, in this study the margin for PBT was only. 5 mm,
and the PTV margin was 1 cm or less. This treatment field
was very narrow, and this may also have contributed to the
mild late toxicity. Therefore, further investigation is needed
to verify the factors associated with late toxicity of the
esophagus after PBT. ,

Hyperfractionated radiotherapy is used to reduce the
dose fraction without reducing the total dose targeting the
tumor (8-12). We evaluated this approach in a clinical
trial of hyperfractionated photon therapy and PBT for
glioblastoma (12), in which photon therapy of 50.4 Gy in
28 fractions was administered in the morning and a proton
beam boost of 46.2 GyE in 28 fractions was given more
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than 6 hours after photon therapy. Thus, a high dose of ir-
radiation of 96.6 GyE was given in 56 fractions over a rel-
atively short treatment period of about 6 weeks, and the
dose fraction was minimized. We consider that hyperfrac-
tionated PBT has two advantages. First, the treatment pe-
riod may be reduced in comparison with conventional
PBT, inasmuch as the median treatment periods in the cur-
rent study were 48 days and 58 days for hyperfractionated
and conventional PBT, respectively. Second, hyperfractio-
nated PBT allows minimal irradiation of normal tissue
while delivering almost the same total dose to the primary
tumor.

Radiotherapy alone is currently not the standard therapy
for esophageal cancer because it is inferior to chemoradio-
therapy or surgery (27, 28). However, surgery or
chemotherapy may not be suitable for patients whose

condition is poor. To achieve good local control with
radiotherapy alone has been difficult because of late
toxicity of the lung, heart, and esophagus. However, we
have shown that PBT for esophageal carcinoma minimizes
irradiation of the lung, heart, and spinal cord and that
patients treated by PBT do not develop severe late toxicity
of these organs (3, 4). In addition, the current results
indicate that hyperfractionated PBT has the potential to
reduce esophageal toxicity.

In conclusion, we found that the efficacy of hyperfractio-
nated PBT was equal to or better than that of conventional
PBT in patients with esophageal cancer. Moreover, hyper-
fractionated PBT reduced the risk of esophageal late toxic-
ity. Further studies are needed to establish the role and
appropriate dosing schedule for use of PBT in treatment of
esophageal cancer.
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PROTON BEAM THERAPY FOR HEPATOCELLULAR CARCINOMA: A COMPARISON
OF THREE TREATMENT PROTOCOLS
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Background: Our previous results for treatment of hepatocellular carcinoma (HCC) with proton beam therapy
revealed excellent local control with low toxicity. Three protocols were used to avoid late complications such as
gastrointestinal ulceration and bile duct stenosis. In this study, we examined the efficacy of these protocols.
Methods and Materials: The subjects were 266 patients (273 HCCs) treated by proton beam therapy at the Uni-
versity of Tsukuba between January 2001 and December 2007. Three treatment protocols (A, 66 GyE in 10 frac-
tions; B, 72.6 GyE in 22 fractions; and C, 77 GyE in 35 fractions) were used, depending on the tumeor location.
Results: Of the 266 patients, 104, 95, and 60 patients were treated with protocols A, B, and C, respectively. Seven
patients with double lesions underwent two different protocols. The overall survival rates after 1, 3 and 5 years
were 87 %, 61%, and 48 %, respectively (median survival, 4.2 years). Multivariate analysis showed that better liver
function, small clinical target volume, and no prior treatment (outside the irradiated field) were associated with
good survival. The local control rates after 1, 3, and 5 years were 98%, 87%, and 81%, respectively. Multivariate
analysis did not identify any factors associated with good local control.

Conclusions: This study showed that proton beam therapy achieved good local eontrol for HCC using each of three
treatment protocols. This suggests that selection of treatment schedules based on tumor location may be used to

reduce the risk of late toxicity and mairitain good treatment efficacy. © 2011 Elsevier Inc.

Proton beam therapy, Hepatocellular carcinoma, Survival, Local control, Radiotherapy.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a common cancer in East
Asia and Africa because of the high incidence of hepatic virus
infection in these regions (1). The incidence of HCC in Japan
is approximately 20 in 100,000 men and 10 in 100,000
women (2). Surgery, transcatheter arterial embolization
(TAE), radiofrequency ablation (RFA), and hepatic trans-
plantation aré well established treatment modalities for
HCC (3-16). In 1985, proton beam therapy (PBT) was
started at the University of Tsukuba and has since resulted
in good local control of HCC, with low toxicity (17). Na-
kayama ez al. found that PBT was both safe and effective
for HCC, and that liver function, T stage, performance status,
and planned target volume had a significant influence on sur-
vival (18). The excellent dose distribution in PBT also makes

it possible to treat HCC in unfavorable cases, such as elderly
patients and those with large tumors, portal vein tumor
thrombus, and poor liver function (19-26).

Kawashima et al. reported a 2-year local conirol rate of
96% in treatment with 76 GyE in 20 fractions (27) , and found
that a favorable liver function reserve (ICG R15) was related
to good overall survival. At our hospital, three treatment pro-
tocols (66 GyE in 10 fractions, 72.6 GyE in 22 fractions, and
77 GyE in 35 fractions) are used, depending on the tumor lo-
cation, to avoid late complications such as gastrointestinal ul-
ceration and bile duct stenosis. Administration of 72.6 GyE
in 22 fractions is applied mainly for HCC located adjacent
to the porta hepatic, and 77 GyE in 35 fractions is used for
HCC close to the intestinal tract. However, the optimal treat-
ment schedule for HCC remains uncertain. Therefore, in the
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current study we examined the efficacy of PBT using the
three different protocols.

METHODS AND MATERIALS

Patients

From September 2001 to November 2007, 266 patients with HCC
met the following criteria for treatment with PBT: no active tumors
outside the target volume; a performance status (PS) =<2; hepatic
function characterized by a Child-Pugh score =10; no extrahepatic
metastasis; white blood cell count =1,000 /mm°, hemoglobin level
=6.5 g/dl, and platelet count =25,000/mm?; and no uncontrolled as-
cites. Written informed consent was obtained from all patients before
PBT.

The 266 patients comprised 193 men and 73 women, who had
a median age of 70 years (range, 26-88 years). With regard to East-
ern Cooperative Oncology Group (ECOG) performance status (PS),
159 patients were PS 0, 102 were PS 1, and 5 were PS 2. On the
Child-Pugh classification for the degree of impairment of liver func-
tion, 203 patients were categorized as class A (scores 5-6), 60 as
class B (scores 7-9), and 3 as class C (scores 10-12). In all, 25 pa-
tients were positive for hepatitis B virus (HBV), 193 for hepatitis C
virus (HCV), and 6 for both HBV and HCV; 42 had neither type of
infection. Of the 266 patients, 104 were treated with PBT using pro-
tocol A (66 GyE in 10 fractions), 95 using protocol B.(72.6 GyE in
22 fractions), and 60 using protocol C (77 GyE in 35 fractions).
Seven patients with double lesions were treated using two different
treatment protocols. :

There were 124 patients with a solitary mass and 142 with multi-
ple tumors before PBT. The maximum tumor diameters ranged from
6 to 130 mm, with a2 median value of 34 mm. The clinical target vol-
ume (CTV) ranged from 2 to 1,398 cm?, with a2 median volume 0f 49
cm®. Of the 266 patients, 167 received another treatment (RFA,
TAE, or swrgery) before PBT. The normal liver volume was derived
from the whole liver volume after deduction of the CTV, and ranged
from 507 to 2,287 cm® (median, 1,068 cm®). The characteristics of
the patients and tumors are shown in Table 1.

Pretreatment evaluation

All patients underwent blood tests, including complete blood cell
counts, liver and renal function tests, and determination of electro-
lytes, hepatitis B and C virus titers, and a-fetoprotein (AFP). Ab-
dominal computed tomography (CT) or magnetic resonance
imaging (MRI) was used to evaluate the extent of HCC.

Proton beam therapy

The physical properties of our proton beams have been reported
previously (28). Before treatment planning, patients had metallic fi-
duciary markers (iridium seeds of 0.8 mm in diameter and 2 mm in
length) implanted in the vicinity of the tumor to aid in positioning.
After making an individual immobilization cradle, CT images were
taken at 5-mm intervals during the expiratory phase under a respira-
tory gating system (Anzai Medical Co., Tokyo, Japan) (29, 30). The
CTV encompassed the gross tumor volume with a 5- to 10-mm
margin in all directions. An additional 5-mm margin was included
on the caudal axes to compensate for uncertainty resulting from
respiration-induced hepatic movements. An additional margin of 5
to 10 mm was added to cover the entire CTV by enlarging the multi-
leaf collimator and adjusting the range shifter. Proton beams from
155 to 250 MeV generated through a linear accelerator and synchro-
tron were spread out and shaped with ridge filters, double-scattering
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Table 1. Characteristics of patients and tumors

Characteristic . n*. %

Age (y) . 26-88. 70 (Median)
Sex

Male 193 73

Female 73 27
ECOG performance status ,

0 ‘ 159 60

1 102 38

2 5 2
Etiology of liver disorder

Hepatitis B virus 25 9

Hepatitis C virus 193 73

Both hepatitis B and C virus 6 2

No 42 16
Child-Pugh classification ;

A - 203 76

B 60 23

c ‘ 3 1
Treatment protocol

Protocol A 104 39

Protocol B 95 36

Protocol C 60 23

Two protocols 7 3
Tumor size (mm) ) ,

<30 100 38

3049 : 96 36

50-99 62 23

=100 8 3
Number of tumors

Solitary 124 47

Multiple 142 ; 53
Clinical target

"~ volume (cm3)

<20 78 29 .

20-49 56 21

50-99 53 20

100-199 ’ 42 16

=200 37 14
Prior treatment

Yes 167 63

No 99 37
Normal liver

volume (cm®)

<700 16 6

700-999 9 36

1,000-1,249 86 32

1,250-1,499 44 17

= 1,500 24 9

Abbreviation: ECOG = eastern cooperative oncology group.
* Data are numbers and percentages unless otherwise indicated.

sheets, multicollimators, and a custom-made bolus to ensure that the
beams conformed to the treatment planning data.

The proton beam schedule was selected depending on tumor Jo-
cation. A total dose of 77.0 GyE in 35 fractions (Protocol C) was se-
lected for tumors within 2 cm of the gastrointestinal tract, 72.6 GYE
in 22 fractions (Protocol B) was selected for tumors within 2 cm of
the porta hepatis, and 66 GyE in 10 fractions (Protocol A) was se-
lected for tumors that were not adjacent to the gastrointestinal tract
or porta hepatis. The gastrointestinal tract was avoided as far as pos-
sible after 40 to 50 GyE. The relative biological effectiveness (RBE)
of the PBT was assumed to be 1.1 (31). '
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The different radiation schedules were compared using the equiv-
alent dose in 2-Gy fractions (EQD2) (32, 33), which takes into
account the total dose and the dose per fraction. EQD2 is
calculated from the following equation: EQD2 = D x [(d + «/B)/
(2 Gy +a/B), where D is the total dose, d is the dose per fraction,
o is the linear component of cell killing, § is the quadratic
component of cell killing, and the «/f ratio is the effect on the
tumor for 10 Gy. The EQD2 values were 78.3 GyE for Protocol
C, 80.5 GyE for Protocol B, and 91.3 GyE for Protocol A,
respectively.

Foliow-up procedures and evaluation criteria

During treatment, acute treatment-related toxicities were assessed
weekly in all patients. After completion of PBT, the patients were
evaluated by physical examinations, CT or MR, and blood tests ev-
ery 3 months for the first 2 years and every 6 months thereafter. Lo-
cal control was defined as no sign of regrowth or no new tumor in the
treatment volume. For patients who died during follow-up, death
was considered to be due to HCC in a case with marked progression
of HCC or distant metastasis, and due to hepatic failure in a case
with marked progression of coexisting liver cirthosis without signif-
icant progression of HCC.

Statistical analysis

Overall and progression-free survival rates were evaluated in the
259 patients who received one treatment protocol. Local control
was evaluated for 273 HCCs, in‘cluding those in the 7 patients
who received two different protocols. The Kaplan-Meier method
was used for calculation of local control and survival rates, and
a log-rank test was performed for evaluation of differences be-
tween two categories (34). The following potential prognostic fac-
tors were evaluated .with respect to overall survival, progression-
free survival and local control: age, liver function (Child-Pugh
classification), PS, gender, hepatitis virus infection, prior treat-
ment, number of tumors, treatment protocol, tumor size, CTV,
and normal liver volume. Prior treatments were classified in-field
and out-field. In-field was defined as prior treatment performed
for HCC that included proton beam field, and out-field was defined
has that which did not include proton beam field. Multivariate
analyses were performed using a Cox proportional hazard model.
At first univariate analysis was performed to the data including all
factors. Multivariate analysis was performed to the selected fac-
tors, with p values in the univariate analysis being less than 0.2,
and taking into account for thier correlations. Acute and late
treatment-related toxicities were assessed using the National Can-
cer Institute Common Toxicity Criteria for Adverse Events v.3.0
(35) and the Radiation Therapy Oncology Group (RTOG)/Euro-
pean Organization for Research and Treatment of Cancer
(EORTC) late radiation morbidity scoring scheme.

RESULTS

Patients

All but 1 patient who had a treatable intratumor hemor-
thage completed PBT according to the treatment protocol,
and all patients were followed up until death or until Decem-
ber 2009. At the time of analysis, 180 patients were alive, and
86 patients had died: 69 due to HCC, 9 due to hepatic failure,
and 8 due to other causes.

Toxicity

Acute reactions were generally mild. Of the 266 patients,
127, 12, and 2 had radiation dermatitis of Grades 1, 2 and
3, respectively. Twelve patients had a symptomatic late tox-
icity: 3 had a rib fracture, 3 had dermatitis (2 patients of
Grade 1 and 1 patient of Grade 3), and 6 had perforation,
bleeding or inflammation of the digestive tract (3 of Grade
2, 3 of Grade 3).

Survival

The overall survival rates after 1, 3, and 5 years were 87%
(95% confidence interval [CI], 83-92%), 61% (53-68%),
and 48% (38-57%), respectively. The median overall sur-
vival period was 50.6 months (range, 39.1-62.1 months).
There was no significant difference in overall survival be-
tween the three treatment protocols (Fig. 1). In univariate
analysis of all the potential prognostic factorsv,. CTV, normal
liver volume, tumor size, Child-Pugh classification, prior
treatment (out-field) and number of tumor were associated
with survival: A p value for prior treatment (in-field) was
less than 0.2. Among the selected factors noted above, the
pairs of factors strongly associated with each other were tu-
mor size and CTV; and number of tumor and prior treatment
(out-field). Of the first pair, only CTV was significant; of the
second pair, only prior treatment (out-field) was significant.
Based on these results, tumor size and number of tumors
were removed from the analysis. The Cox model was then fit-
ted to the patient data using the selected factors (Table 2).
Small CTV (<200 .cc), good liver function, and no prior treat-
ment (out-field) were significantly associated with good sur-
vival.

The progression-free survival rates after 1, 3, and 5 years
were 56% (95% CI, 49-62%), 21% (15— 27%), and 12%
(6 18%), respectively. The median progression-free survival
period was 13.5 months (range, 11.8— 15.2 months). In uni-
variate analysis, of all the potential prognostic factors,
CTV, Child-Pugh classification, prior treatment (out-field),
and number of tumor were associated with progression-free
survival. A p value for prior treatment (in-field), treatment
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Fig. 1. Kaplan-Meier estimates of overall survival rates for 259 pa-
tients. There were no significant differences among the three treat-
ment protocols.
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Table 2. Multivariate analysis of potential predictive factors for overall survival

3-Year 95%
Factor Patients (n) 0S 5-year OS Multivariate p HR CI
CTV (cm®) 0.001 429 2.51-7.33
<200 223 64.3 55.3
=200 36 37.5 7.8 .
Normal liver volume ' 0.158 0.72 0.46-1.14
<1,000 109 54.4 39.5 ‘
=1,000 150 65.3 53.2
Child-Pugh classification 0.001 2.37 1.42-3.94
A 198 65.7 55.1
BorC 61 41.2 11.4
Prior treatment (in-field) 0.284 1.28 0.82-2.01
No 119 69.5 57.5
Yes 140 : 52.4 38.5
Prior treatment (out-field) 0.002 2.10 1.33-3.31
No 171 69.4 51.5
Yes 88 43.0 39.1

Abbreviations: CI = confidence interval; HR = hazard ratio.

protocol, hepatitis, and tumor size was less than 0.2. Among
selected factors, the pairs of factors strongly associated with
each other were tumor size and CTV, and number of tumor
and prior treatment (out-field). Of the first pair, only CTV
was significant; of the second pair, only number of tumor
was significant. Based on these results, tumor size and prior
treatment (out-field) were removed from the analysis. The
Cox model was then fitted to the patient data using the se-
lected factors (Table 3). Small CTV (<200 cc), good liver
function and solitary tumor were significantly associated
with good progression free survival.

Local control ‘
The 1-, 3-, and 5-year local control rates were 98% (95%
CL, 96-100%), 87% (81-93%), and 81% (68-94%), respec-

tively. There were no significant local control differences

among the three treatment protocols (Fig. 2). In univariate
analysis of all the potential prognostic factors, no single fac-
tor was associated with local control. A p value for tumor
size, liver function and prior treatment (in-field) was less
than 0.2. The Cox model was then fitted to the patient data
using the selected factors (Table 4). In multivariate analysis,
no factor was associated with local control.

DISCUSSION

Three treatment strategies are commonly used for HCC:
curative treatment, transarterial chemoembolization, and sys-
temic therapy using drugs such as sorafenib (36-40).
Resection, RFA, and liver transplantation are classified as
curative treatments. The recurrence-free survival after

Table 3. Multivariate analysis of potential predictive factors for progression-free survival (PFS)

3-Year ¥ , 95%
Factor Patients (n) PFS 5-Year PFS Multivariate p HR CI
CTV (cm®) : 0.001 2.16 1.41-3.29
<200 223 234 13.0
=200 36 1.7 7.7
Hepatitis 0.10 1.44 0.94-2.23
No 41 29.7 11.9
Yes ' 218 19.6 12.5
Treatment protocol ; 0.224 1.14 0.92-1.40
Protocol A 104 21.6 19.9
B 95 273 11.3
C 60 9.5 0.0
Child-Pugh classification 0.007 1.63 1.14-2.33
A 198 235 13.4
BorC 61 13.8 13.8 :
Prior treatment (in-field) 0.210 1.21 0.90-1.63
No 119 22.5 16.8
Yes 140 , 18.3 9.3
No. of tumors 0.001 1.82 1.34-2.47
Solitary 124 29.0 19.1
Multiple 135 134 6.5

Abbreviations: CI = confidence interval; CTV = clinical target volume; HR = hazard kratio.
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Fig. 2. Kaplan—-Meier estimates of local control rates for 273 tu-
mors. There were no significant differences among the three treat-
ment protocols.

curative treatment is good, but the eligibility criteria are strict,
with a requirement for a small number of tumors, relatively
small tumors, and good liver function. Radiotherapy has
yet to be established as a curative treatment, but several re-
ports have shown limited success of radiotherapy for HCC
(41-44). In these reports; the radiation dose was limited to
about 50 Gy because of the potentially negative impact on
critical organs such as the digestive tract, liver, and spinal
cord. However, this dose is insufficient to achieve good
local control compared to other curative treatment.
Therefore, radiotherapy for HCC has been limited and has
not been adopted as a standard therapy.

Our previous reports on proton beam therapy suggest that
this approach has potential as a curative treatment for HCC
(17-26). We mainly use three treatment protocols of 66
GyE in 10 fractions, 72.6 GyE in 22 fractions, and 77 GyE
- in 35 fractions. Kawashima et al. reported that PBT of 76
GyE in 20 fractions (EQD2 = 87.4 GyE) for HCC achieved
good local control (27), and Bush e al. used 63 GyE in 15
fractions (EQD2 = 74.6 GyE) for HCC(45). In the current
study, 77 GyE in 35 fractions was the lowest dose when o/
G =10 was used, and the local control rates did not differ sig-
nificantly between this protocol and the two other protocols
(66 GyE in 10 fractions and 72.6 GyE in 22 fractions). The

minimum dose to maintain good local control is uncertain,
but this result indicates that a schedule of 77 GyE in 35 frac-
tions is sufficient for this purpose. The 2-year local control
rate of 75% in Bush et al. (63 GyE in 15-fractions, EQD2
= 74.6 GyE) is slightly lower than our data, which suggests
that the minimum dose for HCC is close to 74 GyE. How-
ever, there are no definitive data that compared different
doses of proton beam therapy for HCC. Further prospective
trials are needed to clarify adequate doses for HCC. Tumor
size and prior treatment were not associated with local control
in our patients. Therefore, PBT may have a major role in
treatment of both favorable (small, solitary tamors and
good liver function) and difficult-to-treat cases of HCC,
such as those with large tumors or a recurrent tumor after an-
other curative therapy (21, 23, 25, 26).

Acute reactions were generally mild, and only 1 patient
with a treatable intratumor hemorrhage was unable to com-
plete the scheduled treatment. Perforation, bleeding, or in-
flammation of digestive tract was the most common
symptomatic late toxicity. We routinely avoid irradiation of
the digestive tract after 40 to 50 GyE, but it is difficult to
avoid this completely because of setup errors and respiratory
variation. To solve this problem, an additional device for real
time monitoring of respiratory variation or surgical spacer
placement may be useful. Regarding the treatment period,
Protocol C took 7 to 8 weeks, which was too long. To shorten
this period, another treatment strategy should be developed
for irradiating tumor close to the gastrointestinal tract.

Progression-free survival was significantly associated with
CTV, liver function, and number of tumors. The most com-
mon pattern of progression was recurrence outside the
irradiated field, and the main cause of death after PBT was
tumor-related. Therefore, the prognostic factors for overall
survival were similar to those for progression-free survival,
as also found in our previous reports (17-26). Treatment
protocols were not associated with survival because the
local control rate was already high, and no differences were
found among the three protocols. There is probably little
room for improvement of local control rate by dose
escalation, which suggests that it may be more important to
combine PBT with other treatment and reduce the toxicity
without loss of efficacy.

Table 4. Multivariate analysis of potential predictive factors for local control (LC)

3-Year 95%
Factor Patients (n) LC 5-Year LC Multivariate p HR C1

Tumor size (cm®) 0.111 2.53 0.81-7.92
<0 104 90.9 90.9
. =30 169 34.8 78.2

Child-Pugh classification 0.087 2.53 0.87-7.33
A 208 89.0 82.1
BorC 65 79.1 79.1

Prior treatment (in-field) 0.256 1.77 0.66-4.73
No 125 90.0 90.0
Yes 148 84.7 74.1

Abbreviations: CI = confidence interval; HR = hazard ratio.
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CONCLUSION

In conclusion, each of the three treatment protocols had
achieved high rates of local tumor control and excellent 5-
year survival. The choice of fractionation schedule should
continue to be based on the proximity of the dose limiting
structures, such as porta hapatis and GI tract. If shorter

Volume 81, Number 4, 2011

courses of treatment may be possible for tumors near the
GI tract, but it would require more advanced planning and

delivery such as IGRT and active breathing control. PBT ap-

pears o be an effective curative option for HCC. Compara-

tive trials are needed to assess the role of PBT compared

with other locoregional modalites.
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First In-situ Dose Calculation Report Using In-treatment Kilovoltage
Cone-beam CT and In-treatment Linac Parameters during
Volumetric Modulated Arc Therapy

Akira SAKUMI', Akihiko HAGA', Satoshi KIDA', Naoya SAOTOME!, Yukari OKANO!,
Kenshiro SHIRAISHI!, Takeshi ONOE/, Kiyoshi YODA?,
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In-situ dose calculation/In-treatment cone-beam CT/Volumetric modulated arc therapy.

To the editor : ;

Tumor registration using kilovoltage (kV) cone-beam CT
(CBCT) prior to radiotherapy has been increasingly adopted
for daily clinical practice. Compared to traditional two-
dimensional bone registration, XV CBCT provides three-
dimensional tumor registration between previously acquired
planning CT and the CBCT on each treatment day. In addi-
tion, kV CBCT shows daily displacement and deformation
of organs as well as regréssion of tumors during the course
of the treatment.

As a natural next step, patient dose distribution on each
treatment day has been gradually highlighted by using
CBCT image data. The reported accuracy of the CBCT-
based dose calculation in reference to a planning CT was
within 2 to 3%." In the meantime, we have already report-
ed clinical KV CBCT imaging during rotational radiotherapy
using a linac with a CBCT unit (Elekta, UK)® and vol-
umetric modulated arc therapy (VMAT).” We also published
a dose calculation procedure by referring to log files includ-
ing actual data of multi leaf collimator (MLC) positions, jaw
positions, gantry angles and MUs with an interval of every
0.25 seconds in the linac service mode.” Recently, Qian cal-
culated dose distributions by combining CBCT images
acquired before treatment and actual in-treatment log files
stored in a Varian linac.® In contrast, we report the first in-
situ dose calculation using in-treatment CBCT and in-
treatment linac parameters during VMAT delivery, which
may directly correspond to the actually absorbed dose dis-
tributions during treatment.

A treatment planning system (TPS), Pinnacle3 9.0
SmartArc (Phillips, Holland) was employed to create a

*Corresponding author: Phone: +81-3-5800-8786,

Fax: +81-3-5800-8786,

E-mail: k-nak @fg7.so-net.ne.jp
'Department of Radiology, University of Tokyo Hospital, 7-3-1 Hongo,
Bunkyo-ku, Tokyo, 113-8655, Japan; “Elekta KK, 3-9-1 Shibaura, Minato-
ku, Tokyo 108-0023, Japan.
d0i:10.1269/jrr.11061

single-arc VMAT plan for a prostate cancer patient. The
PTV dose prescription (Des) was 76 Gy in 38 fractions. The
linac photon energy was 6 MV. A record and verify system,
Mosaiq 1.6 (Elekta, USA), was employed with a linac con-
trol software, Desktop Pro 7.0.1 (Elekta, UK). A single-arc
VMAT required approximately 120 seconds. During the
VMAT delivery, a log file was recorded via iCOM interface
(Elekta, UK). Subsequently, the iCom data format was con-
verted to Pinnacle data format, thereby allowing Pinnacle to
read actual ML.C positions, jaw positions, gantry angles and
MUs with an interval of every 0.25 seconds. During the
VMAT delivery, in-treatment kV projection data were also
stored and CBCT image reconstruction was performed by
in-house software. By exporting these data back to the TPS,
in-treatment dose distributions were obtained.

Figure 1(a) shows the resulting in-situ dose distribution
calculated by the in-treatment CBCT and the in-treatment
linac parameters. The innermost two contours are clinical
target volume (CTV) and planning target volume (PTV) of
the prostate cancer. A PTV margin of 5 mm was employed
except for the rectum side with a 4 mm margin. The isodose
contour lines are, from inside to outside, 107% (a tiny blue
island near the PTV boundary), 95%, 90%, 80%, 70%, 60%,
50%, 30% and 10% (purple) of the prescribed dose. A
CBCT value to density conversion table was created by
referring to a planning CT value to density table at the cor-
responding pixel locations on the paired data set of the
planning CT and the CBCT, in regions close to the PTV
including prostate, fat, and bone anatomies. To reduce scat-
tering effects, CBCT values were corrected, with a simple
approximation, based on a reconstructed CBCT image of a
water column phantom, where a non-linear correction func-
tion was determined as a function of radius from the image
center. The calculated mean doses for the PTV and rectum
using the planning CT and the CBCT agreed within 1.4%
and 3.4%, respectively. Figure 1(b) shows in-situ isodose
color map overlaid on the in-treatment CBCT image, and
Fig. 1(c) shows dose distributions calculated by the planning
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Fig. 1. In-situ dose calculation results using in-treatment cone-
beam CT and in-treatment linac parameters during volumetric
modulated arc therapy: (a) with isodose contours and (b) with iso-
dose color map. An isodose color map calculated by the planning
CT is shown in (c) for comparison.

CT for comparison. The pass rate of 1% dose difference
between the dose distributions shown in (b) and (c) within
the entire CBCT volume was 93.1%, whilst the pass rate of
2% dose difference went up to 96.5%. A reasonably good
agreement was observed even if the body contour shapes
were significantly different as shown at the both sides near
the couch top. ;

In conclusion, we have shown that in-situ dose calculation
during VMAT delivery is feasible by using in-treatment kV
CBCT and in-treatment linac parameters. Further quantita-
tive analysis is required to apply this technique to the next
generation dose guided radiotherapy, which was originally
proposed back in 2002.7 '
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Background: Recording target motion during treatment is important for verifying the irradiated region.
Recently, cone-beam computed tomography (CBCT) reconstruction from portal images acquired during
volumetric modulated arc therapy (VMAT), known as VMAT-CBCT, has been investigated. In this study,
we developed a four-dimensional (4D) version of the VMAT-CBCT. )
Materials and methods: The MV portal images were sequentially acquired from an electronic portal imag-
ing device. The flex, background, monitor unit, field size, and multi-leaf collimator masking corrections

ggygordg were considered during image reconstruction. A 4D VMAT-CBCT requires a respiratory signal during
4D-CT image acquisition. An image-based phase recognition (’lBPR) method was performed using normalised
Respiratory motion cross correlation to extract a respiratory signal from the series of portal images.

Portal imaging Results: Our original IBPR methed enabled us to reconstruct 4D VMAT-CBCT with no external devices. We
VMAT confirmed that 4D VMAT-CBCT was feasible for two patients and in good agreement with in-treatment

4D kV-CBCT.
Conclusion: The visibility of the anatomy in 4D VMAT-CBCT reconstruction for lung cancer patients has
the potential of using 4D VMAT-CBCT as a tool for verifying relatlve positions of tumour for each respi-

ratory phase.

© 2011 Elsevier Ireland Ltd. All rights reserved. Radlotherapy and Oncology 100 (2011) 380-385

Radiotherapy is complex and verification of treatment is crucial.
Although portal images acquired during treatment with an elec-
tronic portal imaging device (EPID) have been used as a planar im-
age guidance tool and for geometrical quality assurance, the recent
development of EPID dosimetry has provided in vivo dosimetry
verification [1-3]. A Linac-mounted kV-CBCT is a powerful tool
for verifying anatomical positions {4,5]. Accompanying rotational
treatment such as volumetric modulated arc therapy (VMAT), in-
treatment kV-CBCT images that reflect the patient’s treatment po-
sition can be acquired just after the. treatment [6~8]. The four-
dimensional (4D) version known as ‘in-treatment 4D kV-CBCT’ ver-
ifies the positions of targets, such as lung tumours, with respiratory
motion [9]. Acquiring CBCT images during treatment requires an
orthogonal imager and a Linac-mounted kV source, and the isocen-
tre displacement of the kV beam from the treatment beam must be
carefully considered. More importantly, in-treatment kV-CBCT
could expose the patient to additional radiation.

Recently, CBCT reconstruction with portal images during VMAT
or VMAT-CBCT has been investigated [10]. The advantages of

* Corresponding author. Address: Department of Radiology, The University of
Tokyo Hospital, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan.
E-mail address: haga-haga@umin.ac.jp (A. Haga).

0167-8140/$ - see front matter © 2011 Elsevier lreland Ltd. All rights reserved.
doi:10.1016/j.radonc.2011.08.047

VMAT-CBCT are (1) no additional radiation exposure and (2) re-
duced hardware requirements, making the VMAT-CBCT a promis-
ing tool for verification of irradiated areas and/or in vivo
dosimetry.

The 4D version of CBCT still presents a problem in acquiring
respiratory signals for portal images. Generally, there are two
methods to synchronously measure a respiratory signal with im-
age acquisition. One method uses an image-based phase recogni-
tion (IBPR) technique [11-13]. The other uses an external
respiratory monitoring system (e.g. AZ-733V by Anzai Medical
Cooperation and real-time position management by Varian Medi-
cal System) [14]. This study tested the IBPR technique. For kV-
CBCT, a technique of tracking small regions through the time series
of projection images based on a maximum normalised cross corre-
lation (NCC) was developed [9]. With this technique, parameters
such as the size of the area were adjusted for application to portal
images.

This paper reports on the feasibility of using 4D VMAT-CBCT as
a treatment verification tool in two lung cancer patients receiving
VMAT. Validity was assessed by comparing the tumour positions
between 4D VMAT-CBCT images and in-treatment 4D kV-CBCT
images simultaneously acquired during VMAT delivery. The 4D
VMAT-CBCT images were also evaluated with phantom testing.
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Methods and materials

Outlook of the 4D VMAT-CBCT reconstruction process

4D VMAT-CBCT reconstruction is performed as follows: VMAT
for lung cancer was: delivered with an Elekta Synergy accelerator
operating at 6 MV. During beam delivery, portal images were
sequentially collected by EPID with an interval of 0.46 s using Ele-
kta iViewGT software. The portal image consists of 1024 x 1024
pixels with a size of 0.25 mm at the isocentre. At maximum, 256
projection images per reconstruction were obtained. In order to
connect the portal images with the corresponding gantry angles,
we employed a log file via the Elekta software protocol, iCom,
which records the gantry angle information during treatment. This
was followed by matching the multi-leaf collimator (MLC) shapes
derived from the portal images with those from iCom.

The acquired portal images can include the shift due to the geo-
metric non-idealities in the rotation of the gantry system. The geo-
metric non-idealities were measured in advance for gantry angle
intervals of 5 degrees by analysing 10 cm x 10 cm radiation fields;
this correction (flex correction) was performed for each portal im-
age. The response of EPID was also regularised by considering the
background (BG), linearity of monitor unit (MU), and field size (out-
put factor) effects. MLC masking correction was performed accord-
ing to Poludniowski et al. [10]. The MLC masking correction
extrapolates the data truncated by the MLC field shape to mitigate

(@)

5 pixels
e

artifacts otherwise induced by the filter operation of the CBCT recon-
struction algorithm. A value in the masked region can be adjusted
arbitrarily if we are interested only in visual images, not quantitative
densities, within the patient. We defined the masking factor as a ra-
tio of the maximum pixel value. In this study, we applied masking
factors of 0.56 and 0.76 for patients 1 and 2, respectively.

Reconstruction of 4D VMAT CT requires a respiratory phase in
the system. In this study, portal-image based phase recognition
(P-IBPR) was employed using NCC (see below). The periodic selec-
tion of portal images of only one specific respiratory phase enables
image reconstruction for that phase. Projection images were classi-
fied into 4 phases and the reconstructions were performed with a
filtered back-projection (FBP) algorithm. The sequential process
was performed off-line.

Portal-image based phase recognition (P-IBPR)

The method proposed here employs NCC with limited areas be-
tween adjacent portal images. Several rectangular areas
(w x h=5 x 100 pixels) are placed sequentially within exposed
fields on each frame of the portal images to account for tumour
motion. While a rectangular area in the current frame is fixed, an
area on the next frame is moved so that the NCC value of the
two areas is maximised. Movement is limited to the cranio-caudal
axis. The position of the rectangular area was set to the initial posi-
tion with respect to each portal image (see Fig. 1). By performing
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Fig. 1. (a) The distribution of several rectangular areas (w x =5 x 100 pixels) to cover tumour motion within exposed fields on each portal image. They are partially
overlapped. (b) Schematic explanation of P-IBPR using NCC. The positions of the rectangular areas are shifted only along the cranio-caudal axis on the next portal image to
find the maximum value of NCC with the calculation area on the previous portal image. The position of the rectangular area was set to the initial position with respect to each
portal image. For the above example, the black rectangles indicate initial position and red rectangles indicate the position that gives the maximum NCC value with the

corresponding black rectangles.
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this procedure repeatedly for all portal images, a respiration signal
can be obtained by displacement in the cranio-caudal direction.
The signals were averaged among the calculation areas. Finally,
low periodic components more than 5 s and high periodic compo-
nents less than 1 s were removed in the frequency domain by using
the band pass filter. The phase distributions were phase 0% (max
inhale), phase 25% (inhale-exhale), phase 50% (max exhale), and
phase 75% (exhale~inhale).

The efficiency. of P-IBPR was determined by comparing the
breathing pattern acquired by P-IBPR with those measured by vi-
sual tracking of the tumour on portal images. Here, the breathing
cycle period was defined as the interval between adjacent max-
expiration phases. In the visual tracking, a slight shaking can be
recognised as a peak of expiration. Therefore, respirations with
amplitudes less than 1 mm were neglected in the detection of
max exhale.

Treatment planning for VMAT

" One potential problem when‘inverse planning for lung cancer
treatment is that the optimisation of beam fluences only takes into
account a single three-dimensional volumetric data set. For this,
the actual VMAT that continuously delivers the dose in all respira-
tory phases, may yield a dose distribution that differs from the
plan. In order to compensate for this fact, the target volume can
be extended to encompass the range of target motion by using
4D-CT scan, and field shapes can be defined as the target surround-
ings. Alternatively, the inverse plan that constrains MLC motion in
VMAT forms field shapes that do not hide the target in lung cancer
treatment. In this case, the beam intensity is mainly modulated by
changing gantry speed and dose rate.

In this study, the planning target volume (PTV) for the lung tu-
mour was created with a 5-mm margin of internal target volume
generated from 20 4D-CT sets by using a 320-slice volumetric CT
scanner (TOSHIBA, Japan). The patients received a D95 prescription
of 50 Gy for PTV in 4 fractions. The single-arc VMAT with 6 MV was
created by SmartArc in the Pinnacle v9.0 treatment planning sys-
tem (Philips, USA). The constraint on MLC motion of 0.1 cm/degree
was applied in the VMAT inverse plan so that MLC had little chance
to hide the PTV. Such a constraint on MLC motion may significantly
affect the quality of a treatment plan. Therefore, these plans were
compared to-those without constraints on MLC motion.

Treatment was performed by a single clockwise rotation (360
degrees). The arc used for reconstruction was from —~180 to -19
degrees (patient 1) and from —180 to —40 degrees (patient 2).
The angle range to allow portal imaging was limited by the Elekta
iView software such that the maximum number of sequential
acquisitions was 256. The difference between patients was due
to the gantry speed determined by the VMAT plan.

Before applying the method to clinical cases, we conducted a 4D
VMAT-CBCT reconstruction experiment by using the QUASAR
respiratory motion phantom (Modus Medical Devices Inc.). The
mechanical amplitude and cycle in the phantom were set at
10mm and 3 s, respectively. The VMAT plan for patient 1 was
delivered. !

Result

VMAT plan with the MLC constraint

The dose-volume histograms (DVHs) for patients 1 and 2 are
shown in Fig. 2a and b, respectively. The solid curves denote the
DVHs with an MLC constraint of 0.1 cm/degree, while the dashed
curves denote DVHs without MLC constraints. The dose homogene-
ity of the plan without MLC constraint was better than the plan
with MLC constraint for both patients. Dose conformity was
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Fig. 2. DVH with and without MLC constraints for (a) patient 1 and (b) patient 2, All
plans were prescribed as D95 of PTV equal to 50 Gy. The solid curves denote the
DVHs with MLC constraint of 0.1 cm/degree, while the dashed curves denote those
without MLC constraint.

comparable. On the other hand, the DVHs for organ at risk (OAR)
with MLC constraint were slightly better than the DVHs without
MLC constraint. This is presumably because in inverse planning,
the constraint on homogeneity and conformity for PTV was
stronger than the DVH constraint on OAR.

We found little difference between the plans with and without
MLC constraints in the tested patients. The plans with MLC con-
straints were acceptable for clinical use and the MLC constraint
was judged to manage the target motion without significant degra-
dation of plan quality.

Acquisition of respiratory signal

The respiratory behaviours of two patients assessed by our P-
IBPR method are shown in Fig. 3a and b. The original signal could
have pseudo periodic components, such as those generated by gan-
try rotation. These components were removed by the band pass fil-
ter and, as seen in Fig. 3c and d, the motion due to patient
respiration was clearly dissolved in all gantry angle directions. In
Fig. 4, the breathing cycles were compared with those derived from
the tumour motion in visual tracking. In Fig. 4a and b for patient 1,
the breathing cycle was estimated by 3.7 + 0.4 (1 SD) for both P-
IBPR and visual tracking, while in Fig. 4c and d for patient 2, the
breathing cycle was estimated by 2.7 +0.3 (1 SD) and 2.7 +0.4 (1
SD) for P-IBPR and visual tracking, respectively. The resuit in P-
IBPR was concordant with the result of visual tracking. The differ-
ence of breathing cycle between P-IBPR and visual tracking was
one sampling time (0.46 s) at most.

Reconstruction of 4D VMAT-CBCT in phantom

The reconstruction images of 4D VMAT-CBCT with an FBP algo-
rithm corresponding to the points of maximum oscillation are
shown in Fig. 5a and b. The standard calculation time for recon-
struction with 270 x 270 x 80 voxels was about 10 s by GPU using
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